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Abstract: Mercury, particularly in its methylated form, poses a significant environmental and health
risk in aquatic ecosystems. While the toxicity and bioaccumulation of mercury are well documented,
there remains a critical gap in our understanding of the mechanisms governing mercury methyla-
tion and demethylation in aquatic environments. This review systematically examines the complex
interplay of chemical, biological, and physical factors that influence mercury speciation and trans-
formation in natural water systems. We provide a comprehensive analysis of methylation and
demethylation processes, specifically focusing on the dominant role of methanogenic bacteria. Our
study highlights the crucial function of hgcAB genes in facilitating mercury methylation by anaerobic
microorganisms, an area that represents a frontier in current research. By synthesizing the existing
knowledge and identifying key research priorities, this review offers novel insights into the intricate
dynamics of mercury cycling in aquatic ecosystems. Our findings provide a theoretical framework to
inform future studies and guide pollution management strategies for mercury and its compounds in
aquatic environments.
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1. Introduction

Mercury is a worldwide both natural and man-made pollutant that can be widely
dispersed in nature through a complex conversion and transport process. In most en-
vironments, mercury is present as elemental mercury, inorganic divalent mercury, and
organic Hg compounds (e.g., MeHg). Each form of mercury poses a different health hazard,
depending on the dose and route of exposure. Methylmercury is currently one of the
most concerning compounds worldwide because this organic mercury compound is highly
bioaccumulative and has been shown to have neurotoxic effects on humans, especially
in the early stages of brain development [1,2]. In addition, exposure to methylmercury
can also be transmitted from mother to newborn, and even in developed countries like
the United States, tens to hundreds of thousands of children are born each year with
intrauterine methylmercury exposures above the prescribed limit of health guidelines.
Maternal fish consumption is thought to be the primary route of methylmercury exposure
in newborns [3].

Methylmercury is the most toxic form of mercury. Deeply studying the pathways of
formation and decomposition of methylmercury is crucial for predicting environmental
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levels of methylmercury and its bioavailability. Methylation and demethylation processes
in aquatic environments significantly influence methylmercury levels. Key microorganisms,
including sulphate-reducing, iron-reducing, and methanogenic bacteria, drive mercury
methylation. Chemomethylation may also occur with available methyl donors. Demethyla-
tion can occur through biotic agents, such as mercury-resistant bacteria with mer genes,
and abiotic pathways, like photodemethylation, which is most effective in surface water
due to UV radiation. This article reviews the mechanism of methylation and demethylation
of mercury in aquatic environments and summarizes the influencing factors of mercury
methylation and demethylation in aquatic environments.

2. Methylation of Mercury in the Aquatic Environment

Mercury in the aquatic environment is mainly methylated in the sediments of the
water system, and sediment mercury methylation is the main source of methylmercury [4,5].
This effect is also present in water and epiphytes, as there are studies showing that the
methylation of mercury can occur in seawater, freshwater, and epiphytes [6–9]. In addition,
inorganic Hg can be methylated to methylmercury in the water environment by either
the biotic pathway [7–14] or the abiotic pathway (photo- or non-photo-mediated chemical
methylation) [15–29]. The biological pathway is generally considered to be the major route
for the methylation of inorganic Hg in natural aquatic environments.

Excessive methylation in water bodies is, in turn, a potential cause of many envi-
ronmental problems. As early as the 1950s, there were reports of sporadic outbreaks
of encephalopathy of unknown cause in Minamata Bay, Japan. Numerous studies have
demonstrated that this disease is caused by prolonged methylmercury exposure in humans
or by its ingestion in large quantities, and has been named Minamata disease [30]. The
reason for this is that the wastewater discharged from the factories near Minamata Bay
contains large amounts of mercury, which is converted to methylmercury in aquatic ecosys-
tems by aquatic organisms and finally ingested by humans, resulting in methylmercury
poisoning [31]. Methylmercury is highly toxic, and although it is being controlled world-
wide, it is still present in many common substances and may threaten human health, as
shown in Table 1.

Table 1. Methylmercury levels in some objects.

Type Average Methylmercury Content Reference

Freshwater Crab 0.028 mg/kg [32]
Freshwater Fish 0.034 mg/kg [32]

Marine Fish 0.031 mg/kg [32]
Rice 0.00137 ± 0.00118 mg/kg [33]

Beryx splendens 0.78 ± 0.56 mg/kg [34]
Atlantic Thunnus thynnus 0.42 ± 0.06 mg/kg [34]

Thunnus obesus 0.98 ± 0.34 mg/kg [34]
Tetraptrus audax 0.51 ± 0.08 mg/kg [34]

Hypophthalmichthys moritrix 0.18 ± 0.09 mg/kg [35]
Sediment 0.06 mg/kg to 1.38 mg/kg [35]

Australian Reed 0.618 mg/kg [36]
Carps 0.019 mg/kg to 0.063 mg/kg [37]

Long-tailed Tuna 0.180 mg/kg to 1.460 mg/kg [38]
Sri Lankan Rice 0.0051 ± 0.37 mg/kg [39]

2.1. Microbial Pathway Methylation

By the 1970s, different studies had identified biomethylation of inorganic Hg in the
sediments of Swedish rivers, lakes, and coastal waters [40]. Afterwards, many researchers
conducted studies on the above findings. Methylation of mercury by biological path-
ways might occur either enzymatically or non-enzymatically. Enzymatic methylation of
mercury requires the existence of active metabolizing organisms, whereas non-enzymatic
methylation of mercury requires only the products of active metabolic methylation. The
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detailed mechanism of mercury methylation was first investigated and discovered by Wood
et al. [41]. This study found that methylcobalamin, a derivative of vitamin B12 generated in
numerous living organisms, is involved in the process of microbial mercury methylation.
It was also proposed that this procedure is a non-enzymatic shift of methylcobalamin to
mercury ions. De Simone et al. [42] demonstrated that the shift of methyl towards Hg2+

is a methylation (CH3
−) process. Although many molecules are potential methyl donors

in the aquatic environment, methylcobalamin is the only naturally occurring methylation
reagent that can transfer methyl in the form of carbon ions, and is representative of the
non-enzymatic biological methylation of mercury [43]. This ion transfer process is preva-
lent in anaerobic ecosystems and organisms. Methylcobalamin produced by microbial
metabolism can cause spontaneous methylation of Hg2+ in aqueous solutions [44] and
is a major supplier of methylmercury in water. In addition, microorganisms capable of
methylating Hg have also all been found in anaerobic, facultative anaerobic, and aerobic
bacteria. However, the potential for mercury methylation by microorganisms is often
greater during periods of anaerobic conditions. It has been demonstrated that the hgcA
and hgcB genes regulate the process of mercury methylation in microorganisms and are
the signature genes of Hg-methylated microorganisms. Parks et al. demonstrated the
critical importance of the hgcA and hgcB genes in the mercury methylation process in some
anaerobic bacteria, with the deletion of the hgcA and hgcB genes leading to changes in the
physiological properties of the cell surface and affecting mercury interactions [45]. These
genes encode a putative protease, hgcA, and a 2[4Fe-4S] ferredoxin, hgcB, with roles as
methyl carrier and electron donor, respectively, required for protease cofactor reduction.
The specific mechanism of action of the hgcA and hgcB genes is shown in Figure 1. In this
study, the hgcA and hgcB gene clusters in two bacteria, Desulfovibrio desulfuricans ND132
and Geobacter sulfurreducens PCA, were required genes for mercury methylation. In both
bacteria, the deletion of hgcA or hgcB resulted in the loss of mercury methylation. Further
studies by Hui Lin and Richard A. Hurt, Jr et al. found that deleting hgcA and hgcB genes
increased the rate of Hg(II) reduction and decreased the oxidation ratio of Hg(0), leading
to the loss of methylation activity [46]. In additional studies involving a 40-kDa corrinoid
protein in enzymatic Hg methylation, enzymatic methylation was more favoured when
pH = 4.0 and the temperature was 32 degrees Celsius [47,48].

Sulphate-reducing bacteria have been identified as the major methylating factor for in-
organic Hg in anaerobic sediments [49–51]. The methylation of Hg2+ by sulphate-reducing
bacteria (SRB) in aquatic sediments was confirmed for the first time by Compeau and
Bartha [52]. In this study, their findings showed that in the presence of sodium molybdate,
which is a site-specific suppressant of sulphate reductase, the methylation of Hg2+ in hy-
poxic sediments was reduced by more than 95%. Choi and Bartha et al. [53] confirmed
the role of methylcobalamin as a methyl-donating agent when desulfovibrio desulfuricans
(LS strains) methylates Hg2+. In addition, it is possible that the mercury methylation is
dominated by other microorganisms, even if this may occur only in a restricted number
of aquatic ecosystems. For example, ferri-reducing bacteria with the ability to methylate
mercury have been identified in both natural sediments and pure cultures [54].

Recent investigations suggest a dominant effect of methanogens in the methylation of
mercury in river, lacustrine, and marine deposits. Yuwei Wang and Spencer Roth et al. stud-
ied estuarine sediments collected from the San Jacinto River and found that methylmercury
concentrations were reduced by a factor of 12 when the sediment was treated with the addi-
tion of the methanogenic inhibitor 2-bromoethanesulphonate (BES). The dominant effect of
methane-producing bacteria in the methylation of mercury has been confirmed in polluted
rivers [55]. Geoff A. Christensen et al., in their analyses of stream sediments from eastern
Oak Ridge, Tennessee, found that the abundance of methanogenic bacteria was 2–5 times
higher than that of other Hg-methylating microorganisms, suggesting that methanogenic
bacteria may be the main Hg-methylating microorganisms in the river sediment [56].
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2.2. Abiotic Pathway Methylation

Pure chemomethylation of mercury is also possible if a proper methyl donor is avail-
able. Celo et al. demonstrated that the reaction of water-soluble methyl–silica complexes
with Hg2+ resulted in the formation of methylmercury [57]. In addition, organosiloxane
and other silicon-related substances have also been considered as possible methylation
reagents [58]. Under photochemically induced conditions, mercuric chloride can undergo
alkylation reactions from methanol, ethanol, acetic acid, and propionic acid [29]. More-
over, domestic sewage and industrial effluents might also be the source of methyl for the
photochemical methylation of mercury.

Mercury methylation may also be the result of transmethylation reactions between
mercury and alkyltin and lead used as gasoline additives, with trimethyllead chloride and
trimethyltin chloride both transferring methyl to Hg2+ [59]. Trimethyllead was identified
as an especially potent methylator of mercury, and higher methylmercury concentrations
in sediments may be caused by transmethylation reactions induced by alkyl lead releases.
Humic substances may also be another important environmental methylator, and the ability
of abiotic factors such as humic compounds to form methylmercury has been demonstrated
in different studies [47]. In addition, amino acids and low molecular organic acids that
can methylate inorganic mercury under laboratory conditions have been found, and some
of these reactions require radiation as an experimental condition [60,61]. However, the
occurrence of these reactions in the natural environment is likely to be low, and their
importance has not been demonstrated in the natural environment. Additionally, the main
current difficulty may be that laboratory conditions cannot fully simulate realistic natural
environments. Because many variables are constantly changing in the natural environment,
it can be very difficult to control these variables in the laboratory to simulate the real
environment. While the comparative significance of biotic versus abiotic processes of
methylation within the natural aquatic setting has not yet been determined, it is commonly
accepted that Hg methylation is primarily a microbial process.
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3. Demethylation of Mercury in Aquatic Environments

The demethylation of methylmercury can also occur via biotic or abiotic pathways
(photodemethylation or non-photodemethylation). The difference between photodemethy-
lation and non-photodemethylation is mainly whether or not light is involved. Methylmer-
cury can be photodegraded either directly or indirectly by photolytic or photochemical
reactions, a mechanism known as photolytic methylation, which currently appears to be
the most important abiotic decomposition mechanism. Biological functions are the main
pathway for mercury demethylation in sediments and epiphytes. It has been shown that
heavily polluted sediments usually contain populations of microorganisms that positively
degrade methylmercury via mer-denitrification and that oxidative demethylation also
occurs in heavily polluted sediments, whereas oxidative demethylation plays a domi-
nant role in less polluted sediments [62]. Marvin-DiPasquale M and Agee J et al. found
that mercury-resistant bacteria possessing genes for mer manipulators can dominate the
demethylation process and that this ability is widespread in nature [63]. In broad-spectrum
mercury-tolerant bacteria, the mer-B gene can encode an organomercury lyase that cleaves
methylmercury to form CH4 and Hg(II), and the mer-A gene would encode a mercuric
reductase that further reduces Hg(II) to the volatile element Hg(0) [18]. However, this
methylmercury degradation route is only available in some aerobic prokaryotes. The
specific mechanism of action of the Mer-A and Mer-B genes is shown in Figure 2.
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Sulphate-reducing bacteria (SRB) and methanogens may be the main microorganisms
involved in anaerobic demethylation, and the products of anaerobic demethylation are
mainly CO2 and, to a lesser extent, CH4 [64–66]. Xia Lu and Wenyu Gu et al. found in
their experiments the existence of a new pathway for the biodegradation of methylmer-
cury by methanogens that is distinctly different from typical organic Hg lyases found in
some aerobic microorganisms, and that the methyl group in methylmercury can be used
as an auxiliary C1 source for methanogens [67]. Although microbial demethylation of
methylmercury has been observed in the water column or in epiphytes and phytoplankton
may degrade methylmercury in the presence of solar radiation [68], in phytoplankton cells,
approximately as much as 36–85% of the methylmercury may undergo degradation to
either inorganic Hg(II) and/or Hg(0) via dark reactions [69]. However, the most important
demethylation function in the water column is photodemethylation [70,71]. Non-photo-
mediated demethylation of methylmercury can also occur via selenium amino acids, but
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this process has only been verified in a laboratory setting and has not been demonstrated
in natural aquatic environments [72,73].

Atmospheric dimethylmercury is photodegraded to mercury and hydrocarbons [74].
Phenylmercury and sulphur-bonded methylmercury compounds (e.g., CH3HgS−) also
decay photolytically quite quickly.

The photodemethylation function is only comparatively remarkable for surface waters
because of the fast decay produced by light in the aqueous body, particularly by UV
radiations [75–77]. The speed and efficiency of photodemethylation depend greatly upon
the intensity and wavelength of the radiation; Short-wave UV-B light (280–320 nm) degrades
methylmercury far more efficaciously than long-wave UV-A light (320–400 nm) and either
visual light or photosynthetically active radiation (PAR) (400–700 nm). In a study on
photodemethylation in taiga lake wetlands, the relative ratio of the demethylation rate
constant to UV-B, UV-A, and PAR was found to be 3100:43:1 in surface water [78]. Similar
results were found in a study by Black et al., where the photodemethylation rate constant
for UV-B in water was at least 400 times that of PAR and 37 times that of PAR for UV-A [79].
In a research program on the effects of natural solar spectra and UV radiation on the range
and characteristics of mercury isotopes, UV-B radiation was found to be the main factor in
photodemethylation, with UV-A contributing little to the photodemethylation process [80].
The observed close relationship between Hg isotopes and incident radiant energy suggests
that the Hg isotope signal can potentially serve as a useful instrument for quantifying the
Hg photochemical cycles. Mercury isotopes have been used to trace the origin of MeHg
and its biodegradation in marine organisms [81], and approximately 56–80% of MeHg
can be photodegraded before it enters the food chain [82–84]. The various pathways of
demethylation and their mechanisms and characteristics are shown in Table 2.

Table 2. Comparison of demethylation pathways for mercury in the aquatic environment.

Type of
Demethylation Mechanism of Action Characteristics References

Mer operon
demethylation

Genes encode lytic and reductive enzymes that lyse
methylmercury to methyl and mercury(II) and reduce

mercury(II) to mercury(0)

Widespread in
mercury-resistant bacteria [61,62]

Demethylation of
methane nutrients

Bacteria produce methanobactin molecules to promote
methane oxidation and methylmercury degradation

Uses the methyl group in
methylmercury as an auxiliary C1
carbon source for microorganisms

[65]

Phytoplankton
demethylation

Phytoplankton utilise endogenous reactive oxygen
species as the main driver of demethylation

Can degrade methylmercury by
dark reaction [66,67]

Selenium amino
acid demethylation

Methylmercury and selenoamino acids through the
formation of bis(methylmercury) selenide and

dimethylmercury as intermediates, with HgSe(s) as the
final degradation product

Laboratory stage, not proven in
natural environment [70,71]

Photodemethylation
pathway 1

Methylmercury causes C-Hg bond breaking by direct
absorption of light energy

Most important demethylation
pathway in the aquatic

environment, about 56–80% of
methylmercury is

photodegradable (pathway1, 2, 3)

[85]

Photodemethylation
pathway 2

Reactive oxygen species (ROS) and other photoactive
substances, produced by organic molecules, ions,
suspended solids, etc., attack the C-Hg bond and

degrade MeHg when exposed to sunlight

[86,87]

Photodemethylation
pathway 3

When MeHg is complexed with photochemically active
dissolved organic matter (DOM) and exposed to light,

the excited DOM-MeHg complex may undergo
intramolecular electron transfer, leading to C-Hg

bond breaking

[88]
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4. Factors Influencing Mercury Methylation and Demethylation
4.1. Redox Conditions

An environment in which the ambient oxygen level is lower than normal is known
as a hypoxic environment. After decades of research, hypoxic environments have been
identified as a major environment for methylation. Since most sediments are anoxic,
contemporary studies continue observing significant anoxic in-sediment conditions for
their methylation potency [89]. A reduction reaction is one in which a substance (molecule,
atom, or ion) gains electrons or electron pairs in close proximity, while an oxidation reaction
is the opposite. However, an increasing number of studies have shown that methylation
could occur in both reducing and oxidizing environments. For example, methylation of
mercury may occur in oxidizing marine surficial waters and polar marine waters [90–92].
Liu et al. found no relationship between MeHg levels and hypoxic tendencies in Gulf of
Mexico water, despite higher underlying methylation and demethylation rates than in
other littoral regimes [93]. Methylation of the roots of large plants in lakes in the tropics
has only been seen in lakes under oxidizing conditions [94]. Oxidation conditions might
even affect methylation in sediments, as higher levels of methylation have been observed
in the higher layers of sediments below the oxygenated water layer, and conversely, lower
methylation has been observed in sediments below the anoxic water layer [95,96]. A likely
interpretation linking oxidative conditions to methylation may be that several methylating
bacteria are not anaerobes and that they require oxygen [97]. In summary, methylation can
occur under both anoxic and oxidative conditions.

4.2. Organic Substances

Organic matter can promote methylation by stimulating microbial activity. Different
studies have shown that organic matter generated in wetland environments could chelate
with methylmercury, thus enabling it to migrate to surface waters. It has been shown
that an increase in dissolved organic carbon (DOC) concentration leads to a decrease in
the specific rate of net methylation, which may be due to the complexation of inorganic
mercury with DOC, and the effect is the greatest when the pH is reduced from 7.0 to 5.0 [98].
However, it could also chelate with inorganic mercury, thus reducing the bioavailability
of mercury [99]. Several recent studies have demonstrated a clear correlation between
some of the organic substances and methylmercury concentrations. For example, very
high concentrations of methylmercury in water have been found in highly humified envi-
ronments in New York’s freshwater marshlands in the Adirondacks [100]. Additionally,
organic matter also has the possibility to promote the release of mercury from insoluble
mercury sulphide, especially dissolved organic matter of the aromatic group [101]. All in
all, organic substances act in multiple ways, by stimulating microbial activity, providing
methyl groups for methylation, and via their ability to release mercury from cinnabar to
promote and enhance the methylation of mercury, thus potentially methylating it.

4.3. Sulphide

In multiple water settings, different studies have found a strong relationship between
the presence of sulphide and the levels of methylmercury. Since sulphate-reducing bacteria
(SRB) are partially restricted in their activity by the presence of sulphate, an increase in
sulphate could stimulate methylation [102,103]. Low concentrations of sulphide form neu-
trophilic mercuric sulphide compounds that diffuse via cell membranes, thus facilitating
methylation, while higher levels of sulphide promote the formation of mercuric sulphide
compounds and decrease the mercury’s bioavailability [104]. In a recent experiment, by
manipulating the atmospheric sulphate loading of small peatlands, it was demonstrated
that both methylmercury concentration and methylmercury percentage in pore water
increased within one week after the addition of sulphate and decreased with the disap-
pearance of sulphate. If the addition of sulphate was discontinued, the irritating effect on
methylmercury was reduced. However, it is worth mentioning that, even in the past four
years, the concentration and percentage of methylmercury were still higher than those in
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the control system [105,106]. Furthermore, Mitchell et al. investigated how both SO and
organic C control net MeHg production using a controlled factorial addition design in 44 in
situ peatland mesocosms and discovered that, although the addition of consumable OC
to peat did not stimulate methylation, sulphate, either alone or in conjunction with some
forms of OC, significantly enhanced methylation production in a related experiment [107].
Although there is still a clear correlation between sulphate presence and the potential
for methylation, ongoing research suggests that methylation is directly correlated with
the presence of sulphide. However, mercury circulation and methylation in the natural
high-sulphate zone have not been fully surveyed, and studying the mechanisms of mercury
transport, transformation, and accumulation in high-sulphate environments could be a
potential area for future studies.

4.4. Temperature

Water temperature affects mercury biomethylation, as a positive correlation was found
between the rate of methylmercury production and temperature [108–111]. Due to the ab-
sence of heat cycling, methylation occurs in the hypolimnion of lakes only under prolonged
low temperatures [90]. However, the connection of methylation to low temperature is not
clear. Methylmercury concentrations and methylmercury ratios are lower in subarctic lakes
compared to lakes in the code area, possibly because of the lower temperatures, which are
unsuitable for methylation, but also because of the different patterns of mercury deposition
at different sites [112]. Therefore, the effect of temperature upon methylation is likely
to depend upon the climate conditions of the particular water environment under study.
Besides this, complex variables like enhanced hypoxia in deeper aquifers make it very hard
to fully evaluate the effect of temperature on methylation.

4.5. pH

There is also much interest in the impact of pH on Hg methylation, particularly of
the acidification of lake water due to atmospheric deposition. Numerous researchers have
noticed enhanced mercury levels among species of fish in acidified lakes and are concerned
that exposure to low pH might result in enhanced production and bioaccumulation of
methylmercury. Modelling results suggest that the detected negative correlation of lake pH
with fish Hg levels is because of a combination of prevailing higher methylmercury levels
at low pH and lower bio-enrichment factors at high pH [113]. However, changes in pH
could affect methylmercury concentrations in aquatic systems in many ways, whereas the
direct influence of pH on the rate of methylation is uncertain. For example, the dissolution
and fluidity of mercury and methylmercury depend on the pH value, but acidic rain or
snow might increase the mercury input of the watershed [114].

4.6. Iron and Manganese Oxides

Recent studies have demonstrated that both Fe(II) and Fe(III) oxides, as well as man-
ganese oxides, exert significant influence on the cycling and methylation of mercury
through different mechanisms. Notably, elevated methylation levels were detected in areas
rich in dissolved Fe2+ and organic materials within wastewater treatment facilities, where
water undergoes purification via hydrated iron oxide [115]. This observation suggests that
Fe(II) may directly facilitate enhanced mercury methylation.

Conversely, Fe(III) oxides seem to impact mercury cycling and methylation through
indirect pathways. Research indicates that compounds loaded with hydroxyl radicals,
produced by Fe(III) oxides via Fenton-like reactions, can serve as methyl donors during
photomethylation processes. While these compounds can augment methylation at low
concentrations, excessive amounts may lead to the degradation of methylmercury [116].

Investigations across various lake systems reveal that mercury transformation is
influenced by the redox cycling of other elements, independent of the mercury source. This
influence is particularly pronounced for redox-sensitive and microbiologically important
elements such as sulphur, iron (both Fe(II) and Fe(III)), and manganese, along with their
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interactions with organic matter [117]. The connection between element availability and
methylation in certain aquatic environments may relate to the role of these elements in
facilitating microbial activity, which in turn affects methylation trends.

The biological methylation process of mercury is intricately linked to the dissimilatory
reduction of Fe3+ to Fe2+, with iron-reducing bacteria (DIRB) playing a crucial role as
mercury-methylating microorganisms. The microbial methylation efficiency of mercury
typically correlates with microbial activity and is further modulated by factors such as
temperature, pH, redox conditions, sulphide concentrations, and various organic chelating
agents. Table 3 illustrates the six principal factors influencing methylation in the water
column, along with their specific effects.

Table 3. Factors influencing methylation in the water column and their effects.

Influencing Factors Effects on Methylation

Redox conditions The anoxic environment is the primary environment for methylation, but methylation under
anoxic and oxidative conditions both may occur.

Organic substances
Several recent studies have demonstrated a clear correlation between certain organic substances
and methylmercury concentrations. Organic substances act in a number of ways, by stimulating

microbial activity and by providing methyl groups.
Sulphide Increased sulphate may stimulate methylation.

Temperature The rate of methylmercury production is generally positively correlated with temperature.
PH May be negatively correlated, with higher levels of methylmercury prevalent at low pH.

Iron and manganese oxides Methylation levels are highest in areas rich in dissolved iron and organic matter, but it is still not
possible to determine their exact effect or impact.

5. Conclusions and Outlook

Methylation and demethylation of mercury are important components of the methylmer-
cury cycle and determine methylmercury levels in aquatic ecosystems. They can arise in
different parts of aquatic ecosystems, in sediment, in epiphytes, and in the water. Biogenic
methylation in sediments is the main source of methylmercury in the water environment.

The biological methylation of mercury is either enzyme-promoted or non-enzyme-
promoted, and the process of microbial methylation of mercury requires the involvement
of methylcobalamin. The likelihood of microbial methylation of Hg is usually higher
under anaerobic conditions, and three species of bacteria, methanogenic, iron-reducing,
and sulphate-reducing bacteria, are thought of as the major bacteria species involved in
this process, with the hgcA and hgcB genes playing an essential role in the process of Hg
methylation by some anaerobic bacteria. Mercury can also be purely chemically methylated,
like in photochemical methylation, if a suitable methyl donor is available. Demethylation of
methylmercury can occur via both biotic and abiotic pathways. Mercury-resistant bacteria
with genes for mer-AB manipulators can dominate the demethylation process. Sulphate-
reducing bacteria (SRB) and methanogens may be the main microorganisms involved in
anaerobic demethylation, and a new pathway for biodegradation of methylmercury exists
in methanogens that is distinctly different from the typical organic Hg lytic enzymes found
in some aerobic microorganisms. In addition, UV-B light degrades methylmercury more
efficiently than UV-A light and visible light, and photolysis is also an important route for
methylmercury demethylation. Methylation and demethylation procedures are affected
by a variety of elements. Methylation usually occurs under anoxic conditions, but in
some cases, it can also take place in an oxidative environment. Organic matter promotes
methylation and correlates with methylmercury concentrations. The presence of sulphide is
strongly correlated with methylmercury levels, with low concentrations of sulphide promot-
ing methylation and high concentrations reducing mercury bioavailability. Temperature
has an effect on the rate of methylation, with methylmercury being produced more rapidly
at higher temperatures. Low pH may result in increased methylmercury production and
bioaccumulation. Iron and manganese oxides have a significant effect on methylation, with
compounds containing hydroxyl radicals enhancing methylation. These factors interact
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and together determine the processes of methylation and demethylation. Their effects may
vary under different aquatic environments and climatic conditions, depending on which
factors dominate. Methylation by methanogenic bacteria seems to have been neglected
due to the discovery of the mercury methylation capacity of sulphate-reducing bacteria,
and this has led to an underestimation of the important role of methanogenic bacteria in
the methylation of mercury. It is, therefore, important and forward-looking to strengthen
research on the role of methanogenic bacteria in the methylation of mercury. The discovery
of hgcAB gene pairs has made the principle of mercury methylation of microorganisms
clearer, but the relative rarity of microorganisms possessing hgcAB gene pairs further
increases the difficulty of detection and quantification. Future research on the protein
structure, molecular mechanism, and biological significance of the hgcAB gene pair should
be conducted.
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69. Liang, X.J.; Zhong, H.; Johs, A.; Lei, P.; Zhang, J.; Taş, N.; Zhang, L.J.; Zhao, L.D.; Zhu, N.; Yin, X.X.; et al. Light-independent
phytoplankton degradation and detoxification of methylmercury in water. Nat. Water 2023, 1, 705–715. [CrossRef]

70. Klapstein, S.J.; Ziegler, S.E.; O’Driscoll, N.J. Methylmercury photodemethylation is inhibited in lakes with high dissolved organic
matter. Environ. Pollut. 2017, 232, 392–401. [CrossRef]

71. Benoit, J.M.; Gilmour, C.C.; Mason, R.P. The Influence of Sulfide on Solid-Phase Mercury Bioavailability for Methylation by Pure
Cultures of Desulfobulbus propionicus (1pr3). Environ. Sci. Technol. 2001, 35, 127–132. [CrossRef] [PubMed]

72. Khan, M.A.K.; Wang, F. Chemical Demethylation of Methylmercury by Selenoamino Acids. Chem. Res. Toxicol. 2010, 23, 1202–1206.
[CrossRef]

73. Asaduzzaman AMd Schreckenbach, G. Degradation Mechanism of Methyl Mercury Selenoamino Acid Complexes: A Computa-
tional Study. Inorg. Chem. 2011, 50, 2366–2372. [CrossRef]

74. Desrosiers, M.; Planas, D.; Mucci, A. Mercury methylation in the epilithon of boreal shield aquatic ecosystems. Environ. Sci.
Technol. 2006, 40, 1540–1546. [CrossRef] [PubMed]

75. Seller, P.; Kelly, C.A.; Rudd, J.W.M.; MacHutchon, A.R. Photodegradation of methylmercury in lakes. Nature 1996, 380, 694–697.
[CrossRef]

76. Lehnherr, I.; St Louis, V.L. Importance of ultraviolet radiation in the photodemethylation of methylmercury in freshwater
ecosystems. Environ. Sci. Technol. 2009, 43, 5692–5698. [CrossRef] [PubMed]

77. Eckley, C.S.; Luxton, T.P.; Knightes, C.D.; Shah, V. Methylmercury Production and Degradation under Light and Dark Conditions
in the Water Column of the Hells Canyon Reservoirs, USA. Environ. Toxicol. Chem. 2021, 40, 1827–1837. [CrossRef] [PubMed]

78. Fernández-Gómez, C.; Drott, A.; Björn, E.; Díez, S.; Bayona, J.M.; Tesfalidet, S.; Lindfors, A.; Skyllberg, U. Towards universal
wavelength-specific photodegradation rate constants for methyl mercury in humic waters, exemplified by a Boreal lake-wetland
gradient. Environ. Sci. Technol. 2013, 47, 6279–6287. [CrossRef]

79. Black, F.J.; Poulin, B.A.; Flegal, A.R. Factors controlling the abiotic photo-degradation of monomethylmercury in surface waters.
Geochim. Cosmochim. Acta 2012, 84, 492–507. [CrossRef]

80. Rose, C.H.; Ghosh, S.; Blum, J.D.; Bergquist, B.A. Effects of ultraviolet radiation on mercury isotope fractionation during
photo-reduction for inorganic and organic mercury species. Chem. Geol. 2015, 405, 102–111. [CrossRef]

81. Bergquist, B.A.; Blum, J.D. Mass-Dependent and -Independent Fractionation of Hg Isotopes by Photoreduction in Aquatic
Systems. Science 2007, 318, 417–420. [CrossRef] [PubMed]

82. Donovan, P.M.; Blum, J.D.; Singer, M.B.; Marvin-DiPasquale, M.; Tsui, M.T.K. Methylmercury degradation and exposure pathways
in streams and wetlands impacted by historical mining. Sci. Total Environ. 2016, 568, 1192–1203. [CrossRef]

83. Blum, J.D.; Drazen, J.C.; Johnson, M.W.; Popp, B.N.; Motta, L.C.; Jamieson, A.J. Mercury isotopes identify near-surface marine
mercury in deep-sea trench biota [Earth, Atmospheric, and Planetary Sciences. Proc. Natl. Acad. Sci. USA 2020, 117, 29292–29298.
[CrossRef] [PubMed]

84. Bonsignore, M.; Manta, D.S.; Barsanti, M.; Conte, F.; Delbono, I.; Horvat, M.; Quinci, E.M.; Schirone, A.; Shlyapnikov, Y.; Sprovieri,
M. Mercury isotope signatures in sediments and marine organisms as tracers of historical industrial pollution. Chemosphere 2020,
258, 127435. [CrossRef] [PubMed]

85. Zhang, D.; Yin, Y.; Li, Y.; Cai, Y.; Liu, J. Critical role of natural organic matter in photodegradation of methylmercury in water:
Molecular weight and interactive effects with other environmental factors. Sci. Total Environ. 2017, 578, 535–541. [CrossRef]

86. Suda, I.; Suda, M.; Hirayama, K. Degradation of methyl and ethyl mercury by singlet oxygen generated from sea water exposed
to sunlight or ultraviolet light. Arch. Toxicol. 1993, 67, 365–368. [CrossRef]

87. Tai, C.; Zhang, S.; Wang, J.; Yin, Y.; Shi, J.; Wu, H.; Mao, Y. Solar-induced generation of singlet oxygen and hydroxyl radical in
sewage. Environ. Chem. 2017, 15, 515–523. [CrossRef]

88. Qian, Y.; Yin, X.P.; Lin, H.; Rao, B.; Brooks, S.C.; Liang, L.Y.; Gu, B.H. Why dissolved organic matter enhances photodegradation
of methylmercury. Environ. Sci. Technol. 2014, 1, 426–431. [CrossRef]

89. Sonke, J.E.; Heimbürger, L.E.; Dommergue, A. Mercury biogeochemistry: Paradigm shifts, outstanding issues and research needs.
Comptes Rendus Geosci. 2013, 345, 213–224. [CrossRef]

90. Monperrus, M.; Tessier, E.; Amouroux, D.; Leynaert, A.; Huonnic, P.; Donard, O.F.X. Mercury methylation, demethylation and
reduction rates in coastal and marine surface waters of the Mediterranean Sea. Mar. Chem. 2007, 107, 49–63. [CrossRef]

https://doi.org/10.1128/aem.57.1.130-137.1991
https://doi.org/10.1128/aem.59.8.2479-2485.1993
https://doi.org/10.1021/es2010072
https://www.ncbi.nlm.nih.gov/pubmed/21875053
https://doi.org/10.1126/sciadv.1700041
https://doi.org/10.1021/acsearthspacechem.7b00056
https://doi.org/10.1038/s44221-023-00117-1
https://doi.org/10.1016/j.envpol.2017.09.049
https://doi.org/10.1021/es001415n
https://www.ncbi.nlm.nih.gov/pubmed/11351996
https://doi.org/10.1021/tx100080s
https://doi.org/10.1021/ic1021406
https://doi.org/10.1021/es0508828
https://www.ncbi.nlm.nih.gov/pubmed/16568768
https://doi.org/10.1038/380694a0
https://doi.org/10.1021/es9002923
https://www.ncbi.nlm.nih.gov/pubmed/19731664
https://doi.org/10.1002/etc.5041
https://www.ncbi.nlm.nih.gov/pubmed/33729607
https://doi.org/10.1021/es400373s
https://doi.org/10.1016/j.gca.2012.01.019
https://doi.org/10.1016/j.chemgeo.2015.02.025
https://doi.org/10.1126/science.1148050
https://www.ncbi.nlm.nih.gov/pubmed/17872409
https://doi.org/10.1016/j.scitotenv.2016.04.139
https://doi.org/10.1073/pnas.2012773117
https://www.ncbi.nlm.nih.gov/pubmed/33199629
https://doi.org/10.1016/j.chemosphere.2020.127435
https://www.ncbi.nlm.nih.gov/pubmed/32947671
https://doi.org/10.1016/j.scitotenv.2016.10.222
https://doi.org/10.1007/BF01973709
https://doi.org/10.1007/s10311-017-0625-3
https://doi.org/10.1021/ez500254z
https://doi.org/10.1016/j.crte.2013.05.002
https://doi.org/10.1016/j.marchem.2007.01.018


Toxics 2024, 12, 715 14 of 15

91. Lehnherr, I.; St Louis, V.L.; Hintelmann, H.; Kirk, J.L. Methylation of inorganic mercury in polar marine waters. Nat. Geosci. 2011,
4, 298–302. [CrossRef]

92. Heimbürger, L.E.; Cossa, D.; Marty, J.C.; Migon, C.; Averty, B.; Dufour, A.; Ras, J. Methyl mercury distributions in relation to the
presence of nano- and picophytoplankton in an oceanic water column (Ligurian Sea, North-western Mediterranean). Geochim.
Cosmochim. Acta 2010, 74, 5549–5559. [CrossRef]

93. Liu, B.; Schaider, L.A.; Mason, R.P.; Shine, J.P.; Rabalais, N.N.; Senn, D.B. Controls on methylmercury accumulation in northern
Gulf of Mexico sediments. Estuar. Coast. Shelf Sci. 2015, 159, 50–59. [CrossRef]

94. Correia, R.R.S.; Miranda, M.R.; Guimarães, J.R.D. Mercury methylation and the microbial consortium in periphyton of tropical
macrophytes: Effect of different inhibitors. Environ. Res. 2011, 112, 86–91. [CrossRef] [PubMed]

95. Korthals, E.T.; Winfrey, M.R. Seasonal and spatial variations in mercury methylation and demethylation in an oligotrophic lake.
Appl. Environ. Microbiol. 1987, 53, 2397–2404. [CrossRef]

96. Eckley, C.S.; Hintelmann, H. Determination of mercury methylation potentials in the water column of lakes across Canada. Sci.
Total Environ. 2006, 368, 111–125. [CrossRef]

97. Ullrich, S.M.; Tanton, T.W.; Abdrashitova, S.A. Mercury in the Aquatic Environment: A Review of Factors Affecting Methylation.
Crit. Rev. Environ. Sci. Technol. 2001, 31, 241–293. [CrossRef]

98. Miskimmin, B.M.; Rudd, J.W.M.; Kelly, C.A. Influence of Dissolved Organic Carbon, pH, and Microbial Respiration Rates on
Mercury Methylation and Demethylation in Lake Water. Can. J. Fish. Aquat. Sci. 1992, 49, 17–22. [CrossRef]

99. Barkay, T.; Gillman, M.; Turner, R.R. Effects of dissolved organic carbon and salinity on bioavailability of mercury. Appl. Environ.
Microbiol. 1997, 63, 4267–4271. [CrossRef]

100. Selvendiran, P.; Driscoll, C.T.; Bushey, J.T.; Montesdeoca, M.R. Wetland influence on mercury fate and transport in a temperate
forested watershed. Environ. Pollut. 2008, 154, 46–55. [CrossRef]

101. Waples, J.S.; Nagy, K.L.; Aiken, G.R.; Ryan, J.N. Dissolution of cinnabar (HgS) in the presence of natural organic matter. Geochim.
Cosmochim. Acta 2005, 69, 1575–1588. [CrossRef]

102. Jones, D.S.; Johnson, N.W.; Mitchell, C.P.J.; Walker, G.M.; Bailey, J.V.; Pastor, J.; Swain, E.B. Diverse Communities of hgcAB+
Microorganisms Methylate Mercury in Freshwater Sediments Subjected to Experimental Sulfate Loading. Environ. Sci. Technol.
2020, 54, 14265–14274. [CrossRef] [PubMed]

103. King, J.K.; Kostka, J.E.; Frischer, M.E.; Jahnke, R.A. A quantitative relationship that demonstrates mercury methylation rates in
marine sediments are based on the community composition and activity of sulfate-reducing bacteria. Environ. Sci. Technol. 2001,
35, 2491–2496. [CrossRef] [PubMed]

104. Benoit, J.M.; Gilmour, C.C.; Mason, R.P. Sulfide Controls on Mercury Speciation and Bioavailability to Methylating Bacteria in
Sediment Pore Waters. Environ. Sci. Technol. 1999, 33, 951–957. [CrossRef]

105. Jeremiason, J.D.; Engstrom, D.R.; Swain, E.B.; Nater, E.A.; Johnson, B.M.; Almendinger, J.E.; Monson, B.A.; Kolka, R.K.
Sulfate addition increases methylmercury production in an experimental wetland. Environ. Sci. Technol. 2006, 40, 3800–3806.
[CrossRef]

106. Coleman Wasik, J.K.; Mitchell, C.P.J.; Engstrom, D.R.; Swain, E.B.; Monson, B.A.; Balogh, S.J.; Jeremiason, J.D.; Branfireun, B.A.;
Eggert, S.L.; Kolka, R.K.; et al. Methylmercury declines in a boreal peatland when experimental sulfate deposition decreases.
Environ. Sci. Technol. 2012, 46, 6663–6671. [CrossRef]

107. Mitchell, C.P.J.; Branfireun, B.A.; Kolka, R.K. Assessing sulfate and carbon controls on net methylmercury production in peatlands:
An in situ mesocosm approach. Appl. Geochem. 2008, 23, 503–518. [CrossRef]

108. Jordan, M.P.; Stewart, A.R.; Eagles-Smith, C.A.; Strecker, A.L. Nutrients mediate the effects of temperature on methylmercury
concentrations in freshwater zooplankton. Sci. Total Environ. 2019, 667, 601–612. [CrossRef] [PubMed]

109. Devai, I.; Delaune, R.D.; Patrick, W.H., Jr.; Gambrell, R.P. Changes in methylmercury concentration during storage: Effect of
temperature. Org. Geochem. 2001, 32, 755–758. [CrossRef]

110. Curtis, A.N.; Bourne, K.; Borsuk, M.E.; Buckman, K.L.; Demidenko, E.; Taylor, V.F.; Chen, C.Y. Effects of temperature, salinity, and
sediment organic carbon on methylmercury bioaccumulation in an estuarine amphipod. Sci. Total Environ. 2019, 687, 907–916.
[CrossRef]

111. Buckman, K.L.; Seelen, E.A.; Mason, R.P.; Balcom, P.; Taylor, V.F.; Ward, J.E.; Chen, C.Y. Sediment organic carbon and temperature
effects on methylmercury concentration: A mesocosm experiment. Sci. Total Environ. 2019, 666, 1316–1326. [CrossRef] [PubMed]

112. Braaten, H.F.V.; de Wit, H.A.; Fjeld, E.; Rognerud, S.; Lydersen, E.; Larssen, T. Environmental factors influencing mercury
speciation in Subarctic and Boreal lakes. Sci. Total Environ. 2014, 476, 336–345. [CrossRef] [PubMed]

113. Kotnik, J.; Horvat, M.; Jereb, V. Modelling of mercury geochemical cycle in Lake Velenje, Slovenia. Environ. Model. Softw. 2002, 17,
593–611. [CrossRef]

114. Wang, T.; Driscoll, C.T.; Hwang, K.; Chandler, D.; Montesdeoca, M. Total and methylmercury concentrations in ground and
surface waters in natural and restored freshwater wetlands in northern New York. Ecotoxicology 2020, 29, 1602–1613. [CrossRef]
[PubMed]

115. Bravo, A.G.; Bouchet, S.; Guédron, S.; Amouroux, D.; Dominik, J.; Zopfi, J. High methylmercury production under ferruginous
conditions in sediments impacted by sewage treatment plant discharges. Water Res. 2015, 80, 245–255. [CrossRef]

https://doi.org/10.1038/ngeo1134
https://doi.org/10.1016/j.gca.2010.06.036
https://doi.org/10.1016/j.ecss.2015.03.030
https://doi.org/10.1016/j.envres.2011.11.002
https://www.ncbi.nlm.nih.gov/pubmed/22115392
https://doi.org/10.1128/aem.53.10.2397-2404.1987
https://doi.org/10.1016/j.scitotenv.2005.09.042
https://doi.org/10.1080/20016491089226
https://doi.org/10.1139/f92-002
https://doi.org/10.1128/aem.63.11.4267-4271.1997
https://doi.org/10.1016/j.envpol.2007.12.005
https://doi.org/10.1016/j.gca.2004.09.029
https://doi.org/10.1021/acs.est.0c02513
https://www.ncbi.nlm.nih.gov/pubmed/33138371
https://doi.org/10.1021/es001813q
https://www.ncbi.nlm.nih.gov/pubmed/11432553
https://doi.org/10.1021/es9808200
https://doi.org/10.1021/es0524144
https://doi.org/10.1021/es300865f
https://doi.org/10.1016/j.apgeochem.2007.12.020
https://doi.org/10.1016/j.scitotenv.2019.02.259
https://www.ncbi.nlm.nih.gov/pubmed/30833259
https://doi.org/10.1016/S0146-6380(01)00039-0
https://doi.org/10.1016/j.scitotenv.2019.06.094
https://doi.org/10.1016/j.scitotenv.2019.02.302
https://www.ncbi.nlm.nih.gov/pubmed/30970496
https://doi.org/10.1016/j.scitotenv.2014.01.030
https://www.ncbi.nlm.nih.gov/pubmed/24476974
https://doi.org/10.1016/S1364-8152(02)00019-1
https://doi.org/10.1007/s10646-019-02155-6
https://www.ncbi.nlm.nih.gov/pubmed/31974921
https://doi.org/10.1016/j.watres.2015.04.039


Toxics 2024, 12, 715 15 of 15

116. Chen, B.; Chen, P.; He, B.; Yin, Y.G.; Fang, L.C.; Wang, X.W.; Liu, H.T.; Yang, L.H.; Luan, T.G. Identification of mercury methylation
product by tert-butyl compounds in aqueous solution under light irradiation. Mar. Pollut. Bull. 2015, 98, 40–46. [CrossRef]

117. Faganeli, J.; Hines, M.E.; Covelli, S.; Emili, A.; Giani, M. Mercury in lagoons: An overview of the importance of the link between
geochemistry and biology. Estuar. Coast. Shelf Sci. 2012, 113, 126–132. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.marpolbul.2015.07.015
https://doi.org/10.1016/j.ecss.2012.08.021

	Introduction 
	Methylation of Mercury in the Aquatic Environment 
	Microbial Pathway Methylation 
	Abiotic Pathway Methylation 

	Demethylation of Mercury in Aquatic Environments 
	Factors Influencing Mercury Methylation and Demethylation 
	Redox Conditions 
	Organic Substances 
	Sulphide 
	Temperature 
	pH 
	Iron and Manganese Oxides 

	Conclusions and Outlook 
	References

