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34.1 Introduction

Mercury is a global pollutant that stands among the top ten most toxic chemicals of concern (O’Connor et al., 2019;
WHO, 2010). Mercury is released both naturally and anthropogenically. Anthropogenic emissions were estimated to be
2220 tons globally for the year 2015 (O’Connor et al., 2019; UNEP, 2019). Once released, mercury persists in the envi-
ronment. It may exist in inorganic divalent [Hg(II)] or monovalent [Hg(I)], organic (monomethylated mercury, MeHg,
dimethylated mercury, Me,Hg, and ethylated mercury, EtHg), and elemental [Hg(0)] forms. Elemental mercury is more
prevalent in the atmosphere, whereas Hg(Il) and MeHg forms are more abundant in the terrestrial and aquatic environ-
ments. Elemental mercury may oxidize in the atmosphere and the oxidized, inorganic mercury may be deposited on the
terrestrial environment. Inorganic mercury forms salts and other stable complexes with the minerals present in the soil.
Organic matter contributes to the conversion of inorganic mercury [Hg(Il)] to the toxic organic MeHg form (Teng
et al., 2020). In this chapter, elemental mercury will be denoted as Hg(0), divalent mercury and its compounds (unless
noted specifically) as Hg(Il), monovalent mercury and its compounds (unless noted specifically) as Hg(I), and mono-
methylated mercury as MeHg.

Plants and aquatic organisms tend to absorb mercury from soil and water, causing it to enter the food chain.
Biomagnification of mercury in the food chain may cause serious health effects in top consumers (Wang et al., 2020).
Humans are exposed to mercury through inhalation of Hg(0) vapor and ingestion of mercury-contaminated food [Hg(II)
or MeHg]. Hg(Il) specifically interferes with the enzyme activity, altering the cell metabolism and in turn the body
functions (Teng et al., 2020). MeHg is a neurotoxin, immunotoxin, and affects cardiovascular system (Teng et al.,
2020). Consumption of mercury-laden food products during pregnancy may adversely affect the neurological develop-
ment of the child since MeHg can pass through the placenta into the fetus (Teng et al., 2020), and cross the blood-
—brain barrier (Lohren et al., 2016).

One of the most famous episodes of acute mercury toxicity occurred in the 1950s. Mercury polluted wastewater was
released from a chemical industry located in Minamata, Japan, to the Bay. MeHg bioaccumulated in the local aquatic
biota which was consumed locally. Several instances of mercury poisoning were then observed in the population. The
global nature of mercury pollution and exposure was realized over the following decades, eventually leading to the
global Minamata Convention on Mercury. The convention was signed in the year 2017 to reduce global mercury pollu-
tion caused by anthropogenic activities (Sakamoto et al., 2020).

Wang, Feng, et al. (2012) have reported that the average background concentration of mercury in soil lies between
0.03 to 0.1 mg kg~ 'with 0.06 mg kg~ ' as average. In several countries, soil quality guidelines or criteria have been
developed that stipulate the usability of soil for a particular purpose. For example, in Australia, a species sensitivity dis-
tribution method was applied to the toxicological data collected from different databases and used to determine the eco-
logical investigation level (EIL) asl mgkg ' (NEPC, 2013). Canada has issued soil quality guidelines
(SQG =2.0—-30 mg kg~ ") that are derived from the toxicological data for plants, invertebrates, and mammals (Gaudet
et al., 1995). Similarly, the US Environmental Protection Agency has recommended inorganic mercury concentration to
be 2.3 mg kg™ for residential soils and 350 mg kg~ ' for industrial soils (USEPA, 2015). The UK Environmental
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Agency has given 170, 80, and 3600 mg kg~ ' (EA, 2009) as guideline values for residential, allotment, and commercial
soils, respectively. The values range from 1 to 3600 mg kg™ ', and it has been suggested that soil mercury concentra-
tions that satisfy these guidelines values in some cases may still have deleterious effects on soil health (Mahbub, Bahar,
et al., 2017). Availability of mercury in the soil makes it amenable to leaching in water, and reduction to Hg(0) and
subsequent evasion to the atmosphere. Both cause transport of mercury to downstream locations. These emissions or
releases in one place can lead to pollution and exposure in another place. Thus measures are required for remediation of
mercury-contaminated soil at the source location itself.

Remediation technologies for treating soil contaminated with mercury can be categorized as physical, chemical, and
biological. Ideally, treatment would mean either “permanent” immobilization of soil mercury (stabilization) or conver-
sion of soil mercury to elemental mercury which is then vaporized and is captured. And, the mercury concentration in
soil is brought below a stipulated regulatory value. Physical remediation comprises thermal desorption and electroki-
netic removal; chemical remediation comprises chemical stabilization and soil washing; and phyto- and microbial-
remediation (bioremediation) comprises methods using plants and microbes for mercury stabilization or removal (Wang
et al., 2020).

The present chapter focuses on microbial remediation of mercury-contaminated soil, remediation meaning conver-
sion of Hg(Il) to Hg(0), or MeHg to Hg(II) to Hg(0), which should be subsequently captured and sequestered; or accu-
mulated and “stabilized.” The basic idea is that the microorganisms in a mercury-contaminated soil are often resistant
to mercury toxicity to certain extents and can survive by either utilization or accumulation, of mercury. Thus it may be
possible to use these microbial species as biocontrol agents to deal with mercury-contaminated soil. Microbial remedia-
tion has been vastly researched and applied for water treatment but microbial remediation of contaminated soil has not
been explored to that extent (Mahbub, Bahar, et al., 2017). In this chapter, we review the basic information on microbial
transformations of mercury and explore the microbial treatment methods that have been applied for the remediation of
mercury-contaminated soil.

34.2 The global mercury cycle

Mercury released from natural and anthropogenic sources cycles reversibly between atmosphere, terrestrial, and aquatic
ecosystems. In terrestrial ecosystems it may be sequestered, emitted back to the atmosphere, or run off to aquatic envir-
onments. In aquatic environments, it may bioaccumulate, circulate in oceans, or may be reemitted to the atmosphere.
Mercury released years ago still persists in the surface reservoirs and will continue to exist for decades even after
restricting present-day emissions (Amos et al., 2013). Terrestrial reservoirs of mercury can be divided into three pools
(Global Terrestrial Mercury Model; Smith-Downey et al., 2010): fast, slow, and armored. Fast reservoirs included top
layer of vegetative soil and soil organic matter. Slow and armored soil pools comprise mineralized carbon deposits at
greater soil depths. The top layer of soil is humus-rich that retains mercury from atmospheric deposition and stabilizes
it by binding to the organic matter. From there, it can be mobilized as run-off, emitted back to the atmosphere, or buried
in deeper mineral reservoirs.

34.2.1 Global use and sources

Mercury is present in the Earth’s crust and is periodically released during weathering of rocks (Mahbub, Krishnan,
Naidu, Andrews, et al., 2017; Mahbub, Krishnan, Naidu, Megharaj, 2017; Teng et al., 2020). Major anthropogenic
activities causing mercury pollution include metal mining, refining and other metallurgical processes (McCarthy et al.,
2017; Wang, Feng, et al., 2012), coal combustion (Bourtsalas & Themelis, 2019), gold production (Subhavana et al.,
2019), chlor-alkali process (Busto et al., 2011), and the steel, cement, and iron industries (Wang et al., 2016). Zinc sul-
fide ores are rich in mercury as both metals actively react with sulfide; mercury is thus emitted during zinc smelting.
Waste disposal sites also contribute to mercury pollution (Teng et al., 2020).

Mercury is also used in the chemical industry for catalysis and in the medical profession such as dental amalgam
(Joy & Qureshi, 2020), topical antiseptics, and in manufacturing of electronic and electrical appliances including
switches, fluorescent lamps, short-wave ultraviolet lamps, thermometers, sphygmomanometers, and batteries. Pesticides
containing mercury have also historically polluted soil directly (Burger Chakraborty et al., 2013). Further, the inten-
tional use of mercury in artisanal and small-scale gold mining (Ji et al., 2018), recovery of gold from electronic waste
and use of coal in paper, cotton, jute, bricks, soft coke, colliery, and fertilizer industries release mercury as a by-
product (Burger Chakraborty et al., 2013). Natural and anthropogenic sources contribute 13% and 27%, respectively, to
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the present-day mercury deposition, whereas the major portion, 60%, is due to legacy mercury emitted in the past
(Amos et al., 2013).

34.2.2 Mercury transformations and transport in the environment

The most abundant and stable form of mercury present in the atmosphere is elemental or metallic mercury [Hg(0)]. The
lifetime of Hg(0) in atmosphere is approximately between 6—12 months. This allows Hg(0) to travel long distances
before its deposition on soil and water (Xie et al., 2020). 75% of the atmospheric or gaseous mercury is released from
fossil combustion that later deposits on soil (Teng et al., 2020).

Oxidation of Hg(0) to Hg(Il) in the atmosphere is assisted by bromine, ozone, hypochlorous acid, fluorosulfuric
acid, and hydroxyl groups present in fog and moisture in the air (Mahbub, Bahar, et al., 2017). Both dry and wet depo-
sition of mercury occurs from atmosphere to soil and vegetation (Teng et al., 2020; Wang et al., 2020). Atmospheric
mercury may be transmitted to the terrestrial ecosystem by stomatal or cuticle uptake by plants or direct deposition to
soil. From plants, mercury is transported to soil via litterfall and mercury wash-off from the plant/leaf surface
(Blackwell & Driscoll, 2015). Hg(IT) on the plant surface may also be photoreduced to Hg(0) that then volatilizes back
to the atmosphere (Ariya et al., 2015).

After deposition to soil, Hg(0) and Hg(II) interact with soil mineral and organic matter and undergo transformations.
The oxidation of Hg(0) to Hg(I) and Hg(Il) occurs at the air—soil interface in the presence of oxygen in the soil (Soares
et al., 2015). Hg2+ forms thiol complex, HgS, Hg(I)Cl,, Hg—CIl—OH complex, and HgO. Hg(Il) also undergoes meth-
ylation (Wang et al., 2020).

The mercury pool in the organic soils has been estimated to be 250—1000 Gg (gigagrams) and is estimated to be
increasing due to anthropogenic pollution (Obrist et al., 2018). It has been observed that mercury concentrations are
lower in deserts and scrublands due to high reemission to the atmosphere, and higher in vegetation and forestation land
due to plant-mediated atmospheric mercury deposition (Obrist et al., 2016, 2018). Higher altitude areas with vegetation
and forestation are also reported to have a higher mercury deposition and higher concentration of mercury in soil
(Blackwell & Driscoll, 2015).

34.2.3 Speciation and mobility of mercury in soil

Mercury speciation and mobility in soil depends on soil properties. The affinity of mercury toward mineral content and
organic matter may lead to its immobilization in soil. Hg(II) forms stable complexes with hydroxyl, chloride, and sul-
fide functional groups present in soil minerals and organic matter including microbial species (Mahbub, Bahar, et al.,
2017). Organic matter containing sulfur forms strong covalent bonds with mercury [Hg(II)] whereas oxygen-containing
carboxyl and aromatic groups form weaker bonds (Mahbub, Bahar, et al., 2017). Thereafter, divalent mercury com-
pounds may be methylated. Low soil pH results in the formation of monomethyl mercury and at neutral and alkaline
pH conditions, dimethyl mercury is formed. Mercury complexation and methylation in soil reduce the bioavailability
for remediation by mercury-resistant bacteria, i.e., reduction of Hg(II) to Hg(0) and the subsequent evasion of Hg(0)
(Mahbub, Bahar, et al., 2017; Mahbub, Krishnan, et al., 2016).

Soil properties including pH, cation exchange capacity (CEC), organic matter, minerals, and texture play a major
role in mercury sorption (Yin et al., 2018). An increase in soil pH facilitates the sorption of Hg(Il). CEC depends on
the type and ratio of clay present in the soil. The rice paddy soils are susceptible to high mercury levels because of the
high clay content which enhances the cation exchange capacity and thus Hg(II) levels are high. CEC is responsible for
nonspecific and reversible binding of divalent mercury resulting in a positive association of CEC with Hg(II) sorption
in soil. Mercury binds covalently with oxygen groups present in the clay lattice (O’Connor et al., 2019). Clay with finer
particle size has higher mercury levels due to a higher surface area. The presence of other potentially toxic heavy metals
do not affect the binding of mercury to the soil (O’Connor et al., 2019). Though organic matter can methylate Hg(II) to
MeHg, the introduction of mercury-resistant bacteria and fungi can aid in oxidative and reductive demethylation (Teng
et al., 2020).

Water content also plays a major role in the degradation of Hg(Il); in saturated soil, anaerobic demethylation of mer-
cury occurs in the presence of mercury resistant bacteria (Zhou et al., 2020). Manganese oxide is a soil nutrient and a
source for Mn in plants that regulate redox reactions. MnO oxidizes Hg(0) and affects its mobility. Hg(II)-oxide formed
due to oxidation is water soluble and can change speciation based on hydraulic conditions. Microbial methylation is
enzymatically driven and can be suppressed by a catalyst, such as manganese oxide, that can reduce the rate of sulfate
reduction leading to a decreased methylation (Vlassopoulos et al., 2018).
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Mercury polarizability is predominant in the presence of a sulfur group that acts as a soft base. Mercury forms a
strong bond with the thiol group and behaves as a polarizable soft acid. HgS is considered the most stable form of mer-
cury and thus sulfur-containing adsorbents are introduced in the soil to immobilize mercury in the soil (O’Connor et al.,
2019).

Organic matter comprises the microbial community, the debris of degrading plants and animals, and chemical com-
pounds such as chelators, ligands, and aromatic groups. The organic matter contains chelating agents and ligands that
are involved in surface complexation and specific binding with mercury. Mercury binds with organic matter to form
complexes with soil minerals, that is, organomineral mercury complex. Organic matter has more affinity toward diva-
lent mercury sorption because of the presence of various functional groups including hydroxyl, carboxyl, aromatic, and
thiol groups (O’Connor et al., 2019).

Strong binding of Hg(II) and MeHg with soil can cause less availability of mercury for microbial remediation and
the presence of other contaminants may have an impact on microbial metabolism (Antoniadis et al., 2017). Thus abiotic
factors play a major role in increasing mercury mobility for bacterial demethylation. Humic acid-rich soils form
mercury-humic and mercury-fulvic complexes that are water soluble and thus improve mobility under water-saturated
and flooded conditions (Fernandez-Martinez & Rucandio, 2014; Liu et al., 2020). Improving mercury mobility makes it
bioavailable for demethylation. Mercury bound to high-molecular-weight organic compounds present in the soil are less
liable to get methylated due to reduced mercury mobility (Sipkova et al., 2016). For soil remediation, acidic pH is
maintained to increase the mobility of mercury for sequestration and bioavailability for microbial reduction (Mahbub,
Bahar, et al., 2017).

34.3 Microbial-mediated reactions of mercury compounds in soil

Soil has a rich microbial community that comprises bacteria, fungi, archaea, algae, protozoa, and viruses. Cell mem-
branes in both bacterial and fungal cells are made of phospholipids and proteins that regulate material flow in and out
of the cell. They also act as defense systems and can adapt their permeability according to their physical and chemical
environmental (Hongyan et al., 2003). Figs. 34.1 and 34.2 depict the passive and active transport of mercury in the bac-
terial and fungal cell, respectively, primarily facilitated by cell membranes. More details are presented in Section 34.3.1
and 34.3.2 below.

The bacterial cell wall comprises peptidoglycan that forms a polysaccharide structure cross-linked with short pep-
tides (Vollmer et al., 2008) and the fungal cell wall comprises chitin, glucan, and glycoproteins (Adams, 2004). These
polysaccharides and proteins present on the cell wall comprise carboxyl, hydroxyl, acetate, phosphate, and sulfate ester
groups. Extracellular accumulation of mercury is mediated by these functional groups that act as ligands for Hg(II)
sequestration. Cell wall components such as chitin and chitosan contain —COOH groups and bind covalently with mer-
cury. Mercury uptake is mediated by several metal transporters and is guided to cytosol (Durand et al., 2020;
Falandysz, 2016; Urik et al., 2014). Binding of Hg(Il) to these functional groups limits the cellular uptake to reduce
cell-associated toxicity. Binding of Hg(II) to the cell surface is a mercury tolerance mechanism exhibited by the micro-
organisms (Grégoire & Poulain, 2014).

The metabolic activity of a cell is carried out in the cell cytoplasm or cytosol. It comprises nutrients, enzymes,
growth factors, and cell organelles. All microbial reactions including mercury methylation, reduction, volatilization,
and bioaccumulation occur in the cytosol. Some cell organelles like vacuole may participate in bioaccumulation
(Grégoire & Poulain, 2014). Bioaccumulation of Hg(I)S is not reported and is substantially lower than MeHg
(Mahbub, Bahar, et al., 2017).

34.3.1 Oxidation

Oxidation of Hg(0) was first reported in chemotrophic bacteria by Holm and Cox (1975). Chemotrophic bacteria were
incubated in thre presence of Hg(0), which resulted in growth inhibition. The inhibitory effect was suspected to be asso-
ciated with formation of Hg(Il) (Holm & Cox, 1975). Though the mechanistic details behind the formation of Hg(II)
are lacking, Magos et al. have proposed a catalase enzyme-mediated pathway could be responsible for biological oxida-
tion (Magos et al., 1978). Under anaerobic conditions, sulfate- and iron-reducing bacteria were able to oxidize Hg(0) to
Hg(II). This oxidation process was found to occur extracellularly in the presence of —SH containing low-molecular-
weight compounds located on the cell membrane (Colombo et al., 2013; Hu et al., 2013).
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FIGURE 34.1 Bacterial remediation of mercury. Mercury uptake in bacterial cell occurs via two mechanisms, passive diffusion (A) and energy-
dependent active transport (B). Mercury ions form complex on the cell membrane by interaction with the thiol, carboxyl and phosphate containing
cell membrane constituents (C). Bioavailability of mercury is facilitated in the environment by abiotic factors including, organic content (e.g., humic-
acid, low- and high-molecular-weight organic species), mineral content, soil pH, temperature and light/dark conditions (D). In the cytosol, inorganic
mercury form thiol complexes (E) and bioaccumulate in the cell (F). In iron- and sulfate-reducing bacteria, inorganic mercury undergoes methylation
in the presence of methyl and electron donor proteins, HcgA and HcgB (G). These bacteria carry out oxidative demethylation (H) when the mercury
concentration levels are high to reduce cellular toxicity and also possess transporter proteins to export methylated mercury out of the cell. Anaerobic
demethylating bacteria, on the other hand, sequester methylated and inorganic mercury species that activates mer operon. Organomercurial lyase,
MerB, cleaved carbon-mercury bond and mercuric reductase, MerA, catalyzes reduction (I). The Hg(0) escapes the cell (J). Light and dark conditions
significantly affect the process by facilitating the electron flow.
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FIGURE 34.2 Mycoremediation of mercury. Extracellular immobilization of mercury is mediated by ligands expressed on the cell wall (A) and the
cell wall components containing carboxyl groups (B). Metal transporter proteins assist in mercury uptake (C). Mercury form complexes with thiol
compounds (Glutathione (GSH), Phytochelatin, Metallothionines, etc.) and get immobilized intracellularly (D). Mercury-GSH complex is transported
to vacuole by ycfl and is stored there (E). Mercury methylation and reduction mechanisms may be involved that leads to volatilization (F). Selenium
uptake is facilitated by sulfur transporters (G). Mercury forms intracellular complexes with selenium and are found to be co-accumulated (H).
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34.3.2 Mercury methylation

The organic matter of soil predominantly participates in mercury methylation. Humus-rich soils can act as methyl
donors for Hg(I) and cause methylation (Zhu & Zhong, 2015). Under anaerobic conditions, methanogens (Lu et al.,
2017), iron- and sulfate-reducing bacteria mediate methylation (Hu et al., 2013), whereas fungal strains (e.g.,
Cephalosporium) methylates mercury in an aerobic environment (Glasauer et al., 2013). A recent in-depth study on
mercury methylation has experimentally demonstrated that Hg(II) bound to cell surface does not undergo methylation,
whereas mercury transported to periplasmic and cytoplasmic regions gets methylated (Thomas et al., 2020).

An increase in Hg(II) concentration favors methylation and entry into the microbial cell. The two reported mechan-
isms of Hg(Il) uptake include passive diffusion of neutral mercury complexes and the energy-dependent active transport
via zinc transporters (Thomas et al., 2018).

34.3.2.1 Passive transport

Passive diffusion can be facilitated by functional groups present in soil mineral. The bacterial cell wall is permeable to
Hg(II) neutral species (Fig. 34.1A). Hg(Il) interacts with the functional groups, chloride, oxide, and sulfate to form neu-
tral mercury species. Thiol groups (—SH), cysteine (Liu et al., 2016; Schaefer et al., 2014), and glutathione (Liu et al.,
2016) have been reported to increase inorganic mercury uptake by the cell for methylation. Inorganic mercury forms
sulfide complexes extracellularly where thiol groups act as ligands and also facilitate the transport of methyl mercury
out of the cell in anaerobic bacteria such as Geobacter sulfurreducens and Desulfovibrio desulfuricans (Lin et al.,
2015). Similar studies on passive diffusion by fungal cells were not found.

34.3.2.2 Suppression

Lin et al. (2015) studied the impact of thiols on methylating bacteria in the growth medium. The study demonstrated
that Hg(II) has a high affinity toward thiols present on cell surface receptors, whereas methyl mercury competes with
thiol groups for these receptors. Bacteria (D. desulfuricans) self-synthesize thiolate compounds and are efficient methy-
lators and exporters of methyl mercury. Inability to synthesize thiols (G. sulfurreducens) can gradually suppress methyl-
ation in the cell due to accumulation of methyl mercury in the cell (Lin et al., 2015). Mercury methylation followed by
its export from the cell is a survival phenomenon in methylating bacteria. As thiols facilitate methyl mercury transport
out of the cell, their absence has a toxic effect on the cells, and mercury methylation is suppressed (Isaure et al., 2020;
Lin et al., 2015).

Fungal cells secrete ligands on the cell wall that bind to Hg(II) and immobilize it on the cell surface (Fig. 34.2A).
The functional groups present in the fungal cell wall form complexes with Hg(Il) (Fig. 34.2B) and cause bioaccumula-
tion (Durand et al., 2020). This suppresses methylation in fungi.

34.3.2.3 Active transport

A study conducted by Schaefer et al. has stated energy-dependent active transport of inorganic mercury by metal trans-
porters (Schaefer et al., 2014), shown in Fig. 34.1B. The presence of high zinc concentration can reduce mercury meth-
ylation (Szczuka et al., 2015) but blocking membrane receptor had no effect on methylation rate (Thomas et al., 2020).
These transporters facilitate zinc and cadmium uptake. In the presence of mercury, competitive binding occurs that
leads to inhibition of zinc and cadmium uptake, increase in mercury uptake subsequently leads to methyl mercury syn-
thesis. The study suggested accidental uptake of mercury by metal transporters (Schaefer et al., 2014). Fungal cells also
involve metal transporter proteins for Hg(II) uptake, shown in Fig. 34.2C.

34.3.2.4 Cytosolic process

In iron-reducing bacteria (e.g., G. sulfurreducens) and sulfate-reducing bacteria (e.g., D. desulfuricans) corrinoid HgcA
and ferredoxin HgcB proteins (Schaefer et al., 2014) are involved in the transfer of methyl group and electrons under
anaerobic conditions in the cytosol (Pecoraro, 2013), where methylation is carried out (Schaefer et al., 2014), as
depicted in Fig. 34.1G. Thiol groups present in cysteine, histidine, and glutathione form complexes with mercury and
facilitate accumulation in the cytosol and transport of mercury from the cytosol to cell organelle or to cell wall
(Fig. 34.1E) (Schaefer et al., 2014).

Methanogens present in the contaminated soils are also mercury methylators and were found to possess orthologues
of HgcA and HgeB proteins (Gilmour et al., 2013; Xu et al., 2019).
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Monomethyl mercury has been found to further transform to dimethyl mercury in the presence of dithiol and other
sulfur-containing groups. The microbial species responsible for this conversion are to be identified (Jonsson et al.,
2016). Baldi et al. (1993) have reported methylation of mercury by D. desulfuricans in both monomethyl and dimethyl
forms in aqueous conditions and Wallschliger et al. (1995) reported the presence of dimethyl mercury in flooded plain
soils.

In fungal cells, intracellular complexation is driven by —SH group-containing chelators present in the cytosol as
shown in Fig. 34.2G and H. Selenium enters the cell through membrane transporters and coaccumulates with mercury
by forming SeHg complexes (Durand et al., 2020).

34.3.3 Mercury demethylation

Transformation of MeHg to Hg(Il) is the demethylation process (Fig. 34.3). Bacterial demethylation can be categorized
as mer-mediated and mer-independent. The following section will explain the mer operon and its function.

34.3.3.1 The mer operon

Microbial species in mercury-contaminated soils tend to develop resistance against mercury over the years. The genes
encoded by the specific genetic regulatory system of bacteria, mer operon, was an evolutionary introduction in the bac-
terial species that functions to provide resistance against mercury (Mahbub, Krishnan, et al., 2016; Mahbub, Krishnan,
Naidu, Andrews, et al., 2017; Mahbub, Krishnan, Naidu, Megharaj, 2017; Mathema et al., 2011; McCarthy et al.,
2017). The genes are located on chromosomal DNA, transposons, and plasmids that transmit through both horizontal
and vertical gene transfer in bacterial species.

Capture <
Deposition
Volatilization [Hg(0)]
[primarily Hg(0) and Hg(ll)]
A
Oxidation Methylation
— r —> +
H® <= Hg?" <—2 CH,Hg
Reduction Demethylation
Y
Immobilize

Treatment/Remediation = Capture or Immobilize

FIGURE 34.3 Redox reactions of mercury species in soil. Atmospheric mercury species (Hg(0) and Hg(II)) on deposition in soil, interact with soil
mineral and organic content. Hg(0) oxidizes to Hg(Il), which forms neutral species with hydroxyl, chloride, carboxyl and sulfur groups. Hg(II) also
gets methylated by methyl donors present in the soil (e.g., humic acid) and by the microbial community. Bacterial demethylation of MeHg to Hg(Il)
and bacterial reduction of Hg(II) to Hg(0) are the major phenomena involved in remediation. Demethylation is carried out by mercury-resistant bacte-
ria (MRB), fungi, methanogens, iron-reducing bacteria, and sulfate-reducing bacteria. MRB demethylates by implementing reductase and lyase
enzymes. Some amount of MeHg and Hg(Il) is bioaccumulated in the bacterial, and most gets volatilized.
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Fig. 34.11 depicts demethylation via the mer operon, harbored by aerobic bacteria for reductive demethylation. Gene
products encoded by the mer operon have various functions to regulate metabolic activity in bacteria. Some genes have
a narrow spectrum to target a specific mercury form, whereas a few can target mercury species broadly. The proteins
encoded by these genes function in cytoplasm, periplasm, and inner membrane to facilitate transport, reduction, and
lysis of mercury. Genes encoded by the mer operon are merR, merT, merP, merE, merF, merC, merH, merG, merA,
merB, and merD (Mahbub, Bahar, et al., 2017; Naguib et al., 2018).

MerR is a regulatory protein encoded by merR gene that binds to the promoter-operator region in the presence and
absence of mercury, respectively, to positively and negatively regulate the operon to express other mer genes. MerR
undergoes conformational changes on interaction with mercury (Mahbub, Bahar, et al., 2017).

The downstream genes present on the operon are expressed when merR binds to mercury. These genes that encode
for transporter proteins are merT, merE, merF, and merC. The protein encoded by merT transports Hg(Il) and organo-
mercury to the inner cell membrane and the uptake of organic and Hg(Il) in the cytoplasm is guided by transporter pro-
tein of merE. Gene product of merF is responsible for inner membrane transport. The periplasmic binding of divalent
mercury is facilitated by the gene product of merP. merH also encodes for metallochaperone that distributes mercury to
specific cell space, where the metal degrades or accumulates. merG located between merA and merB encodes a protein
that provides resistance against phenyl mercury by reducing cellular permeability. The enzymes mercuric reductase and
organomercurial lyase are gene products of merA and merB, respectively. The activation of mer operon requires high
concentration of bioavailable mercury in soil (Isaure et al., 2020). A few studies suggest oxidative demethylation path-
way in absence of organomercurial lyase enzyme (Grégoire & Poulain, 2014).

34.3.3.2 mer-Mediated demethylation

Organomercurial lyase translated by merB targets broad-spectrum mercury species and cleaves covalent bond between
carbon and mercury. For demethylation, merB mediates the protonolytic cleavage of carbon-mercury bond in the cyto-
plasm and transports Hg(II) to mercuric reductase (Lafrance-Vanasse et al., 2009).

34.3.3.3 mer-Independent demethylation

Sulfate-reducing bacteria and methanotrophs could be responsible for oxidative demethylation as CH,, Hg(II) and car-
bondioxide were the products identified (Grégoire & Poulain, 2014; Lu et al., 2017; Lu et al., 2016). Methanogens
demethylate mercury in absence of mer operon by synthesizing methanobactin that binds to methyl mercury and facili-
tate its transport across the cell as shown in Fig. 34.1B. Methanotrophs utilize one-carbon (C1) as growth substrate by
breaking carbon-mercury bond catalyzed by methanol dehydrogenase (Lu et al., 2017) (Fig. 34.1J). Whereas the
demethylation mechanism of sulfate-reducing bacteria is currently unclear (Grégoire & Poulain, 2014; Lu et al., 2016).

34.3.4 Reduction

Oxidation of Hg(0) in the aerobic environment occurs via rapid transformation to mercurous (Hg(I)) form which is sub-
sequently oxidized to Hg(II) (O’Connor et al., 2019). Fig. 34.3 shows the oxidation process. The presence of sulfur-
containing compounds in the soil mineral and in microbial cells facilitates the synthesis of neutral mercury complexes
such as HgCl, and HgS (sulfur from thiol groups) (Isaure et al., 2020). The uptake mechanism of these complexes and
Hg(II) remains obscure (O’Connor et al., 2019; Schaefer et al., 2011).

34.3.4.1 mer-Mediated reduction

Aerobic conditions and bioavailability of Hg(II) (in micromolar concentration) activate the mer operon. The mer operon
gene merA encodes mercuric reductase enzyme in the cytoplasm that catalyzes Hg(II) to Hg(0) reduction and the vola-
tilized Hg(0) escapes from the cell. Mercuric reductase is a narrow-spectrum enzyme that targets NADPH. At the cata-
lytic site of enzyme, two cysteine residues form complex with Hg®" and NADPH undergoes a hydride (H™) transfer in
the cytoplasm with a simultaneous FADH formation. This FADH reduces Hg*" and gets oxidized in the process releas-
ing mercury vapor [Hg(0)] (Lian et al., 2014). The volatilized mercury can be captured on porous material (cellulose
fibers, activated carbon, etc.) or in a packed-bed bioreactor for immobilization (Wang et al., 2020).

MerR in the presence of mercury ions upregulates the expression of merA and is downregulated by MerD on exhaus-
tion of mercury concentration. Oxidase activity of merA in the absence of mercury leads to the synthesis of hydrogen
peroxide causing cellular toxicity, thus it is important to downregulate the expression of merA by MerD (Naguib et al.,
2018).
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34.3.4.2 mer-Independent reduction

mer-independent reduction of Hg(II) has been observed under anaerobic conditions. Iron-reducing bacteria, G. sulfurre-
ducens PCA and Geobacter metallireducens GS-15, were found to reduce Hg(II) to Hg(0) in the presence of an electron
acceptor, ferric oxyhydroxide. Iron-reducing bacteria have been found to release ferrous ions during growth phase
which behave as electron transporter for mercury reduction (Wiatrowski et al., 2006). The fungal strains express homo-
logs of merA in response to stress-induced by mercury levels (Chang et al., 2020).

34.4 Microbial treatment of mercury in soil

Transformation of MeHg to Hg(0) by demethylation, followed by reduction and volatilization, and immobilization of
Hg(IT) compounds such as HgS and other complexes (Fig. 34.2D and E) in the cytosol form the basis of mercury treat-
ment. Commercially used physical and chemical processes for the remediation of mercury-contaminated soil incur
high-cost and have a high-energy requirement. These processes also sometimes affect soil fertility (Teng et al., 2020).
Microbial-mediated treatment is an eco-friendly process (Kumari et al., 2020) that employs indigenous microbial com-
munity to immobilize and demethylate mercury. It is important to understand that during microbial treatment, reductive
and oxidative demethylation transforms organomercury to inorganic and elemental mercury, which is more mobile
(Zhou et al., 2020). This can increase the bioavailability of mercury in soil that can be biosorbed or adsorbed.
Volatilized mercury vapors may escape to the atmosphere and reenter the biogeochemical cycle (Obrist et al., 2018).
Thus it is difficult to completely eliminate mercury from the environment. Actinobacteria, Proteobacteria, and
Firmicutes are a few mercury-resistant bacterial phyla that possess the mer operon (Naguib et al., 2018). Plant growth-
promoting bacteria also play a major role in the mobilization of mercury species in soil and contribute toward micro-
bially assisted phytoremediation (Wang et al., 2020). Endophytic fungal species also bioaccumulate mercury and
improve resistance to mercury toxicity in plants (Pietro-Souza et al., 2017).

Microbe-assisted reaction mechanisms have been explained in the earlier sections. Treatment by microbial reduction
will be referred to as microbial remediation. The following sections will discuss the application of specific microbial
species in the remediation of mercury-contaminated soil.

34.4.1 Studies on bacterial remediation

A number of bacterial phyla have been identified for bioremediation, including Firmicutes (genus: Bacillus,
Clostridium, Enterococcus), Proteobacteria (genus: Pseudomonas, Sphingopyxis, Klebsiella), and Actinobacteria
(genus: Rhodococcus, Mycobacteriaceae) (Ji et al., 2018; Osborn et al., 1997). Chen et al. (2019) reported 91.6% mer-
cury volatilization by Bacillus DC-B2 in Luria broth agar medium with no accumulation (Chen et al., 2019).
Sphingobium SA2 cultured on phosphate minimal medium showed 80% mercury volatilization in 6 hours (Mahbub,
Krishnan, et al., 2016); whereas SE2 was capable of 44% volatilization and 23% accumulation in the cells with no vola-
tilization from dead biomass (Mahbub, Krishnan, Naidu, Andrews, et al., 2017; Mahbub, Krishnan, Naidu, Megharaj,
2017). Bioaccumulation of mercury as HgS is depicted in Fig. 34.1F. In the case of Sphingopyxis SE2, 597 mg L™
was found to be the mercury concentration that resulted in the death of 50% of the bacterial population in the culture
medium (Mahbub, Krishnan, Naidu, Andrews, et al., 2017; Mahbub, Krishnan, Naidu, Megharaj, 2017), which may be
due to toxicity caused by MeHg accumulation.

In microcosm under flooded conditions, Hg(Il) reduction was observed in natural conditions but the addition of
Bacillus DC-B2 enhanced mercury volatilization by ~17% in 30 days. The same setup was applied for mercury-
contaminated farmland soil and was found to give 82.1% Hg(II) removal in 30 days (Chen et al., 2019).

Another study suggested bioaugmentation of Hg(II) remediation by the introduction of a novel Pseudomonas sp.
DC-B1 with sawdust biochar. More than 74% mercury volatilization was achieved in the growth medium in 72 hours.
In water-saturated microcosm, the addition of biochar enhanced mercury volatilization compared to water-saturated
control and addition of Pseudomonas sp. DC-B1 further enhanced the remediation by 10% to 23% in Hg(II)-spiked
microcosm supplemented with biochar and DC-B1 (Chen, Dong, et al., 2018).

Mercury is strongly bound to clay, minerals and organic matter in the soil, thus is not easily available for remedia-
tion. In a study by Chen, Dong, et al. (2018), chemical extraction and bacterial reduction were used to make mercury
more bioavailable and amenable for remediation of mercury-contaminated soil. For this two-stage process, ammonium
thiosulfate was used to increase the bioavailability of mercury in the soil and Enterobacter cloacae B7 was isolated
from soil near the pesticide plant in Taiwan. 65% mercury was extracted through the process in 24 hour. E. cloacae B7
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was able to grow and sustain a high concentration of ammonium thiosulfate (0.5 M) used for extraction. To improve
the process, calcium and magnesium ions were added to induce mer operon. Mercury extraction increased to 77% by
implication of thiosulfate followed by 81% Hg?" remediation in the presence of calcium and magnesium ions. The
two-stage process was checked in the microcosm (Chen, Lin, et al., 2018).

A recent study by Zhou et al. (2020) reported mercury demethylation by the microbial community present in con-
taminated paddy soils (Zhou et al., 2020). The experiments were conducted in water-saturated microcosm, where
molybdate and bromoethane sulfonic acid were used to inhibit the activity of sulfate-reducing bacteria and methano-
gens, respectively (as these two bacteria are responsible for the conversion of Hg(Il) to MeHg). Inhibition of these
microorganisms contributed significantly to the inhibition of mercury methylation. Copper was added as a nutrient to
enhance the metabolic activity of methanotrophs, naturally present in the contaminated soil, to facilitate demethylation.
This study uniquely identified biomarkers involved in demethylation by comparing the microbial taxa present in control
and test samples. The mercury transformation-related genes including dsrA, dsrB, mcrA, pmoA, and hgcA were ampli-
fied using qPCR. The microbial taxa were identified by random forest analysis followed by biomarker identification
using linear discriminate effect size analysis. The genes expressed at two time points 0 and 48 hours were compared
using DESeq tool. The microbial predictors of mercury demethylation in the contaminated soil were Catenulisporaceae,
Frankiaceae, Mycobacteriaceae, and Thermomonosporaceae (Zhou et al., 2020).

Endophytic bacteria or rhizosphere bacteria are responsible for microbially enhancing phytoremediation. These bacte-
rial species change the mobility of mercury species through soil pH modification, redox reactions, and release of chemi-
cals (e.g., chelators). Studies have suggested that microbial consortia can promote plant growth (plant growth-promoting
bacteria, PGPB) (Shameer & Prasad, 2018). Pseudomonas sp., P. jessenii, Burkholderia is one such consortium reported
to have metal resistance. Pseudomonas and Bacillus species are among the most abundantly present PGPB and possess
biosorption ability. The negatively charged cell membrane of these bacterial species interacts with metal cations and cap-
tures them on the cell surface. In a few cases, accumulation has also been observed inside the cells (Shameer & Prasad,
2018). Exopolysaccharides with hexosamines are responsible for mercury removal (Singh & Kumar, 2020).

Metallothioneins present in rhizosphere bacteria have cysteine residues. The thiol group of cysteine binds to metal
ions resulting in metal accumulation. Biosorption of metals by PGPB reduces the plant-associated mercury toxicity (Lal
et al., 2018). On the other hand, six strains studied by Mello et al. (2020) showed both bioaccumulation and volatiliza-
tion potential. Serratia and Pseudomonas species increased mercury volatilization by 47.16% and 62.42%, respectively.
Acinetobacter, Enterobacter, Klebsiella, Pseudomonas, and Serratia cause accumulation of mercury in plant tissue and
promote the growth of maize (except Klebsiella) (Mello et al., 2020).

Methanotrophs are ubiquitously present in the mercury-contaminated soil but have not been studied much for their
role in demethylation of mercury. Unlike mer operon-mediated demethylation (at mercury micromolar level), methano-
trophs can demethylate at even lower mercury concentrations (nanomolar). Lu et al. (2017) reported Methylosinus tri-
chosporium OB3b and Methylococcus capsulatus Bath as potential methanotrophs. M. trichosporium OB3b can biosorb
and degrade methyl mercury, whereas M. capsulatus Bath can only biosorb and accumulate. Methyl mercury uptake
was found to be facilitated by a metal-binding peptide, methanobactin. Methanobactin is originally associated with cop-
per uptake to carry out methanogenesis catalyzed by methane monooxygenase. The presence of copper reduced the
uptake of methyl mercury and its demethylation. In absence of methanobactin synthesis, the mutants of M. trichospor-
ium OB3b did not demethylate regardless of the same culture conditions (Lu et al., 2017). Interestingly, methanotrophs
lacking methanobactin synthesis can ultilize methanobactin produced by other microbes to demethylate mercury and
can be a part of syntrophic pathway (Semrau et al., 2019).

Lu et al. (2017) also studied the degradation pathway followed by OB3b by supplementing the nitrate minimal salt
culture medium with 5 mM methanol. Methanol is the growth substrate for methanotrophs and in its absence methano-
trophs implement alternative pathways. Methanol supplementation reduced demethylation due to competitive substrate
inhibition. One-carbon (C1) from methanol was metabolized in substrate supplementation study, whereas in absence of
methanol, C1 was supplemented by methyl mercury by cleavage of carbon-mercury bond. This cleavage is catalyzed by
methanol dehydrogenase to make C1 available for metabolic pathways. C1 may also be involved in cycling of methyl
mercury by other aerobic bacteria (Lu et al., 2017).

Frossard and Hartmann et al. (2017) have studied tolerance in the microbiome of forest soil against high mercury
concentration. The study has reported the cooccurrence of bacterial and fungal species. Details on fungal diversity are
given in Section 34.4.2. Bacterial a- and 3-diversity reduction was observed with a spike in mercury concentration and
varied in different soil types. Bacteria with the mer operon were more profound in the microcosm showing a shift in
bacterial diversity due to mercury-induced stress. Therefore, it is evident that the soil bacterial community adapts
according to the environment for survival and growth.
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As such, mercury-resistant bacterial species can be added as a biofertilizer to mitigate mercury-toxicity in soils. The
overall mechanism of bacterial uptake, methylation, demethylation, bioaccumulation, and volatilization of mercury is
shown in Fig. 34.1.

34.4.2 Studies on fungal remediation (mycoremediation)

Remediation of a contaminated zone by fungi is called mycoremediation. The fungal strains are known to adapt to the
changed soil environment. Some fungi are hyperaccumulators of mercury that may have a significant impact on mer-
cury cycle (Durand et al., 2020). Bioaccumulation of mercury in fungus is species-dependent and fungal-tissue depen-
dent. More mercury accumulates in the cap than in the stalk. The senescence of the fungus decreases the accumulation
efficiency, with the highest potential in the fruiting bodies. Contrary to the bacteria, fungi can bioaccumulate mercury
from both soil with high mercury concentrations or low mercury concentrations (Durand et al., 2020). Durand et al.
(2020) have also reported possible mechanisms involved in mycoremediation and have been depicted in Fig. 34.2.

Mercury accumulation on the cell wall can be seen in Fig. 34.2A, B, D, and E depict mercury accumulation by com-
plexation in cytosol and transportation of the mercury complex to vacuolar space assisted by ycfl transporter, respec-
tively (Durand et al., 2020).

Indigenous fungal strains in metal-contaminated soils are metallotolerant and are used for the remediation of soil
(Khan et al., 2019). These fungal strains can be cultured, checked for remediation potential in vitro by optimizing the
conditions and then applied for ex situ and in situ remediation. Aspergillus niger and Aspergillus terreus isolated from
mercury-contaminated soil of an industrial estate gave >95% mercury removal in the culture medium (Khan et al.,
2019).

In general, macrofungi are known for years to biosorb the metal from the contaminated soils (Falandysz, 2017). The
fruiting bodies of edible macrofungal strains can accumulate metal and bio-transfer to the food chain. So, macrofungi
can be used as bio-indicator and accumulator of metals. Amanita muscaria (Falandysz & Treu, 2019), Boletus edulis
(Kavcic et al., 2019), Macrolepiota procera (Falandysz et al., 2017), Xerocomusbadius (Kojta & Falandysz, 2016) and
Xerocomus subtomentosus (Falandysz, 2017), have been reported to efficiently sequester mercury. The mercury uptake
can vary from one fungal species to another, based on mercury content and mercury speciation in the soil, and soil
physicochemical properties. The presence of chelators such as ethylenediamine tetraacetic acid (EDTA) enhances the
efficiency to bioaccumulate metals for Coprinus comatus (Cen et al., 2012; Falandysz, 2016) and Tricholoma lobayense
(Wang, Chen, et al., 2012). Both types of mushrooms, ectomycorrhizal and saprophytic, have the ability to accumulate
mercury. Although after reaching the maximum uptake potential, the uptake efficiency may decrease with increasing
mercury content in the soil. Mushrooms with deeper mycelia have high mercury concentration in their fruiting bodies.
Also, longer mycelia can reach deeper soil layers and reduce mercury concentration in the soil depth by mycelia accu-
mulation (Falandysz & Drewnowska, 2015).

Endophytic fungi associated with various plant species play a role in mercury mobility, uptake, and immobilization
(Pietro-Souza et al., 2017). Mercury contamination influences the characteristics and distribution of endophytic fungi in
the soil. The endophytic fungi (e.g., Colletotrichum) found in the mercury-contaminated zone may or may not have
mercury-resistance, based on their lineage. Plants with mercury-resistant fungi have shown better growth in mercury-
contaminated soils. So, endophytic fungi can bioaccumulate and can assist the host in phytoremediation (Pietro-Souza
et al., 2017).

Another study has reported mer-mediated toxicity resistance in Penicillium DC-F11, a novel strain isolated from
contaminated red soil (Chang et al., 2020). This red soil fungus gave 44% removal by mercury volatilization and
40.62% by biosorption on the cell surface. DC-F11 was found to upregulate merA homolog and merB gene under
mercury-stress, similar to bacterial mer operon. Also, sulfur metabolism pathway, KEGG was found to be activated as
mercury binds to thiol groups. The stress-induced by mercury caused upregulation of genes responsible for the assimila-
tion of sulfate for sulfite production. Sulfite leads to the synthesis of low-molecular-weight thiol compounds such as
cysteine, homocysteine and methionine. These thiol compounds bound to cytotoxic substrate activates glutathione syn-
thetase for production of glutathione-S-transferases as detoxification enzymes and five members of this family were
also found to be upregulated in the presence of mercury stress. Another pathway activated in response to mercury stress
was reactive oxygen species (ROS) induced stress defense and damage repair. The ROS genes were found upregulated
on exposure to mercury toxicity (Chang et al., 2020).

Urik et al. isolated Aspergillus, Cladosporium, Trichoderma, and Alternaria genera from contaminated and noncon-
taminated sites to compare the bioaccumulation and biovolatilization efficiency (Urik et al., 2014). Regardless of the
site of origin, Aspergillus and Cladosporium specially were found to volatilize upto 80% of mercury in the culture
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medium. Biovolatilization was achieved in 7 days under dark standard laboratory conditions. In the environment, photo-
process is known to assist in mercury remediation but the fungal strains isolated in this study could perform volatiliza-
tion in dark. Also, the use of dead and live fungal biomass is applicable for metal remediation (Urik et al., 2014).

Fungal species tend to change their genetic structure in response to mercury contamination. The fungal and bacterial
community in a specific-soil type is correlated and changes based on environmental stress. Frossard et al. (2017) have
experimentally and theoretically analyzed change in genetic biomarkers of soil due to mercury contamination. DNA
was isolated from the contaminated soil and was amplified by PCR using bacterial and fungal ribosomal sequences.
These amplified strands were sequenced using unidirectional pyrosequencing and the identified genes were quantified
by real-time PCR. Target bacterial and fungal sequences were analyzed and the specific regions were selected phyloge-
netically for comparison of bacterial and fungal segments. These target segments were used for building cooccurrence
networks. The nodes of clustered topology given by cooccurrence network define the impact of general traits or soil
condition [in this case (Frossard et al., 2017)] with respect to a particular site on the microbial community.

Fungal o- and B-diversity was more resilient in comparison to bacterial diversity against high mercury concentra-
tions and less dependent on soil properties (Frossard et al., 2017). The dominant fungal phyla remained same in contam-
inated and control soils, whereas the dominant bacterial phyla were different in the test and control. Basidiomycota
decreased with increase in mercury concentration and was accompanied by an increase in Zygomycota. The change in
fungal diversity was due to acidic conditions prevalent in soil, thus the shift in fungal diversity was due to soil proper-
ties and was not linked to increased mercury concentration. High soil pH or if pH falls out of a certain range feasible
for fungal growth may lead to decline of survival and growth of fungus (Durand et al., 2020; Frossard et al., 2017).
Several fungal strains, Agaricus, Amanita, Boletus, Coprinus, Lycoperdon, Marasmius, and Mycena are considered as
bioindicators of mercury pollution (Durand et al., 2020). A little is known about fungal mechanism of volatilization.
Sequestered mercury in the fungal cell also gets methylated or reduced to elemental form which may be enzymatically
catalyzed or may involve methylating agents (Durand et al., 2020; Falandysz, 2016; Urik et al., 2014).

In summary, both indigenous bacterial and fungal strains have the potential to reduce and volatilize mercury by
employing mercury-resistance mechanisms. Mercury remediation is carried out enzymatically in the microbial cells that
involve substrate utilization, reduction, biosorption or accumulation in the cells and at the cell surface. The genes and
gene products of mer operon specifically impart tolerance in the cells. Enzymatic substrate utilization of C1 from
methyl mercury further assists in demethylation.

34.5 Impact of mercury toxicity on microorganism

Mercury is found to inhibit soil respiration, enzymatic metabolism, and nitrogen fixation processes. Mercury toxicity
may lead to a decline of certain microbial genera and increase in the growth of resistant species. A spectral shift in
microbial diversity has been reported (Durand et al., 2020; Mahbub, Krishnan, Naidu, Andrews, et al., 2017; Mahbub,
Krishnan, Naidu, Megharaj, 2017).

The presence of mercury in soil not only changes soil morphology but also affects microbial community composi-
tion and their cellular functions. Another study on structural shift of agricultural soil microbiome (Salam et al., 2019)
has observed a massive decline in genera Staphylococcus and Brachybacterium. Mercury disrupts the intracellular
homeostasis as Hg?" forms covalent bonds with cysteine residues, leading to depletion of antioxidant species. The
imbalance in homeostasis of pro- and antioxidant causes oxidative stress. The affinity of mercury toward sulfur and
hydroxyl groups also leads to protein denaturation and nucleic acid destruction. Mercury also inhibits cell division,
enzyme activities and transcription, and ruptures the cell envelope (comprising cell wall and cell membrane) causing
cell death (Khan et al., 2009; Salam et al., 2019).

The presence of mercury hinders the microbial process by inducing stress conditions. The resistance in microorgan-
isms is due to the presence of efflux pumps, enzymatic reactions, cell surface binding, etc., and ability to biomethylate
mercury (Boening, 2000; Mahbub, Krishnan, Naidu, Andrews, et al., 2017; Mahbub, Krishnan, Naidu, Megharaj, 2017).
The effective concentration of mercury in the microbial cells is quantified by toxicity indicators such as enzyme activi-
ties (e.g., dehydrogenase, urease alkaline, and acid phosphatase), nitrification, amount of ATP produced and stored,
total microbial population, total nitrogen fixers, microbial biomass carbon, arylsulfatase, methane oxidation, and soil
respiration. Mercury concentration gradient, the effect of other pollutants on mercury speciation, control soil, and soil
aging are the parameters considered to study the impact of mercury on soil microbial community (Mahbub, Krishnan,
Naidu, Andrews, et al., 2017; Mahbub, Krishnan, Naidu, Megharaj, 2017).

High levels of mercury also affect the mycelia growth of mercury-resistant fungal strains. The fungal cells combat
cytotoxicity by the expression of specific enzymes and proteins involved in the transport of mercury to cells. These



Microbial remediation of mercury-contaminated soils Chapter | 34 645

proteins cause the production of chelators (e.g., metallothionein) to modify the cell permeability (Hindersah et al.,
2018). Salam et al. have reported an evident decrease in the archaea domain due to mercury contamination and an
increase in the population of certain genera with mercury resistance (Salam et al., 2019). Reduction in mycelia length
has also been observed in mycoremediation (Falandysz & Drewnowska, 2015).

Mercury toxicity also activates other cellular pathways for stress defense and damage repair. Upregulation of genes
involved in metabolism of thiol compounds and glutathione (Fig. 34.2D) can be observed. Stress-mediated activation of
catalase and peroxidase enzymes involved in the production of ROS was found to be upregulated due to mercury toxic-
ity (Chang et al., 2020).

34.6 Benefits and limitations of microbial remediation and future implications

Microbial remediation is stated to be an efficient and less costly method for the treatment of mercury-contaminated
soil. It also limits secondary pollution to retain soil properties after treatment (Chen et al., 2019; Yap & Peng, 2019).
The microbial species required for treatment are indigenously available and their activity can be enhanced by the addi-
tion of basic nutrients including copper, calcium and magnesium (Chen, Lin, et al., 2018; Teng et al., 2020). Bacterial
and fungal species with mercury tolerance possess the mer operon that translates genes to carry out transport, reduction
and lysis of mercury species. The presence of a negatively charged cell surface helps in the biosorption of mercury
cations. Especially hexosamine-containing exopolysaccharides (extracellular polysaccharides) are required for mercury
binding. Mercury mostly can freely pass through the microbial cell membrane and the transporter proteins can also
assist in the process.

Only 1% mercury is freely available for microbial remediation, so, to increase the bioavailability of mercury for
remediation, physical or chemical processes can be implemented (Chen, Lin, et al., 2018; O’Connor et al., 2019). Soil
washing and chemical extraction are used in various studies to increase its availability in the soil. But the implication
of physical and chemical process can increase the cost and release of secondary products. These processes can also
interfere with microbial activity and alter soil properties (Chen, Lin, et al., 2018). Thus to increase mercury bioavail-
ability further “green” methods should be investigated. Large-scale implementation of microbial remediation still
remains questionable as the soil microflora and soil properties changes with environmental conditions. There are no
studies yet on the in situ application of microbial remediation for mercury-contaminated sites. The lab scale and micro-
cosm experiments show promising results, thus in situ application may be explored by taking effective measures to
sequester volatilized mercury and to monitor long-term stability.

The role of abiotic factors in biosorption, bioavalibility, and demethylation is to be explored. Humic-acid complexa-
tion with mercury has a significant impact on mobility and oxidation of mercury, but more research is required to
clearly understand the pathways involved. Oxidative demethylation by mercury methylator bacterial species has been
reported but the mechanism of demethylation is unclear.

The introduction of the mer operon by genetic modification of microorganisms is an extensive process to achieve
successful remediation. It is extremely important to design new methods for the treatment of volatilized mercury post-
microbial reduction. Implementation of microbial remediation in association with phytoremediation can provide an
alternative for stabilization and immobilization by chemical process. The fate of these phytoextractors and phytoaccu-
mulators needs further investigation as these plants will contain elevated levels of mercury which would again need
sequestration.

The challenge of technology transfer from the lab to industrial scale can be solved by a risk assessment of the indi-
vidual site with its unique soil characteristics and mercury speciation to aid in better implementation of remediation
techniques. Biochemical mechanisms involved in microbial remediation are to be further explored to understand the
pathways upregulated to sustain in the stress conditions. Microbial remediation can be assisted with emerging nanoma-
terials (Wang et al., 2020) to improve biosorption potential. The study of microbial and genetic biomarkers for mercury
toxicity in soils is limited and thus can be a potential research area.

34.7 Conclusion

This chapter discusses the implementation of microbial remediation to treat mercury-contaminated soils. Dry and wet
mercury deposition from atmosphere to soil and leaching from agricultural and industrial activities, disposal of
mercury-containing domestic and clinical waste are major sources of mercury pollution. Soil properties including pH,
clay, mineral, and organic content play major roles in mercury speciation and mobility. Electrostatic interaction and
complexation of mercury with hydroxyl, carboxyl, and thiol groups present in clay, minerals, and organic matter lead to
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the immobilization of mercury. Microbial community in the soil has the potential to methylate, demethylate, and reduce
mercury. Thiol groups play a major role in deciding the mobility of mercury in the soil and in the microbial cells. The
presence of iron-reducing bacteria, sulfate-reducing bacteria, and methanogens methylate divalent mercury, reducing
the bioavailability of mercury for remediation (reduction to Hg(0)), whereas many indigenous bacterial and fungal
strains demethylate and volatilize mercury in response to the induced-mercury stress. These mercury-resistant microbial
communities possess the mer operon or its gene homologs to carry out transportation, reduction, and enzymatic lysis of
mercury compounds for reducing total mercury concentration and conversion of toxic forms. Methanorophs synthesize
methanobactin for the uptake of methyl mercury and degrade it by implication of methanol dehydrogenase.

Bacterial species from Firmicutes, Actinobacteria, and Proteobacteria phyla have been found to be extremely effi-
cient in the volatilization of methyl mercury and divalent ions. PGPB can demethylate and biosorb mercury in intra-
and extracellular compartments. On the other hand, mycoremediation was successfully achieved by Aspergillus,
Penicillium, macrofungal, and other endophytic species. The activity of microorganisms can be improved by supple-
mentation of soil with amendments such as biochar, copper, calcium, and magnesium ions. Although, the microbial
community can acquire resistance and mercury tolerance, an increase in mercury levels affects the enzymatic functions.
Disturbance in microbial metabolism leads to the alteration of soil properties which may affect the soil fertility. Thus
further studies are required for increasing bioavailability of mercury by eco-friendly measures and genetic modification
may enhance microbial metal tolerance and biosorption ability for effective implementation of microbial remediation.
Synthrophic pathways of coexistence and cooccurrence of mercury-methylators and demethylators in tyhe soil microbial
community must be studied for in situ application of microbial remediation. Hg(0) released as a by-product of microbial
remediation must be sequestered on a substrate to restrict its entry in the mercury global cycle. Plant-mediated mercury
adsorption may still release mercury in the long term. Thus mercury accumulation in plants may not be a long-term bio-
remediation method or would need further development.
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