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Abstract

:

The freshwater lakes of southwestern France are subject to the development of invasive macrophytes which are associated with mercury (Hg) contamination of the food web. The aim of this study was to determine the bioavailability of methylmercury (MeHg) produced by plant roots in aquatic ecosystems. A microcosm experiment was performed using isotopically enriched inorganic Hg at environmental concentrations (1 µg 199IHg·L−1). For all conditions, total Hg in fish as well as Hg species associated with different compartments (water, sediments, plant roots, fish) were analyzed by gas chromatography-inductively coupled plasma-mass spectrometry (GC-ICP-MS). In addition, sediment, plants, and fish gut microbiota were studied by MiSEQ sequencing. Some strains were isolated and tested for their ability to methylate Hg. The results revealed 199MeHg production in plant roots and the presence of this form in fish (tissues and gut), highlighting a MeHg trophic transfer. Moreover, methylator bacteria were identified from the gut contents of the fish when they were in the presence of plants. Some of them were related to bacteria found in the plant roots. On the basis of these results, the transfer of MeHg and bacteria from plants to fish is highlighted; in addition, Hg methylation is strongly suspected in the fish gut, potentially increasing the Hg bioaccumulation.
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1. Introduction


Mercury (Hg) is considered to be an important pollutant for aquatic systems since its organic form, i.e., methylmercury (MeHg), is easily bioaccumulated and biomagnified along food webs. It has been demonstrated that the aquatic plant rhizosphere are favorable ecological niches for Hg transformations. Several studies have demonstrated high Hg methylation and demethylation potentials in the periphyton associated with floating macrophyte roots in tropical ecosystems [1,2,3,4,5], in boreal regions [6], and in temperate areas [7]. Microorganisms, especially sulfate-reducing prokaryotes (SRP), were identified as the main elements responsible for MeHg production. Indeed, SRP were detected in periphyton by 16S rDNA probing [3,8], real-time polymerase chain reaction (RT-PCR) [4], and by the cultural method [8]. However, other functional groups such as iron reducers [9,10], methanogens [11], and some fermenters [12] seem to also methylate Hg. Moreover, microorganisms able to methylate Hg seem to have the specific gene cluster hgcAB [13], which was spotted in a large diversity of prokaryotes and environments [12,14]. For the time being, the link between the level of expression of these genes and the biotic MeHg production remains to be seen [15,16], still requiring a cultural method to decide on the capacity of a strain to methylate.



Aquatic roots supply a physical and organic-rich support for the development of microbial communities. Since periphyton accumulates metals through adsorption on inorganic and organic particulate material [17], including Hg [18,19], the activity of these microorganisms in such a matrix can be a source of contamination for food webs [20,21]. This conclusion is supported by the fact that macrophytes are considered to be an important food source for herbivorous and detritivorous invertebrates and fish [22].



In southwestern France, invasive macrophytes like Ludwigia sp. colonize several freshwater lakes and rivers, causing damage to aquatic ecosystems [23,24] and interacting with Hg biogeochemistry and bioaccumulation. The evaluation of net MeHg budgets in these temperate ecosystems suggests that the aquatic rhizosphere is a hotspot for MeHg production due to SRP activity, and may represent an important source of contamination for the aquatic food chain [7]. In this context, the first objective of this study was to determine the bioaccumulation and bioavailability of Hg species, particularly MeHg formed in the rhizosphere of this invasive macrophyte in the food web, especially for fish. In this work, isotopically enriched inorganic mercury 199IHg was used to monitor the distribution and conversion into 199MeHg in different reconstituted aquatic compartments (water, sediment, plant, fish) within microcosm experimentations. The use of isotopically enriched tracers is a sensitive and reliable technique [25,26] to follow Hg reactivity during laboratory experimentations, allowing researchers to work at low concentrations of Hg, close to environmental levels.



Since ten years ago, the intestinal microbiota has been recognized as a major player in the health of its host as it takes part in major biological functions, such as nutrition [27], immunity [28], and the metabolism of xenobiotics [29]. Indeed, it could play a major role in the exposure of the host to certain chemical pollutants. Thus, the intestinal microbiota of aquatic organisms arose very recently as a potential compartment involved in the contamination of these organisms, via Hg methylation [30]. This endogenous methylation is therefore a major question in relation to the environmental problem of Hg (exposure of species and impacts) and to the understanding of the dynamics of this pollutant in ecosystems. However, there is currently a significant lack of knowledge on the subject [31]; the intestinal microbiota is therefore not taken into account today in Hg risk assessments, either in terms of the environment or human health. Thus, the second objective of the study was to investigate the possible involvement of intestinal bacteria, especially SRP, in the Hg methylation in vivo process. We analyzed the prokaryotic diversity through a molecular approach (16S rRNA gene) in the fish gut, macrophyte floating roots (feeding resource), and in sediment (habitat), with a focus on SRP diversity. The combination with a cultivation based method allowed us to reach culturable diversity and to study the ability of SRP strains to methylate Hg through a biosensor based bioassay [32].




2. Materials and Methods


2.1. Study Site and Sampling Procedure


Water, sediment, and plants were collected in June 2011 in Sanguinet Lake (south western France), a freshwater lake colonized by Ludwigia sp., an invasive macrophyte selected as the model plant in this study [7]. Field water was sampled in a water can. The first two centimeters of a sandy sediment, poor in organic matter, were sampled and sieved (size: 2.5 mm, RETSCHER) to remove any macroorganisms (invertebrates) which could interfere with the experiment [33], and transported in plastic bags. This sandy sediment represents the majority of the sediment in this lake [34]. Macrophytes (with periphyton fixed on stems and roots) were collected with special attention by hand. All the equipment for field and laboratory sampling, storage, and analysis was carefully cleaned using the ultraclean procedure.




2.2. Experimental Design


The experimental design is summarized in Figure 1 and included 16 experimental units (dimension: 30 cm high, 25 cm large, and 12.5 cm long). At the time of this study, no ethical permit was required to perform experiments on fish. Three conditions were tested: i/”sediment” (n = 3 control and n = 3 contaminated units); ii/”plant” (n = 2 control and n = 2 contaminated units); iii/”plant+sediment” (n = 3 control and n = 3 contaminated units). In the conditions “sediment” and “plant+sediment”, 2 kg of sediment were added by unit. In the conditions “plant” and “plant+sediment,” one single Ludwigia sp. plant (average size: 127 ± 21 cm; average weight: 76 ± 21 g wet weight) was added by unit. Each unit contained 6 L of nonfiltered water from the field. In order to minimize the adsorption of Hg in the walls of the experimental units, Teflon pockets (Electroplast enterprise), especially sized for these units and cleaned by the ultraclean method, were placed inside each tank. A stabilization time of 5 days was respected before the beginning of the experiment. The photoperiod was 12/12 h. Then, 1 µg 199IHg·L−1 was added to the water column in the contaminated conditions. To avoid direct contamination of the fish, microcosms were first incubated without fish during 7 days until the [THg] level in water was below 10 ng·L−1. After that, four adult fish Pseudancistrus sp., a periphytophageous species from laboratory breeding, were introduced in each unit (mean value ± SD at final time Tf: body weight = 3.0 ± 0.4 g ww; standard length = 64 ± 2 mm, n = 48). A food supplement (vegetable) was added in each condition to avoid undernourishment (especially for the sediment condition). During the experiment and in all units, the average of oxygen concentration in water was 7.9 ± 0.8 mL·L−1, pH was 6.4 ± 0.1, and the temperature was 24.9 ± 0.3 °C (daily monitoring).



At initial time (Ti) and final time (Tf, after 15 days of incubation), 100 mL of water (acidified with 1% HCl v/v), 10 g ww of sediment, and 5 g ww of floating plant roots were collected for Hg speciation analysis by gas chromatography-inductively coupled plasma-mass spectrometry (GC-ICP-MS). Water samples were stored at 4 °C, and the sediment and plants at −20 °C until analysis. Root and sediment samples for molecular biology were collected in sterile cryotubes and stored at −80 °C in the laboratory until analysis. At Tf, fish were removed and killed within seconds by immersion in melting ice. Skeletal muscle, liver, gills, and gut (empty) were independently sampled for total Hg analysis. A subsample of skeletal muscle was sampled for GC-ICP-MS analysis. The intestinal contents of fish were collected in sterile cryotubes and stored at −80 °C: one part being used to study the microbial diversity by MISEQ analysis; a second part was stored with glycerol (30% v/v) in order to characterize the SRP diversity by a cultural method.




2.3. Total Mercury Analysis


Skeletal muscle, liver, gills, and gut samples were first dried at 44 °C during 48 h before being analyzed by flameless atomic absorption spectrometry (Analyseur de Mercure Altec AMA 254). The detection limit of this method is 0.01 ng. The analytical method was validated using a certified reference material TORT2 (National Research Council of Canada, lobster hepatopancreas) every ten samples. The accuracy averaged 104.7%.




2.4. GC-ICP-MS(Gas Chromatography-Inductively Coupled Plasma-Mass Spectrometry) Analysis


Sediment and Ludwigia sp. roots were digested with nitric acid 6N and fish muscle with TMAH (Tetramethylammonium hydroxide) under microwave radiation (no extraction for water) and all samples were analyzed by GC-ICP-MS (gas chromatography-inductively coupled plasma-mass spectrometry) as described elsewhere [35,36].



For nonspiked samples, the quantification of endogeneous Hg species was performed by species specific isotope dilution, by adding the appropriate amount of isotopically enriched Hg standards (199IHg and 201MeHg) [35]. Each assay was analyzed three times and blanks were also performed to check for any contamination. Results were validated using certified reference materials IAEA 405 (International Atomic Energy Agency, estuarine sediment) and BCR 464 (Institute for Reference Materials and Measurements, tuna fish).



For 199IHg-spiked samples, the amount of mercury species deriving from the enriched isotope 199 after the incubation period was calculated by isotopic pattern deconvolution methodology, as previously described in [37]. The methylation potential (M) was calculated by dividing the total amount of 199MeHg formed by the sum of the amount of 199IHg and 199MeHg.




2.5. MiSEQ Analysis


DNA extractions were performed according to the PowerSoil® DNA Isolation kit (MO BIO) following the manufacturer instructions from 500 mg of sieved soil. The V4–V5 hypervariable region of the 16S rRNA gene targeting bacteria and archaea was amplified using the primers 515F, 5′-GTG YCA GCM GCC GCG GTA-3′ and 928R, 5′-CCC CGY CAA TTC MTT TRA GT-3′. The reaction mixture included 1.40 μL of each primer (20 µM each), 28 µl AmpliTaq Gold Master mix (AmpliTaq Gold; 360 Master Mix Applied Biosystems), 2  μL of the sample DNA template at a concentration of 5 ng·µL−1, and water qsp 55 µL. The cycle conditions included initial denaturation at 94 °C for 10 min, followed by 35 cycles of denaturation at 95 °C for 30 s, annealing at 65 °C for 30 s, and an extension at 72 °C for 40 s, and an extension step at 72 °C for 10 min after cycling was complete. Illumina MiSeq sequencing was performed with the GeT core facility, Toulouse, France (http://get.genotoul.fr). MiSEQ sequences obtained were deposited in the GenBank DNA database of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov) under accession numbers SAMN14117438- SAMN14117453 (BioProject PRJNA606946). Sequence analysis was done with the pipeline FROGS from the Galaxy portal of the Toulouse Midi-Pyrenees bioinformatics platform [38]. After a preprocessing step including quality filter, read trimming, and read assembly, sequences were clustered with Swarm [39] with an aggregation distance of 3 and a denoising clustering step. Operational taxonomic units (OTU) with an abundance lower than 0.005% were removed [40] in order to delete singletons. The SILVA database 128 (release date 29.09.2016) was used to perform the OTU affiliations [41].




2.6. Sulfate-Reducing Prokaryotes (SRP) Culture and Identification


Samples from fish gut content sampled in the “plant” condition were pooled before isolation using the high throughput cultivation method under anoxic conditions [42]. For 16S rRNA gene sequencing, PCR amplifications were performed with the unlabelled universal bacterial primers 63F and 1387R according to [43]. All sequencing reactions were performed by GATC Biotech. The 16S rRNA gene partial sequences were compared to sequences deposited in the GenBank DNA database of the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.gov/) by the BLAST (Basic Local Alignment Search Tool) algorithm. Alignments of all sequences were achieved and assembled with Bioedit 7.1.3 software, and phylogenetic trees were constructed with MEGA v5 [44] using the neighbor-joining method [45]. More details concerning these procedures are described in [8]. 16S rRNA gene sequences obtained for the strains were deposited in the NCBI under accession numbers MT071512-MT071543.




2.7. Hg Methylation Capacity by Isolated Strains


The evaluation of Hg methylation capacities was based on the formation of MeHg detected by the biosensor Escherichia coli MC1061 previsouly developed by [46] and adapted to pure culture samples by [32]. Details about the method are available elsewhere [8]. Briefly, 100 µg·L−1 of IHg was spiked in the culture supernatant of each strain. During this addition, an aliquot was sampled (T0) and stored at −20 °C until analysis. At the end of the incubation period (5 h), another aliquot was sampled and stored at −20 °C until analysis. Uninoculated media were incubated under the same conditions as controls for abiotic methylation. The strain Desulfovibrio BerOc1 was also incubated as positive control [47] for Hg methylation. Then, 100 µL of each aliquot (samples at T0 and T5 h) and 100 µL of E. coli culture were added in a microplate in triplicate. After an incubation period of 1h at 37 °C and 200 rpm, bioluminescence was measured at 482 nm using a multi-well plate reader (Series 4000 Perspective Biosystem). Results were indicated in light intensity (LI) and calculated as follows:


(LI Tf − LI T0)/OD



(1)




where Tf denotes final time of incubation; T0 denotes initial time of incubation; and OD denotes the optical density measured at T0.




2.8. Statistical Analysis


Factorial ANOVAs were used to study the differences in THg concentrations in different organs and conditions after checking the assumptions (normality and homoscedasticity of the error term). Log transformation was needed to fulfill the statistical assumptions. If the assumption was met, the parametric Fisher’s Least Significant Difference (LSD) test was applied. If the assumption was not met, the nonparametric Kruskall–Wallis test was used. In each test, p < 0.05 was considered significant. All statistical investigations were performed using STATISCA version 6.1 software. Values are mean ± SE.





3. Results


3.1. Organisms’ Health


During the experiment, fish appeared healthy on external inspection (no injury, no fungoid growth) and no alteration of animals’ motility was observed. Despite this, the death rate was 4% (two fish from 48: one in the condition “plant-control”, one in “plant-Hg”). No difference in standard length and weight was observed between control and contaminated fish at the end of experiment (Table S1).



An overall average growth rate of 12% was observed for plants between Ti and Tf, as well as a flowering, in all units.




3.2. Mercury Speciation in Control Units


Natural concentrations of IHg and MeHg in the control units were measured at initial time (Ti, just before the fish introduction) and at final time (Tf, after 15 days) in water, sediment, plant, and fish muscle by GC-ICP-MS. For each species, the Ti and Tf results were averaged by condition since they were similar (Table 1). The first observation was that each compartment had similar concentrations in different conditions (Kruskall–Wallis test, p < 0.05), except for the fish compartment, which had relatively higher concentrations of both species in conditions with plants (“plant” and “plant+sediment”). The second observation was that, whatever the condition and the Hg species, the same gradient of Hg concentration was measured in different compartments: water ≤ sediment < plant < skeletal muscle. IHg and MeHg concentrations were respectively 5–8-fold and 1–6-fold higher in the plant compartment than in the sediment compartment, depending on the condition.




3.3. Distribution and Transformation of Isotopic Tracer 199Hg in Contaminated Units


199IHg and 199MeHg concentrations were determined in different aquatic compartments at Ti and Tf, and in addition in fish skeletal muscle at Tf by GC-ICP-MS (Table 2). At Ti (after 7 days of spike equilibration and just before fish introduction), the majority of 199Hg was under its inorganic form in all compartments. However, methylation potentials were measured because of the formation of 199MeHg (maximum in the “plant-Hg” condition: 18% in water and 13% in plant). The highest [199IHg] and [199MeHg] were observed in plants (maximum in “plant-Hg”: 2573 ng 199IHg·g−1 and 311 ng 199MeHg·g−1), followed by water and sediment. At Tf, after fish introduction, [199IHg] and [199MeHg] decreased in all compartments (water, sediment, plant) in all conditions compared to results at Ti. However, methylation potentials increased in the plant and sediment compartments only in conditions with sediment (“plant+sediment” and “sediment”), with the maximum value observed in plant compartment from the “plant+sediment” condition (27%), whereas no change was observed in the “plant” condition. In fish skeletal muscle, similar [199MeHg] levels were measured in three experimental conditions (154 ± 40 to 181 ± 70 ng 199MeHg·g−1) and higher [199IHg] levels were observed in the “plant” condition (64 ± 25 ng 199IHg·g−1) than in the two others. Methylation potentials in fish were the highest of all aquatic compartments (77%–90%).



For each unit, a mass budget of 199Hg species was calculated (each Hg species was compared to the total quantity of Hg species in a unit) and the results are expressed in percentage (Figure 2). For all conditions, % of 199IHg and 199MeHg in water were very low (0% in the “plant+sediment” condition to 4% in the “plant” condition). 199IHg was mainly distributed in sediment (99% in the “sediment” condition; 83% in the “plant+sediment” condition) and plant (87% in the “plant” condition and 16% in the “plant+sediment” condition), and significantly lower in fish muscle for all conditions (minimum value: 0.7 and 0.8% in the “sediment” condition and the “plant+sediment” condition, respectively). 199MeHg was significantly higher in fish muscle for the “plant” condition (75%) than in fish for the other conditions (Kruskall–Wallis test, p < 0.05), but also for the other compartments. The rest of the 199MeHg was distributed between sediment and plants (maximum value: sediment = 61% in the “sediment” condition). In the “plant” condition, 199MeHg in plants presented a high heterogeneity between replicates (21.4 ± 20.1%).




3.4. Organostropism of THg in Control and Contaminated Fish


At Tf, total Hg (THg) concentrations were determined by AMA 254 in the skeletal muscle, liver, gills, and gut of Pseudancistrus sp. fish for control (Figure 3a) and contaminated (Figure 3b) conditions. In the control units, for each organ, Hg bioaccumulation was relatively similar between conditions (background concentrations), except for the muscle and gut where [THg] levels were slightly higher in the “plant” condition (0.97 ± 0.21 µg·g−1 and 0.72 ± 0.21 µg·g−1, respectively), and also just for muscle in the “plant+sediment” condition (0.98 ± 0.07 µg·g−1), compared to the others units (test LSD Fisher, p < 0.05).



Comparison of the control and contaminated muscle, liver, and gills showed no statistical differences between them. Only the [THg] levels in the fish gut were significantly higher in the contaminated conditions as compared to the control conditions. Moreover, Hg bioaccumulation in the fish gut from the contaminated “plant” condition (2.6 ± 0.2 µg·g−1) was significantly higher than those from the “sediment” and “sediment+plant” conditions (1.1 ± 0.4 µg·g−1 and 1.3 ± 0.3 µg·g−1, respectively).




3.5. Microorganisms Global Diversity


16S rRNA diversity from the fish gut of the “plant” and “plant+sediment” conditions, and from plant and sediment was assessed using the MiSeq approach (Figure 4a). The maximum specific richness was observed in the sediment, followed by plant and fish gut (both conditions). However, the bacterial composition was relatively similar in all conditions, with a prevalence of proteobacteria (maximum: fish gut from the “plant” condition = 52%). In both fish gut conditions, the second phylum which dominated was planctomycetes (maximum: fish gut from the “plant+sediment” condition = 28%), followed by cyanobacteria (13% in fish gut from the “plant+sediment” condition) and firmicutes (11% fish gut from the “plant” condition). In the plant and sediment, it was cyanobacteria (24% in the sediment), followed by bacteroidetes (14% in the plant), and chloroflexi (12% in the plant).



An assessment of the relative abundance of sulfate reducers (SRP), known as potential Hg methylator in these environments [7], was then performed (Figure 4b). The highest diversity and relative abundance of SRP was observed in the sediment, followed by the plant and fish gut. In the “others”, Deltaproteobacteria were dominant in the fish gut from the “plant” condition (1.3%) but some Syntrophobacterales were detected (0.2%), whereas the fish gut from the “plant+sediment” condition was mainly composed of Desulfovibrionales (0.9%).




3.6. Sulfate Reducers Isolation and Hg Methylation Capacity


Since SRP are considered to be the principal microorganisms responsible for Hg methylation, SRP strains were isolated from Pseudancistrus sp. gut contents of the contaminated “plant” condition. The study of gene encoding 16S rRNA allowed us to affiliate 32 isolated pure strains to the Desulfovibrionales order (Figure 5), and more precisely to the Desulfovibrionaceae (30 strains) and Desulfobulbaceae (two strains) families. Concerning Desulfovibrionaceae, six strains (B11 to H3) were close to Desulfovibrio aerotolerans (strain DvO5), seven strains (F7 to F2) were close to Desulfovibrio carbinolicus (strain DSM 3852), 17 strains (G6 to G3) were close to Desulfovibrio sp. LG-2009. The maximum bootstrap percentage was 82% (for D. carbinolicus), indicating that the isolated strains were not yet described in the literature. Two strains that belong to Desulfobulbaceae (E1, E4) were close to Desulfobulbaceae bacterium (strain PR8 A05), but considering the bootstrap percentages, they were probably also new species.



The capacity of these 32 isolated strains to methylate Hg was tested, using the biosensor E. coli MC 1061. About 18.8% of isolated strains were able to methylate Hg (7 of 32 strains) at variable rates. Maximum light intensity was measured for strain G2 (103.7 ± 25.7), followed by strain G6 (53.9 ± 6.7), strain C3 (33.5 ± 6.1), and strain G4 (11.5 ± 5.0). Strains B5, A6, and H6 showed positive results and were considered as methylating strains although with a high standard deviation (6.3 ± 2.7; 5.1 ± 4.4; 4.4 ± 3.8, respectively).



SRP strains were also isolated from Ludwigia sp. roots sampled in Sanguinet Lake [8] and three of them (2H7, 2F3, 3A2) are added in Figure 5. Strains 2H7 and 2F3 were close to Desulfovibrio sp. (LG-2009), which is relatively close to 17 strains isolated from fish gut contents. Strains 3A2 were close to Desulfovibrio carbinolicus, like seven other strains from gut microbiota.





4. Discussion


4.1. Periphyton Associated with Root’s Macrophytes: Main Source of MeHg for Organisms


4.1.1. High Methylation Potential in Aquatic Rhizosphere of Invasive Macrophyte


In our study, IHg is mainly trapped in plant roots and MeHg is mainly synthetized in this compartment, both in the contaminated (Table 2, Ti) and control units (Table 1). The rhizosphere of aquatic plants is effectively known to participate significantly in storage and Hg transformations [1]. Sediment is also known to participate to these processes [48,49,50], especially if it is an organic-rich sediment. Here, the sandy sediment used to constitute the microcosms probably explains the low Hg concentrations measured and the low reactivity of this compartment with Hg. However, our study supports a previous work where significantly higher Hg methylation and demethylation potentials were determined by incubations in the same plant (Ludwigia sp.) compared to the same sediment and in the same ecosystem [7]. In this previous study, the main quantity of MeHg was found in the periphyton separated from Ludwigia sp. roots compared to Ludwigia sp. roots with its periphyton. Analysis of periphytic particles from “plant” units at Tf indicates a large amount of Hg species with a high MeHg proportion (1278.3 ng 199IHg·g−1 dw and 88.2 ng 199MeHg·g−1 dw) compared to plant roots (Table 2, Tf), confirming that the periphyton is the main compartment responsible for the Hg transformation processes. Periphyton is an organic-rich matrix, considered to be a hotspot for microbial activity within the water column, with many heterotrophic aerobes, facultative anaerobes, or even strict anaerobes [8,51,52]. During sampling, a possible disruption of the system could be created causing a detachment of these periphytic particles. Such a disruption could then potentially increase the amount of 199MeHg measured in the sediment, thus leading to an overestimation of [199MeHg] in the sediment of the “sediment+plant” condition. Other studies also observed higher Hg methylation potentials in the periphyton of floating macrophyte roots in tropical areas [2,3] and temperate lakes [11,53] than in sediment associated or not with roots [54]. A similar proportion of 199MeHg was observed between the plant and sediment in the “plant+sediment” condition (Figure 2), while the proportion of 199IHg is significantly higher in sediment than in the plants. The lowest proportion of 199IHg observed in plants indicates that IHg trapped in plants is effectively more bioavailable for methylation than inorganic Hg trapped in sediment.




4.1.2. MeHg Produced in Aquatic Rhizosphere is Bioavailable for Organisms


The trophic pathway is considered to be the major contamination pathway in aquatic food webs for Hg bioaccumulation and biomagnification [55,56,57]. The “plant” condition allows for the evaluation of the role played by aquatic plants in MeHg bioavailability to aquatic organisms without sediment influence. Aquatic plants are regarded as an important food source for herbivorous and scavengers of some aquatic ecosystems [22,58,59]. In this study, [THg] is significantly higher in the gut of periphytophageous fish for the control and contaminated “plant” conditions compared to the “plant+sediment” and “sediment” conditions (Figure 3), and between the control and contaminated units. This indicates that (1) the periphyton associated with aquatic plant roots could be a food source for fish—this result is generally observed with periphytophageous fish due to their diet [60], and (2) there is a trophic contamination pathway for Hg. However, a low direct contamination could be possible at Ti (just before the fish introduction) in the three contaminated conditions since [199IHg] levels in water were not negligible (Table 2) and [199MeHg] levels were also very low in terms of proportion (Figure 2). The maximum levels of [199IHg] and [199MeHg] were observed in the plant compartment compared to the sediment compartment. However, 199MeHg proportion and concentrations in fish muscle were similar in both the “sediment+plant” and “sediment” conditions. Sediment could act as a limiting factor of Hg bioavailability for aquatic organisms. In [61], the ability of mangrove sediment to trap Hg, limiting its bioavailability is highlighted.



In all conditions (control and contaminated), the MeHg % in fish is always higher than the IHg %, showing the higher bioavailability of MeHg compared to IHg (Table 1 and Table 2). The significantly higher 199MeHg proportion observed in fish from the “plant” condition supports the fact that plants (and sediment to a lesser extent) play a role in fish Hg contamination, despite a heterogeneity observed between replicates of fish muscle. The difference in plants in each unit could explain this heterogeneity. Indeed, only a single plant of Ludwigia sp. was planted by aquarium (average weight ww = 40 g). Periphyton could not have the same microbial composition from one root to another, even if they are spatially close. Studies of SRP diversity (dsrAB and 16S rRNA genes) in Ludwigia sp. roots from Sanguinet Lake revealed heterogeneous microbial communities between replicates of samples [7,8]. This could be attributed to the different stages of biofilm development. In this case, Hg methylation could vary significantly from one plant to another, and hence to one microcosm to another, leading to differences in MeHg production and transfer to fish. Another explanation could be the variable amount of food eaten by the fish, some feeding more than others and therefore bioaccumulating more Hg. The duration of the experiment (15 days) may also have played a role and may have been too short to obtain clear information about it.





4.2. Involvement of Fish Gut Microbiota in Hg Methylation


The relative abundance of Deltaproteobacteria assessed using the molecular approach showed a low abundance and diversity in the fish gut (1%) with a high variability depending on the condition, whereas it is 5-fold higher in macrophyte roots and 20-fold in sediment (Figure 4B). Strains isolated from the fish gut (the contaminated “plant” condition) belonged to Desulfovibrionaceae and Desulfobulbaceae families. Some of the isolates obtained probably represent new taxa among the family Desulfovibrionaceae and should be further characterized and described. The strain isolation overlooked the dominant Deltaproteobacteria since the bacterial diversity seen through the cultural method is different and lower than that seen from using the molecular method. Indeed, members of Desulfovibrionales were exclusively detected through the cultivation method in the fish gut from the “plant” condition. Some of them were detected in the fish gut from the “plant+sediment” condition by MISEQ, showing the potential influence of the external environment (plant roots and sediment) on the diversity of such a matrix. Their capacity to methylate Hg was assessed using a biosensor (the light intensity produced by the biosensor directly reflected the methylation potential of a strain) and seven were able to methylate Hg at variable rates (Figure 5). Few studies have demonstrated the ability of SRP and Enterobacteria to methylate Hg in the digestive tract of terrestrial organisms [62,63] or fish [31] and the results are quite controversial [30,64]. IHg assimilation by intestinal epithelium is limited [65,66,67]. However, IHg can be methylated before passing the intestinal barrier into the blood. A mechanism of Hg assimilation was suggested in [68], involving both amiloride sensitive, and energy-dependent pathways to explain IHg absorption across the vertebrate gut. However, the mechanisms of Hg absorption through the intestinal cells have not yet been elucidated in fish or in mammals. In our work, a part of IHg could be methylated in the rhizosphere of aquatic plants before being ingested as MeHg by fish. Another part could be ingested as IHg, then methylated in the digestive tract, increasing the contamination risk. In addition, methylating strains also affiliated with Desulfovibrio carbinolicus were isolated from Ludwigia sp. roots from the Sanguinet Lake [8]. This indicates that SRP isolated from intestinal contents of fish are derived from the aquatic rhizosphere, which is a food resource for fish. These strains could be responsible for Hg methylation in the gut. Variability in bacterial diversity of gut microbiota could explain the variability of 199MeHg production measured in fish muscle at the end of the experiment. This hypothesis remains to be checked and quantified since the methylation capacity of strains could be stimulated or inhibited within the intestine (due to the unfavorable physicochemical growth medium, competition with gut microbiota). It would be interesting to further investigate the gut microbiota of fish and confirm if Hg methylation is possible in vivo in the gut. Moreover, it is also possible that these strains are able to demethylate MeHg [47,69,70]. Another incubation experiment with Hg stable isotopes (199IHg and 201MeHg) would be important to simultaneously and precisely quantify both processes.





5. Conclusions


This study suggests the important role of invasive macrophytes, resulting from sulfate reducing prokaryote activity, in the Hg biogeochemistry cycle and in the Hg contamination of the aquatic food chain in a freshwater temperate lake. The results highlight the transfer of MeHg (and bacteria) from plants to fish. MeHg formed in the periphyton could significantly participate in food web contamination, since aquatic plants are often considered to be an important food source. The occurrence of new methylator strains belonging to Desulfovibrionales in fish gut contents, probably from Ludwigia sp. roots, is important both in terms of microbial ecology and ecotoxicity in aquatic organisms. The involvement of intestinal microbiota in Hg transformations would need to be investigated in future research, especially to know if microbiota should be considered as a new reactive biological compartment for Hg.
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Figure 1. Experimental design to monitor the repartition of 199IHg added and the formation of 199MeHg in different aquatic compartments (water, sediment, plant, and fish). The same design was used for control units (without the addition of 199IHg). 
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Figure 2. Proportion of 199IHg and 199MeHg in water, sediment, plants, and Pseudancistrus sp. fish muscle from three contaminated conditions (“plant” (n = 2), “plant+sediment” (n = 3), “sediment” (n = 3)). Error bars represent standard errors. 
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Figure 3. The average of total mercury concentrations (µg THg·g−1 dw) measured by AMA in the muscle, liver, gill, and (empty) gut of Pseudancistrus sp. fish from control conditions (a) and contaminated conditions (b) at Tf. Error bars represent standard errors, n = 9 for each condition and organ, except for the “plant” condition (n = 6 for muscle, liver, and gill; and n = 4 for the gut). Letters indicate statistical differences (p < 0.05, lower case and capital letter must be considered separately). 
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Figure 4. Comparison of the relative abundance of bacterial diversity (16S rRNA genes sequencing) (a) and Deltaproteobacteria known to be potential methylators (b), from the fish gut of the “plant” units and “plant+sediment” units, and from plant and sediment. Error bars represent standard errors. 
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Figure 5. Phylogenetic relationships based on the alignment of 16S rRNA gene sequences of strains isolated from Pseudancistrus sp. gut and Ludwigia sp. rhizosphere, and belong to Desulfovibrionales. Strains originated from the Ludwigia sp. rhizosphere are underlined. Methylating strains are framed. Capacity of isolated strains to methylate Hg was estimated by the light intensity produced by the biosensor E. coli MC 1061. Bootstrap percentages above 50% (1000 bootstrap replicates) are indicated at the branching points. The scale bar represents nucleotide substitutions. Gene bank accession numbers are shown in parentheses. Tree was rooted with E. coli (M25588). 
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Table 1. Mercury speciation (ng·g−1 dry weight dw) and methylmercury proportion (%) in different aquatic compartments from control units (-C; background concentrations from field). Measurements were performed at the Ti and Tf of the experiment and were pooled in this table.
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Condition

	
Matrix

	
[IHg]

	
[MeHg]

	
% MeHg

	
n






	
Plant-C

	
Water

	
1.1 ± 0.3

	
0.1 ± 0.1

	
7.7 ± 3.8

	
4




	
Plant

	
38.9 ± 3.7

	
6.2 ± 3.6

	
11.3 ± 5.1

	
4




	
Fish

	
345.2 ± 127.4

	
1152.6 ± 136.4

	
77.3 ± 7.9

	
6




	
Plant+sediment-C

	
Water

	
0.8 ± 0.1

	
0.1 ± 0

	
13.4 ± 1.3

	
6




	
Sediment

	
5.7 ± 1.2

	
0.1 ± 0

	
1.6 ± 0.8

	
4




	
Plant

	
24.7 ± 7.3

	
1.4 ± 0.4

	
5.6 ± 0.5

	
6




	
Fish

	
220.3 ± 24.4

	
1083.2 ± 68.8

	
83.2 ± 1.3

	
9




	
Sediment-C

	
Water

	
0.9 ± 0.2

	
0.1 ± 0

	
21.3 ± 10

	
6




	
Sediment

	
5 ± 0.4

	
0.1 ± 0

	
1.1 ± 0.2

	
5




	
Fish

	
174.5 ± 15

	
948.1 ± 63.9

	
84.3 ± 1.2

	
9
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Table 2. Concentrations of 199IHg and 199MeHg (ng·g−1 dw), Hg methylation potentials (%) in the water, sediment, plants, and Pseudancistrus sp. fish muscle for different conditions before fish introduction in units (Ti) and after 15 days of incubation (Tf).
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Condition

	
Matrix

	
[199IHg]

	
[199MMHg]

	
% Methylation

	
n






	
Ti

	
Plant-Hg

	
Water

	
109.2–41.8

	
24.1–9.2

	
18.1–18.1

	
2




	
Plant

	
2061.1–2572.8

	
311.4–22.9

	
13.1–0.9

	
2




	
Plant+sediment-Hg

	
Water

	
41 ± 15.4

	
0.8 ± 0.7

	
3.7 ± 3.4

	
3




	
Sediment

	
2.9 ± 1.5

	
0.6 ± 0.3

	
13.9 ± 6.1

	
3




	
Plant

	
1362 ± 272.2

	
92.8 ± 36

	
6.2 ± 2.4

	
3




	
Sediment-Hg

	
Water

	
244.2 ± 27.7

	
0.2 ± 0

	
0.1 ± 0

	
3




	
Sediment

	
1.8 ± 0.1

	
0 ± 0

	
2.3 ± 1.6

	
3




	
Tf

	
Plant-Hg

	
Water

	
10.9–9.5

	
8–0.6

	
42.4 - 6.4

	
2




	
Plant

	
587.2–397.1

	
55.8

	
12.3

	
2-1




	
Fish

	
63.7 ± 25.1

	
180.7 ± 69.1

	
77.3 ± 4.9

	
6




	
Plant+sediment-Hg

	
Water

	
0.4 ± 0.1

	
0 ± 0

	
13 ± 6

	
3




	
Sediment

	
3.4 ± 0.3

	
0.3 ± 0.1

	
8.2 ± 3.2

	
3




	
Plant

	
44.4 ± 4

	
16.8 ± 2.3

	
27.4 ± 0.9

	
3




	
Fish

	
15 ± 3.1

	
153.9 ± 39.7

	
90 ± 1.4

	
7




	
Sediment-Hg

	
Water

	
3.9 ± 1.7

	
0.5 ± 0.2

	
12.9 ± 5.9

	
3




	
Sediment

	
5.3 ± 0.2

	
0.5 ± 0

	
7.9 ± 1.1

	
3




	
Fish

	
26.8 ± 5.1

	
172.5 ± 14

	
89.3 ± 1.7

	
9












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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