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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• AOM boosted methylation rate con
stants by 1− 2 orders of magnitude 
compared to TOM. 

• Hg methylators and MeHg demethyla
tors responded differently to DOM 
treatments. 

• Hg methylation and associated microbes 
correlated with specific DOM 
components.  
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A B S T R A C T   

Methylmercury (MeHg) production in aquatic ecosystems is a global concern because of its neurotoxic effect. 
Dissolved organic matter (DOM) plays a crucial role in biogeochemical cycling of Hg. However, owing to its 
complex composition, the effects of DOM on net MeHg production have not been fully understood. Here, the Hg 
isotope tracer technique combined with different DOM treatments was employed to explore the influences of 
DOM with divergent compositions on Hg methylation/demethylation and its microbial mechanisms in eutrophic 
lake waters. Our results showed that algae-derived DOM treatments enhanced MeHg concentrations by 
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MeHg demethylation 
Hg isotope tracer 

1.42− 1.53 times compared with terrestrial-derived DOM. Algae-derived DOM had largely increased the 
methylation rate constants by approximately 1− 2 orders of magnitude compared to terrestrial-derived DOM, but 
its effects on demethylation rate constants were less pronounced, resulting in the enhancement of net MeHg 
formation. The abundance of hgcA and merB genes suggested that Hg-methylating and MeHg-demethylating 
microbiomes responded differently to DOM treatments. Specific DOM components (e.g., aromatic proteins and 
soluble microbial byproducts) were positively correlated with both methylation rate constants and the abun
dance of Hg-methylating microbiomes. Our results highlight that the DOM composition influences the Hg 
methylation and MeHg demethylation differently and should be incorporated into future Hg risk assessments in 
aquatic ecosystems.   

1. Introduction 

Mercury (Hg) has been well recognized as a priority pollutant, 
particularly due to its highly neurotoxic and organic form methylmer
cury (MeHg) [46,4,57]. MeHg has the potential to undergo significant 
biomagnification in aquatic food chains, which could ultimately pose a 
threat to organisms, including the humans [24,67,68]. Most Hg inputs 
from anthropogenic activities exist in an inorganic form that could be 
methylated to MeHg under typical conditions [44,6]. Anaerobic mi
crobial inorganic Hg methylation is generally considered the predomi
nant pathway for MeHg production in the aquatic environment [17,20, 
76]. This process is closely related to one-carbon metabolism and is 
regulated by the Hg methylator (e.g., sulfate-reducing bacteria, 
iron-reducing bacteria, and methanogens) carrying hgcAB genes [52]. In 
contrast, MeHg could be demethylated via the biotic reduction, biotic 
oxidation, and abiotic chemical demethylation pathways [3]. The 
observed MeHg concentration in the natural environment is a result of 
both Hg methylation and demethylation processes [3,35,37]. Previous 
studies have indicated that lakes can be hot spots for MeHg production 
[14,18,55], and the co-occurrences of Hg pollutions and eutrophication 
in lakes have been observed [71]. 

MeHg production in the aquatic environments is influenced by a 
combination of physical, chemical, and biological factors, including 
microbial taxon abundance and community structure, Hg(II) speciation 
and concentrations, dissolved organic matter (DOM), redox potentials, 
water temperatures, and pH [44,47,69]. DOM is well recognized as one 
of the most important drivers in determining MeHg productions. As the 
human activities intensify, DOM inputs from autochthonous and 
allochthonous sources are increasingly entering lake waters [79,83], 
making it crucial to understand the processes that determine MeHg 
production in these environments. DOM can act as a chemical ligand for 
both Hg(II) and MeHg [27], and serve as a growth substrate for microbes 
[61]. The dual role of DOM strongly affects speciation and bioavail
ability of Hg and, subsequently, productions and accumulations of 
MeHg in aquatic environments [45,59,80]. Previous studies have 
demonstrated that DOM plays important but complicated roles in Hg 
methylation, which has been demonstrated to promote or inhibit Hg 
methylation [29,48,50,54]. The sources of DOM and its composition in 
aquatic ecosystems are complex. The mechanism by which DOM of 
different compositions can regulates microbial Hg methylation or 
demethylation processes remains elusive. 

DOM is a heterogeneous mixture of allochthonous or autochthonous 
sources, including small molecular compounds (e.g., monosaccharides, 
amino acids) and macromolecules (e.g., proteins, polysaccharides, 
lignin, and humus) [16,25,31]. Eutrophication and intensified anthro
pogenic alterations in both terrestrial and inland aquatic ecosystems 
have significantly increased nutrient and DOM inputs into the receiving 
ecosystems [82]. Algae-derived DOM (AOM) has received increasing 
attentions owing to its potential influence on microbial communities 
and contaminant transformations [2,7,70]. However, impacts of both 
AOM and terrestrial organic matter (TOM) on MeHg production remain 
debated and controversial. Phytoplankton-derived organic compounds 
have been found to stimulate Hg methylation in boreal lakes; however, 
this phenomenon has not been observed in water dominated by TOM 

[5]. Thus, it is necessary to characterize compositions of DOM from 
different sources and investigate their effect on MeHg production. In 
addition, many studies have focused mainly on changes in MeHg con
centration, whereas underlying biotic methylation or demethylation 
process and responses of microbial communities remain poorly 
understood. 

In this study, we applied the stable Hg isotope tracer techniques 
together with different DOM treatments to reveal effects of DOM com
positions on Hg methylation and MeHg demethylation process. Specific 
Hg isotope tracers including 202HgII and Me198Hg, real-time quantitative 
PCR (qPCR) for the hgcA/merB genes, and 16S rRNA gene sequencing 
were combined to reveal Hg methylation/demethylation rates and un
derstand the microbial mechanisms. DOM composition was character
ized using the ultra-high-performance liquid chromatography-time-of- 
flight mass spectrometry (UPLC-QTOF-MS) and three-dimensional 
excitation-emission matrix (3D-EEM) fluorescence spectroscopy. The 
objectives of this study were (I) to investigate Hg methylation and MeHg 
demethylation processes in lake waters under different DOM treatments 
and (II) to assess the influence of DOM compositions on net MeHg 
productions and the abundance of Hg methylators/demethylators. Re
sults of this study improve our understanding of the exact roles of the 
DOM composition in determining MeHg production in aquatic 
ecosystems. 

2. Materials and methods 

2.1. Preparations of DOM from different sources 

Four typical DOM with different sources had been prepared for the 
incubation experiments, including two AOM from freshwater phyto
plankton species (i.e., Microcystis aeruginosa and Microcystis elabens) and 
two TOM from the shrub soil (E: 117◦20’02.44’’, N: 38◦59’50.23’’) and 
wetland soil (E: 117◦20’09.13’’, N: 38◦59’45.07’’) (Fig. S1). Two algal 
species, M. aeruginosa and M. elabens were obtained from the Freshwater 
Algae Culture Collection of the Institute of Hydrobiology, China 
(Fig. S2). It should be noted that the selected algae are ubiquitously 
distributed in freshwater lakes and are often responsible for algal blooms 
[13,63]. AOM was extracted from the algae using a freeze-thaw method 
[12,35,37], and TOM was extracted from the soils using water extraction 
method [28]. Details of the DOM extractions are provided in Text S1. 

2.2. Incubation experimental design 

Two incubation experiments were designed to investigate the in
fluences of different DOM treatments on MeHg production and the un
derlying mechanisms in water from a eutrophic lake (Fig. 1 and 
Table S1). Four sources of DOM were added to lake waters for further 
incubation for as long as 14 d, including AOM derived from 
M. aeruginosa (AOM-A) and M. elabens (AOM-E), and TOM derived from 
shrub soil (TOM-S) and wetland soil (TOM-W). As shown in Fig. 1, 
Experiment 1 aimed to investigate changes in net MeHg production 
under different DOM treatments. Experiment 2 was designed to trace the 
detailed changes in Hg methylation/demethylation rate constants, spe
cific marker genes involved in methylation and demethylation processes 
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(i.e., hgcA and merB), and microbial communities with different DOM 
treatments. 

Haijiao Lake (E: 117◦20′02.44″, N: 38◦59′50.23″) is characterized by 
a eutrophic status. It is located in the city of Tianjin, with a surface area 
of 1.07 km2 and a history of M. aeruginosa blooms in the summer and 
autumn. Water samples were collected from this lake on April 15th, 
2022, prior to the algal blooms. Approximately 30 L of unfiltered surface 
water (1–50 cm) was collected in precleaned borosilicate glass bottle, 
transferred to the laboratory, and stored at 4 ◦C in the dark for the 
further incubations. The total Hg (5.11 ± 0.59 ng L–1) and MeHg (0.38 
± 0.07 ng L–1) concentrations in the unfiltered water sample were 
measured according to the EPA 1631 and 1630 methods (n = 3). The 
corresponding total nitrogen, total phosphorus, chlorophyll-a, and dis
solved organic carbon (DOC) concentrations are listed in Table S2. 

For the Experiment 1, five treatments (i.e., AOM-A, AOM-E, TOM-S, 
TOM-W, and control) were prepared. Unfiltered lake water (90 mL), 
DOM solution, and the standard HgCl2 solution (Aladdin, China) were 
mixed in the pre-cleaned 150 mL borosilicate glass bottle in an oxygen 
free glove box (PLAS-LABS, USA; 90% Ar + 10% H2), and the final 
volume was adjusted to 120 mL using ultrapure water. The added con
centration of DOM was set to 10 mg C L–1, based on the ambient DOM 
concentration in the lake water sample. In addition, Hg was spiked at an 
Hg:C ratio of 1:20,000 to ensure accurate measurements of in situ MeHg 
production [33,75]. The glass bottles were tightly sealed using butyl 
rubber and screw caps, blended, and then incubated at approximately 
25 ◦C in the dark. Each treatment was performed in triplicate. Three 
random replicates for each treatment were collected at 0, 1, 7, and 14 
days. The mixtures were filtered through a 0.22-μm PTFE membrane 
(Millipore®, USA), acidified to 0.4% (v/v) using concentrated hydro
chloric acid (HCl), and stored at 4 ◦C in the dark for the MeHg analysis. 

Experiment 2 was designed to characterize methylation of inorganic 
Hg and demethylation of MeHg during incubation. The DOM composi
tion, the abundance of the Hg methylation gene (hgcA) and MeHg 
demethylation gene (merB), and changes in the microbial communities 
were also investigated. Similar to Experiment 1, five treatments were 
conducted in an oxygen-free glove box: AOM-A, AOM-E, TOM-S, TOM- 
W, and one control. The incubation samples were subjected to the same 
treatment as in Experiment 1, which involved the uses of unfiltered lake 

waters and DOM addition. To trace specific Hg methylation and deme
thylation at various time points during the incubations (i.e., 0, 7, and 14 
d), samples with different DOM treatments were incubated for 0, 7, and 
14 d. At these time intervals, the Hg isotope tracers (i.e., 202HgII and 
Me198Hg) were spiked into the sample for an additional 12 h of incu
bation, with a final concentration of 5 ng L–1, adjusted according to the 
ambient Hg concentration in lake water [41,39,73]. After this, 20 mL 
incubated water was transferred to borosilicate glass tubes, acidified to 
0.4% (v/v) using concentrated HCl, and stored in the dark at approxi
mately 4 ◦C until isotopic MeHg analysis. It should be noted that the rate 
constant on day 0 represented the mean rate of 12 h on day 0, rather 
than the initial rate. Remaining water sample was filtered through 
0.22-μm polycarbonate membranes (Millipore, USA). The membranes 
were frozen at − 80 ◦C for the microbiological analyses, and the filtrate 
was stored at − 20 ◦C for the DOM characterizations. 

2.3. MeHg concentration analysis 

MeHg concentration was determined using gas chromatography 
coupled with cold vapor atomic fluorescence spectrometry (CVAFS, 
Tekran 2500) according to the EPA method 1630. In summary, 25 mL of 
water sample and 0.1 mL of saturated CuSO4 were transferred into a 50- 
mL Teflon vial, followed by distillation at ~125 ◦C for 2 h. The distillate 
was collected in a 40-mL glass vial, containing 4.5 mL of distilled water 
and 0.5 mL of 2 M acetate buffer. All glass vials were kept at a tem
perature of approximately 5 ◦C to avoid the losses of MeHg. The MeHg in 
the distillate was ethylated with sodium tetraethylborate, purged, and 
captured on a Tenax adsorbent column. The ethylated Hg species were 
thermally desorbed to gas chromatography and detected using CVAFS. 
The method detection limit (3σ) was 0.046 ng L− 1 for MeHg in the water 
samples. The variability between triplicate samples was less than 8.9%, 
and the recovery of matrix spikes in the water samples ranged from 81% 
to 110%. 

MeHg isotopes were analyzed using a gas chromatography- 
inductively coupled plasma-mass spectrometry system (Agilent 7700x) 
following the distillation-ethylation-purge-trap method [35,37,61]. Hg 
isotopes, including Me198Hg+ (demethylation tracer), Me199Hg+, 
Me200Hg+, Me201Hg+, and Me202Hg+ (methylation tracer), have been 

Fig. 1. A diagram showing the preparation of different DOM treatments and two incubation experiments with DOM treatments from different sources.  
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studied [41,39,38]. Isotope-enriched inorganic Hg tracers (202HgII) and 
MeHg tracers (Me198Hg+) were used to trace the rates of inorganic Hg 
methylation and MeHg demethylation, respectively. 202Hg(NO3)2 was 
prepared by dissolving 202Hg0 (98.68 ± 0.2% purity; ISOFLEX, USA) in 
nitric acid (≥ 99.9%, trace metal basis), and the Me198HgNO3 was 
prepared using a methylcobalamin method with 198Hg(NO3)2 (98.52 

± 0.15% purity; ISOFLEX, USA) following previous studies [40,58]. In 
addition, an external MeHg standard (Brooks Rand, USA) was applied to 
quantify the ambient and Hg tracer concentrations. The methylation 
rate constant (km) and demethylation rate constant (kd) were calculated 
from increases in Me202Hg+ and decreases in Me198Hg+ (n = 45) ac
cording to the irreversible pseudo-first-order rate law using Eqs. (1) and 
(2) [19,26,74]: 

km =
[Me202Hg+]t1 − [Me202Hg+]t0

[202HgII] × t
(1)  

kd =
ln([Me198Hg+]t0) − ln([Me198Hg+]t1)

t
(2)  

where [Me202Hg+]t0 and [Me198Hg+]t0 represent the isotopically 
enriched Me202Hg+ and Me198 Hg+ concentrations at the initial time 
point (t0), respectively; [Me202Hg+]t1 and [Me198Hg+]t1 are the 
Me202Hg+ and Me198Hg+ concentrations in the samples after 12-h in
cubations, respectively; [202HgII] represents the concentration of 202HgII 

added to the samples as a spike; and t represents the incubation time 
after spiking with the isotopes. 

Quality controls and assurance measurements had been imple
mented, including triplicates, method detection limits, field blanks, and 
matrix spike recoveries for all analytes. No significant MeHg contami
nation was detected in the blank samples. The method detection limit 
(3σ) for MeHg isotopes in the water samples was determined to be 
0.013 ng L− 1. The variability between the triplicate samples was less 
than 9.3%, and the recoveries for MeHg isotope analyses in the water 
samples ranged from 75% to 114% for the matrix spikes. 

2.4. DOM characterization and microbiological analysis 

A combination of chemical analysis techniques, including EEM 
spectroscopy and UPLC-QTOF-MS, was used to characterize changes in 
DOM composition during incubation. Samples from the Experiment 2 
were analyzed on days 0, 7, and 14 using a Hitachi F-7100 fluorometer. 
The emission spectral range was 250–600 nm, and excitation spectral 
range was 220–450 nm, both with steps of 5 nm. Fluorescence regional 
integration (FRI) was conducted on the dataset using a MATLAB toolbox 
DOMFluor [66,8]. Five DOM components were extracted from the 
spectral data: aromatic protein I (API), aromatic protein II (APII), and 
fulvic acid-like (FA), soluble microbial product-like (SMP) and humic 
acid-like (HA) materials. Details of the EEM measurements and FRI 
analysis are provided in Text S2. The thiol concentrations of samples 
were determined using the 5,5′-dithiobis-(2-nitrobenzoic acid) method 
[1,15]. The major functional groups of DOM were characterized using 
the Fourier-transform infrared spectroscopy (FTIR) (IRAffinity-1S, Shi
madzu, Japan). The samples were freeze-dried at − 50 ◦C and stored in a 
dryer before testing. Spectroscopically pure potassium bromide was 
used for the tablet pressing. The displayed result was a single-averaged 
spectrum of 16 scans at a frequency of 4 cm− 1, analyzed in a range of 
4000–400 cm− 1 [35,37]. 

UPLC-QTOF-MS has been extensively used for autochthonous and 
allochthonous DOM in previous studies [53,36]. In this study, 
UPLC-QTOF-MS (Agilent /Brooke) was used to characterize molecular 
compositions [i.e., numbers, formulae, and charge mass ratio (m/z)] for 
four selected DOM sources. Details for pre-treatments and measure
ments are provided in Text S3. An in-house Matlab routine was applied 
to assign the formulas up to C40H80O40N2S with or without one 13C [25], 

and only the peaks with a signal/noise ≥ 10 were assigned. The error 
between the measured and calculated masses for a given chemical for
mula was < 5 ppm. These formulas must follow specific rules, including 
O/C < 1, H/C 0.3–2, m/z 100–1000, a non-negative integral double 
bond equivalent, and the nitrogen rule [30]. The assigned molecular 
formulae were predominantly composed of carbon, hydrogen, and ox
ygen (CHO), followed by formulae with additional nitrogen (CHON), 
sulfur (CHOS) or both nitrogen and sulfur (CHONS) [25]. 

Water samples from Experiment 2 on days 0, 7, and 14 were filtered 
through a sterilized 0.22-μm polycarbonate filter, after which they were 
used for the DNA extraction and bacterial community analysis by San
gon BioTech, China. Bacterial community compositions had been 
characterized using the Illumina MiSeq platform of the V3-V4 region of 
the 16S rRNA gene, amplified using primers 341 F/805 R (see the detail 
in Text S4). After sequencing, readings were assembled with PEAR 
(version 0.9.8), and the effective tags were clustered into the operational 
taxonomic units of ≥ 97% similarity [65]. To investigate change in 
methylators and demethylators during incubation, we adopted the 
method of Wang et al. [72] to define putative methylators and deme
thylators according to whether they carried the methylation gene hgcA 
and demethylation gene merB, as inferred from prior studies (Table S3). 
A co-occurrence network was established to identify associations be
tween the microbial taxa (at the family level), including putative Hg 
methylators, MeHg demethylators, and other taxa. These networks were 
based on significant and strong correlations between microbial taxa 
(pairwise Spearman’s rank correlation, |ρ| > 0.50 and P < 0.01), and 
the network was visualized using interactive platform Gephi. 

Real-time quantitative PCR analysis was performed using the filtered 
membranes from the Experiment 2 on the days 0, 7, and 14. The 
abundance of the 16S rRNA, hgcA, and merB genes was quantified using 
reported primer pairs for the whole bacteria, methylators, or demethy
lators [10,49,60]. More details are provided in Text S4. 

2.5. Statistical analysis 

Data normality was assessed using the Shapiro-Wilk test in SPSS 
(version 22.0; IBM, USA). One-way analysis of variance (ANOVA) with 
Tukey’s multiple comparison test was applied to compare statistical 
significance among treatments, and the Pearson’s correlation analysis 
was conducted to explore relationships between different variables. A 
Mantel test using R software (V 4.0.2) [56] was conducted to examine 
the correlations between microbial community compositions and the 
DOM components. 

3. Results 

3.1. Effects of different DOM treatments on net MeHg production 

In Experiment 1, we compared the changes of MeHg concentrations 
in lake waters with the four sources of DOM (Fig. 2). In general, the 
mean MeHg concentrations during the days 1–14 of incubations were 
6.62 ± 3.97 ng L− 1 for AOM-A, 6.12 ± 3.56 ng L− 1 for AOM-E, 4.04 
± 2.06 ng L− 1 for TOM-S, 4.01 ± 2.24 ng L− 1 for TOM-W, and 3.71 
± 1.96 ng L− 1 for the control groups (n = 3 for all treatments). 
Compared with the control treatments, the AOM-A and AOM-E treat
ments resulted in the MeHg concentrations for 131%− 209% and 
126.67%− 185.15% (P < 0.05), respectively. Throughout the incubation 
period, the highest MeHg concentration was observed on day 7 for all 
the treatments. The AOM-A treatment showed the highest MeHg level, 
reaching up to 13.45 ± 2.90 ng L− 1. Furthermore, MeHg concentrations 
in the AOM treatments (AOM-A and AOM-E) were significantly higher 
than those in the TOM treatments (i.e., TOM-S and TOM-W) (P < 0.05). 
The trend in the MeHg concentrations varied among different DOM 
treatments during the incubations. For the TOM treatments, MeHg 
concentrations had initially increased and then remained stable over 
time. In contrast, MeHg concentrations in the control and AOM 
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treatments initially increased but gradually decreased with extended 
incubation time. The decrease in the MeHg concentration at a later stage 
of incubation could be attributed to the change in the dominant process 
from Hg methylation to MeHg demethylation over time [33,41,39]. 
Fig. S3 illustrates the MeHg concentrations normalized by DOC con
centrations, providing a representation of MeHg production at equiva
lent DOC quantities but with different compositions. After 14-day 
incubations, the normalized MeHg concentrations in the AOM groups 
were significantly higher than those in the control and TOM groups 
(P < 0.05, Fig. S3). 

3.2. Effects of DOM treatments on Hg methylation and demethylation 

The multi-compound-specific isotope labeling technique (i.e., 202HgII 

and Me198Hg) provided a more comprehensive explanation for change 
of net MeHg production observed in Experiment 1. Specifically, changes 
in the MeHg concentration could be attributed to alterations in the Hg 
methylation rate constants km and MeHg demethylation rate constants 
kd (Fig. 2b and 2c). On day 0, the AOM-E treatment exhibited the highest 
km value (i.e., 1.77 ± 0.64 × 10–4 d–1) that was significantly higher than 
those of the remaining treatments (P < 0.05). On day 7, the AOM-A 
treatment yielded the highest km value (i.e., 8.57 ± 4.71 × 10–4 d–1), 
while km in the AOM-E treatment decreased to 1.04 ± 0.47 × 10–5 d–1. 
On day 14, km remained at relatively low levels for all treatments, 
ranging from 0.19 − 1.67 × 10–5 d–1. Significant increases in km were 
observed in the AOM treatments (AOM-A and AOM-E). However, no 

discernible differences in km were observed between the TOM and 
control treatments (P > 0.05). Differently, kd ranged from 3.50 to 8.69 
d–1 regardless of the DOM sources during the incubation, and remained 
relatively stable compared to the km. Notably, the effect of DOM on 
MeHg demethylation was more pronounced initially. For example, on 
day 0, the kd values in the AOM-E, TOM-S, and TOM-W treatments were 
significantly higher than those in the controls (P < 0.05). On days 7 and 
14, there were no discernible difference in kd values among the control, 
AOM-A, AOM-E, and TOM-S treatments (P > 0.05). 

3.3. Microbes related to Hg methylation and MeHg demethylation 

To investigate the influence of different DOM treatments on the 
microbial communities, we analyzed the compositions of the dominant 
microbes and putative Hg methylators (Fig. S4). Across all treatments, 
the six most abundant bacteria at class levels were Gammaproteobacteria 
(an average relative abundance 55.11%), Flavobacteriia (9.43%), Beta
proteobacteria (9.38%), followed by Alphaproteobacteria (8.79%), Acti
nobacteria (6.93%) and Sphingobacteriia (3.68%). The putative Hg 
methylators during the incubations water were Clostridiaceae 
(0.06–0.31%), Ruminococcaceae (0.01–0.06%), unclassified Bacteria 
(0.14–0.89%), unclassified Deltaproteo bacteria (0.00–0.02%), unclassified 
Gammaproteobacteria (0.00–0.20%), and Enterobacteriaceae 
(0.36–2.85%). As shown in Fig. S5, there was a positive correlation 
between hgcA gene and relative abundance of Enterobacteriaceae with a 
Pearson correlation coefficient of 0.94 (P < 0.05), indicating that 

Fig. 2. Changes in MeHg concentrations during incubation with different DOM treatments in Experiment 1 (a); changes in the methylation and demethylation rate 
constants (b, c) and abundance of 16S rRNA gene (d), hgcA gene (e), and merB gene (f) during the incubation with different DOM treatments in the Experiment 2. The 
different lowercase letters above columns indicate significant differences (P < 0.05). 
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Enterobacteriaceae was likely a dominant methylator during the 
incubation. 

Bacterial abundance is widely recognized as an important factor in 
the regulations of biotic Hg methylation and demethylation [11,32,43]. 
16S rRNA gene abundance is considered an effective indicator for the 
total number of bacteria [49]. From the qPCR analyses, we observed 
significant increases in 16S rRNA gene abundance across the DOM 
treatments compared to the controls (P < 0.05) (Fig. 2d). Specifically, 
16S rRNA gene abundance in AOM and TOM treatments were 
752.99–2422.25 and 2.32–9.16 times higher than those in the control on 
day 7. However, the 16S rRNA gene abundance decreased in the AOM-A 
and AOM-E treatments, but increased in the TOM-S and TOM-W from 
day 7 to 14 (Fig. 2d). 

During the incubation periods, hgcA gene abundance displayed 
similar trend as 16S rRNA gene abundance (Fig. 2e). On day 7, hgcA 
abundance in the AOM-A and AOM-E treatments was significantly 
higher than those in the TOM-S, TOM-W, and control treatments 
(P < 0.05). Furthermore, hgcA abundance in the AOM-A and AOM-E 
treatments steadily decreased from day 7 to day 14, which could be 
attributed to the consumption of labile carbon during incubation (see 
details in Section 3.4). The abundance of merB in the TOM treatment (i. 
e., 5.23 × 105–1.98 × 106 copies L–1) was significantly higher than that 
in the control and AOM treatments during the incubations (P < 0.05). 
These investigations showed that DOM sources could play divergent 
roles in promoting methylation and demethylation in lake waters. The 
AOM treatments rapidly increased abundance of Hg methylators 
(compared to the control), whereas the TOM treatments increased the 
abundance of both Hg methylators and MeHg demethylators (Figs. 2e 
and 2f). In addition, the ratios of hgcA:16S rRNA gene in AOM treat
ments were predominantly higher than those in the controls and TOM 
treatments, indicating unique ability of AOM to stimulate Hg methyl
ation (Fig. S6). 

3.4. Characterization of different DOM composition during the incubation 

As indicated in Fig. S7, the four original DOMs exhibited different 
characteristics in their EEM spectra. In general, the intensity of the 
tyrosine- or tryptophan-like fluorescence signature is stronger in AOM 
(Ex/Em: 230(280)/338), whereas the fluorescence region of TOM is 
mainly concentrated in the terrestrial humic-like compounds (Ex/Em: 
265/460 and 355/432) [64]. The fluorescence intensities of the protein- 
and amino acid-like substance had decreased substantially in AOM 
treatments from day 0 to 14, whereas fluorescence intensities in the 
TOM and the control treatments remained stable (Fig. 3a and 3b). Fig. 3c 
illustrated the average alterations in fluorescence intensities across the 
five distinct groups. Notably, the API and APII, which are major com
ponents within AOM, exhibited a substantial decrease of 56.80 
± 18.72% and 44.42 ± 17.33%, respectively, during the period from 
day 0 to 14. This decrease underscores their highly labile nature during 
the incubation. In contrast, FA and HA only decreased by 26.09 
± 9.42%, and 19.32 ± 10.21%, respectively. DOM molecules were also 
detected using UPLC-QTOF-MS (Fig. S8). An increase in the number of 
the peaks corresponding to the hydrophilic substances (elution time <
5 min) and species with medium polarity (elution time between 
5–15 min) was observed within the AOM groups, indicating that AOM 
contained highly abundant species (Fig. S9). In addition, the AOM 
groups showed higher and broader hydrophilic peaks at 1.3 and 1.8 min 
than the TOM groups, suggesting more hydrophilic components in the 
AOM. AOM-E had the lowest m/z ratio but the highest proportion of 
CHONS among the four sources of DOM (Fig. S10 and Table S4). The 
relative abundance of lipids, proteins, and unsaturated hydrocarbon 
compounds in the AOM treatments were 23.76–25.88%, 6.28–10.03%, 
and 8.08–12.15%, respectively, slightly higher than those in the TOM 
treatment (i.e., 23.03–23.21%, 5.77–6.00%, and 7.99–8.02%, 
respectively). 

Thiol groups usually exhibit strong binding affinity for Hg and are 
widely recognized as crucial factors influencing Hg bioavailability. In 
our study, we observed that thiol concentration in AOM groups (2.01 

Fig. 3. Three dimensional fluorescence before and after the incubation (a), fluorescence intensity of FRI components in different samples during the incubation (b), 
and the changes of different components after 14 days (c); Aromatic Protein I (API), Aromatic Protein II (APII), Fluvic acid-like (FA), Soluble microbial by-product- 
like (SMP), Humic acid-like (HA). 
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± 0.18 μM for AOM-A and 2.41 ± 0.27 μM for AOM-E) were signifi
cantly higher (P < 0.05) than those in the TOM groups (0.80 ± 0.09 μM 
for TOM-S and 1.61 ± 0.13 μM for TOM-W) on day 0 (Fig. S11). 
Following the 14-day incubation, thiol concentrations increased in most 
of the groups, possibly due to the production and secretion of the thiol- 
containing compounds such as non-proteinaceous glutathione and 
phytochelatins [22]. 

In addition to the thiols, several other functional groups had 
exhibited changes during the incubation. A comparison of the FTIR 
spectra of different DOM samples had revealed distinct alterations 
(Fig. S12). The broad peak ranging from 3407 to 3422 cm− 1 corresponds 
to O–H or N–H stretching, whereas the peak at 1642–1647 cm− 1 sig
nifies the C––O stretching of the amide groups. The peak at 1505 cm− 1 

was attributed to aromatic C––C vibrations, and the O–H peak at 
approximately 1420 cm− 1 indicated the presence of carboxylic acids as 
major functional groups in the DOM samples. The C–O stretch peak at 
approximately 1140 cm− 1 suggested the presence of polysaccharides 
like cellulose and lignin. During incubation, noteworthy increases in the 
peaks at 1642–1647, 1420, and 1140 cm− 1 were observed in the AOM 
groups (Fig. S12b and c), indicating an increase in the corresponding 
functional groups and substances due to increased microbial metabolic 
activity. In contrast, the peaks of TOM at 1642–1647, 1505, and 
1140 cm− 1 exhibited greater intensity than those of AOM on day 0, 
suggesting that TOM had already undergone microbial transformations 
and degradations. Furthermore, peaks within the range of 
650–994 cm− 1 could be attributed to the C––C hydrogen bond or C–H 
out-of-plane vibrations. 

4. Discussion 

4.1. DOM compositions related to Hg methylation and MeHg 
demethylation processes 

In the natural environments, the net production of MeHg is the result 
of both Hg methylation and MeHg demethylation processes [57,78]. 
DOM is recognized as one of the most essential factors in determining 
the biogeochemical cycling of Hg [44]. During the incubations, the 
average concentration of MeHg in the AOM treatment was 1.42 to 1.53 
times higher than those in the TOM treatment and 1.65 to 1.79 times 
higher than that in the control (Fig. 2a). Notably, the AOM treatment 
enhanced the net MeHg production across all sampling intervals. Pre
vious studies have implied that organic compounds derived from 
phytoplankton could stimulate the Hg methylation in the sediment of 
boreal lakes by increasing the overall bacterial activity [5]. Further
more, the stable isotope tracers (Experiment 2) suggested that km in the 
AOM treatments was 1–2 orders of magnitude higher than those in the 
controls, whereas km was comparable in the TOM and control treatment 
(Fig. 2b). 

Previous studies have suggested that low-molecular-weight organic 
thiols (e.g., cysteine and glutathione) promote the in situ Hg methyl
ation [81]. In this study, UPLC-QTOF-MS results showed that AOM-E 
had the lowest m/z ratio and the highest proportion of CHONS sub
stances (Table S4) among the four sources of DOM, indicating that 
AOM-E could be rapidly utilized by microbes, therefore promoting Hg 
methylation. However, the AOM-A treatment (the highest proportion of 
protein-like or unsaturated hydrocarbon-like substances) supply suffi
cient nutrients for the microbes and thus yielded the highest km value 
and net MeHg production during incubation. Lescord et al. [34] also 
revealed that MeHg concentrations in the lake and river waters are 
positively correlated with the amounts of microbial-based DOM or the 
proportions of labile and protein-like DOM, indicating the enhance
ments of Hg methylation. Moreover, the higher thiol concentrations in 
the AOM groups compared to the TOM groups may enhance the Hg 
(II)-ligand exchange between Hg(II)-thiol complexes and 
cell-associated proteins, thereby promoting Hg(II) uptakes and 

methylation [42]. The concentration of thiol ligands associated with 
DOM further influences the chemical speciation and bioavailability of 
MeHg, thereby controlling its bioaccumulations and biomagnification in 
aquatic food webs (Li et al., 2023; [62]). In addition, the DOM-induced 
changes in the kd were stable within the same order of magnitude (i.e., 
3.50–8.69 d–1) regardless of the sources of DOM, indicating that AOM 
and TOM have quite different impacts on km and kd. 

4.2. Methylators and demethylators responded differently to DOM 
treatments 

Herein, we found that the total number of bacteria (16S rRNA gene 
abundance) had increased under DOM treatments regardless of the 
sources, compared to the control treatments. The 16S rRNA gene 
abundance in the AOM treatment was substantially higher than that in 
the TOM treatment (P < 0.05; Fig. 2d). It shows that AOM is more 
readily metabolized by heterotrophs than TOM, indicating that AOM is 
more bioavailable to the heterotrophs than to TOM. It should be noted 
that both AOM or TOM could increase the abundance of Deltaproteo
bacteria carrying hgcAB genes. In addition, the hgcA gene abundance in 
the AOM treatments was significantly higher than that in the TOM 
treatment (P < 0.05). This observation is consistent with that of a recent 
study conducted in the eutrophic lake, in which the labile fraction of 
AOM was found to increase the abundance of potential Hg methylators, 
resulting in enhanced net MeHg production [33]. EEM spectra and 
UPLC-QTOF-MS analyses indicated that AOM contained more labile 
substances (e.g., lipids and proteins) than TOM, with major composi
tions of humic matter (Fig. 3b and S8). Abundant labile substances 
facilitated the growth of Hg methylators by stimulating microbial ac
tivities [5], increasing energy production [77] and providing methyl for 
methylation [51]. Besides, TOM yielded a higher abundance of merB 
than AOM (Fig. 2f), indicating that the influence of the DOM composi
tion on Hg methylators and MeHg demethylators may be divergent. 

Expanding on relationships between microbial abundance and 
methylation rates, we further investigated relations between specific 
DOM components, microbial community characteristics, and Hg 
methylation. Positive correlations were yielded between abundance of 
the 16S rRNA gene and hgcA gene vs. km values, with the Pearson cor
relation coefficients of 0.89 (P < 0.05) and 0.63 (P < 0.05), respec
tively. However, we failed to observe any correlation between kd and the 
abundance of functional genes (P > 0.05, as Fig. S5). These in
vestigations emphasize the significance of the overall microbial activity 
and exclusively Hg-methylating populations in predicting net MeHg 
formations. A significant positive relationship was observed between km 
and the intensity of specific DOM components (Fig. 4), including the API 
(R=0.52, P < 0.05), APII (R=0.52, P < 0.05), and SMP (R=0.48, 
P < 0.1). Thus, it is likely that DOM with a large abundance of amino 
acid and protein-like substances could primarily enhance methylation 
by stimulating bacterial activity. A previous study suggested that AOM 
components with the fewer aromatic, more oxygenated, and nitrogen- 
rich molecules at low molecular weights can serve as labile carbons 
for microbial methylator [33]. These components mainly correspond to 
the API, APII (e.g., tyrosine), and SMP (e.g., tryptophan phenylalanine, 
and tryptophan). In addition, no relationship between kd and specific 
DOM components had been observed (P > 0.1), implying that kd was 
less influenced by DOM during the incubation. 

To identify the microbial taxa associated with Hg methylation and 
demethylation processes, a Mantel test was carried out using the data 
from 16S rRNA gene sequencing, qPCR gene copies, and the FRI com
ponents of the four DOMs (Fig. 5a). Regression analysis revealed sig
nificant positive correlations between the relative abundance of putative 
methylators and the API (R=0.42, P < 0.05), APII (R=0.62, P < 0.01), 
and SMP (R=0.55, P < 0.01) components, which was consistent with 
the observations of the DOM components and km (Fig. 4). A significant 
and positive correlation was also been observed between relative 
abundance of putative methylators and 16S rRNA gene copies (R=0.82, 

Z. Wu et al.                                                                                                                                                                                                                                      



Journal of Hazardous Materials 465 (2024) 133298

8

P < 0.01), hgcA gene copies (R=0.81, P < 0.01), Chao index (R=0.76, 
P < 0.01). These findings suggested that the labile DOM components (i. 
e., API, APII, and SMP) play important roles in promoting Hg methyl
ation in microbes. In contrast, the abundance of demethylators was 
positively correlated with HA (R=0.53, P < 0.01) and FA (R=0.40, 
P < 0.01) components in DOM, suggesting that DOM components have 
different effects on methylators and demethylators. We performed co- 
occurrence analyses to investigate the potential interaction between 
the putative methylators, demethylators, and other taxa based on strong 
correlations (correlation coefficient > 0.5, P < 0.01) (Fig. 5b). The 

results indicated that six putative methylators appeared in the correla
tion networks, and all exhibited positive correlations with non- 
methylators and non-demethylators. Notably, Enterobacteriaceae have 
been identified as the potential Hg methylators and MeHg demethyla
tors [21,9], with strong correlations with various other taxa during the 
incubation. Similarly, Enterobacteriaceae and six other taxa were iden
tified as connectors in the molecular ecological network analysis 
(Fig. S13) and were mainly responsible for the connection between 
modules [84]. Recently, Hao et al. [23] revealed that certain non-Hg 
methylator could promote the MeHg production through a syntrophic 

Fig. 4. Relationship between Hg methylation, MeHg demethylation rate constants and fluorescence intensities of the five DOM components (i.e., API, APII, FA, SMP, 
and HA); Aromatic Protein I (API), Aromatic Protein II (APII), Fluvic acid-like (FA), Soluble microbial by-product-like (SMP), Humic acid-like (HA). 

Fig. 5. Mantel test between the abundance of putative methylator and demethylators with the DOM composition, functional gene copies and alpha-diversity indexes 
(a). Networks showing the co-occurrence patterns among the putative methylators and demethylators (b). The edges connecting nodes indicate strong (|ρ| > 0.5) and 
significant (p < 0.01) correlations. Red edges show the positive correlations and green edges show the negative correlations. 
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relationship with Hg methylators. Regarding demethylation, Fla
vobacteriaceae and Mycobacteriaceae were strongly correlated with other 
taxa. Our results indicated that microbes without hgcA and merB in 
microbial communities could tightly associate with methylators or 
demethylators and therefore play significant roles in net MeHg pro
ductions. However, it should be noted that our findings were derived 
from microcosm experiments, and further investigation is required to 
extend our results to the field. We recognized that the correlations of 
microbial community and methylation/demethylation might only 
represent a statistical association rather than the direct evidences of 
causality. Metagenomic and transcriptomic analyses are necessary to 
provide more specific microbiological evidence for interactions between 
DOM and microbes. 

5. Conclusion 

Human activities have substantially altered the concentrations and 
compositions of DOM in lakes, which in turn influence the Hg cycling 
and risk in aquatic ecosystem. Our study suggested that risks and 
accumulation of MeHg in the aquatic ecosystem could be largely 
enhanced by the AOM input rather than the TOM input, as the former 
induces the increase in the abundance of methylators and methylation 
process. This result may be due to the presence of more labile amino acid 
and protein-like substances in the AOM which drive the entire microbial 
one-carbon metabolism process and stimulate growth of methylated 
microorganisms. Notably, our results showed that Hg methylators and 
MeHg demethylators respond differently to the DOM inputs, with 
abundance of Hg methylators changing more noticeably than that of 
MeHg demethylators under different DOM treatments. Furthermore, we 
observed that labile fractions of DOM (i.e., API, APII, and SMP) were 
correlated with enhancement of methylators and km value, indicating 
that these fractions could be used as effective indicator for predicting the 
net MeHg production in aquatic ecosystem. Our findings highlight 
divergent impacts of DOM from different sources on Hg methylation and 
MeHg demethylation due to different microbial responses, which should 
be considered in the Hg risk assessments in aquatic ecosystems. 
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Environmental Implication 

The production of neurotoxic methylmercury (MeHg) is of global 
concern. The role of dissolved organic matter (DOM) in MeHg produc
tion is critical but not fully understood. This study used isotope tracers, 
RT-qPCR, and gene sequencing to investigate Hg methylation/deme
thylation processes and microbial responses to different DOM. Our re
sults showed that DOM with distinct compositions affected methylators 
and demethylators differently. Labile fractions of DOM were correlated 
with methylators and methylation rate constants and may serve as in
dicators for predicting MeHg. These findings highlight the diverse in
fluences of different DOM on methylation and demethylation, requiring 

consideration in Hg risk assessment. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data Availability 

Data will be made available on request. 

Acknowledgments 

This study was funded by the National Natural Science Foundation, 
China (No. 42122059, 41977324 and 42377399) and Guizhou Provin
cial 2020 Science and Technology Subsidies (No. GZ2020SIG). We 
thanked Kun Zhang, Zhengdong Hao and Hongqian Yin, all from the 
Institute of Geochemistry, Chinese Academy of Sciences, for their help in 
MeHg isotope measurement. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2023.133298. 

References 

[1] Aitken, A., Learmonth, M., 1996. Estimation of disulfide bonds using Ellman’s 
reagent. In: Walker, J.M. (Ed.), The Protein Protocols Handbook. Humana Press, 
pp. 487–488. 

[2] Bai, L., Cao, C., Wang, C., Xu, H., Zhang, H., Slaveykova, V.I., Jiang, H., 2017. 
Toward quantitative understanding of the bioavailability of dissolved organic 
matter in freshwater lake during cyanobacteria blooming. Environ Sci Technol 51 
(11), 6018–6026. 

[3] Barkay, T., Gu, B., 2021. Demethylation-the other side of the mercury methylation 
coin: a critical review. ACS Environ Au 2 (2), 77–97. 

[4] Bravo, A.G., Cosio, C., 2019. Biotic formation of methylmercury: a bio-physico- 
chemical conundrum. Limnol Oceanogr 5 (65), 1010–1027. 

[5] Bravo, A.G., Bouchet, S., Tolu, J., Björn, E., Mateos-Rivera, A., Bertilsson, S., 2017. 
Molecular composition of organic matter controls methylmercury formation in 
boreal lakes. Nat Commun 8 (1). 

[6] Bravo, A.G., Kothawala, D.N., Attermeyer, K., Tessier, E., Bodmer, P., Ledesma, J.L. 
J., Audet, J., Casas-Ruiz, J.P., Catalán, N., Cauvy-Fraunié, S., Colls, M., 
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