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Introduction
Elemental mercury (Hg⁰) is a naturally occurring, silvery, and 
volatile metal that remains liquid at room temperature. It is typically 
found bound in mineral deposits and salts but can also be released 
from natural sources such as volcanic activity and geothermal vents. 
Mercury exists in multiple chemical forms and is a significant 
environmental contaminant due to its toxicity, persistence, and 
bio accumulative behavior. In its elemental form, Hg⁰ is used in 
thermometers, electrical switches, and dental amalgams.

Though less toxic than its inorganic salts, elemental mercury can 
transform into more hazardous compounds by combining with 
halogens, oxygen, or sulfur—forming species commonly present in 
soils and rocks [1]. These inorganic salts are released geologically 
through volcanic emissions and the weathering of cinnabar (HgS), 
a major mercury ore. Human activities such as coal combustion, 
mining, septic effluents, and dental practices further increase 
environmental mercury levels. These emissions contaminate air, 
soil, and water, interfering with metabolic processes in exposed 
organisms [2]. Since the Industrial Revolution, atmospheric 
mercury concentrations have increased tenfold, with widespread 
accumulation in sediments.

Under anoxic conditions, inorganic mercury (Hg²⁺) undergoes 
microbial methylation by anaerobic bacteria, which attach a methyl 
group (-CH₃) to produce methylmercury (CH₃Hg⁺) [3,4]. This 
process is enhanced by organic substrates and sulfur compounds. 
Methylmercury is lipophilic and bioaccumulates efficiently through 
aquatic food webs, leading to high concentrations in predatory 
species and human consumers, primarily through fish and shellfish 
[5].

Highly neurotoxic, methylmercury crosses the blood-brain barrier 
and placenta, where it binds to proteins and disrupts neural 
development. Prenatal and early-life exposures are associated with 
birth defects, reduced intelligence, cognitive impairments, and 
motor dysfunction [6]. It may also be transferred to infants via 
breast milk, though to a lesser extent.

Microbial demethylation plays a key role in mercury detoxification. 
Both aerobic and anaerobic bacteria use enzymatic pathways, 
encoded by the mer operon, to convert methylmercury into less 
toxic inorganic forms and inert Hg⁰ [7-9]. Engineered microbial 
consortia expressing mer genes—delivered through aspirated 
fluids, biofilms, immobilized gels, or biomass—offer promising 
bioremediation solutions for contaminated environments such as 
wastewater, dental systems, and soils. These approaches maintain 
enzymatic activity, including organic degradation, while mitigating 
mercury toxicity.

This paper explores mercury and its sources, microbial 
transformations, and emerging technologies for sustainable 
remediation.

Mercury Sources and Environmental Pathways
Mercury is an environmentally persistent element that does 
not readily undergo degradation [10]. Anthropogenic mercury 
emissions significantly augment natural background levels, 
resulting in widespread environmental dispersal and elevated 
health risks. These sources include coal-fired power plants, 
septic systems, dental office wastewater, mining effluents, and 
industrial discharges [11,12]. Once introduced to an aquatic 
system, mercury undergoes biogeochemical cycling, including 
microbial methylation to form methylmercury, which is highly 
soluble and bioavailable [13,14]. This compound bioaccumulates 
and biomagnifies through food chains, with apex predators such as 
tuna and swordfish exhibiting the highest mercury concentrations 
[15].

Coal Combustion
Coal-fired power generation remains the predominant source of 
anthropogenic mercury emissions both globally and within the 
United States [16]. Mercury released from coal combustion enters 
the environment through coal ash residues, flue gas emissions, 
and airborne particulates. Despite the implementation of pollution 
control technologies, mercury emissions persist at significant levels 
in many facilities. Modernization efforts involve the adoption 
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of advanced emission control systems that can reduce mercury 
output; however, these technologies are often complex and have 
limited penetration across aging power plants in North America.

Septic Systems
Dental amalgams, comprised of approximately 50% elemental 
mercury combined with metals such as silver, tin, and copper, 
undergo degradation within the oral cavity. Oral bacteria, most 
notably Streptococcus mutans, produce acidic byproducts and 
hydrogen sulfide (H₂S), both of which contribute to the corrosion 
of amalgam fillings. These microbial processes facilitate the 
release of mercury as elemental and inorganic forms. Furthermore, 
bacterial enzymatic activity may promote the methylation of 
mercury, converting it into methylmercury.

Mercury release is exacerbated by common oral activities, 
including chewing, brushing, teeth grinding, and exposure to 
saliva and acidic foods [17]. Elemental mercury vapor is readily 
inhaled and absorbed into the circulatory system, while other 
mercury species are ingested, pass through the digestive tract, and 
excreted via urine and feces [18]. Studies indicate that individuals 
with multiple amalgam restorations exhibit urinary mercury levels 
2 to 12 times higher than those without such fillings. Although 
individual households produce minimal mercury contributions 
from dental amalgams to municipal sewage, cumulative inputs 
from multiple sources can lead to significant localized mercury 
accumulation. In septic systems, mercury binds to organic matter 
within sludge and can persist for extended periods. Anaerobic 
conditions, typical of septic tanks and leach fields, promote 
microbial conversion of inorganic mercury into methylmercury. 
Elevated mercury concentrations have been documented in 
septic sludge linked to dental sources [19,20]. Environmental 
risks escalate when mercury-laden sludge is mishandled or when 
septic effluents are discharged to surface waters, facilitating 
aquatic bioaccumulation. Rural areas relying on private wells and 
household septic systems are particularly vulnerable due to limited 
heavy metal filtration capacity. While per-household mercury 
loads may be small, long-term accumulation poses substantial 
environmental and public health threats, especially in sensitive 
or inadequately monitored regions.

Similarly, marine septic systems can discharge mercury into 
aquatic environments through waste from human excretion or 
industrial activities aboard vessels and offshore platforms. These 
systems, especially older or poorly maintained, lack mechanisms 
to remove or neutralize heavy metals. Consequently, mercury 
may accumulate in septic tank sludge, where processes may 
promote methylmercury production. Regulatory shortcomings and 
inadequate treatment protocols exacerbate these risks, particularly 
in international waters or regions with limited enforcement.

Dental Treatment Wastewater
Despite the declining use of amalgam fillings, the aging population’s 
preference for dental restorations continues to contribute to 
environmental mercury contamination [21]. In the United States 
alone, over five tons of mercury are annually discharged from 
the release of inert mercury particles during amalgam removal. 
These particles enter municipal and septic wastewater via the 
dental office vacuum systems. The United Nations Environment 
Program reports dental amalgam placement and removal accounts 
for significant global mercury use and discharge adding to a 
substantial environmental burden. 

To help reduce environmental expression, dental offices are 
employing amalgam separators (e.g., Hg5 by Solmetex), which 

capture amalgam particles drawn by evacuation systems for 
recycling. However, separators do not capture soluble mercury 
species formed by bacterial activity within the oral cavity 
or evacuation system pipes [22,23]. These systems collect 
saliva, water, and debris during procedures and harbor diverse 
microbial communities of oral bacteria such as Streptococcus 
mutans, Actinomyces spp., and Porphyromonas. Within the 
evacuation system they exist alongside anaerobic sulfate-reducing 
bacteria (SRB) of genera like Desulfovibrio and Desulfobacter. 
Furthermore, biofilm-forming species such as Pseudomonas, 
Bacillus, and fungi like Candida colonize the moist interiors of 
evacuation lines and separator canisters. These microbes’ methylate 
inorganic mercury due to the low-oxygen conditions prevailing in 
these biofilms and sludge deposits [24-26]. Proteinaceous debris 
provide organic substrates supporting microbial growth and create 
microenvironments conducive to mercury methylation. To mitigate 
dental mercury pollution, regulations have mandated amalgam 
separators, and international agreements such as the Minamata 
Convention which aims to limit mercury emissions and promote 
safer practices globally [27].

Mer Operon and Microbial Mercury Detoxification
Demethylation is a natural enzymatic process involving the 
cleavage of methyl groups from organic molecules and some 
microbial species utilize this process to degrade methylmercury for 
self-preservation [28-31]. Cells respond defensively to inorganic 
mercury compounds (e.g., mercuric chloride), which disrupt 
cellular function by binding thiol (-SH) groups in proteins and 
enzymes. This bacterial mercury resistance is encoded by the 
mer operon, enabling survival in mercury-contaminated habitats 
[32]. Central to this operon is the merA gene encoding mercuric 
reductase, which reduces inorganic Hg²⁺ to volatile elemental Hg⁰. 
Elemental mercury is inert and diffuses out of the cell, lowering 
intracellular toxicity. 

Organic mercury compounds, such as methylmercury, pose even 
greater toxicity and persistence than inorganic. This requires 
coordinated action of merA and merB genes to provide complete 
detoxification. The merB gene encodes organomercurial lyase, 
which cleaves carbon-mercury bonds in organic mercury 
compounds, releasing Hg²⁺ for MerA to reduce to Hg⁰. This two-
enzyme system is essential, for without MerA, released inorganic 
mercury would remain toxic. Furthermore, with both enzymes 
acting intracellularly the process requires import of mercury ions 
via membrane proteins (MerT, MerP, MerC) [33]. Regulatory 
genes such as merR along with plasmid-borne transporters 
facilitate horizontal gene transfer, enabling rapid spread of mercury 
resistance across microbial communities. This system provides 
robust microbial defense, the detoxifying of intracellular mercury 
and the reduction of extracellular toxic mercury species.

Protease Denaturing by Mercury
Proteins may dominate the fluids found in wastewater systems 
contributing to organic loads and biofilms. Proteinaceous 
debris from dental procedures or industrial waste management 
applications add to the fouling progression by creating surface 
borne deposits and adding to biofilms. These gelatinous structures 
capture and retain inorganic and metallic filings. Unprocessed 
proteins increase biological oxygen demand (BOD), promote 
eutrophication and under anaerobic conditions, generate ammonia, 
hydrogen sulfide, and volatile fatty acids. Under normal operating 
conditions, protease enzymes, in liquid or powder form, are added 
to the effluent to degrade the proteins into peptides and amino acids, 
for easier treatment or removal. Effective protein degradation 
by protease enzymes is critical to reduce these fouling masses 
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to improve function, control odors and optimize any cleaning 
treatment [34,35].

Increasing levels of mercury will affect added protease 
treatments function proportionately (Figure 1). In environments 
where mercuric species are present, supplied protease may not 
effectively denature proteins, negating its efficacy as a cleaner and 
degrader. This occurs due to the inhibition of cysteine proteases 
through the binding of mercury to the thiol (–SH) groups of 
active-site cysteine residues. The mercuric binding blocks the 
nucleophilic function of the thiol to donate an electron pair and 
attack the peptide bond during protein cleavage which hinders the 
process. This mechanism contributes to mercury’s broader toxic 
effects by interfering with critical proteolytic processes [36-40]. 
Additionally, mercury may induce conformational changes in the 
enzyme, further disrupting its function. Mercury binding causes 
enzyme misfolding or denaturation and induces reactive oxygen 
species (ROS) that oxidize and damage enzymes [41,42]. Even 
metalloproteases can be inhibited if mercury displaces essential 
cofactors like zinc, serine, and aspartic proteases, while other 
more resistant proteases are also vulnerable [43].

Figure 1: Mercury’s Effect on Enzymatic Activity

Mereduce™ For Toxic Mercury Reduction
The mer operon has been extensively investigated as a 
biotechnological tool for mercury remediation, supporting efforts 
to meet EPA and international mandates aimed at reducing mercury 
emissions. In wastewater systems that receive fecal and urinary 
inputs, proteolytic and lipolytic microbes play essential roles in 
maintaining flow and degrading organic matter. However, mercury 
compounds pose a significant threat to both environmental stability 
and the functional integrity of microbial communities, particularly 
protease-producing organisms. Mercury not only inactivates these 
microbes but also denatures the proteolytic enzymes they secrete. 
Mercury-resistant and -transformative microbes, commercially 
marketed as Mereduce™, express the mer operon and have 
demonstrated the ability to reduce toxic Hg²⁺ to volatile elemental 
Hg⁰ under laboratory conditions (see Appendix 1).

Table 1: Results

To avoid the addition of externally added proteases, and to 
prevent the denaturation of proteolytic enzymes essential 
for protein degradation, effective remediation requires the 
introduction of specialized microbes that can replicate and 
remain functional in a mercuric environment. These microbes 
must sustain enzymatic activity, expressing functional proteases, 
while exhibiting mercury tolerance, resistance and providing the 
capacity to transform mercuric species. Technologies that preserve 
and support the function of both proteolytic enzymes and mer 
operon-encoded proteins are particularly valuable in mercury-
impacted environments [44]. Dental evacuation systems serve as 
a microcosm of broader infrastructures where mercury releases 
and biofilm fouling intersect [45].

Anaerobic microenvironments beneath biofilms and surface-
bound protein debris can support mercury-methylating microbes 
such as sulfate-reducing bacteria and Streptococcus mutans [46]. 
The accumulation of amalgam particles in separator canisters 
further exacerbates the formation of methylmercury hotspots. 
To address these challenges, Solmetex developed Power Scrub 
with Mereduce™, a formulation that employs enzymatic agents 
derived from mercury-transformative microbes. These specialized, 
mercury-resistant microbes express multiple enzymatic pathways 
that degrade organic fouling while simultaneously reducing toxic 
Hg²⁺ to elemental Hg⁰ via intracellular mechanisms, all while 
preserving protease activity and supporting broader microbial 
consortia [47]. This dual-action approach enhances system 
performance, reduces fouling, and limits the formation and 
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environmental release of methylmercury. Maintaining biofilm-
free surfaces also preserves the efficiency of amalgam separators 
by keeping sequestered mercury accessible for microbial 
detoxification during routine maintenance.

To promote microbial viability and establish a sustained 
demethylation environment, the microbes are supplied in a 
delivery media that is engineered with oxygenation bubbles and 
adhesion-promoting surfactants targeting biofilm slime layers. 
Kick-start enzymes are provided to initiate the breakdown of 
organic material to a food source for the digestive microbes. 
Surfactants enhance microbial adherence under flow conditions, 
allowing membrane transporter proteins to facilitate mercury 
uptake for intracellular enzymatic reduction. As the surface bio 
foul and protein masses are digested, embedded amalgam particles 
are released into separator systems for capture. The repetitive use 
of this technology provides repeated microbial interaction with 
mercury species. This cycle helps prevent mercury accumulation, 
while improving fluid dynamics, and reducing toxic mercury 
discharge.

The approach is adaptable for use in septic systems, coal 
refineries and municipal wastewater treatment facilities, where 
it can function as an adjunct to native microbial populations 
by enhancing mercury detoxification in fecal and urinary waste 
streams. Aeration promotes aerobic microbial growth and supports 
the mer operon expression. Furthermore, the use of agricultural 
probiotic mercury-transforming bacteria may mitigate mercury 
contamination in coal ash landfills by stabilizing waste matrices 
and reducing the toxicity of leachate.

Targeted Presentation
Microbial demethylation of mercury is effective across diverse 
environments, supporting bioremediation strategies involving 
inoculation of contaminated fluids, microbial concentration within 
enclosures, biofilm formation, agar gel embedded, or nutrient 
matrix incorporation [48-50].

Microbes can be adhered to piping surfaces, structural elements, or 
biological filters to optimize mercury transformation. Surfactants 
improve microbial colonization in target zones. For optimal 
demethylation, microbial inoculants are introduced into mercury-
containing environments with aerobic conditions promoted by 
oxygen aeration to induce mer operon expression [51].

Immobilization of microbes in alginate beads provides a stable, 
protective environment with high mercury transformation activity. 
For example, Bacillus megaterium MB1 immobilized in alginate 
gel successfully removed 80% of mercury from a 10 mg/L solution 
within 24 hours and retained its effectiveness over repeated use 
[52]. The elemental mercury produced was sequestered within 
the gel matrix, efficiently extracting soluble mercury from the 
surrounding fluid. Similar studies have shown that immobilized 
mercury-transformative bacteria consistently outperform free-
living cultures in detoxifying industrial effluents, highlighting 
their potential for scalable mercury remediation technologies [53].

Bioabsorbantion Through an Inactive Biomass
Within wastewater systems, applied microbes will die due to 
adverse environmental conditions or nutrient depletion. Dead 
mercury-transforming bacteria cannot reduce inorganic mercury, 
as this enzymatic process requires metabolic activity and cofactors 
such as NADPH [54]. NADPH is a critical coenzyme in cellular 
redox reactions, serving as an electron donor in mercury 
detoxification pathways; its absence in non-viable cells renders 

enzymatic reduction impossible [55]. While dead microbial 
biomass cannot actively transform mercury, it can still passively 
adsorb Hg²⁺ through functional groups like thiols and carboxylates 
on the cell wall [56]. This process, known as biosorption, is a 
metabolically independent, physicochemical mechanism by which 
both living and dead biological materials remove metals from 
solutions. The capacity of dead biomass to bind toxic metals 
makes it suitable for passive remediation applications, such as 
within amalgam separator canisters, where stable, continuous 
metal capture is possible under flow conditions.

Near dead transformative bacteria can still contribute to mercury 
capture through biosorption and bioaccumulation of mercury 
species just prior to death [57]. Even when dead, their cell 
walls and surface structures (e.g., peptidoglycan, teichoic acids, 
lipopolysaccharides, and surface proteins) retain functional groups 
capable of binding heavy metals [58,59]. Some of the functional 
groups involved include carboxyl (-COOH), hydroxyl (-OH), 
amine (-NH₂) and most importantly sulfhydryl (-SH) [60]. These 
groups can chelate or adsorb mercury species (both inorganic and 
organic) through processes such as ion exchange, electrostatic 
attraction and complexation, a chemical process where molecules 
or ions (called ligands) bind to a central metal ion to form a stable 
complex [61].

These processes enable dead microbial biomass to function as a 
passive biofilter or heavy metal “sponge,” effectively trapping 
mercury without the need for metabolic activity. In contrast, 
live mercury-transformative microbes actively express genes 
responsible for converting Hg²⁺ to elemental mercury (Hg⁰), which 
may become trapped within the cytoplasm upon volatilization. 
Following cell death, this intracellular mercury remains 
sequestered, thereby reducing its mobility and bioavailability, 
and effectively removing it from the environment. The continuous 
introduction of live mercury-transformative microbes into a 
containment canister serves to replenish and reactivate the 
biomass, sustaining intracellular mercury transformation and 
enhancing overall remediation performance [62].

Discussion
Mercury contamination remains a critical environmental and public 
health issue due to its persistence, toxicity, and bio accumulative 
nature. Anthropogenic activities such as coal combustion, dental 
practices, and wastewater discharge contribute significantly to 
global mercury emissions, introducing various mercury species 
into the environment. Of particular concern is methylmercury, a 
neurotoxic compound that bioaccumulates in aquatic food webs 
and poses significant risks to human and ecological health.

Microbial transformation, particularly through the expression of 
the mer operon, provides a sustainable and effective strategy for 
mercury detoxification. This gene cluster encodes enzymes like 
mercuric reductase (MerA) and organomercurial lyase (MerB), 
which collectively convert toxic mercury species into less harmful 
forms, including volatile elemental mercury. These microbial 
processes are vital in mitigating methylmercury formation and 
reducing mercury bioavailability.

The deployment of mercury-transformative microbial consortia, 
such as those in Mereduce™, offers a promising biotechnological 
approach for managing mercury contamination in high-risk 
environments including dental evacuation systems, septic tanks, 
municipal wastewater plants, and coal ash landfills. By combining 
microbial inoculants with engineered delivery vehicles such as 
oxygenation bubbles and adhesion surfactants will enhance 
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microbial survival, enzymatic function, and mercury uptake 
even under biofouling and anaerobic conditions. Microbial 
immobilization techniques, such as encapsulation in alginate beads 
or biomass, enhance the stability and containment of elemental 
mercury, enabling scalable applications in both industrial and 
environmental settings. These immobilized systems have shown 
high efficacy and extended operational lifespans in mercury 
removal, making them well-suited for integration into larger 
remediation infrastructures. 

Conclusion
Harnessing the natural mercury-transformative capabilities 
of specialized microbes presents a robust and adaptable 
solution to global mercury pollution. By preserving enzymatic 
integrity, preventing methylmercury formation, and reducing 
toxic discharge, these microbial strategies support safer, more 
sustainable waste management and environmental protection. 
Continued development and implementation of such technologies 
are essential for meeting international mercury reduction goals 
and safeguarding both human and ecological health.

The use of microbial consortia such as Mereduce™ offers a 
practical, sustainable approach to mitigating mercury pollution 
from amalgam residues, wastewater streams and coal ash. By 
integrating detoxifying bacteria, proteolytic enzymes, and 
surfactants, Mereduce™ enhances treatment system performance 
and maintains biofilm-free surfaces. Immobilization techniques, 
such as alginate bead embedding and biomass, further improve 
microbial stability, reusability, and mercury contact time, key for 
deployment in industrial, medical, and rural settings.

This biotechnological strategy complements regulatory tools and 
supports broader wastewater management goals. For practitioners 
and policymakers, it presents a scalable solution aligned with 
global efforts like the Minamata Convention. Continued research 
into microbial detoxification and delivery systems will be essential 
to maximize long-term efficacy and environmental resilience. 

The underlying technology has been awarded a patent for its 
composition and delivery methods:
Patent: RA079/214345-U — Composition of Matter, System, 
and Method for Reducing Toxic Mercury in Wastewater Effluent 
Trademark: Mereduce™, U.S. Registration Application Serial 
No. 90/479,611.

Author’s Note
As mentioned within the paper, the release of mercury from both 
natural and human sources has an insidious, generational impact. 
While researching and authoring this paper it was vital that the 
younger generation have both input and review. I relied upon 
their passion and concerns to understand the urgency presented by 
mercury contamination. For information regarding Mereduce™ 
mercury transformation protocols, please reach out to the author. 
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