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Abstract

Mercury (Hg) is a natural and widespread trace metal, but is considered a priority pollutant, particularly its
organic form methylmercury (MMHg), because of human’s exposure to MMHg through fish consumption.
Pioneering studies showed the methylation of divalent Hg (Hg") to MMHg to occur under oxygen-limited condi-
tions and to depend on the activity of anaerobic microorganisms. Recent studies identified the hgcAB gene cluster
in microorganisms with the capacity to methylate Hg" and unveiled a much wider range of species and environ-
mental conditions producing MMHg than previously expected. Here, we review the recent knowledge and
approaches used to understand Hg"-methylation, microbial biodiversity and activity involved in these processes,
and we highlight the current limits for predicting MMHg concentrations in the environment. The available data
unveil the fact that Hg" methylation is a bio-physico-chemical conundrum in which the efficiency of biological
Hg" methylation appears to depend chiefly on Hg" and nutrients availability, the abundance of electron acceptors
such as sulfate or iron, the abundance and composition of organic matter as well as the activity and structure of
the microbial community. An increased knowledge of the relationship between microbial community composi-
tion, physico-chemical conditions, MMHg production, and demethylation is necessary to predict variability in

MMHg concentrations across environments.

The mercury problem

Mercury (Hg) is a natural and ubiquitous trace metal in the
environment that might damage the central nervous system and
causes tremors, distorted speech, kidney effects, respiratory fail-
ure, dizziness, blurred vision, hallucinations, and even death in
severely exposed people (Clarkson and Magos 2006). This pollut-
ant is naturally emitted during episodic events such as volcanic
eruptions or ubiquitous weathering of Hg-containing rocks in the
Earth’s crust and geothermal activity. Among anthropogenic Hg
sources, artisanal and small-scale gold mining, coal combustion,
production of nonferrous metals, cement production, and dis-
posal of wastes containing Hg are of special concern (UNEP 2013).
Hg is unique among transition metals due to its high volatility as
gaseous elemental Hg (Hg), with a residence time in the atmo-
sphere of about 6-12 months, allowing for long-range transport
of Hg. Although both Hg® and inorganic divalent Hg (Hg") are
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released from many sources through a variety of natural and
anthropogenic processes, the reported rise in Hg levels in the bio-
sphere, and in terrestrial and marine systems is a consequence of
anthropogenic emissions (Amos et al. 2013; Lamborg et al. 2014;
Kocman et al. 2017). In contrast to Hg” and Hg", direct anthropo-
genic sources of organic Hg, mono-methylmercury (MMHg,
i.e., CH3Hg") or dymethylmercury (DMHg, i.e., [CH3],Hg) are
scarce.

The chemical behaviors of the different chemical forms of Hg
(i.e., Hg®, Hg", CH3Hg' and (CH3),Hg) play critical roles in the bio-
geochemical cycling of Hg. Hg® allows for long-range transport
(Jackson 1997; Pirrone et al. 2009), HgII is the dominant reservoir
for Hg in soils and aquatic systems (Fleck et al. 2015; EkIof et al.
2018), and MMHg is bioconcentrated and biomagnified in
aquatic food webs, reaching up to 80-100% of the total-Hg (THg)
measured in fish muscle (Bloom 1992; Mason et al. 2012; Bravo
etal. 2014). As a consequence, MMHg exposure through fish con-
sumption is of special concern for human health. A recent study
performed in 175 countries, showed that 38% of studied
populations (mainly insular and developing nations) were
exposed to doses of MMHg above governmental thresholds
(Lavoie et al. 2018). Indeed, concentration of Hg in fish is known
to repeatedly overpass environmental quality guidelines even in
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absence of local sources (Depew et al. 2013; Akerblom et al. 2014;
Eagles-Smith et al. 2016).

Comprehensive evaluations of the chemical and physical
processes that govern Hg distribution and fate among the
major environmental compartments can be found in the liter-
ature (Chételat et al. 2015; Sundseth et al. 2015; Kim et al.
2016; Bjorklund et al. 2017; Dranguet et al. 2017; Paranjape
and Hall 2017; Klapstein and Driscoll 2018). Briefly, in the
water column Hg" can (1) be reduced to Hg and reemitted
back to the atmosphere, (2) methylated to the organic form
MMHg, or (3) bind to organic matter (OM) as well as inorganic
particles and directly deposit to bottom sediments. MMHg
formed in aquatic ecosystems can also deposit to sediments,
be methylated and/or form DMHg. Part of DMHg might be re-
emitted to the atmosphere or again degraded to MMHg, which
can also be biotically (Barkay et al. 2003) or abiotically
demethylated (Fernandez-Gomez et al. 2013). Although some
of the MMHg found in aquatic systems might come from the
degradation of DMHg to MMHg, i.e., in oceans (Mason et al.
2012), several studies concluded that most of the MMHg mea-
sured in ecosystems was formed in situ or in the surrounding
catchment (e.g., soils, wetlands, etc.) and subsequently trans-
ported into rivers, lakes (Louis et al. 1996; EKIof et al. 2012;
Bravo et al. 2017), and oceans (Schartup et al. 2015). Abiotic
methylation of Hg" is possible if suitable methyl donors are
present (Celo et al. 2006; Munson et al. 2018). Nevertheless,
recent studies have shown that biological Hg" methylation is
in most environments performed by a variety of microorgan-
isms, carrying the hgcA and hgcB gene cluster (Gilmour et al.
2013, 2018; Parks et al. 2013; Yu et al. 2018). An increasing
number of recent studies detailed below have intended to
evaluate the biotic Hg" methylation by studying the biodiver-
sity and activity of hgcAB+ microorganisms (Gionfriddo et al.
2016; Bravo et al. 2018b,a; Bowman et al. 2019; Jones et al.
2019; Villar et al. 2019). Nevertheless, it is established that
net MMHg production also depends on other concomitant
processes, including (1) the composition and activity of the
whole microbial community that in turn modulate the activ-
ity of hgcAB+ microorganisms (Bravo et al. 2018a), (2) phys-
ico-chemistry that controls Hg" bioavailability (Schaefer and
Morel 2009; Jonsson et al. 2012; Chiasson-Gould et al. 2014),
and uptake in microorganisms (Schaefer et al. 2011), and
(3) biotic and abiotic MMHg demethylation (Du et al. 2019).

Recent reviews critically summarized Hg" uptake and MMHg
efflux in methylating anaerobes, methods and equations to ana-
lyze Hg methylation rates (Regnell and Watras 2019) as well as
chemotrophic and biotic Hg methylation and demethylation pro-
cesses by anaerobes and phototrophs (Grégoire and Poulain 2018;
Du et al. 2019). In this review, we aim to summarize the main
findings on mechanisms responsible for the formation of MMHg,
focusing in detail on the new knowledge recently gained on
microorganisms involved in MMHg formation. We also aim to
highlight pitfalls and limitations impeding the progress in the
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current understanding, and we propose a road map to overcome
these limitations. Indeed, to improve our ability to predict MMHg
generation in the environment, a current research priority is to
better understand the distribution of methylating populations in
the context of the physico-chemical constraints known to affect
MMHg production.

Methylmercury formation is widespread in the
environment

Recent advances in the methodology to (1) determine in situ
Hg" methylation (Jonsson et al. 2014) and (2) identify the organ-
isms involved in this process (Parks et al. 2013; Christensen et al.
2016) have revealed that MMHg can be formed in a wider range
of environments than previously identified. Indeed, 30 yr ago,
first studies showed that Hg" methylation in aquatic systems
occurred mainly in sediments and under anaerobic conditions
(Compeau and Bartha 1984; Korthals and Winfrey 1987; Pak and
Bartha 1998). In general, sediments and sinking particles are a
complex matrix of solid phases including clays, quartz, metal
oxides (FeOOH, MnO,, AlO3) carbonates, sulfides and a number
of other minerals and OM. They provide various microenviron-
ments and habitats to organism populations notably bacteria,
archaea, algae, diverse invertebrates, and so forth. To date, biologi-
cal Hg"-methylation is known to be mediated by species carrying
the hgcAB gene cluster (Parks et al. 2013). Because all the identified
microorganisms with Hg'"-methylating capacity were anaerobes,
it was assumed for a long time that MMHg formation was occur-
ring in strictly anoxic environments, i.e., sediments. Nonetheless,
several studies revealed that Hg'-methylation can occur in oxy-
gen deficient zones of water column (Eckley et al. 2005; Malcolm
et al. 2010), sediments (Drott et al. 2008; Hines et al. 2012;
Bouchet et al. 2013; Jonsson et al. 2014; Bravo et al. 2015; Liem-
Nguyen et al. 2016) flooded soils, e.g., wetlands (Louis et al. 1996;
Tjerngren et al. 2012; Windham-Myers et al. 2014) and ponds
(Lehnherr et al. 2012; MacMillan et al. 2015; Herrero Ortega et al.
2018). In recent years, Hg"-methylation processes were in addi-
tion observed in microenvironments such as periphyton, growing
on macrophytes (Cleckner et al. 1999; Mauro et al. 2002;
Guimaraes et al. 2006; Acha et al. 2011; Hamelin et al. 2011;
Bouchet et al. 2018) and settling particles of oxic water columns,
including pelagic ocean waters (Monperrus et al. 2007; Cossa et al.
2009; Sunderland et al. 2009;Lehnherr et al. 2011 ; Gascén Diez
et al. 2016). Initially, MMHg formation in oxic waters was consid-
ered negligible due to high redox and low concentrations of bacte-
ria and nutrients, but studies demonstrated that about 20-40% of
the MMHg measured below the surface mixed layer originates
from the surface and enters deeper ocean waters (Blum et al.
2013). Similarly, a query of more than 3500 publicly available
microbial metagenomes performed by Podar et al. (2015) unveiled
the presence of hgcAB-like genes in sediments and in previously
unsuspected environments, including invertebrate digestive
tracts, thawing permafrost soils, coastal “dead zones,” soils and
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extreme environments. Moreover, a recent study assessing
243 metagenomes from the Tara Oceans expedition reported
high abundances of hgcAB genes in 77 samples across all oceans
(Villar et al. 2019). The progress in genetics (Gilmour et al. 2013;
Parks et al. 2013; Podar et al. 2015; Bravo et al. 2018b,a; Liu et al.
2018b; Jones et al. 2019) combined with recent advances in the
use of stable isotopes to determine Hg" methylation rate con-
stants in sediments (Monperrus et al. 2007; Jonsson et al. 2012;
Bravo et al. 2014, 2015), lakes (Eckley and Hintelmann 2006),
water columns and oceans (Munson et al. 2018) as well as in sink-
ing particles of marine and lake waters (Lehnherr et al. 2011; Gas-
con Diez et al. 2016) have demonstrated that the potential for
MMHg formation in the environment is widespread across
ecosystems.

Toward a better understanding of microbial
methylmercury formation

The discovery of hgcAB

Fifty years ago, a decade after the first observation of the
Minamata disease in Japan, pioneering research pointed to surface
sediments, and bacteria activity as responsible of Hg"-methylation
(Jensen and Jernel6v 1969). One of the first studies targeting MMHg
and bacteria, evaluated the Hg"-methylation capacity of Pseudono-
nas fluorescens, Mycobaeterium phlei, Escherichia coli, Aerobacter
aerogenes, and Bacillus megaterium over a 7-day period in pure cul-
tures (Vonk and Sijpesteijn 1973). In the presence of sublethal
amounts of HgCl,, tested bacteria produced 49 to 169 ng L~' d~! of
MMHg in aerobic conditions (Vonk and Sijpesteijn 1973). Another
decade later, sulfate-reducing bacteria (SRB) were eventually identi-
fied as major Hg"-methylator in saltmarsh through inhibition of
their activity with sodium molybdate and isolation of Desulfovibrio
desulfuricans from sediments (Compeau and Bartha 1985).

The relationship between bacterial sulfate reduction and Hg"-
methylation was studied adding Hg" to anoxic sediment slurries
or lake water overlying intact sediment cores collected in Quabbin
Reservoir, MA (Gilmour et al. 1992). Comparable profiles of sul-
fate reduction and Hg"-methylation in sediment cores were
reported, further suggesting that Hg'-methylation was linked to
this specific bacterial metabolism. Almost 20 yr ago, a correlation
between the Hg"-methylation and sulfate reduction rates in sedi-
ment of a saltmarsh was also shown (King et al. 2000, 2001). Sul-
fate reduction was then accepted as the main metabolic pathway
related to Hg"-methylation. In 2006, two studies revealed the role
of iron-reducing bacteria (FeRB) on Hg"-methylation in ferrugi-
nous conditions (Fleming et al. 2006; Kerin et al. 2006). In 2010,
Hamelin et al. further identified methanogens as important Hg'-
methylators in lake periphyton. Two laboratory studies later con-
firmed the efficiency of methanogens in converting Hg" to
MMHg (Yu et al. 2013; Gilmour et al. 2018). By culturing and iso-
lating Hg"-methylating strains or by using inhibitors of known
Hg"-methylators such as molybdate for sulfate-reduction and
BESA for methanogenesis, Hg"-methylation has mainly been
then attributed to the action of SRB (Devereux et al. 1996; Pak and
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Bartha 1998; Hylander 2000; King et al. 2001; Acha et al. 2011,
2012; Yu et al. 2012; Bravo et al. 2016), and in some cases to FeRB
(Fleming et al. 2006; Bravo et al. 2015, 2018b) as well as meth-
anogens (Hamelin et al. 2011; Bravo et al. 2018a).

A recent breakthrough in the understanding of the biological
Hg"-methylation pathway was the identification of a two-gene
cluster, hgcAB -involved in C1 metabolism and the acetyl-CoA
pathway (Qian et al. 2016) required for Hg'"-methylation (Parks
et al. 2013). The gene hgcA encodes a corrinoid protein that is
essential for the biosynthesis of the folate branch of acetyl-CoA
pathway, whereas the gene hgcB encodes a ferredoxin-like protein
thought to be an electron donor to hgcA (Parks et al. 2013). Both
provide methyl groups required for Hg" methylation, although it is
not clear whether MMHg production is a controlled or an acciden-
tal metabolic process (Qian et al. 2016). However, deletion of either
gene eliminated Hg" methylation in Desulfovibrio desulfuricans
ND132 (Parks et al. 2013). By directly measuring Hg" methylation
in several bacterial and archaeal strains encoding hgcAB, Gilmour
et al. (2013) confirmed that Hg"-methylation capability could be
predicted by the presence of hgcAB in the genome. For the first
time, Gilmour et al. (2013) demonstrated Hg'-methylation capabil-
ity in previously completely unsuspected species including syn-
trophic, acetogenic, and fermentative Firmicutes.

In recent years, the biodiversity of hgcAB microorganisms was
actively studied in contrasting environments. First biodiversity
studies using this newly identified gene cluster were based on clas-
sical polymerase chain reaction (PCR) amplification with one pair
of primers targeting hgcA developed based on the couple of avail-
able sequenced genomes of methylating strains at that time
(Table 1), followed by cloning and sequencing (Bae et al. 2014; Liu
et al. 2014; Schaefer et al. 2014; Smith et al. 2015). In soils of the
Florida Everglades, the sequences identified were distributed in
diverse phyla, including Deltaproteobacteria, Chloroflexi, Firmicutes,
and Methanomicrobia; however, hgcA clone libraries from all sites
were dominated by sequences clustering within the order
Syntrophobacterales (Bae et al. 2014) (Table 2). By comparing the
taxonomically identified hgcA sequences with the activity of SRB
(mRNA of dsrB gene), Bae et al. concluded that Syntrophobacterales
largely dominated the Hg" methylating microbial community of
the Florida Everglades (Bae et al. 2014). In the Three Gorges Reser-
voir in China, PCR amplification and sequencing of hgcA gene
resulted in the identification of 5-Proteobacteria, methanogens and
a Clostridia group as putative Hg" methylators in this ecosystem.
Authors reported in addition a positive correlation between the
abundance of hgcA and dsrB genes and MMHg concentrations,
suggesting SRB as the main group responsible for Hg" methylation
in those systems (Luo et al. 2016). In Wanshan Hg mining area of
China, the taxonomically annotated sequences were related to
5-Proteobacteria, Firmicutes, Chloroflexi, and Euryarchaeota (Liu et al.
2014). In temperate and tropical wetland soils, hgcA gene
sequences were attributed to §-Proteobacteria, Chloroflexi, and Meth-
anomicrobia (Schaefer et al. 2014). In nine rice paddy soils sampled
in three mining areas in China, hgcA+ microbes were dominated
by Proteobacteria or Euryarcheaota in six and three sites,

1012



Biotic formation of methylmercury

Bravo and Cosio

Bbupusnbas
ndybnoayy ybiy pue yod
¥Ddb ‘buiuop pue yod
solwousbels

¥710C ‘|e 19 J9jaeyds sy
910 ‘| 39 ussuaislyy sy
VN

610¢ ‘1e 12 nNX
810 '|e 12 eAeys19AIuysIA
6102 [e 19 JejliA

Buiuopd pue ¥ydd voby DIYYMYLDSIDDYIDLDDDDOVIDIND HZ L6 V2bY
DDADLODIDLIDAVYILYIDDD 4192 V26y ¥ 10¢ '|e 19 Jajseyds
mu_Eocwmmuw—Z m_\umr\ VN G10Z ‘e 1° Jepod
¥Ddb ‘Buiuop pue ydd 910¢ ‘|e 32 ussuasuyy sy 810¢ '|e 19 NPN
¥ddb ¥10C '|e 1o aeg sy £10¢C ‘e 19 eN

bupusnbas oigoey gyoby

so1wousbelsw ‘Yodb by 910¢ '|e 19 uasualsuyy sy gg810¢ ‘e 3= ni

LVYVIDLIMLIDDDAHDVIOVYDD 4908 v2by

¥Ddb L6Z voby NV1DDDDIDDADIDVYIDDLD 4515 vaby

Buiuopd pue ¥ydd ¥10¢ ‘|e 39 19)aeyds sy
DONDVIALALLDDIALYDDD ¥lt6 vaby Dg10¢ ‘e 3= N
¥Ddb ‘Buiuop pue ydd SLe voby DDADLDDIDLYAVVALINDD 4979 v2by ¥10¢ ‘e 3s N
¥ddb 910¢ |e 19 uasualsuyy sy 6L0¢C 'l 319 197
solwouabelay VN 910¢ ‘|e 12 oppLyuolD
Buiuop pue Y4dd ‘4ddb ¥10¢ '|e 19 19)9eyds sy /£10¢ '1e3¢ ng
¥ddb 910 ‘|e 19 OAelg sy /102 "[e 19 19nbueig

LIADDS1D8VVYDIDIDLDADL Y80£-¥IPH-eseydie-INYO

DDAVDALLIADVSIONDMAVIAVY
¥Ddb szl eyl Jo yoby 18 L-¥26H-eaRY2IE-INYO
VILYYVYYVIILIAVHDOVOVYYY HO L9-VIDH-W-g4S-INYO
V1VDYVVYMODVIVA1DDIODOADDL

¥ddb /91 S9INDIWLIS 4O yoby PP y-VIOH-WI-gYS-INYO

L1¥DVDOVYIIVIEDIDONDIDSID U/8Z-V2DH-e32a-INYO

¥odb 01 qYS Jo yoby DMLISYDLNDVYIVLIOVYIID 418 L-¥20H-e13a-TNYO

VOULYIDLAYIUDIINDDEYD U86 L L-1Un-gy2bH-INYO 810Z ‘910T "[e 1@

¥od 0c0L 01818 §2by-yoby DOADDNIDADLODIDLDAVY 489Z-1Un-gy¥>bH-TINYO uasuaisLyd

DIYYMYLDSIDDYIDLDDDDDOVIDIND HZ L6 V2bY
¥ddb 0s9 vaby DDADLODINLIAVVALINDD 4297 v2by 910¢ '|e 19 oAelg

bupusnbas
ndybnoayy ybiy pue Yydd ¥ 10¢ '|e 39 19)9eyds sy dg810¢ ‘|e 19 oAelg
bupusnbas

indybnoayy ybiy pue ydd ¥10¢ ‘|e 39 I9)aeyds sy DQ10C ‘|e 19 oAelg
mu_Eocwmmuw—Z VN 610¢ ‘|e 1o uewumog

VDULVYADLAYIYDINDOAYD 48611 926y
Buiuopd pue ¥ydd S¥6 01 888 goby-yoby DDADLODINLY AVWALINDD 4892 V26y ¥ 10¢ 'le 1o seg
SPOYIR A (dq) azis uodidwy 19bue)] /€ <-,G s2dudanbas Jowg S9DUIRJIY

*UaAID e spoyiaw pasn

pue ‘s3abuey ‘sazis uodijdwe ‘pasn siswild Jo uonisod pue seduanbag “sejduwies [eusWIUOIIAUG Ul uonedyUENb pue AJISISAIP YobY Uo salpnis Payslignd * | djqel

1013



Biotic formation of methylmercury

Bravo and Cosio

610¢ NL %9310
NERENIENIEINIT)) D1I2)2Dq02304dD}AQ 258°91-0/2°SL SpUIH pue Dd43 solwoaoidels|y
sueado
610C '|e 12 Je||IA Sa|pUOLIGIAOYNSaJ apbuidsoniN oL LSS0ES‘LLL sbojejed suab eie)
610C L
‘[e 19 UasuISUYD D1I2)2Dq02304dD}AQ Z01-18¢€ sa1Is b3
6102 "[e 19 sauo| DLR)ILGO210idDI2Q Va4 €26'588 savje| papeduwi-ajeyng
gg10Z ‘e 1@ N 13120q0an -dds pjnbasoupyropy ¥8¥°019°L06 sjios Apped 201y
910C aulq pue
‘[e 19 oppLjuoIN apbuidsoniN 921-8365 dNdIRIUY
juspuadsp
S10Z ‘[e 13 Jepod JusWedWOod [PIUSWIUOIIAUY 000°000°€Z8 |leqo|n solwouabes|n
(220g02D)
610Z e 13 nY paynuspIun pL21IDGo0IdYQ €/S L1S'LST'L 5105 15210} [e310g
pgLOT ‘e 3° N sjios Apped o1y
(220g029H)
gg10Z '|e 12 onelg paynRuapiun DLI2)2Dq02304dD}Pq 96§ 068’L¥Z eASURD e Bupusnbas
D80T ‘|e 12 onelg paynuapiun D1I2)2Dq02304dD}Pq a4 r9's/ saje| |ealog indybnouyy ybiy pue Ydod
paynuapiun
DIGODILIOUDYIIN
610 °|e 1 sauo| aDAIDI2IIDGOIT) v/1L 00 save| payoedwi-aie)ng
81L0¢
‘|e 19 eARYSISAIUYSIA paynuapiun i S sjios Apped 2o1y
saLN|s
810¢ ‘12 13 NPN paynuapiun paynusplun JusWIPas pue Alojeloqer]
pj0aDY2ILAINT
bgLoc ‘e N bL212bqo2]0.d o6l 0081 ~ sjios Apped ao1y
£10C '1e @ nd paynusplun paynusplun LSl LSL Jjonuasal s96106 22y
¥10¢ '|e 19 Jajoeyds 103190qoaD piqonjwoubyoN oY 801 spuespn
102 ‘e 12 2eg $3|p12300qg0YdoUAS DLI2)2Dq02304dD}Aq 891 0ze sape|biaA] epuol4 Buiuop pue ¥yod
DUDIDY elRdRqo04dRY R dnoub jueuiwoq SNL1O jo speau JUDWIUOUIIAUD paIpNIS POYIdIN
jueuiwoq JRquinN /3>uanbas
Jo s13quinN

‘sajdwies [eUBWILOIIAUR Ul A)ISIBAIPOI] DY Uo salpns paysiignd JO SBW02IN0 pue SJIsLddeIRYD Ul *Z d]qel

1014



Bravo and Cosio

respectively. Only nine of the 190 operational taxonomic unit
(OTUs) found in these rice paddy soils were common to all sites
(Liuetal. 2018a).

Based on a higher number of sequenced microbial genomes
now available, Christensen et al. (2016) developed a broad range
hgcAB primer pair that improved the coverage of prior developed
primers by 10% (Bae et al. 2014; Schaefer et al. 2014), and several
clade-specific PCR primers to improve amplification of the vari-
ous members of the Hg"-methylating community (Christensen
et al. 2016) (Table 1). In sediments, these clade-specific primers
were useful to detect Hg"-methylating &-Proteobacteria and
Archaea but failed to detect Hg"-methylating Firmicutes
(Christensen et al. 2017).

Recent studies based on hgcAB biodiversity analyzed both
hgcA (using one single pair of primers, Table 1) and 16S rRNA
genes by high-throughput illumina sequencing techniques, all-
owing a deeper sequencing than cloning-sequencing and hence
resulting in a higher number of OTUs. Results evidenced that
microbial Hg"-methylating community was composed of mem-
bers of various clades, including SRB, FeRB, methanogens and
syntrophs in temperate and boreal lake sediments (Bravo et al.
2018a) as well as in boreal forest soils (Xu et al. 2019). In boreal
lakes, besides the identification of Hg"-methylating meth-
anogens and Geobacteraceae, authors further showed thanks to
inhibition of sulfate reduction with molybdate that only 40% of
MMHg was dependent on SRB (Bravo et al. 2018a). Another
study performed in sediments impacted by a sewage treatment
plant showed that Hg" methylating Geobacteraceae seemed to
have an important role in Hg" methylation in sediments show-
ing ferruginous conditions (Bravo et al. 2018b). Importantly,
those studies suggested that the differences in the distributions
of Hg" methylating taxa among the different sites might derive
primarily from different species of the same family having dif-
ferent niche requirements (Bravo et al. 2018a). In particular, the
high relative abundance of phytoplankton-derived OM and the
presence of specific strains of non-Hg"-methylating bacteria
involved in OM decomposition (e.g., Rhizobiales, Fibrobacterales,
Holophalages, etc.) seems to be essential in creating a niche that
promotes Hg" methylation (Bravo et al. 2018a; Lei et al. 2019).
Another study conducted in sulfate-impacted lakes combined
cloning-sequencing of hgcA with metagenomics targeting hgcA
gene and genes involved in other metabolic functions (Jones
et al. 2019). This approach yielded after in silico assembly of
reads with overlapping sequences in a relatively low number of
contigs (27), but revealed a high occurrence of hgcA genes
together with genes involved in sulfate-reduction and fermenta-
tion, but also that some abundant hgcA+ microbes were
related to uncultivated microbes, such as Aminicenantes, Kir-
itimatiellaeota, Spirochaetes, as well as completely unidentified
microbes. Data showed that potential methylators from
uncultivated organisms occurred more abundantly than previ-
ously anticipated in these overlooked clades and that they can
dominate the methylating community in certain circumstances
(Jones et al. 2019).

Biotic formation of methylmercury

A recent study conducted in rice paddy soils combining meta-
genomics illumina sequencing and long-read PacBio sequencing,
which allows overcoming the inherent risk of short-reads chime-
ric assembly, revealed the dominance of Geobacter spp. for bacte-
ria and Methanoregula spp. for Archaea (Liu et al. 2018b). These
authors hypothesize a syntrophic interaction between both spe-
cies and in addition reported a significant correlation between
Geobacter hgcA+ DNA relative abundance and MMHg concentra-
tion in soils (Liu et al. 2018b), supporting an important role of
this genus for MMHg production in iron-rich paddy soils. A
recent study in sediments collected in eutrophic lakes showing
cyanobacteria blooms in China also reported a correlation
between Archae hgcA+ DNA relative abundance and MMHg con-
centration (Lei et al. 2019). However, several studies that tried to
correlate the level of expression of hgcA mRNA with Hg" methyl-
ation rates (Goiii-Urriza et al. 2015; Bravo et al. 2016; Christensen
et al. 2019) were mostly unsuccessful. For example, in pure cul-
tures of Desulfovibrio dechloroacetivorans BerOcl, the level of
expression of hgcA was not correlated with Hg" methylation rates
(Gofii-Urriza et al. 2015). Similarity, in sediments collected in a
river impacted by effluents from a chlor-alkali plant, data
suggested that physico-chemistry varied significantly among res-
ervoirs, while functional gene activities, including hgcA, were
very similar and did not correlate with MMHg concentrations
(Bravo et al. 2016). In contrast, in Hg-contaminated paddy soils,
the hgcAB copy number increased with both increasing THg and
MMHg concentrations (Vishnivetskaya et al. 2018).

Despite the differences in primer pairs used in the studies
mentioned earlier (Table 1), until now, data globally suggested
that in hgcA* §-Proteobacteria communities are abundant in sur-
face sediments, but in some sites #gcA™ methanogens and other
hgcA* uncultivated groups are prevalent (Christensen et al. 2017,
2019; Vishnivetskaya et al. 2018; Bravo et al. 20184; Jones et al.
2019). Among §-Proteobacteria, syntrophs and Geobacter spp.
appear more prevalent in hgcA* community than previously
expected. Moreover, other groups of hgcA™ microbes seem to be
of high importance for Hg"-methylating species, certainly by
providing some kind of dependence or mutualistic relationship
in sediments (Bravo et al. 20184; Liu et al. 2018b). For example,
syntrophs have been shown to modulate Hg" methylation of
hgcA strains in controlled exposures (Yu et al. 2018). Syntrophy
between methanogens or propionate utilizing syntrophs and
SRB is hypothesized to enhance methylation in environments
devoid of sulfate or where the type and concentration of energy
sources are limiting.

Studies listed above focused in freshwaters and therefore the
microorganisms processing Hg'" to MMHg in the ocean are still
barely described. Podar et al. (2015) showed that hgcAB appeared
to be abundant in marine sediments but they rarely found it in
pelagic marine water column, as from 138 metagenome samples
analyzed, only seven showed evidence of hgcAB. A recent analysis
of 243 seawater metagenome samples from 68 different sites of
the Tara Oceans revealed high abundances of hgcAB corres-
ponding to taxonomic relatives of known Hg" methylators from
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Deltaproteobacteria, Firmicutes, and Chloroflexi across all oceans,
with the exception of the Arctic that was not studied (Villar et al.
2019). More recently, Bowman et al. (2019), combining PCR
amplification and shotgun metagenomics, searched the hgcAB
gene cluster in Arctic Ocean seawater without success. Out of all
the hgcA-like genes found in the queries of marine metagenomes,
the Nitrospina phylum, a marine nitrite oxidizing bacteria abun-
dant in oxygen-deficient zones, appeared to be widespread, pre-
dominant and likely a key player for MMHg production in the
oxic subsurface waters of the global ocean (Villar et al. 2019),
including the Arctic (Bowman et al. 2019) as well as Antarctic sea
ice-brine-sea water interfaces (Gionfriddo et al. 2016). However,
despite metagenomic evidence for the abundance of Nitrospina
in the global ocean, the few cultured strains harboring a fused
hgcAB-like gene (Methanococcoides methylutens and Pyrococcus fur-
iosus) were unable to produce MMHg in experimental conditions
(Podar et al. 2015; Gilmour et al. 2018). Moreover, there is yet no
experimental or observational report on the expression of hgcAB-
like genes in Nitrospina bacteria. As such, an experimental evi-
dence of the Hg" methylating capacity in Nitrospina is awaited to
confirm their role as important Hg" methylators in the global
ocean. As MMHg has been detected in the water column of every
ocean basin, except for the Indian Ocean (Bowman et al. 2019), it
is crucial to unveil the role of the microorganisms involved in
both MMHg and degradation in seawaters.

These results and observations reveal the diversity of Hg'-
methylating microbial communities’ structure across ecosystems
and point for the need of a thorough investigation of their func-
tioning. Notably further work is necessary to better understand
the contribution of overlooked microbial groups in Hg" methyla-
tion, highlighted by the high proportion of unidentified OTUs
found in recent studies concerning hgcAB biodiversity (Table 2).
However, it would be useful to agree on a standardized protocol
to conduct hgcAB biodiversity studies and have an hgcAB open-
access library, as published studies are currently difficult to
directly compare due to differences in methods, including primer
pairs, alignment algorithms used and depth of sequencing.

Hg" methylators are part of a complex microbial
community

As described in the previous sections, current knowledge
established that MMHg net production was linked to biotic and
abiotic variables. Microorganisms behave differently from one
system to another due to interactions with the physico-chemical
variables but also with other organisms of their (micro)environ-
ment (Andersson et al. 2014; Bravo et al. 2018a). Studies with
one strain can only describe the metabolism of this strain in a
batch (Andersson et al. 2014), which is useful for a mechanistic
understanding of its potential metabolism. However, it cannot
be straightforwardly applied for environmental predictions
because its metabolism is likely modified by the activity of other
microbial groups and the ambient physico-chemistry. In this
sense, one of the most insightful discoveries is the syntrophic
Hg" methylation recently described in both laboratory (Kerin

Biotic formation of methylmercury

et al. 2006; Ranchou-Peyruse et al. 2009) and field studies
(Yuetal. 2018). Syntrophy is just a “proof of concept” illustrating
the complexity of microbial communities carrying out Hg"
methylation. It is also important to consider that within a micro-
bial community, besides Hg", some bacteria carrying out the
merB gene or other genes yet to be discovered, might demethylate
MMHg (Barkay et al. 2003).

Electron donors are also essential for Hg" methylation. Dif-
ferent microbial clades are involved in the anaerobic oxidation
of OM from complex organic compounds generally that goes
through several steps and processes (Gilmour et al. 2013; Bae
et al. 2014). For example, an initial hydrolysis of large organic
substances is followed by a fermentation of intermediates into
smaller organic molecules, such as lactate, propionate, buty-
rate, acetate, and formate, as well as CO, and H,. These fer-
mentation products might then be used as electron donors for
Geobacterales, Desulfovibrionales, and Syntrophobacterales known
to host Hg" methylators. Hg" methylators thus likely rely on
other microorganisms involved in the degradation of large
organic compounds. Furthermore, it was also demonstrated
that the specific metabolism of one strain may provoke a new
metabolism (unknown) in another strain; this is called the
Quorum sensing (Lovley and Chapelle 1995). It is therefore
very important to better tackle the complexity of microbial
communities and describe the compendium of metabolic pro-
cesses that can affect directly or indirectly Hg" methylation.

Physico-chemistry plays a pivotal role in Hg"
methylation

Besides the presence and diversity of Hg" methylating
microbes, Hg" methylation depends on the amount of Hg" bio-
available for methylation (Schaefer et al. 2011; Jonsson et al.
2014), which is determined by chemical speciation of Hg", solu-
bility of the Hg-S particles (Hsu-Kim et al. 2013; Liem-Nguyen
et al. 2017) as well as the availability of electron donors and
acceptors for Hg" methylating microorganisms (Desrochers et al.
2015). Hg" methylation is a bio-physico-chemical conundrum
because both the amount of Hg"" available for methylation and
the activity of microorganisms involved in the process are deter-
mined by multiple physico-chemical variables such as sulfur
(Skyllberg et al. 2003; Drott et al. 2007), iron (Bravo et al. 2015)
and OM concentration and speciation (Schartup et al. 2013;
Bravo etal. 2017) as well as Eh, pH, nutrient availability, and tem-
perature (Ullrich et al. 2001; Paranjape and Hall 2017) (Fig. 1).

Variables affecting Hg" chemical speciation

Salinity, sulfur, iron, and OM affect Hg" chemical speciation.
Sea salt anions may also affect Hg" speciation and/or methyla-
tion in estuarine and marine environments. In marine waters,
Hg" forms compounds with chlorine (HgCl;~ and HgCL>") to a
greater extent than oxides, that are in turn formed in freshwaters
(Mason and Fitzgerald 1993). A lower Hg" methylating activity in
marine and estuarine sediments than in freshwater sediments
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Fig. 1. Conceptual summary of the biological and chemical interplays affecting Hg" methylation in the environment. Orange boxes and arrows refer to
geochemical variables directly affecting microbial activity and Hg speciation. Purple boxes refer to Hg chemical forms. The red arrow indicates the trans-
formation of Hg" to CH3Hg". Blue refers to a compendium of metabolic processes occurring in the environment, among these processes Hg" methylation

carried out by the hgcAB gene cluster.

has been attributed to the formation of charged chloride but also
sulfide complexes, that undergo a slower methylation processes
than other Hg" forms (Gardfeldt et al. 2003; Jonsson et al. 2012;
Gworek et al. 2016).

In the context of the biological and chemical interplays con-
trolling Hg" methylation, sulfur plays a central role by directly
affecting Hg" speciation and solubility (Jonsson et al. 2012; Gra-
ham et al. 2013; Hsu-Kim et al. 2013; Liem-Nguyen et al. 2017)
and consequently its bioavailability (Schaefer and Morel 2009;
Chiasson-Gould et al. 2014; Schartup et al. 2015; Mazrui et al.
2016). Reactions between Hg" and sulfide control the formation
of the solid phase metacinnabar, f-HgS(s) but also aqueous com-
plexes such as Hg(SH),", HgS,H™, and HgS, >~ or polysulfides
HgS,SH—(aq) (n = 4-6) (Liem-Nguyen et al. 2017). Elevated sulfide
concentrations, eventually limits Hg" bioavailability for methyla-
tion (Drott et al. 2007; Hsu-Kim et al. 2013; Bigham et al. 2017).
Conversely low sulfide concentrations might enhance Hg" meth-
ylation processes (Benoit et al. 1999; Graham et al. 2012). Natural
OM often contain thiols, which sulthydryl group has a high capac-
ity to complex Hg" and MMHg (Skyllberg et al. 2006; Skyllberg
2008). Iron plays also a key role on Hg" methylation as its reduced
form Fe* can scavenge sulfide, form stable iron-sulfur com-
pounds (FeS, FesS,, or FeS,) and then might let Hg" bioavailable
for methylation (i.e., ferruginous conditions; Bravo et al. 2015).
Each of these Hg" complexes, i.e., inorganic sulfides, polysulfides,
and OM in aqueous, solid, and adsorbed phases, show different
reactivity in the environment. For example, Hg" methylation rate
constants in estuarine sediments spanned over two orders of mag-
nitude depending on the chemical form: metacinnabar (—HgS
(s)) < cinnabar («—HgS(s)) < HgII reacted with mackinawite (=FeS-

Hg") < Hg" bonded to natural OM (NOM—Hg") < (Hg(NO3),(aq))
that is a typical aqueous tracer (Jonsson et al. 2012).

The effect of natural OM on the sediment and pore water-
partitioning coefficient for Hg" (Hammerschmidt et al.
2008; Liem-Nguyen et al. 2016) needs still to be determined.
Under low OM and porewater sulfide concentrations, Hg"
partitioning coefficient becomes a major factor for methyla-
tion (Mitchell and Gilmour 2008; Hollweg et al. 2009). Some
studies have shown that increases in natural OM concentra-
tions might also raise partitioning coefficients in sediment
and pore water and have shown to decrease Hg"' concentra-
tion in the pore water, and thus its bioavailability for uptake
by methylating microorganisms (Liem-Nguyen et al. 2016).
In contrast, other studies concluded that OM content did
not explain variations in Hg'" partitioning, most likely only
a limited fraction of OM was relevant for Hg complexation
or because it is also possible that the composition, rather
than amount, of OM controls Hg" partitioning (Schartup
et al. 2013).

High concentrations of OM decreased Hg" bioavailability
in laboratory experiments (Chiasson-Gould et al. 2014) and in
marine sediments (Hammerschmidt et al. 2008). Moreover,
OM might also be important in determining Hg" bioavailabil-
ity by stabilizing HgS particles at nanoscale that can be meth-
ylated by anaerobic bacteria (Graham et al. 2013; Hsu-Kim
et al. 2013). To progress further in the understanding of Hg"
methylation in future research, it is of the upmost importance
to measure and model Hg" chemical speciation, which is ulti-
mately determining the Hg" availability for methylating bac-
teria (Fig. 1, violet box).
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Variables affecting microbial activity

Sulfur, iron, OM, redox, pH, nutrients, and temperature affect
microbial activity. Both sulfur and iron have oxidized forms
(S04 and Fe*", respectively) that can serve as electron acceptor
for some Hg" methylating bacteria (e.g., SRB and FeRB). Natural
OM, besides its strong capacity to bind Hg" and influence Hg"
speciation, controls microbial activity and Hg" methylation
(Graham et al. 2013; Hsu-Kim et al. 2013). The molecular compo-
sition of OM shows a central role in controlling Hg" methylation
(Bravo et al. 2017), notably phytoplankton derived OM and fresh
humic matter were associated with both high bacterial activity
and Hg" methylation rates in sediments (Graham et al. 2013;
Schartup et al. 2013; Mazrui et al. 2016; Bravo et al. 2017;
Christensen et al. 2017; Herrero Ortega et al. 2018). Also, an
increase in nutrients, associated to an enhanced algae biomass
production, increased MMHg formation in sediments (Bravo
et al. 2017; Herrero Ortega et al. 2018). Changes in redox condi-
tions might also affect iron, sulfur and Hg" speciation (Liem-
Nguyen et al. 2016), and the activity of the microorganisms
(Grégoire and Poulain 2018) and consequently Hg" methylation
(Fig. 1, orange boxes and arrows). Furthermore, Hg" methylation
strongly depends on the activity of the whole microbial commu-
nity (Weber et al. 2006; DeAngelis et al. 2010). Therefore, all the
physico-chemical variables causing increased microbial activity
in sediments, such as temperature (Gudasz et al. 2010), might
indirectly lead to enhanced Hg" methylation (Bravo et al. 2017;
Dijkstra et al. 2011).

From all the studies mentioned earlier, we can conclude that
both microbial activity and Hg" chemical speciation control the
formation of MMHg in the environment. Therefore, Hg cycling
and in particular, the methylation of Hg" is an intricate process
regulated by both physico-chemical and biological constrains
that needs holistic approaches to be fully understood.

Knowledge gaps and uncertainties

A high number of unidentified putative Hg" methylators
The complexity of microbial communities and its implica-
tions for Hg cycling is one of the main current challenges. First
biodiversity studies used 16S rRNA gene to investigate the diver-
sity of Hg" methylating microbial communities. But biodiversity
of this gene cannot provide reliable and robust identification of
Hg" methylator diversity and abundance, because hgcAB+ strains
are too rare (<1%) and not well identified in 16S rRNA databases
(<300 species) (Miller and Bassler 2001; Christensen et al. 2019).
Recent studies targeting hgcAB are interesting, but these molecu-
lar approaches entail several limits. First, as for all microbial biodi-
versity studies, the DNA extraction protocols need to be well
planned to ensure clean subsampling avoiding contamination
and may need to be optimized for the efficient recovery of DNA
and the elimination of potential inhibitors for PCR and/or
sequencing technologies. Indeed, DNA extraction and PCR
amplification are known to be prone to artifacts due to any com-
bination of high primer mismatch, low abundance, and/or low

Biotic formation of methylmercury

DNA extraction efficiency that can significantly affect results
(Bravo et al. 2018a; Epp et al. 2019). Although claimed as
“universal,” primers inherently show preferences and limitations
in covering all species equally among different environmental
samples. More specifically, currently available primer pairs for
the gene hgcA are predicted to cover 84% (Schaefer et al. 2014)
and 94% (Christensen et al. 2016) of the whole biodiversity by
PCR-based approaches. However, within amplified sequences of
hgcA a significant proportion cannot be identified above the
clade level because of (1) the lack of identified organisms in the
databases, and (2) the low conservation of hgcA gene that is not
ideal for biodiversity studies. Consequently, a significant propor-
tion of OTUs are attributed to unidentified species. Indeed, iden-
tification of hgcA sequences from short reads is made by aligning
metagenomics data with a set of known gene sequences isolated
from cultivated strains. This approach is prone to inaccuracies,
especially if the data are evaluated down to the genus level. For
example, in recent studies 62% (Bravo et al. 2018b) and 57%
(Bravo et al. 2018a) of the identified OTUs could be taxonomi-
cally assigned at the order level. More in detail, different algo-
rithms are available to identify OTUs e.g., simple sequence
alignment-based algorithms (e.g., Basic Local Alignment Search
Tool [BLAST]) or profile hidden Markov model (HMM)-based
searches, which are expected to be more sensitive and accurate in
identifying homologs. Nonetheless, the HMM model is satisfying
for hgcA but not for hgcB that cannot be confidently differentiates
from other ferredoxin-encoding genes due to homology
(Christensen et al. 2019). Besides, both primers and algorithms
are developed on sequences from cultivated strains and conse-
quently identify those species with a higher efficiency (Podar
et al. 2015; Bravo et al. 2018b; Liu et al. 2018b). Moreover, only
few hundred sequenced genomes of methylating strains are cur-
rently available in databases. Although this number is increasing
regularly, databases still do not include reliably microorganisms
that cannot be grown in the laboratory. Besides we do not have
information on the rates and methylation capabilities of these
uncultivated populations and thus we cannot affirm that the
genes identified code for MMHg production in these organisms.
Further, we cannot evaluate how Hg methylation rates in these
organisms compare to other methylators in culture. In sum,
available sequences are far from being sufficient to confidently
identify all OTUs homologs of hgcA and might not allow identify-
ing unknown microbes. This is a current inherent technical limit
that has to be considered when interpreting data.

However, studies conducted on DNA do not reflect the activity
of the protein or the enzyme preforming the process, but only
the possibility that a strain could sometime methylate Hg".
Although the use of RNA should theoretically provide more
detailed information on the activity of the organisms involved in
Hg", up to now the abundance of gcAB transcripts could not be
correlated to Hg" methylation or MMHg concentration (Gofi-
Urriza et al. 2015; Bravo et al. 2016; Vishnivetskaya et al. 2018;
Christensen et al. 2019), except in one study (Ledeker and De
Long 2013). The precise factors regulating hgcA gene and protein

1018



Bravo and Cosio

expression are not identified yet but it seems that hgcA gene could
be constitutively expressed or regulated by carbon, metabolism,
but Hg does not appear to be a key regulator (Goni-Urriza et al.
2015; Christensen et al. 2019). Moreover, the correlation
between mRNA and protein abundance is not necessarily linear
as posttranslational regulations can take place. In addition to the
factors regulating hgcA gene expression, it is important to con-
sider that net MMHg production also depends on MMHg
demethylation activity. Therefore, the absence of correlation
between hgcA gene and MMHg concentration is not surprising
and highlights the complexity of predicting MMHg concentra-
tion dynamics in the environment.

Currently, the scientific community lacks a straightforward
method to directly measure the activity of hgcAB at the protein
level. New metaproteomic approaches are currently developed
and could in the near future allow a direct analysis of hgcA protein
abundance in the environment (Meier et al. 2019), but this
approach has been tested only once to study hgcA biodiversity yet
(Christensen et al. 2019). Metagenomics, metatranscriptomics,
and metaproteomics offer a deeper sequencing and a wealth of
information than earlier but they are cost and time-consuming to
conduct analysis of hundreds of samples. This highlights that we
still lack of a simple and accurate method to identify Hg"-
methylating microbial activity in environmental samples.

Another issue is that there is currently no medium or protocol
to reliably culture a whole microbial community including FeRB,
SRB, firmicutes, Clostridia, and so forth. Even studies with intact
sediments in controlled experimental conditions can only
approximate interactions of microbial community in situ and
need to be confirmed in the field. For this reason, it is difficult to
study and explain interactions of microbial communities
through controlled experiments using a single strain. For exam-
ple, microbial strains showing maximum methylation rates in
the laboratory may not be as active in complex consortia under
real field conditions. Metagenomics, metatranscriptomics, and
metaproteomics could help to progress in the elucidation of the
biological metabolism behind Hg" methylation in the field.
Instead of identifying different taxa, these approaches combine
genes coding for all metabolic pathways of the different taxa to
describe the potential function of the whole community (meta-
genomics) or its activity in one compartment (sediment, water,
soil, etc.) at the moment of the sampling (metatranscriptomics
and metaproteomics). Nonetheless, available metagenomics
approaches have seldom identified hgcA sequences (i.e., 63 out of
203 metagenome projects revealed hgcA occurrence; Podar et al.
2015; and 77 out 243, Villar et al. 2019) supporting that new
study should be conducted in environments relevant for Hg"
methylation. Furthermore, metatranscriptomics and meta-
proteomics are still rarely applied, most likely because they are
expensive and time-consuming. However, although we believe
that these approaches are promising and their use will increase in
coming years, they will need to be coupled with a detailed analy-
sis of environmental conditions (e.g., physico-chemistry analy-
sis) to be fully informative.

Biotic formation of methylmercury

Are we measuring realistic Hg" methylation rates?

Last but not least, besides limitations to directly measure
biological process responsible for Hg" methylation, there are
several pitfalls on the methods used to determine Hg" methyl-
ation at environmentally relevant Hg" concentrations. Several
approaches have been used to estimate MMHg formation:
using labeled Hg" forms with radio-isotopes (Gofii-Utriza et al.
2015; Bravo et al. 2016), stable isotopes (Ramlal et al. 1986),
by measuring the percentage of total Hg and MMHg (%
MMHg) (Hintelmann et al. 2000) or the change in MMHg
concentration over time (Drott et al. 2008). The amendment
of standards enriched in Hg" stable isotope tracers to environ-
mental samples is now widely used in different laboratories
because they allow determining Hg" methylation rates and
MMHg demethylation rates simultaneously. However, it is
known that the geochemical form of the Hg" isotope used as
tracer determines its reactivity (i.e., methylation rate) in the
environment. For example, Hg" methylation rate constants in
estuarine sediments spanned over two orders of magnitude
from metacinnabar to a typical aqueous tracer such as
Hg(NO3),(aq) (Jonsson et al. 2012). Therefore, Hg" methyla-
tion rate constants measured using a highly available tracer
might result in an overestimation of the in situ Hg" methyla-
tion rate, when the tracer is a poor representative of the indig-
enous Hg" chemical forms. The %MMHg and the change of
MMHg concentration overtime represent the net MMHg,
accounting for MMHg degradation processes and while it
might be useful to predict MMHg concentrations in the envi-
ronment, its use is limited to provide mechanistic understand-
ing of Hg" methylation processes.

From this literature review, we observe that after 50 yr of
efforts to study Hg" methylation through the world, knowl-
edge has greatly increased, but there are still many aspects
within the bio-physico-chemistry of MMHg formation that
need to be unveiled in the natural environment because:
(1) there is a lack of techniques and methods for the measure-
ments of the different Hg" chemical species available for
methylation; (2) the physico-chemical factors affecting Hg"
chemistry are still only partly understood; (3) the biological
mechanisms involved in the whole bio-physico-chemical pro-
cess of MMHg net production remains to be understood and
described more accurately.

How to study methylmercury formation in future
research?

Besides current limits inherent to used analysis described
earlier, main questions lacking a clear answer concerning the
behavior of Hg in environmental systems include: What are
all the Hg" chemical species available for methylation? How
diverse are hgcA* species? How does microbial community
consortium impact the amount and speciation of Hg" avail-
able for methylation? And what is the impact of the hgcA™
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Fig. 2. Schematic representation of the proposed conceptual iterative strategy for studying Hg" methylation.

microbial species on the activity of Hg" methylators? Do tech-
niques exist to tackle these questions?

Laboratory studies are essential to identify mechanisms
driving Hg" methylation but need to include more realistic
scenarios and/or be validated under field conditions. Cur-
rently, in situ studies to elucidate the biodiversity of Hg"
methylators and determine the drivers of their activity need to
be conducted more widely and in more diverse environments.
For in situ studies, Hg" speciation and Hg" rates need to be
determined, and accompanied by the study of the factors con-
trolling the activity of Hg" methylating microorganisms.
Determination of the methylating activity of natural microbial
assemblages in relation to sediment characteristics, specific
environmental conditions and the level of Hg contamination
needs to be undertaken to validate laboratory-based measure-
ments and to improve our understanding of Hg cycling in
contaminated environments (Fig. 2). In this context, interac-
tions between microbial communities and the physico-
chemistry are key to predict Hg" methylation as several stud-
ies pointed out that physico-chemistry rather than the micro-
bial community structure were determining Hg" methylation
rate constants in lake sediments (Bravo et al. 2016, 2017,
2018a; Liu et al. 2018b). This is likely true but it should not be
forgotten that the local physico-chemistry is also the result of
the microbial activity (Bravo et al. 2017, 2018b).

We can use existing and future new molecular biology and
chemistry techniques to study Hg" methylation, but studies

have now to put more effort on combining metagenomics,
metranscriptomics, and metaproteomics approaches with
experiments on bacterial isolates and also complex matrices
(i.e., sediments, marine waters, etc.) to explain more in detail
environmental mechanisms (Fig. 2). Last, we should keep in

Sinks, sources and processes controlling monomethylmercury
concentrations in aquatic systems
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Fig. 3. Proposed model to quantify MMHg in freshwater systems. The
model considers formation (k,, Hg” methylation) and degradation (kg,
MMHg demethylation) and the inputs and outputs of MMHg. Processes
are represented with orange arrows, known functional genes are shown
in brackets. Transport of MMHg to the system or out the system is repre-
sented by blue arrows.
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mind that MMHg in aquatic systems is the net result of differ-
ent processes: (1) formation (Hg" methylation), (2) degradation
(MMHg demethylation), and (3) the inputs and outputs of the
system (Fig. 3). Therefore, when studying Hg" methylation,
we target only a limited part of the whole Hg cycling deter-
mining MMHg concentrations in the environment. Future
studies need to be invested in studying concomitantly the
drivers of MMHg methylation and MMHg demethylation
mechanisms in situ as well as the transport of MMHg within
the aquatic network, which is indeed highly controlled by
hydrological processes (Fig. 3).
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