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Mercury methylation in boreal
aquatic ecosystems under oxic
conditions and climate
change: a review
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Methylmercury (MeHg) formation is a concerning environmental issue described
in waters and sediments from multiple aquatic ecosystems. The genetic and
metabolic bases of mercury (Hg) methylation have been well described in anoxic
environments, but a number of factors seem to point towards alternative
pathways potentially occurring in pelagic waters under oxic conditions. Boreal
aquatic ecosystems are predicted to undergo increasing concentrations of
dissolved organic matter (DOM) as a result of higher terrestrial runoff induced
by climate change, which may have important implications in the formation of
MeHg in the water column. In this review, different Hg methylation mechanisms
postulated in the literature are discussed, with particular focus on potential
pathways independent of the hgcAB gene pair and occurring under oxic
conditions. Potential effects of DOM on Hg methylation and MeHg
bioaccumulation are examined in the context of climate in boreal aquatic
ecosystems. Furthermore, the implementation of meta-omic technologies and
standardized methods into field measurements and incubation experiments is
discussed as a valuable tool to determine taxonomic and functional aspects of
Hg methylation in oxic waters and under climate change-induced conditions.
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Introduction

Mercury (Hg) is a heavy metal with no physiological role for any known life form. It can
be naturally found in geological deposits and coal, but human activities have greatly enhanced
the mobilisation and transport of Hg into natural environments (Streets et al., 2011; Mason
et al, 2012). Anthropogenic activities, such as coal combustion, mining, and technology
industries, release large quantities of mercury into the atmosphere every year (~ 2000 metric
tons), which is mainly transported as elemental mercury (Hg") by atmospheric currents
(Pirrone et al., 2010; Zhang et al., 2016; Kuss et al., 2018; Ghimire et al., 2019). In the global
biogeochemical cycle of mercury (Figure 1), Hg is oxidized by different molecules present in
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FIGURE 1

understood and is currently under debate.

the atmosphere (e.g., halogen compounds, nitrate radicals or ozone)
and eventually converted into divalent inorganic mercury (Hg*"),
which is then deposited into aquatic and terrestrial environments
(Ariya and Peterson, 2005; Kuss et al., 2018; Bowman et al., 2020).
Thereafter, part of the Hg*" is reduced and recirculated back to the
atmosphere as Hg’, but, due to its high reactivity, Hg*" tends to
rapidly bind to more stable molecules present in waters and
sediments, remaining in these ecosystems for long periods
(Krabbenhoft and Sunderland, 2013). Once in aquatic
environments, mercury is transformed and uptaken by the resident
biota as methylmercury (MeHg), which is bioaccumulated and
biomagnified as it is transferred up to the food chain (Boening,
2000; Ullrich et al., 2001; Jonsson et al., 2014). This organic form of
mercury is known to be a potent neurotoxin with severe effects for
ecosystem health. On humans, MeHg can cause multiple adverse
effects, such as neurological and endocrine disorders, cardiovascular
problems, or fetal death (Tsubaki and Irukayama, 1977; Grandjean
et al., 2004; Tan et al., 2009).

MeHg problematic and early studies

The problematic of MeHg as environmental pollutant dates
back to 1960s, where Minamata Disease was postulated to be
caused by MeHg poisoning (Minamata Disease Research Group,
1966). Similarly, Westoo (1967) reported abnormally high
concentrations of mercury in fish and other foodstuff in Sweden,
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Geobiochemical cycle of mercury (Hg) in aquatic environments. Hg is released by anthropogenic activities and geological processes. Elemental
mercury (Hg) is transported by atmospheric currents and oxidized to divalent inorganic mercury (ng*), which is eventually deposited in aquatic
ecosystems. Part of this Hg®* is reduced to Hg® and recirculated back into the atmosphere, but a substantial portion of Hg?* is bound to DOM
molecules and transformed into methylmercury (MeHg) by abiotic processes (e.g., UV radiation) and, to a greater extent, by prokaryotic
communities. MeHg formation can be enhanced by DOM from terrestrial origin (tDOM) and DOM freshly produced by phytoplankton communities
(allochthonous DOM, ;i DOM), and is then bioaccumulated up to the food web. Hg methylation has been well described to occur in anoxic layers of
the water column through metabolic pathways involving hgcAB genes. However, the biotic methylation of Hg under oxic conditions is not well
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where 80% to 100% of the mercury was present as MeHg.
Considering these and other similar major public health
outbreaks worldwide, the microbial participation in MeHg
formation in natural aquatic ecosystems was postulated for the
first time in a series of studies by Jernelov (1969), where mercury
chloride was added into bottom lake sediments and MeHg was
observed to be formed after 5-10 days. MeHg was not detected
when the sediments were previously sterilized, which led to the
conclusion that this process must involve microbial activity,
although no microbial species or genes were postulated at the
time (Jensen and Jerneldv, 1969; Jernelov, 1969). In addition, one
year earlier, Wood et al. (1968) had shown that MeHg could be
formed from methylcobalamin when an extract of a methanogenic
bacterium (isolated from a canal mud) was incubated with ATP
and Hg"* under a hydrogen atmosphere (anoxic conditions).

In light of the emerging knowledge of biotic methylation as the
primary source of MeHg, important progress was made by further
studies identifying microbial species capable of Hg methylation,
particularly in anoxic conditions. Initially, several studies reported
microbial methylators under culture-based conditions, isolates and
cell extracts (Wood et al. 1968; Taira, 1975; Ridley et al., 1977;
Robinson and Tuovinen, 1984), which left yet unresolved the
methylation of Hg by complex communities under natural
conditions. Compeau and Bartha (1985) was the first
comprehensive study identifying and isolating a particular
bacterial species capable of Hg methylation in natural aquatic
environments. They demonstrated Desulfovibrio desulfuricans
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capability to methylate Hg*" in low-salinity anoxic estuarine
sediments, postulating, for the first time, sulfate-reducing bacteria
as major methylators in anoxic aquatic environments. Multiple later
studies continued reporting new bacterial species and entire
functional groups responsible for MeHg formation in natural
environments, from sulfate- and iron-reducing bacteria (e.g.,
Geobacter sulfurreducens, Desulfuromonas palmitatis,
Desulfosporosinus acidiphilus) to methanogenic Archaea (e.g.,
Methanolobus tindarius, Methanobrevibacter smithii,
Methanoculleus bourgensis) (Kerin et al.,, 2006; Ranchou-Peyruse
et al., 2009; Gilmour et al., 2013; Podar et al., 2015; Bravo et al,,
2018; Jones et al., 2019; Capo et al., 2020b; Gionfriddo et al., 2020).
However, the molecular bases (genes and enzymes) behind Hg
methylation remained unclear, which implied a substantial gap
towards a full understanding of this process. This gap would be in
turn fulfilled with the discovery of the hgcAB gene cluster.

HgcAB pathway and the emerging
paradigm shift

Since its discovery in 2013 (Parks et al., 2013), the hgcAB gene
cluster has captured most of the attention in studies on Hg
methylation, as hgcA and hgcB genes have been proven to be
involved in the formation of the bulk of MeHg found in aquatic
environments. In a series of experiments, Parks et al. (2013)
demonstrated that the biotic formation of MeHg requires the
presence of both hgcA and hgcB genes in the methylator’s
genome. The deletion of either of these genes supresses the ability
to methylate Hg through the reductive acetyl-coenzyme A pathway,
but it does not hamper cell growth, which suggests that hgcA and
hgcB are not essential for survival (Parks et al., 2013). HgcA has been
described to encode the putative protein HgcA, which is responsible
for the transfer of methyl groups to Hg*". On the other hand, hgcB
encodes a 2[4Fe-4S] ferredoxin (HgcB protein) capable of reducing
a corrinoid cofactor present in HgcA, which enables the acceptance
of a methyl group by HgcA. Therefore, the redox potential is an
important physicochemical factor that can control Hg uptake and
MeHg production by regulating the enzymatic activity of the
methylators (Beckers et al., 2019; Regnell and Watras, 2019;
Wang et al., 2021).

After a decade of numerous studies on the mechanism of Hg
methylation, hgcAB gene cluster has been found in every known
anaerobic Hg methylator and in metagenomes from multiple anoxic
sediments and waters containing substantial MeHg concentrations
(Paranjape and Hall, 2017; Gionfriddo et al., 2019; Ma et al., 2019;
Regnell and Watras, 2019; Capo et al., 2020a). This fact has led to
the use of hgcAB genes as indicators of potential Hg methylation
occurring in anoxic aquatic environments. However, recent studies
have reported environmentally high concentrations of MeHg in
surface waters (Lehnherr et al., 2011; Kirk et al., 2012; Paranjape
and Hall, 2017; Villar et al., 2020), where the concentration of
oxygen would not allow Hg methylators to perform through the
acetyl-CoA/hgcAB pathway. These observations were hypothesised
by early studies to be caused by MeHg production in anoxic coastal
sediments, which would be then transported to the overlying water
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column and open waters (Kraepiel et al.,, 2003; Hammerschmidt
and Fitzgerald, 2006). However, this hypothesis conflicts with
results from more recent studies showing high demethylation
rates and short MeHg lifetime (Monperrus et al., 2007; Whalin
et al,, 2007; Lehnherr et al,, 2011; Ortiz et al., 2015; Wang et al,,
2020), which would prevent MeHg to remain in substantial
quantities throughout such journey (Cossa et al., 2017).
Furthermore, this hypothesis also contrasts with MeHg profiles
reported by numerous studies, where the highest concentrations are
found in subsurface layers, while deeper waters show lower
concentrations (Mason and Fitzgerald, 1993; Cossa et al., 2009;
Sunderland et al., 2009; Heimbiirger et al., 2015; Munson et al.,
2015). External sources, such as atmospheric MeHg deposition and
riverine transport, could also be regarded as significant factors, but
they are currently considered to be minor sources for the MeHg
concentrations found in most marine pelagic environments (Mason
et al, 2012; Liu et al., 2021; Wang et al., 2022).

Alternatively, in situ methylation of inorganic Hg has been
suggested by numerous studies to be the main source of MeHg in
the water column. In an incubation experiment, Lehnherr et al.
(2011) reported water-column Hg methylation as a significant
source of monomethylmercury in Arctic pelagic marine food
webs, estimating this process to account for up to 47% of the
total monomethylmercury found in these seawaters. Similar studies
have also reported MeHg formation in oxygenated marine waters
where no known anaerobic methylators or hgcAB genes were
detected (Malcolm et al., 2010; Podar et al., 2015; Bowman et al.,
2019; Rodriguez et al., 2022). These observations pose an apparent
paradox where MeHg is produced in non-anoxic waters through a
process where anaerobic methylators are considered the main
players. As a result, four main explanations can be postulated
(Figure 2): 1) Hg methylation by abiotic processes; 2) Biotic
MeHg production within anoxic micro-environments; 3) Biotic
MeHg production under oxic conditions through metabolic
pathways involving hgcAB (or hgcAB-like) genes or 4)
independent of hgcAB genes.

The abiotic methylation of Hg has been repeatedly addressed in
numerous studies (Celo et al., 2006; Li and Cai, 2013; Regnell and
Watras, 2019; Chetelat et al., 2022). While photochemical and non-
photochemical methylation are partially responsible for the
production of MeHg in oxic waters, these abiotic mechanisms do
not generally account for a substantial fraction of the MeHg found
in pelagic environment (Monperrus et al., 2007; Lehnherr et al,
2011; Munson et al., 2018; Wang et al., 2022). Therefore, this review
will mainly focus on the biotic mechanisms potentially occurring in
oxic waters.

Anoxic micro-environments as Hg
methylation hotspots in oxic waters

The existence of settling particles in the pelagic zone, enriched
in organic matter and showing marked oxygen and pH gradients
has been documented since the 1980s (Alldredge and Cohen, 1987;
Decho, 1990; Shanks and Reeder, 1993). These particles can range
in size from colloids (< 0.2 pum) to aggregates (> 300 pm). In

frontiersin.org


https://doi.org/10.3389/fmars.2023.1198263
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Rodriguez 10.3389/fmars.2023.1198263
L
(iv)
CH3Hg* )
LDOM = Hg2*
methyltransferase
R-(CH2)»-CH3 activity
Qb
Catabolism
CHy-Co™-HECcA  Co¥*-HgeA
FIGURE 2

Hg methylation pathways potentially co-occurring in oxic layers of the water column. (i) Abiotic Hg methylation, with photochemical and non-
photochemical (involving DOM molecules) processes taking place simultaneously. (i) Biotic Hg methylation by hgcAB™ anaerobes (e.g., Shewenella,
Desulfobacula, or Desulforhopalus) inhabiting settling marine snow. The formation of methylmercury (CHsHg™) is carried out under anoxic micro-
environments through the acetyl- CoA/hgcAB pathway. (i) Hg methylation potentially carried out through metabolic pathways similar to the acetyl-
CoA/hgcAB pathway by aerobic prokaryotes carrying hgcAB-like genes, such as bacteria belonging to the genus Nitrospina. (iv) Hg methylation
postulated to take place under truly oxic conditions by unknown aerobic methylators. The formation of MeHg may respond to housekeeping genes
which increase their overall activity when carbon, nutrients and Hg?" are present.

particular, marine snow has been widely described as aggregated
mixtures of large particles (> 300 um) mostly composed by organic
matter from plankton fecal pellets, living cells, detritus, and
exudates (Alldredge and Silver, 1988; Turner, 2015). Alldredge
and Cohen 1987 was one of the first studies reporting oxygen-
depleted microenvironments within and around such particles,
where microbial processes requiring low oxygen conditions, such
as denitrification, may occur. Respiratory and photosynthetic
activities were measured in light and dark conditions. Their
results showed significant oxygen depletion (up to 45%)
particularly during dark conditions, when respiration by the
bacterial communities inhabiting these particles overtakes the
photosynthetic production of oxygen carried out by
phytoplankton communities. This respiratory activity is enhanced
by the presence of organic matter and essential nutrients present in
these particles, which further stimulates bacterial activity (Azam
and Long, 2001). These observations were supported by later studies
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(Ploug et al., 1997; Tang et al., 2011; Decho and Gutierrez, 2017;
Bianchi et al., 2018). In a combination of laboratory experiments
and field observations, Shanks and Reeder 1993 also found oxygen-
depleted conditions within marine snow particles, where sulfide was
detected in concentrations far exceeding the values in the
surrounding oxic waters. The production of sulfide was also
attributed to microbial activity supported by the organic matter
within the particles, and shed light to a similar paradox on the
production of sulfide in oxygenated layers of the water column.
Marine snow particles are not the only structures where anoxic
microenvironments can be formed within oxic waters. The interior
of planktonic biota, particularly zooplankton, has also been
described to enclose anoxic conditions where anaerobic bacteria
can thrive. Glud et al. (2015) reported anoxic microenvironments
within carcasses of the copepod Calanus finmarchicus in fully
oxygenated seawater from Godthabsfjord (Greenland). They
detected denitrification activity by the bacterial communities
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naturally inhabiting the interior of these copepods, suggesting
sinking C. finmarchicus carcasses as hotspots of pelagic
denitrification. The gut of living zooplankton has also been
reported to show anoxic conditions where different bacterial
processes take place (PROCTOR, 1997; Braun et al,, 1999). Tang
etal. (2011) measured oxygen levels inside the guts of the copepods
Calanus hyperboreusand and C. glacialis from arctic and subarctic
waters. The recorded oxygen profiles indicated microbial
respiration, which can deplete oxygen levels inside the guts and
maintain anoxic conditions.

Considering previous studies reporting the existence of these
anoxic microenvironments, the hypothesis of such
microenvironments being responsible for MeHg production in
oxic pelagic waters started to gain importance as an explanation
for the MeHg paradox (Monperrus et al., 2007; Cossa et al., 2009;
Sunderland et al., 2009; Lehnherr et al., 2011; Sonke et al., 2013;
Schartup et al,, 2015). Ortiz et al. (2015) was one of the first studies
directly measuring the production of MeHg within settling marine
particles. In a microcosm experiment, marine aggregates ranging in
size (0.2 pm to > 300 pum; including marine snow) were produced
from sieved estuarine seawater and spiked with MeHg (CH;'*’Hg)
and inorganic Hg (**’Hg"?). Methylation and demethylation rates
were measured based on changes in isotopic composition of '*’Hg
and *°°Hg. The results pointed to a net Hg methylation particularly
in larger particles such as marine snow, which was comparable to
rates found in benthic sediments. Gascon Diez et al. (2016) carried
out a similar study in the largest freshwater lake in Western Europe
(Lake Geneva). Over a period of two years, sediments and settling
particles from this lake were collected monthly. Total Hg/MeHg
concentrations and methylation rates were measured in the upper
first cm of the sediments and in settling particles. Interestingly,
MeHg concentrations were 10-fold higher in settling particles
compared to sediments, whereas total Hg concentrations were
similar in both compartments. Furthermore, while demethylation
rates were similar in sediments and particles, methylation rate
constants (k,,) were 2-fold greater in settling particles, which
suggests a net MeHg formation in settling particles 10 orders of
magnitudes higher than sediments. In order to determine the
biological origin of this MeHg production, they amended the
sediments and particles with molybdate, a known inhibitor of
sulfate reducing metabolism, which resulted in a reduction of
MeHg production by 80%. In a more recent study, Capo et al.
(2020a) addressed this question by a genetic and phylogenetic
approach. They analysed 81 metagenomes collected from Baltic
Sea waters ranging in oxygen levels from normoxic (2 mL O, L) to
hypoxic (<2 mL O, L") and anoxic (no detectable O,). The hgcAB
genes were mainly detected in settling particles (marine snow) from
anoxic waters, with lower presence under hypoxic and normoxic
conditions. However, higher hgcAB abundance was found in marine
snow compared to filtered water with no aggregates, confirming
that settling particles can be hotspots of MeHg production. In
addition, a phylogenetic study revealed a Hg methylator community
predominantly composed by sulfate reducing bacteria affiliated
with Deltaproteobacteria.
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Hg methylation under oxic
conditions: is there an alternative
methylation pathway?

The production of MeHg in oxic waters by anaerobic
methylators (microenvironments) and, to a lesser extent, by
abiotic processes may represent a substantial fraction of the total
MeHg pool in certain pelagic environments, but it does not
satisfactorily resolve the MeHg paradox in oxic waters where no
hgcAB genes or anaerobic Hg methylator are detected. Are there Hg
methylation mechanisms other than the hgcAB pathway? Or do we
need higher-resolution molecular tools to detect hgcAB abundances
below the current detection thresholds?

Podar et al. (2015) carried out the first comprehensive study on
the distribution and prevalence of hgcAB genes and unknown Hg
methylators across different environments on Earth (>3500
microbial metagenomes), including oxic pelagic waters. The
hgcAB gene pair was found in every anoxic environment, whereas
these genes were only detected in 7 of the 138 metagenomes from
pelagic marine water columns. These observations are supported by
a more recent study (Bowman et al., 2019) where hgcAB genes were
screened but not detected in the upper water column (< 800 m)
from Arctic Ocean seawater. These findings support the hypothesis
of alternative Hg methylation pathways carried out under true oxic
conditions. On the contrary, other studies have reported the
presence of hgcAB-like genes in surface waters. Gionfriddo et al.
(2016) identified for the first time hgcAB-like genes in two
Nitrospina genomes from waters of the East Antarctic Sea. These
microaerophilic bacteria were therefore proposed to play an
important role as Hg methylators in pelagic waters, although the
authors still referred to microenvironments, such as brine pockets
and periphytic biofilms associated with settling organic matter, as
the most probable niches where Hg methylation may occur. A more
recent study on the distribution of the hgcAB genes and Hg
methylators in the global ocean (Villar et al, 2020) detected the
presence and expression of hgcAB homologues in seawaters from
most of ocean basins worldwide (except in the Arctic Ocean). These
genes were linked to taxonomic relatives of known Hg methylators
belonging to Deltaproteobacteria, Firmicutes, Chloroflexi, and
particularly Nitrospina, which was suggested to be the
predominant and widespread bacteria carrying and expressing
hgcAB-like genes. However, as in Gionfriddo et al. (2016), the
methylating activity of Nitrospina was not tested under true oxic
conditions, and the authors attributed its methylating capacity to be
likely perform in oxygen-deficient microenvironments within
sinking marine particles. Moreover, although hgcAB-like genes are
predicted to encode corrinoid iron-sulphur and transmembrane
domains distinctive of HgcA and a 4Fe-4S ferredoxin motif
characteristic of HgcB, to date organisms carrying these genes
have not been proven to produce MeHg (Podar et al, 2015;
Gilmour et al., 2018).

To address this controversy, Rodriguez et al. (2022) carry out a
microcosm experiment (37 L aquaria) where surface water from the
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Baltic Sea was filtered through 0.7 um to remove sinking particles
potentially creating anoxic microenvironments, while preserving
the natural prokaryotic communities. The water was exposed to
increased concentration of inorganic Hg (250 pM Hg"?) and an air-
bubbling system ensured continuous oxygen saturation.
Interestingly, MeHg production was detected above ambient
levels after addition of inorganic Hg. Using 16S amplification and
shotgun metagenomics, neither hgcAB genes nor known Hg
methylators were detected in this study (including Nitrospina).
Concentration of MeHg was highly correlated with bacterial
activity, which strongly suggest the existence of an alternative Hg
methylation pathway under truly oxic conditions where hgcAB gene
pair is not involved.

MeHg formation and climate change

The potential magnification in MeHg formation and
bioaccumulation as a consequence of climate change is currently
of great concern for national and international environmental
authorities (Stern et al., 2012; Krabbenhoft and Sunderland, 2013;
Marnane, 2018; Chetelat et al., 2022). But what is the link between
climate change and MeHg formation in boreal aquatic systems? The
key factor is organic matter. Prediction models point to an increase
of precipitation regimes in the Northern hemisphere as a result of
climate change, which in turn will lead to higher terrestrial runoft
and river inflows into boreal aquatic ecosystems (Meier et al., 2011;
Andersson et al., 2015). These terrestrial inflows contain high
concentrations of dissolved organic matter (DOM) swept from
the catchment area, thus increasing the overall concentration of

bioaccumulation
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DOM in the water column. The reactive nature of organic matter to
interact with different environmental pollutants has been object of
study for decades, and Hg has been particularly targeted by
numerous studies (Hsu-Kim et al, 2013; Ripszam et al.,, 2015b;
Schartup et al., 2015; Alava et al., 2017; Jiang et al., 2018; Rodriguez
et al, 2018). Thus, evidence of the role of DOM on Hg methylation
and bioaccumulation has exponentially increased over the last
years, pointing to several levels at which DOM can interact with
Hg (Figure 3): 1) As a complexing agent on Hg"? speciation (Hsu-
Kim et al., 2013; Chiasson-Gould et al., 2014; Jiang et al., 2018) and
providing methyl groups required for methylation (Nagase et al.,
1982, 1984; Weber et al., 1985; from Wang et al., 2022); 2) by
enhancing microbial metabolism (Hall et al., 2004; Paranjape and
Hall, 2017); and 3) by promoting changes in the physiology and
permeability of the bacterial cell membrane (Campbell et al., 1997;
Vigneault et al., 2000).

DOM-Hg chemical interactions

The chemical interactions between DOM and Hg largely
depend on both DOM concentration and composition. Different
ligands within the DOM molecular pool strongly bind to Hg, which
can have a dual effect on Hg bioavailability and MeHg production.
On the one hand, Hg"” can rapidly bind to biologically labile DOM
(LDOM), forming LDOM-Hg aggregates that are highly
bioavailable for prokaryotic uptake (Hsu-Kim et al., 2013;
Chiasson-Gould et al., 2014; Jiang et al,, 2018). This higher
bioavailability increases the internalization of Hg into the
cytoplasm, where it is transformed into MeHg. A typical example

~8.5mgCL?
[DOM]

TEeee—— actiVity

Bacterial

Hg methylation

FIGURE 3

Interactions between DOM, MeHg, and bacterial activity. RDOM-Hg and LDOM-Hg refer to the aggregates formed by Hg and refractory compounds
(RDOM) and labile compounds (LDOM). The relationship between MeHg bioaccumulation and DOM concentration is represented by a bell-shaped
pattern, where MeHg bioaccumulation increases with increasing DOM concentration until a threshold (~8.5 C L-*), from which Hg bioavailability

starts to progressively decrease with increasing DOM concentration.
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of LDOM is the autochthonous DOM produced by phytoplankton,
also known as exudates (Seymour et al., 2017; Mihlenbruch et al.,
2018; Eigemann et al, 2022). These molecules can be easily
degraded or directly uptaken by prokaryotes, and consequently
they have been linked to high MeHg production rates (Kim et al.,
2011; Lazaro et al., 2013; Bravo et al., 2017). On the other hand, the
bioavailability of Hg can be reduced when refractory compounds
(RDOM) act as the main ligands for Hg binding, forming RDOM-
Hg aggregates. These molecules are more recalcitrant for
biodegradation and, therefore, Hg uptake and MeHg formation
are reduced in these situations (Chiasson-Gould et al., 2014; French
et al, 2014; Bravo et al, 2017). Furthermore, more complex
interactions have been suggested to occur between LDOM-Hg
and RDOM-Hg aggregates, where Hg** can be dissociated from
RDOM under photochemical oxidation or microbial degradation
and bind to LDOM, thus becoming more bioavailable (Chiasson-
Gould et al., 2014). The opposite situation has also been described,
where Hg"? bioavailability is reduced due to the progressive
degradation of the most labile fraction of DOM by heterotrophic
activity, which leads to higher RDOM : LDOM ratios and thus more
abundant RDOM-Hg aggregates. These complex interactions
between different fractions of DOM and Hg were hypothesized in
two companion studies by Chiasson-Gould et al. (2014) and French
et al. (2014). In both studies, a bell-shaped relationship between
DOM concentration and Hg bioavailability was observed, where Hg
bioavailability increased with increasing DOM concentration until a
threshold (8.5 - 10 mg C L"), from which Hg bioavailability started
to progressively decrease with increasing DOM concentration. Each
of these studies focused on different aspects of the Hg pathway.
Whereas French et al. (2014) examined MeHg bioaccumulation in
littoral amphipods collected from 26 Arctic lakes (Canada),
Chiasson-Gould et al. (2014) used a modified strain of Escherichia
coli as bioreporter under oxic conditions. This bacterium contains a
merlux construct that emits bioluminescence when Hg*? is actively
transported through the cell membrane, which is used to quantify
intracellular Hg"? levels. Interestingly, both studies observed similar
patterns in DOM-Hg interactions.

In addition, Chiasson-Gould et al. (2014) also studied Hg+2
bioavailability under two conditions: pseudoequilibrium and
nonequilibrium at different DOM concentrations. They observed
a decrease in bioavailability when Hg'? was pre-incubated with
DOM over 24 h (i.e, DOM-Hg pseudoequilibrium), which was
explained by Hg"? being mostly bound to strong binding sites in
humic and fluvic acids. However, bioavailability increased when
Hg'® was freshly added (i.e., DOM-Hg nonequilibrium) to
solutions already containing cells and humic/fluvic acids at
increasing concentrations (0 to 10 mg C L"), after which
bioavailability started to decrease (bell-shaped pattern).

These observations suggest that the formation of DOM-Hg
aggregates is a slow process involving competitive ligand exchange
dynamics with multiple functional groups within the DOM pool,
which may have important implications in a changing climate
where DOM is expected to increase in the water column of boreal
aquatic systems. DOM chemical structure and content should be
considered of capital importance when studying effects on Hg
bioavailability, MeHg production and bioaccumulation,
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particularly considering that organic matter in aquatic ecosystems
is a heterogeneous mixture of molecules derived from terrestrial
(allochthonous) and internal (autochthonous) sources, as well as
the fact that DOM present in aquatic systems is usually more
diverse in molecular structure and primary sources than in
terrestrial environments (Jaffe et al., 2008; Schartup et al., 2015).

MeHg production enhanced by increasing
microbial metabolism

As discussed above, Hg bioavailability and MeHg formation can
be increased through chemical interactions with different DOM
molecules, which ultimately interact with the Hg methylators.
However, since Hg bio-methylation is an enzymatic process, it
can also be enhanced by direct stimulation of the microbial
metabolic activity, which has been observed to take place in
pelagic waters (French et al., 2014; Paranjape and Hall, 2017;
Rodriguez et al., 2022). Numerous studies have provided large
evidence of the effects of DOM on the overall increase of
microbial metabolism and the importance of organic matter
remineralization in the methylation of Hg (Hall et al, 2004;
Heimbiirger et al., 2010; Bowman et al., 2016; Bravo et al., 2017;
Kim et al., 2017; Herrero Ortega et al., 2018; Regnell and Watras,
2018). In fact, the role of settling particles on Hg methylation can be
understood to operate at two different levels: 1) By providing low-
oxygen micro-environments; 2) By providing organic matter as fuel
to increase microbial metabolism. In line with this, Lehnherr et al.
(2011) found significant correlations between POC
remineralization and MeHg concentrations in the Arctic Sea, but
referred to poor POC availability as probable cause for the low
methylation rates detected in their experiments, which may have
been higher if the water samples had been collected during the
seasonal phytoplankton blooms. This relationship between
phytoplankton production and Hg methylation is also supported
by other studies where peak MeHg concentrations were detected in
oxic subsurface euphotic zones during chlorophyll maximum
(Bowman et al., 2015; Wang et al., 2018).

Oxygen deficient zones (ODZ) have been suggested as major
sources of MeHg linked to organic matter remineralization (Wang
et al., 2012; Bowman et al., 2015; Cossa et al., 2017; Kim et al., 2017;
Gallorini and Loizeau, 2021). A common ground hypothesis is that
POC (such as phytoplankton exudates) and DOM originated in
surface and subsurface waters gradually sink to deeper layers,
scavenging Hg in its path and forming aggregates that are later
metabolized by prokaryotic communities under anoxic or hypoxic
conditions. However, while ODZ may be the main source of MeHg
in the water column, MeHg production has also be linked to DOM
degradation under fully oxygenated waters. Rodriguez et al. (2022)
found strong positive correlations between bacterial production and
MeHg formation in oxygenated coastal waters from the Baltic Sea
under increasing DOM concentrations, where micro-particles
larger than 0.7 um were discarded. Considering projected climate
change scenarios for the Northern hemisphere (Meier et al., 2011;
Andersson et al., 2015), the addition of terrestrial DOM led to an
increase of the overall bacterial activity and diversity, as well as the
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relative abundance of genes related to enzymatic activity and energy
generation. Furthermore, MeHg formation was detected shortly
after the addition of Hg** (13 h), pointing to a rapid response of
bacterial communities to methylate Hg. This quick metabolic
response was also suggested by the rapid increase in relative
abundance of genes related to cellular activity, with no significant
changes in taxonomic composition. These observations may
indicate that Hg methylation under oxic conditions just responds
to housekeeping genes which increase their overall activity when
carbon, nutrients or temperature are provided, but further studies
are required to determine the exact mechanisms.

The rapid response of microbial communities to methylate
Hg" may have important implications under a changing climate
where DOM concentration in the water column is expected to
increase. Although terrestrial DOM flushed from the catchment
area in boreal systems is usually rich in refractory organic carbon
(Asmala et al., 2013; Bravo et al,, 2017), MeHg formation could
potentially be increased through a rapid methylation of newly
deposited Hg by the local prokaryotic communities boosted by
high DOM concentrations, before Hg+2 becomes complexed with
recalcitrant compounds in the DOM pool (Chiasson-Gould et al.,
2014; Rodriguez et al, 2022). In addition, the overall MeHg
concentration may be further increased by inputs of
allochthonous MeHg derived from runoff (Jonsson et al., 2012;
Krabbenhoft and Sunderland, 2013; Jonsson et al., 2014), as well as
by reducing MeHg photo-demethylation due to water
brownification and subsequent light attenuation typically induced
by terrestrial dissolved organic matter (tDOM) (Poste et al., 2015;
Wu et al., 2021).

Impacts of DOM on cell membrane
permeability

Hg bioavailability can also increase by changes in the
physiology of the bacterial cell membrane resulting in higher
permeability. Humic and fluvic acids from natural DOM have
been shown to act as surfactants, affecting the chemical properties
of biological membranes and particularly the level of permeability
to neutrally charged chemical species (Vigneault et al, 2000;
Slaveykova et al., 2003; Ojwang’ and Cook, 2013; Graham et al,,
2017), which could constitute a potential pathway for Hg"?
internalization (Benoit et al., 1999; Benoit et al., 2001). Chiasson-
Gould et al. (2014) studied changes in the bacterial membrane
permeability under different DOM concentrations and oxic
conditions using bile salts, which reduce cell growth due to
increased membrane permeability. They observed no significant
increase in membrane permeability, and attributed the higher
internalization of Hg"* to interactions between DOM and the
bacterial cell wall that resulted in the destabilization of the
lipopolysaccharide layer, which could make Hg transport sites
more accessible. Nonetheless, these conclusions should be taken
with caution as other studies have reported decreased uptake and
toxicity of charged metals by humic substances (Koukal et al., 2003;
Kostic et al., 2013; Perelomov et al., 2018).
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Temperature is also a substantially
important factor

The central aspect from which all climate change effects derive
is global warming. The increasing temperatures have multiple
impacts on a variety of biogeochemical systems, from ice melting
in polar and alpine regions to changes in hydrological patterns,
increased sea levels, and frequency of extreme atmospheric events
(i.e., droughts and deluges), among others (Stern et al., 2012;
Andersson et al.,, 2015; Stott, 2016). Therefore, raising
temperatures can have indirect and direct effects on Hg
methylation. Permafrost thaw in polar and sub-polar regions has
been observed to mobilize significant amounts of Hg accumulated
over decades, which can be ultimately transported into aquatic
systems (Schuster et al., 2018; Schaefer et al., 2020; Dastoor et al.,
2022). Particularly in boreal regions, increased precipitation
regimes are predicted to import higher organic matter from
catchment areas, with effects on Hg methylation already discussed
in the above sections. This increased terrestrial runoff will also
import higher amounts of both Hg"*> and MeHg into aquatic
ecosystems (Stern et al., 2012; Jonsson et al., 2014). Together with
nutrients and organic carbon from tDOM, prokaryotic
communities have all the necessary elements to potentially carry
out Hg methylation (Rodriguez et al., 2022). In addition, a more
direct impact of increasing temperatures is the positive effects on
microbial activity, further stimulating the overall microbial
metabolism, including the methylation activity (Monperrus et al.,
2007; Johnson et al., 2016). On the other hand, negative effects on
Hg methylation should be also considered by Hg cycling prediction
models. For instance, higher rates of demethylation may be caused
by the overall increase of microbial activity (Lu et al., 2016; Lu et al.,
2017; Paranjape and Hall, 2017), as well as by higher exposure to
solar radiation due to loss of sea ice (Stern et al., 2012).

Other indirect effects may account for a potential increase of Hg
methylation as a result of increasing temperatures. Thermal
stratification of the water column is associated with warmer air
temperatures, and it has been shown to promote hypoxic conditions
as oxygenated surface waters are prevented from mixing with the
bottom layers (Cloern, 2001; Altieri and Keryn, 2015). This may
lead to higher Hg methylation rates under anoxic conditions.
Furthermore, oxygen levels can also be depleted by heterotrophic
activity boosted by both higher temperatures and higher DOM
concentration, where the eutrophication levels may increase Hg
methylation (Soerensen et al., 2016; Ji et al., 2020; Yao et al., 2020).

Experimental approaches to study
MeHg formation in oxic waters

With so many confounding factors affecting the Hg methylation
process, how do we conduct suitable experimental strategies and
measurements? Studying biological systems is a particularly
complex task due to the outstanding complexity derived from
numerous interdependent metabolic pathways, number of
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biological and chemical species involved, and bidirectional
interactions with multiple physicochemical factors.

Field measurements and laboratory incubation experiments are
the most employed approaches in the study of Hg methylation
(Paranjape and Hall, 2017; Ma et al., 2019; Regnell and Watras,
2019; Gallorini and Loizeau, 2021). Since MeHg is a potent
neurotoxin naturally bioaccumulated in natural environments,
field experiments within aquatic systems are very constrained due
to the exposure of Hg or MeHg to the natural biota. Furthermore,
both field measurements and incubation experiments are restricted
to a limited framework of variables, as it is virtually impossible to
account for all the variables that operate in natural ecological
systems. However, a combination of field measurements and
controlled experiments is a valuable approach that has been used
in a number of studies on Hg methylation in pelagic environments
(Lehnherr et al., 2011; French et al., 2014; Paranjape and Hall, 2017;
Wang et al., 2022). In some instances, either field measurements or
controlled experiments may be sufficient to advance our knowledge
towards a particular research question, but both approaches are
subjected to their own limitations (Wang et al., 2020).

Field measurements

Field measurements typically consist of the collection of water
and sediments to determine physical variables (e.g., temperature
and light intensity), chemical variables (e.g., Hg/MeHg
concentrations, organic matter content, oxygen, pH, salinity, etc.)
and/or biological variables (e.g., metabolic activity, taxonomic
composition, gene expression, etc.). Since Hg methylation is
primarily a biochemical process, comprehensive studies should
include a combination of such bio-physico-chemical variables.
However, until recently, field measurements generally considered
only chemical factors such as organic matter, oxygen, or relevant
chemical species such as thiols (in addition to Hg/MeHg)
(Monperrus et al., 2007; Merritt and Amirbahman, 2009; Li and
Cai, 2013). Following the breakthrough of meta-omic technologies,
more recent studies have introduced taxonomic and metabolic
parameters principally through the sequencing of environmental
DNA (eDNA). Bowman et al. (2019) and Villar et al. (2020) are
among the most recent studies that have greatly contributed to
survey the occurrence of Hg/MeHg concentrations and relevant
microbial genes in oxic waters from the global oceans. In Bowman
et al. (2019), water samples (<800 m depth) were collected from
multiple areas ranging from Arctic to equatorial Pacific oceans,
where detailed Hg speciation measurements were conducted, as
well as targeted and shotgun metagenomics to evaluate the presence
of Hg-cycling genes (hgcAB and mer) and other relevant genes
potentially involved in Hg transportation and methylation. On the
other hand, Villar et al. (2020) carried out a compilation of
metagenomic and metatranscriptomic data obtained from
locations covering most of the global ocean basins, with the
purpose of addressing the paradox between MeHg production in
the upper water column and absence of known anaerobic Hg
methylating prokaryotes. Similarly, Podar et al. (2015) also
conducted a compilation study using data generated by several
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metagenome sequencing projects. The compiled sequences were
assembled and annotated to study the occurrence of hgcAB genes
and Hg methylators across different environments, including boreal
aquatic systems. Interestingly, these studies reached similar
conclusions, where no hgcAB genes were generally detected in the
oxic water column. Although hgcAB-like genes were found in
Bowman et al. (2019) and Villar et al. (2020), to date these genes
have not been proven to be involved in the methylation of Hg.

Incubation experiments

Incubation experiments have traditionally relied on
experimental models consisting of one or few microbial species
(Benoit et al., 2001; Kerin et al., 2006; Gilmour et al., 2013; Parks
et al., 2013). Microbial isolates have been used to target specific
aspects of the Hg methylation mechanism by simplifying the bio-
physico-chemical system. Although this approach has been
extensively used under anoxic conditions, only a few experiments
have been conducted to investigate Hg methylation under oxic
conditions. Chiasson-Gould et al. (2014) is one of the few examples,
where the experimental system was reduced to a single bacterial
strain (E. coli HMS174) genetically modified to study Hg"?
bioavailability. A natural DOM extract was used for incubation at
different DOM concentrations, which allowed the identification of
biochemical interactions between DOM, Hg+2 and the bacterial
membrane that determined Hg"? bioavailability and methylation.
In a similar study, Golding et al. (2002) carried out an incubation
experiment where the same E. coli strain (HMS174), as well as
Vibrio anguillarum (a natural aquatic species), were exposed to both
anaerobic and aerobic conditions under increased Hg"?
concentrations. By using this simplified experimental system, they
observed higher uptake of Hg** under aerobic conditions, mediated
by facilitated uptake mechanisms. In Cao et al. (2021), the aerobic
methylation of Hg by two y-proteobacteria strains (P. fluorescens
TGR-B2 and P. putida TGR-B4) was evaluated under different
oxygen concentrations, where they detected MeHg formation under
both conditions, although Hg methylation under anaerobic
conditions appeared to be more efficient.

As new molecular tools have been progressively developed in
the field of Microbial Ecology, more integrated experimental
designs have shown to be more valuable to study the complex
interactions among the vast consortium of microbial species.
Fundamental ecological functions are typically carried out by
entire microbial communities, where syntrophic interactions
between different members provide the necessary physicochemical
conditions (Kato and Watanabe, 2010; Morris et al., 2013; Kouzuma
et al, 2015). Therefore, whereas highly simplified experimental
systems have the potential to unravel specific aspects of the genetic
and metabolic bases of Hg methylation, the absence of certain
microbial members can significantly alter the natural functioning of
this process (Kerin et al., 2006; Ranchou-Peyruse et al., 2009; Bravo
and Cosio 2019). Mesocosm model ecosystems have been used in an
attempt to reproduce natural conditions while isolating the system
to apply controlled conditions. Combined with recently developed
Hg isotope tracer methodologies (Jonsson et al., 2012; Jonsson et al.,
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2014) and high-throughput sequencing techniques, these
experimental designs constitute powerful tools for comprehensive
studies of how Hg methylation works in natural environments, and
particularly under climate change-induced conditions. In a series of
recent studies, Jonsson et al. (20175 2022) used a 2000 L mesocosm
setup to determine MeHg production and bioaccumulation in
brackish waters and sediments collected from the Bothnian Sea,
where multiple variables were included: increasing concentrations
of DOM, nutrients, different Hg isotope tracers, a pelagic food web
model (native heterotrophic bacteria, phytoplankton, protozoa, and
mesozooplankton), light conditions, and controlled temperature. In
a similar incubation experiment, Rodriguez et al. (2022) combined
shotgun metagenomics with Hg/MeHg measurements to study Hg
methylation by natural bacterial communities in oxygen-saturated
pelagic waters, where variables such as DOM, Hg"? concentration,
oxygen level, and light intensity were considered.

In order to further improve our experimental models, it is
important to point out potential biases and limitations from
incubation studies based on the addition of isotopically enriched
Hg species. In a recent critique article, Wang et al. (2020) evaluated
the validity of this type of experimental approach as a method to
study Hg methylation and demethylation rates in seawater. Based
on field measurements and incubation experiments conducted
along the Canadian Arctic Archipelago, they drew attention to
potential reliability issues derived from methylation and
demethylation at time zero, as well as the widely accepted
assumption of first-order kinetics to calculate methylation and
demethylation constants. Although these observations may
respond to particular experimental procedures (Tsui et al., 2020;
Zhang et al., 2021), and therefore generalizations should be taken
with caution, future holistic studies should rely on an integration of
field measurements and incubation experiments that allows the
identification of potential experimental biases. Thus, field surveys
can be highly valuable to guide subsequent incubation experiments
where environmental parameters can be tuned to investigate hidden
and emergent properties within the complex biological systems, as
well as to generate prediction models for future scenarios under a
changing climate.

TABLE 1 Description of the main sequencing-based meta-omic approaches.

Main applications

Metagenetics (targeted « 165/18S rRNA taxonomy.

DNA sequencing) « Detection of hgcAB genes.

« Cost/time effective sample processing.

Metagenomics (non-
targeted DNA

» 165/18S rRNA taxonomy.
« Detection of hgcAB and other

o Detailed taxonomic characterization.
« High detection power for hgcAB genes.

« Overall screening of entire microbial metagenome.
o Full characterization of the community functional
potential, including hgcAB and other genes
potentially involved.

10.3389/fmars.2023.1198263

Meta-omic technologies as
tools to address the MeHg
formation problematic

Until recently, simplified experimental systems were the main
source of knowledge to study complex environmental microbial
processes such as Hg methylation. After the discovery of the
microbial bases of Hg methylation (Parks et al., 2013), early
studies essentially relied on culture-dependent approaches to
further advance our knowledge on the metabolic pathways, genes
and species involved (Benoit et al., 2001; Kerin et al., 2006; Gilmour
et al., 2013). The irruption of sequencing-based meta-omic
technologies gave rise to a new kind of approach based on the
generation of large quantities of sequencing data from entire
microbial assemblages. Being culture-independent, this approach
has allowed the implementation of more sophisticated experimental
designs to disentangle the complex interactions between Hg
methylators, their syntrophs, and relevant environmental
variables (such as DOM) under natural or modelled conditions
(Quince et al.,, 2017; Pérez-Cobas et al.,, 2020; Cho, 2021). In
particular, metagenetics, metagenomics and metatranscriptomics
(sequencing-based meta-omics) have been the meta-omic
approaches most frequently used in the field of Microbial Ecology
(Table 1), mainly due to: 1) cost-time effectiveness (simultaneous
analyses of multiple samples); 2) analytical depth to cover even rare
members of microbial communities; and 3) direct applicability in
both field surveys and controlled experiments.

Metagenetics (also known as amplicon sequencing, marker-
gene metagenomics, or targeted metagenomics) is a targeted
approach where specific genes (called marker genes) present in
the community gene pool are amplified by PCR, sequenced and
aligned against an existing reference database for taxonomic and/or
functional characterization of the community. The most frequently
used gene marker for taxonomic characterization of bacterial
communities is the 16S rRNA gene, which is universally found in
bacteria with enough variability (nine hypervariable regions) as to
allow taxonomic classification and biodiversity profiling (Vetrovsky
and Baldrian, 2013). As discussed in previous sections, the marker

Advantages Disadvantages

« Limitation to detect unknown genes
potentially involved in Hg methylation in
oxic waters.

« Very limited information of functional
potential.

« Lower taxonomic resolution.

» Lower power to detect hgcAB genes.
« Limited information of the actual
metabolic activity.

« Cost/time effective sample processing.

sequencing) functional genes.
Metatranscriptomics « Characterization of gene expression
(non-targeted mRNA levels, including hgcAB and other
sequencing) functional genes.

involved in Hg methylation in oxic waters.

Frontiers in Marine Science

« Higher functional resolution.
» Measure of the active microbial fraction.
« Potential to detect unknown genes actively

« Potential non-correlation between
hgcAB expression and concentration of
MeHg or Hg methylation rates.

« Cost/time demanding sample GO to
Settings windows processing.
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genes in Hg methylation studies have consistently been the hgcAB
gene pair. In a recent study, Capo et al. (2022) presented a hgc gene
database (Hg-MATE) covering Hg-cycling microorganisms from
terrestrial and aquatic ecosystems. This catalogue compiles isolated,
single-cell and metagenome-reconstructed genomes, which can be
used as a reference database to identify hgcAB genes from complex
meta-omic datasets. Due to the lack of knowledge about alternative
Hg methylation pathways potentially operating under truly oxic
conditions, studies only relying on hgcAB genes may be limiting our
ability to detect important Hg methylators in pelagic waters (Podar
et al.,, 2015; Jones et al., 2019; Lin et al., 2021).

Shotgun metagenomics (or simply metagenomics) is a non-
targeted approach where fragments of the metagenome (i..,
collection of all genomes present in a community) are randomly
sequenced and, therefore, taxonomically relevant genes (such as 16S
rRNA) as well as functional genes (i.e., involved in physiological
processes) can be represented in the dataset, including bacteria,
archaea, eukaryotes, and viruses (Quince et al, 2017). One
advantage of shotgun metagenomics is the possibility to create
biodiversity and functional profiles simultaneously from the very
same environmental sample, which can be a valuable tool to detect
intercorrelations between the presence of Hg-cycling genes and
abundance of potential methylators, as well as other functional
genes potentially involved in the Hg methylation process
(Rodriguez et al, 2022). Another advantage is the recovery of
metagenome-assembled genomes (MAGs), which can provide
taxonomic and functional information on specific taxa (down to
strain-level diversity) potentially involved in Hg methylation
(Bowers et al., 2017; Gionfriddo et al., 2019; McDaniel et al,,
2020; Peterson et al., 2020; Lin et al., 2021; Capo et al., 2022). On
the other hand, some drawback must be also pointed out, such as
the lower sequencing depth compared to specific targeted
approaches, where the latter can direct the totality of the
sequencing effort towards detecting marker genes such as 16S
rRNA or hgcAB. In addition, although this technique can offer
valuable insights about the functional potential of microbial
communities (i.e., presence of genes involved in different
metabolic pathways), it does not reflect the actual metabolic
activity, as genes need to be transcribed to carry out their
biological functions. Other meta-omic techniques are employed to
address these aspects, such as metatranscriptomics or
metaproteomics (Yap et al., 2022). Overall, shotgun
metagenomics represents a cost-time-effective approach to obtain
an integral picture of complex microbial communities where
detailed resolution is not required.

Metatranscriptomics refers to the non-targeted sequencing of
the mRNA pool from biological samples, which offers a higher level
of functional resolution as compared to shotgun metagenomics.
Multiple studies on Hg methylation have used this approach,
particularly to determine levels of hgcAB gene expression and
thus estimate Hg methylation activity (Vishnivetskaya, 2018;
Christensen et al.,, 2019; Lin et al., 2021). However, the
association between these two variables must be taken with
caution, as increases in hgcAB transcripts may be caused by
higher abundance of Hg methylators, and not necessarily by
higher cell-specific hgcAB expression (Lin et al, 2021). In
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addition, the expression of igcAB does not confer the capacity for
Hg methylation on its own, as the cellular uptake of Hg (ie., Hg
bioavailability) is a necessary requirement. In fact, a number of
studies have shown lack of correlation between hgcAB expression
and concentration of MeHg or Hg methylation rates (Goni-Urriza
et al,, 2015; Bravo et al.,, 2016; Vishnivetskaya, 2018; Christensen
etal., 2019), although demethylation activity must be considered as
a potential confounding factor for the lack of correlation. Despite
these drawbacks, metatranscriptomics is one of the most promising
tools in our repertory to potentially elucidate novel Hg methylation
pathways occurring in oxic waters. In addition, the analysis of RNA
is a measure of the active microbial fraction, allowing the distinction
between viable and nonviable cells (Villar et al., 2020; Lin et al.,
2021). DNA-based meta-omics (i.e., metagenetics and
metagenomics) are still significantly more employed in Hg
methylation studies, mainly due to more simplified and cost/time-
effective sample preparation procedures. As new methods are
developed to improve technical aspects of mRNA isolation,
library preparation and sequencing, metatranscriptomics is
becoming an extremely useful approach to disentangle complex
microbial processes in natural environments.

Considering the advantages and disadvantages of the above-
discussed sequencing-based meta-omic techniques, an increasingly
popular approach is the combination of metagenomics and
metatranscriptomics (multi-omics) to obtain a more
comprehensive overview of natural microbial communities (Lin
et al,, 2021). This approach can facilitate the study of how relevant
climate change-related variables (e.g., DOM and temperature) may
affect the interconnections between community structure (ie.,
occurrence of Hg methylators and syntrophs) and functioning
(i.e, Hg methylation activity and overall metabolism). Functional
redundancy is a typical property of natural prokaryotic
communities that confers high levels of resistance and resilience
under environmental disturbance, which can lead to the decoupling
of community composition, functional potential, and the actual
metabolic activity (Allison and Martiny, 2008; Bissett et al., 2013;
Rodriguez et al., 2022). In this context, multi-omics offers an
excellent tool for incubation experiments aiming the study of how
the metabolic potential to perform Hg methylation and, more
importantly, the actual ability to methylate Hg, may be affected
under climate change scenarios.

Need for standardized methods and
current challenges

A common issue frequently reported is the lack of
standardization among different Hg methylation studies
employing meta-omic approaches, which may lead to rather
disparate results even from samples from the same sampling
areas (Capo et al,, 2022; Yap et al, 2022). Previous studies have
addressed the standardization of analytical methods related to Hg
and MeHg concentration and characterization (Creswell et al,
2013; Wen et al., 2017). This review will briefly address potential
ways to standardize the analysis of microbial communities, from
sample collection to bioinformatic data processing.
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Meta-omic studies on aquatic environments usually begin with
the collection of water, which is commonly carried out by filtration
methods where the cellular fraction is captured onto a fine-pored
matrix such as membrane filters (e.g., Lin et al., 2021; Rodriguez
et al,, 2022). The preservation of the matrix is a crucial step to
maintain the integrity of the DNA and, especially, the RNA
molecules. Inadequate preservation methods can easily result in
loss of genetic material and hence can reduce the accuracy and
resolution of the sequencing techniques. In addition, the
degradation rate of DNA/RNA molecules can be related to their
molecular size and nucleotide composition, which can vary among
different taxonomic groups (Mitchell and Takacs-Vesbach, 2008;
Kumar et al, 2020; Pavlovska et al., 2021). Therefore, deficient
preservation can lead to dissimilar degradation of different DNA/
RNA species, resulting in an artificial selection towards certain
taxonomic groups over others, and potential loss of low-abundant
members of the communities. Similar to hgcAB* Hg methylators,
other potential methylators using different pathways in oxic waters
may be rare members of the communities and, therefore, a proper
sample preservation is required to ensure detection and sufficient
representation for subsequent analyses. Although preservation
buffers have been frequently used (e.g., DNA/RNA Shield™ and
RNAlater®), the most prevalent method in meta-omic studies is the
use of deep freezing, which is usually achieved by liquid nitrogen
(Anchordoquy and Molina, 2007; Pavlovska et al., 2021). The use of
pre-fixative solutions can also improve the preservation of the
original DNA/RNA pool, particularly when the filtration process
takes prolonged periods of times (i.e., up to hours). In these cases,
microbial communities may experience changes in community
composition and gene expression while enclosed in collection
bottles, which can be partially prevented by the addition of
fixative alcoholic solutions (such as phenol-ethanol solution) to
stop all biological activity while maintaining the original taxonomic
and functional composition (Charvet et al., 2019; Rodriguez et al.,
2022). Furthermore, the processing of samples immediately after
collection is an emerging approach promoted by the development
of the portable sequencers MinION (Oxford Nanopore
Technologies), which eliminates the need for preservation and
thus ensures a greater integrity of DNA and RNA molecules
(Tyler et al., 2018; Runtuwene et al., 2019).

The detection of Hg methylators using hgcAB primers is also a
controversial aspect widely discussed in Hg methylation studies
(Capo et al., 2020a; Gionfriddo et al., 2020; McDaniel et al., 2020).
The characterization of hgcAB genes can be biased by primer design,
sequence length, or by the use of different classification methods.
Since the first characterization of the hgcAB gene pair by Parks et al.,
2013, a number of hgcAB variants have been described for different
Hg methylators (Jones et al., 2019; Villar et al., 2020; Capo et al,,
2022). While the design of hgcAB primers in early studies was based
on the limited knowledge of a reduced number of Hg methylators
(Liu et al,, 2014; Bae et al, 2014; Schaefer et al.,, 2014), newly
developed primers increasingly capture a wider diversity
(Christensen et al., 2019; Bravo and Cosio, 2019; Jones et al., 2019
Gionfriddo et al., 2020). More efficient primers may help to detect
Hg methylators in oxic pelagic environments, where hgcAB genes
are scarce and sequencing depths can be insufficient for the
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detection of low-abundant genes. On the other hand, due to the
lack of knowledge of the genetic bases and species involved, the
study of alternative Hg methylation pathways potentially occurring
under oxic conditions will require the design of more universal 16S
rRNA primers to cover a wider range of prokaryotic diversity, as
well as the use of non-targeted metagenomic approaches (such as
MAGs by shotgun metagenomics) for a comprehensive functional
characterization of specific taxa potentially involved.

Bioinformatic analysis of sequencing data is another aspect with
little consensus among the literature. The existence of multiple
bioinformatic pipelines to analyse metagenomic and
metranscriptomic data has been shown to cause contrasting
results (Cho, 2021; Yap et al., 2022). Bioinformatic analyses
typically include a series of steps such as cleaning, assembly, read
mapping, gene prediction, gene identification, and gene counting.
However, within every step, multiple bioinformatic programs have
been developed over the years (Pérez-Cobas et al,, 2020). In
particular, the use of common, standardized reference databases
(either for taxonomic identification or for hgcAB genes) has been
reiterated in the literature as an important step to facilitate
comparisons across different studies (Gallorini and Loizeau, 2021;
Capo et al,, 2022; Wang et al,, 2022). Normalization of gene counts
is another key aspect to determine the prevalence of different
members of the microbial communities, as well as to allow
comparative analyses with similar studies. For instance, in meta-
omic studies considering hgcAB genes, number of mapped reads
and expression levels of housekeeping genes (such as rpoB, gyrB,
and recA) are frequently used to normalize hgcAB read counts
(Tada et al., 2020; Vigneron et al., 2021; Lin et al., 2021; Capo et al,,
2022). Rarefaction to a common library size and normalization to
gene length and metatranscriptomic sequencing depth are also
normalization approaches frequently used in microbial
community studies (Rodriguez et al., 2018; Perez-Cobas et al,
2020). Considering that different normalization approaches can
cope with different analytical biases, it is recommended to employ
several normalization methods when reporting meta-omic data,
which may facilitate data interpretation and inter-
study comparisons.

Summary and concluding remarks

The study of Hg methylation in the water column under oxic
conditions is still in its infancy. The formation of MeHg in pelagic
areas where no anaerobic methylators are detected poses an
apparent paradox that may be explained by different processes: 1)
Abiotic Hg methylation; 2) Biotic MeHg production within anoxic
micro-environments; 3) Biotic MeHg production under oxic
conditions through metabolic pathways involving hgcAB genes or
4) independent of hgcAB genes. Anoxic microenvironments within
settling particles have been frequently postulated as the main source
of MeHg in the oxic water column, but recent studies suggest that
Hg methylation can take place in fully oxygenated waters where
anoxic microenvironments are not present. Given the current
controversy, more studies on Hg methylation under truly oxic
conditions are required to clarify whether Hg methylation is also
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performed through metabolic pathways different to the reductive
acetyl-CoA pathway involving hgcAB genes.

Boreal aquatic ecosystems are predicted to be impacted by
global warming through increases in temperatures and DOM
concentration in the water column. In particular, DOM is known
to affect Hg methylation at different levels: 1) Through chemical
interactions affecting Hg"? speciation and providing methyl groups;
2) Enhancing microbial metabolism; 3) Promoting changes in the
bacterial cell membrane which affect Hg uptake. These aspects have
been poorly studied in boreal aquatic systems under oxic
conditions, and, therefore, comprehensive studies including the
main biochemical factors involved are required to predict
potential ecosystem effects under climate change scenarios.

Meta-omic approaches represent promising tools to accomplish
this task. A combination of metagenetics, metagenomics, and
metatranscriptomics is advised to simultaneously study
taxonomic and functional aspects of Hg methylation, which is
particularly valuable in the study of unknown pathways not
involving hgcAB genes. Due to the wide variety of techniques for
sample processing, DNA/RNA sequencing, and data analysis,
standardization of meta-omic approaches may improve data
interpretation and inter-study comparisons. In addition, an
integration of field measurements and incubation experiments is
recommended to improve our experimental models when studying
how Hg methylation works in natural aquatic environments under
oxic conditions, and particularly under climate change-
induced conditions.
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