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Methylmercury (MeHg) is the most important and the most abundant organic Hg pollutant in the aquatic ecosystem
that can affect human health through biomagnification. It is the most toxic organic Hg form, which occurs naturally
and by human-induced contamination in water and is further biomagnified in the aquatic food web. MeHg is the
only Hg form that accumulates in living organisms and is able to cross the blood—brain barrier, presenting an
enormous health risk. Anthropogenic activity increases eutrophication of coastal waters worldwide, which promotes
algae blooms. Microalgae, as primary producers, are especially sensitive to MeHg exposure in water and are an
important entrance point for MeHg into the aquatic food web. MeHg assimilated by microalgae is further transferred
to fish, wildlife and, eventually, humans as final consumers. MeHg biomagnifies and bioaccumulates in living

organisms and has serious negative health effects on humans, especially newborns and children.

methylmercury mercury cycling microalgae biomagnification

| 1. Introduction

Mercury is a naturally occurring element that is highly poisonous to humans and wildlife [I. Exposure to Hg has a
number of potential negative effects on human health, including cognitive deficits in children due to fetal exposure,
increases in fatal and nonfatal heart attacks and increases in premature death in adults 2. Anthropogenic activities
largely contribute to the mobilization of Hg from long-term geologic storage into the biosphere, where Hg cycles
between the air, soil and water. While inorganic Hg does not accumulate in living organisms, microbes convert a
portion of Hg to methylmercury (MeHg), which is then subjected to further biomagnification in the aquatic food web
2 and causes health risks to humans, especially among populations that frequently consume fish Bl. MeHg is
bound to fish proteins that form muscle tissue and cannot be removed by cooking. Even the consumption of farmed
fish can lead to MeHg exposure because of the presence of MeHg in feed . To prevent MeHg accumulation, it is
important to understand how MeHg enters at the base of the aquatic food web, where the natural feed for fish is
located 4. MeHg is a highly toxic organic Hg form present in natural water ecosystems; it is easily taken up by
microalgae and significantly concentrates in the aquatic food web [2l. Once accumulated inside the microalgae cell,

it is further transferred to grazers, fish larvae, fish, aquatic birds and, eventually, humans as final consumers.

Eutrophication is another phenomenon that can enhance the transfer of MeHg, not only to microalgae, but also to
higher trophic levels €. Eutrophication in coastal areas is a globally expanding problem that can effect an increase
in MeHg production and its accumulation in food webs &, This phenomenon also leads to greater net primary
production, which increases organic matter (OM) concentration and decreases light penetration, thereby changing

redox conditions in the water column and sediments (€],
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2. MeHg Interaction with Organic Matter (OM), S and Se
Organic Compounds

A key aspect in MeHg bioaccumulation and toxicity is the degree to which MeHg interacts with complexing agents
in solution (OH™, CI7, organic sulfur compounds—especially thiols (ligands containing sulfhydryl group R—SH), OM,
artificial chelating agents such as EDTA salts) 47l OM that is naturally present in aqueous systems promotes Hg
(1) methylation mainly because it contains metabolic substrate molecules essential for heterotrophic microbes and
strong ligands that bind Hg(ll) . In the case of highly enclosed terrestrial water basins, such as the Baltic Sea,
hypoxic and anoxic zones are caused by an increased biological oxygen demand (BOD) due to the excess of
nutrients and OM runoffs where Hg binds to allochthonous (terrestrially discharged) OM in the surface layers of the
water column and sinks to deeper waters, where it can be released in the microbial remineralization process of OM
BIOAL  |n natural waters where OM and reduced S species are absent, MeHg forms inorganic complexes,
MeHgCl and MeHgOH, with chloride and hydroxide ions 12, The chemical speciation of MeHg prior to cell
exposure controls its bioavailability and is a key factor determining the uptake rate and accumulation in microalgae
(13114]115]  MeHg forms stronger complexes with organic thiols, which also have higher stability constants than

complexes with OH~ and CI~ groups [18],

The bioconcentration step of MeHg from water to the base of the food web is crucial for MeHg concentrations
found in aquatic organisms higher up in the food web BI22L7 Uptake by microalgae is the first and largest step of
MeHg bioaccumulation in aquatic food webs, which is influenced by many factors that drive seasonal changes in
water MeHg concentrations [&. OM is an important parameter of MeHg production and uptake by phytoplankton.
Measurements from the Bothnian Sea in the Northern Baltic, taken as one of the few studied models of
biogeochemical cycling of MeHg in natural aquatic environments, showed that MeHg concentrations can vary by
up to an order of magnitude between years (from 103 £ 12 fM in September 2014 to 18 £ 9 fM in August 2016),
which underlines the interannual variability in water column MeHg concentrations 8. Both Hg(ll) and MeHg
preferentially bind to DOM over inorganic particles, which affects Hg bioavailability 8. DOM can also decrease light
attenuation in water, which decreases MeHg photodegradation. The association between MeHg and dissolved
organic carbon (DOC) suggests that labile DOC is the important factor for the remineralization rate and Hg(ll)
methylation potential [l. DOM promotes methylation of Hg(ll) by (i) stimulating microbial activity and methylation
processes, (ii) providing methyl groups for methylation, and (iii) enhancing the solubility of HgS(s) in mineral form
(18] |ncreased DOM inputs from terrestrial runoffs may lead to higher inputs of Hg and MeHg and increase MeHg
formation in the aquatic ecosystem 28!,

Hg methylation mainly takes place within 24 h after entering aquatic ecosystems, and to a greater extent under
nonequilibrium conditions, before inorganic Hg becomes complexed with substances present in DOM (81, |t is often
difficult to characterize DOM, and because ~50% of DOM is organic carbon, it is usually measured and expressed
as DOC 4, Natural levels of DOC vary in different aquatic environments: 4.0 + 0.02 mg/L in the Baltic Sea; 3.78 *
1.42 mg/L in Lake Titicaca (Bolivia), with peaks of up to 8 mg/L in some regions; 1.57-17.6 mg/L in the Sacramento
River Delta (Sacramento, CA, USA) L4IA1[201121]  Hymic matter forms part of allochthonous DOM in seawater &, In

the case of the Northern Baltic, humic matter concentration decreases from the Bothnian Bay to the Bothnian Sea
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and further remains constant around 10 pg/L 8. Humic content reduces microbial MeHg degradation by decreasing
its bioavailability and decreases photodegradation of MeHg by increasing light attenuation [&!. Humic substances
can also bind Hg (ll) and correlate more strongly than DOC with Hg(ll) concentration in water streams. Binding to
humic substances makes Hg(ll) less available to microbial reduction and methylation 22. Humic substances are
not easily remineralized; thus, an increased proportion of humic matter can decrease the activity of microorganisms
that act by chemical reduction and methylation of Hg (Il), which further decreases the rates of Hg transformation
reactions 8. In the Northern Baltic Sea, most Hg(Il) was available for methylation by forming stable complexes with
humic substances or by converting Hg(ll) to elemental Hg [&l. The stability constants for Hg—ligand complexes drive
metal internalization, thus determining rates of further chemical conversion of Hg species inside the cell. In this
sense, it was demonstrated that a Hg—ligand (Hg—L) complex in the culture medium reacts with a biotic ligand (R)
at the microalgae cell surface, forming a new complex (Hg—R) prior to metal internalization, and the rate for the
formation of complexes at the cell surface is determined by the relative thermodynamic stability constants for Hg—L
and Hg—-R 23],

Similar to thiols (R—SH), organic selenium also has an affinity towards MeHg and can modify its toxicity by
complexation [&. Selenium belongs to the same group in the periodic table as S and exerts similar chemical
affinities, so it can act as a S analogue in amino acids (selenomethionine—SeMet and selenocysteine—SeCys) as
well as other organic compounds 23, Some microalgae strains can take up Se(VI) salts from the medium,
biotransform it to organic Se compounds, such as SeMet, which is less toxic to the cell than Se(VI), and
accumulate it in the biomass 24123, A biologically important Se amino acid—SeMet [28l—significantly inhibits the
uptake of MeHg by diatoms and mussels [28. Detoxification of MeHg in seabirds and marine mammals involves its
demethylation by reactive oxygen species (ROS) and the subsequent formation of high-molecular-weight Hg—Se—
protein compounds, which are then degraded in lysosomes, forming insoluble Hg—Se compounds [, |t was
demonstrated that fish and wildlife living in environments with elevated Se levels exhibit lower MeHg accumulation
(271, There are a few proposed mechanisms for the protective role of Se against Hg toxicity, such as competition for
binding sites or the formation of Hg—Se complexes. It was suggested that the increased Hg(ll) uptake in the
presence of SeMet is due to the formation of Hg—Se complexes that can be transported across the membrane at a
faster rate (28],

3. Biogeochemical Cycling of MeHg and Its Presence in
Global Aquatic Ecosystem

Human exposure to MeHg comes predominately from diets containing Hg-contaminated fish and seafood [28129],
Understanding the cycling of Hg in aquatic systems is essential to assess the environmental risks to human health.
Hg cycling differs in freshwater and ocean ecosystems. Hg can be released into the atmosphere both by natural
(e.g., volcano eruptions) and anthropogenic sources: mining and burning of fossil fuels BBl However, the more
toxic organic form, MeHg, is the dominant species found in rice paddies and fish 233134 Hg speciation in nature

has three different forms: elemental Hg(0), Hg(ll) bound to particulate OM and cationic inorganic Hg(ll), mainly as
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HgCl,. Elemental Hg(0) travels around the globe, and cationic Hg is transported at intermediate distances, while

particulate is not transported very far 32!,

MeHg contamination is also associated with long-term emissions from fossil fuel combustion throughout the
industrialized world [B€. The burning of fossil fuels, coal, the extraction of gold, smelting and chemical production
increase atmospheric Hg input in terrestrial and aquatic ecosystems B7. The burning of coal is the most abundant
anthropogenic source of Hg emissions in the USA 8. Hg leaching from fossil fuel combustion can contribute to a
significant increase in Hg concentration in rivers that enter the sea 28, Subsequently, Hg(ll) reduces to elemental
Hg(0), which is usually volatilized to the atmosphere, while a small portion of Hg(ll) is converted to MeHg, which is
the most toxic form of Hg and acts primarily as a neurotoxin in humans and wildlife 22, It is known that Hg
emissions are ubiquitous, and MeHg as a contaminant bioaccumulates to a great extent in the aquatic food web
B3] |t was estimated that bioconcentration factors of MeHg are 10°-108 fold from initial water MeHg

concentrations, resulting in MeHg levels that are of global toxicological concern 2233l

Biogeochemical cycling of Hg includes emissions of anthropogenic Hg, transport through the atmosphere,
deposition into ocean, subsequent transformation into MeHg B8, and its incorporation into aquatic food webs,
which depends on its absorption or modification by microorganisms (Figure 1a). Microorganisms perform four
types of Hg transformation: reduction of Hg(ll) to Hg(0), degradation of organic Hg compounds, methylation of
Hg(ll) and the oxidation of Hg(0) to Hg(ll) 2. Methylation of Hg occurs in wetlands and lakes as a biological
process performed by a range of known heterotrophic microbes (iron- and sulfur-reducing bacteria, methanogens
and nitrite oxidizers) . The bulk of MeHg in natural ecosystems originates from methylation of atmospherically
deposited Hg by sulfur-reducing bacteria within aquatic sediments B8l Reducing anaerobic conditions within
aquatic sediments that support the growth and Hg methylation activity of sulfur-reducing bacteria are in redox
potential (Eh) and pH ranges of 0.4 < Eh < 0.0 V and 5 < pH < 10 B8 MeHg is predominately formed in hypoxic
and anoxic environments from its inorganic form, Hg(ll), via biological reactions, and the methylation process has
been mostly linked to the presence of sulfate- and iron-reducing bacteria B2, However, more recently,

methanogens and other microbes have been found to play important roles in the MeHg formation process 441142]
[43][44]
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Figure 1. Schematic representation of (a) basic processes in biogeochemical cycling of Hg in coastal areas.
Abbreviations: Hg(0), elemental mercury; Hg(ll), divalent mercury; MeHg, methylmercury; MezHg,
dimethylmercury; MeHgp, methylmercury bound to particulate organic matter; Hg(ll)p, divalent mercury bound to
particulate organic matter. Green arrows indicate biologically mediated processes; environmental conditions for
sulfate-reducing bacteria, where Hg methylation occurs, are: 5 < pH < 10; -0.4 < Eh(mV) < 0.0; DO < 0.2 mg/L. (b)
Biomagnification of MeHg through the aquatic food web: MeHg enters the food web at the very bottom via bacterial
methylation activity, then it is partially taken up by microalgae; from that point on, it biomagnifies through rotifers
that graze on microalgae, and further via smaller fish that prey on rotifers, then predator fish that prey on smaller
fish, and finally transfers to aquatic birds and humans that consume contaminated fish. Abbreviations: Hg(ll),

divalent mercury; MeHg, methylmercury; DOM, dissolved organic matter; Eh(mV), redox potential; DO, dissolved
oxygen. Adapted from [EIEAESISE][45]

Microalgae play a direct seasonal role in Hg chemical species circulation in aquatic environments B As already
explained above, MeHg enters the food web via microalgae and further bioaccumulates in aquatic organisms,
which can finally result in biomagnification to concentrations with adverse effects on reproduction and neural
development in fish and mammals “&. The biggest MeHg increase in water and microalgae biomass in the Baltic
Sea was found in summer and fall, with 60—-70% increase in the intracellular MeHg content of algae biomass
compared to a yearly average 6 1t was suggested that this occurs due to the remineralization of dead algae
biomass from the spring and summer blooms, which results in higher direct methylation and uptake by microalgae
6 |t was found that the maximal impact of eutrophication on the intracellular MeHg content coincides with the
highest zooplankton grazing on algae biomass 1 Extreme MeHg levels in natural water bodies were reported for
the Olt River (Romania) and its three reservoirs, which are heavily contaminated with Hg from a nearby chlor-alkali
plant 47 Total Hg concentrations in the Olt River were up to 88 ng/L but decreased by 10 times inside the reservoir

(to 8 ng/L) 47 MeHg concentrations increase from the entrance to the reservoir to the central part to 0.7 ng/L,
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confirming high methylation within the eutrophic reservoir “Z. Based on the vertical water column profiles of total
Hg and MeHg, it was suggested that Hg methylation mainly occurs deep in the water column, close to the bottom,
at the sediment—water interface. MeHg concentrations and bioconcentration factors of phytoplankton confirm that
the highest biomagnification of MeHg takes place in the primary producers 44, High MeHg concentrations (>15
ng/L) in the surface water of some artificial wetlands and its accumulation in saturated sediments can affect the

invertebrate community to levels that are potentially hazardous for insectivorous biota such as birds 48],

Similar to freshwater systems, Hg(ll) can be deposited to the ocean by dry and wet deposition, and elemental
Hg(0) by dry deposition, where wet deposition is defined as removal from the atmosphere through precipitation,
while dry deposition is considered to be Hg settling or uptake without precipitation 2229, The total Hg deposition
(wet and dry) to oceans was estimated to be 10 Mmol/year 22, A significant load of Hg is introduced into the sea by
rivers, with a high amount of Hg contributed by river sediment [28. The load of Hg introduced with suspended and
trailing river debris leads to Hg enrichment of the marine coastal zone 28, The Hg(Il) deposited to the ocean can
be reduced to Hg(0), adsorbed onto particles or methylated 9. The general trend is that oxygen-depleted areas
are spreading in coastal and offshore waters worldwide 249, Seawater can be considered as normoxic, with a
normal dissolved oxygen (DO) concentration of 5-8 mg/L; hypoxic (DO < 0.2 mg/L); or anoxic, with the presence of
hydrogen sulfide and a DO < 0.1 mg/L 59 One of the main processes responsible for a DO decrease is O,
consumption by bacteria during the decomposition and mineralization of OM B9, Excessive eutrophication
negatively affects the oxygenation of seawater as the enrichment of water with nutrients such as N, P and DOC in
the surface layer results in increased phytoplankton growth and biomass production, which causes algae blooms
and reduces DO and water transparency 2%, Total Hg content in marine ecosystems is in the picomolar (pM) range
and depends on the position, size and exposure to anthropogenic activity of the aquatic ecosystem (Table 1).

MeHg accounts for 3—35% of total Hg levels in the oceans, and its concentration in water is usually in femtomolar
range (fM) [EI20146],

Table 1. Concentrations of total Hg and MeHg in different aquatic ecosystems according to the literature. Data are

presented in the original units (ng/L, pM and fM) that were used by the respective authors.

Location Total Hg ! MeHg References
- pPM or ng/L pM, fM or ng/L -
Southern Baltic Sea 1.5+0.7 pM 23+ 13fM ol
Northern Baltic Sea 1.0 £ 0.3 pM 37+15fM; 21+ 9 fM 61l
Bothnian Bay (Baltic) 1.24+£0.3 pM 80 * 25 fM Ll
Bothnian Sea (Baltic) 0.84 + 0.24 pM 21+9fM (8]
Bothnian Bay (Baltic) 11.5 + 1.66 pM 116236 fM (18]
Atlantic Ocean 0.93 + 0.69 ng/L 0.26 + 0.12 ng/L [51]

(Southern Polar Front)
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Location Total Hg ! MeHg References
- pM or ng/L pM, fM or ng/L -
Jiaozhou Bay (Yellow Sea) 8.46-27.3 ng/L 0.08-0.83 ng/L 2]
Yellow Sea 6.7-27.5 pM _2 [53]
South China Sea 0.8-2.3 ng/L 0.05-0.22 ng/L (4]
North Atlantic Ocean 2.4 pM _ [55]
Pacific Ocean 1.2 pM - (56]

Mediterranean Sea 1.0 pM; 2.5 pM - (28157]
Average in oceans 1.5 pM _ (58]
Lake Titicaca (Bolivia) = 0.01-0.18 ng/L [21]
Olt River (Romania) 8-88 ng/L 0.7 ng/L [47]
Rane River estuary (Baltic) 2.0-5.95 pM 306 fM (8]
Roug\]/geFt’ErrIfSCZnada 1.45 £ 0.91 ng/L 0.59 + 0.45 ng/L [48]
SandnglzeZSioi:,ociLna da 0.4-5.3 ng/L 0.01-0.34 ng/L (27]
Lake Victoria, Africa 3-15 ng/L — (59]
Average in surface water of lakes and rivers - 0.003-1.03 ng/L 28 ertheless,

new evidence has led to the hypothesis that MeHg can also be formed in oxic brackish coastal waters. It was
demonstrated that the concentration of MeHg in experimental microcosms containing oxic surface waters from the
pelagic zone of the Bothnian Sea significantly increased within 27 h after the addition of 250 pM Hg(ll) and under
normal DOC concentration (4.0 mg/L), where bacterial activity played a central role in MeHg production 28], |t was
also found that enhanced MeHg production was not reflected by substantial changes in the bacterial community
composition or gene pool 18],

It was found that the contribution of MeHg in total Hg in Canadian lakes is strongly and positively correlated with
turbidity and total dissolved N and slightly, more weakly correlated with chlorophyll-a and DOC, which suggests
that Hg methylation rates are higher in lakes with greater productivity and algae biomass, where increased oxygen
use by decomposers in sediments receiving high deposition rates of labile OM and related anoxia in sediments
would be expected to drive Hg methylation rates 7. Although the basic parameters driving the biogeochemical
cycling of Hg are known, in-lake influences on these parameters and Hg cycling are complex and highly variable
and can mask climate- or industry-related changes over time 37,
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