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Abstract

Mercury (Hg) is a global pollutant and potent neurotoxin that bioaccumulates in aquatic
and terrestrial food webs as monomethylmercury (MeHg). Anaerobic microbes are
largely responsible for MeHg production, which depends on the bioavailability of
inorganic Hg substrates to methylators. Hg redox cycling pathways such as Hg reduction
play a key role in determining Hg’s availability in the environment. Although abiotic
photochemical Hg reduction typically dominates in oxic surface environments, Hg
reduction pathways mediated by photosynthetic and anaerobic microbes are thought to
play an important role in anoxic habitats where light is limited and MeHg production
occurs. Currently, the physiological mechanisms driving phototrophic and anaerobic Hg
reduction remain poorly understood. The main objective of my thesis is to provide
mechanistic details on novel anaerobic and phototrophic Hg reduction pathways. | used a
combination of physiological, biochemical and trace Hg analytical techniques to study
Hg reduction pathways in a variety of anaerobic and photosynthetic bacteria. |
demonstrated that Hg redox cycling was directly coupled to anoxygenic photosynthesis in
aquatic purple non-sulphur bacteria that reduced Hg' when cells incurred a redox
imbalance. | discovered that terrestrial fermentative bacteria reduced Hg through
pathways that relied on the generation of reduced redox cofactors. | also showed that
sulphur assimilation controlled Hg reduction in an anoxygenic phototroph isolated from a
rice paddy. In addition, | developed methods to explore cryptic anaerobic Hg redox
cycling pathways using Hg stable isotope fractionation. At its core, my thesis underscores
the intimate relationship between cell redox state and microbial Hg reduction and

suggests a wide diversity of microbes can participate in anaerobic Hg redox cycling.



Résume
Le mercure (Hg) est un polluant global et une neurotoxine puissante qui se bioaccumule
dans les réseaux trophiques sous forme de monométhylmercure (MeHg). Les
microorganismes anaérobiques sont en grande partie responsables de la production du
MeHg qui dépend notamment de la biodisponibilité du Hg inorganique aux méthylateurs.
Les réactions d’oxydoréduction, telles que la réduction du Hg inorganique divalent en Hg
élémentaire, moderent la biodisponibilité du Hg. Bien que la réduction photochimique du
Hg domine dans les environnements de surface oxiques, la réduction biologique du Hg
par les microorganismes anaérobiques joue un réle important dans les habitats anoxiques
ou le MeHg est produit. Ces mécanismes biologiques sont actuellement mal compris et
I’objectif principal de ma thése, en utilisant une combinaison d’approches physiologiques
et biochimiques, était de mieux comprendre le role des microorganismes phototrophiques
et anaerobiques sur le cycle redox du Hg. J’ai montré que la réduction du Hg est liée a
I’équilibre redox intracellulaire chez des bactéries pourpres non-sulfureuses. J’ai aussi
découvert que la réduction du Hg dépend de la génération d’équivalents réducteurs
pendant la fermentation et que 1’assimilation du soufre peut controler la réduction du Hg
chez les bactéries phototrophes. En outre, j’ai mis au point de nouvelles méthodologies
pour explorer le cycle redox du Hg, basées sur le fractionnement des isotopes stables.
Mes travaux de thése montrent qu’il existe une relation intime entre 1’état redox
intracellulaire et la réduction du Hg dans I’environnement et que de nombreux
microorganismes peuvent participer a I’oxydoréduction du Hg dans les environnements

anoxiques.
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Chapter 1: General introduction

1.1 BACKGROUND INFORMATION ON MERCURY

Mercury (Hg) is a global pollutant and potent neurotoxin that is primarily emitted in its
elemental and volatile form Hg® . Hg® can originate from natural sources including
volcanoes, forest fires and hydrothermal vents and anthropogenic sources such as small-
scale artisanal gold mining, metal refining, and coal combustion 1. As a gas, Hg® can
travel in the atmosphere for six months up to a year before being oxidized to Hg'", which
enters aquatic and terrestrial ecosystems through wet (e.g. precipitation) and dry (e.g.
dust transport) 2 deposition pathways. From that point, Hg can be re-emitted to the
atmosphere as Hg®, buried in sediments in its mineral form (HgS) or converted to its
organic form monomethylmercury (MeHg) through a number of abiotic and biotic
pathways 2.

Although all chemical forms of Hg are toxic, MeHg is the most concerning from a
human health perspective. MeHg is produced by anaerobic bacteria that do not require
oxygen to generate energy 7 and thrive in habitats such as aquatic sediments and flooded
soils 8. The MeHg produced in these habitats can easily cross cell membranes and
bioaccumulates in the tissues of organisms at concentrations several orders of magnitude
higher than ambient levels of Hg °. Hg bioaccumulation is more pronounced in organisms
that occupy higher trophic levels, which contributes to why humans become exposed to
Hg through the consumption of predatory fish °. Recently, the consumption of
contaminated rice has also emerged as a route of Hg exposure because the flooded

conditions in rice paddies are conducive to MeHg production .



Once inside of the cell, Hg’s toxicity is attributable to its high affinity for thiol-
containing amino acids !, which can lead to protein denaturation and the disruption of
essential cellular functions *2%8, Foetuses and young infants are particularly vulnerable to
Hg toxicity and typically become exposed to Hg through their mother’s diet during
development 8. Chronic Hg exposure can lead to physical birth defects and permanent
neurological damage in humans and remains an ongoing issue for people that live in areas
impacted by Hg pollution 617,

Hg’s high toxicity and pervasiveness in the environment have made it the number
one global priority contaminant. Recently, there has been a global effort initiated by the
United Nations Environmental Programme (UNEP) to curb the impacts of Hg pollution
through the Minamata Convention 8. As of January 2019, 101 countries including
Canada have ratified this legally binding document that regulates the emission, usage,
transport and disposal of Hg. The most recent UNEP report has identified the need to
better understand the processes that affect Hg deposition, methylation and uptake by
organisms in the food web and how these processes will respond to global environmental
change *°. The goal in addressing these knowledge gaps through scientific research is to
develop novel strategies that limit the impacts of Hg accumulation in aquatic and
terrestrial ecosystems. For my PhD research, | explore how novel Hg transformation
pathways tied to microbial metabolism can control Hg’s mobility and toxicity in the

environment.



1.2 MERCURY REDOX CYCLING

Hg redox cycling ultimately determines the inorganic Hg substrate available to Hg
methylators. Although HgP® oxidation supplies the dissolved Hg' required to produce
MeHg, the same Hg" can be rapidly re-reduced and re-emitted to the atmosphere from
surface environments as volatile Hg® 2. Hg reduction is typically dominated by abiotic
photochemical reactions in aquatic and terrestrial surface environments where light is
present 22 put can also occur via microbe-mediated pathways that are ubiquitous in the
environment. For my thesis, I am primarily interested in the role that microbes play in
controlling Hg speciation through Hg reduction pathways in anoxic habitats. In the
following section, | will summarize what is currently known about microbial Hg
reduction pathways and highlight outstanding knowledge gaps. Additional information on
microbial Hg cycling can be found in the published literature reviews that comprise

Chapter 2 ?° and Chapter 3 * of this thesis.

1.3 MICROBIAL MERCURY REDUCTION

The majority of research on microbial Hg reduction published to date has focused on the
role of aerobic chemotrophic microbes that rely on the oxidation of inorganic and organic
matter and the use of oxygen as a terminal electron acceptor to generate energy 2°. The
best-studied microbial Hg reduction pathways are Hg detoxification strategies that
employ a dedicated mercuric reductase (MerA) encoded by the mer operon 3% 2, Mer-
mediated Hg reduction has large energy demands in terms of the reducing power [e.g.
reduced redox cofactors such as NAD(P)H] required to reduce Hg'" to Hg®, which can

evade the cell 3, and typically arise when the selective pressure exerted by Hg toxicity is



high. Such selective pressure is more pronounced in dark oxic environments where
abiotic photoreduction is limited 3% 34, This selective pressure has resulted in mer-based
strategies being coupled to aerobic chemotrophic lifestyles and largely absent in
anaerobes and phototrophs 2% 2033, There is a growing body of evidence that suggests
anaerobes and phototrophs can participate in Hg reduction through non mer-mediated

pathways whose contributions to environmental Hg cycling remain overlooked.

1.4 ANAEROBIC AND PHOTOTROPHIC MERCURY REDUCTION

Prior to beginning my thesis research, most of work published on anaerobic Hg reduction
used chemotrophic dissimilatory metal reducing bacteria (DMRB) as model organisms.
These studies showed that DMRB could reduce Hg" directly through iron-dependent
pathways that use electron transport machinery central to anaerobic respiration 3-8,
DMRB can also reduce Hg' indirectly via the intracellular and extracellular production of
the iron mineral magnetite (i.e. green rust) 40 or through the generation of free radicals
in molecules of natural organic matter . Although the obligate anaerobe Geobacter
bemidjiensis Bem was recently shown to support a mer-like pathway for Hg" reduction #
there is currently no evidence of a complete mer operon in an obligate anaerobe .
Whether other types of anaerobic metabolism such as fermentation can support Hg'"

reduction remained unexplored prior to my PhD research.



In comparison with chemotrophic Hg transformation pathways, the role of
phototrophs remains understudied 2* *°, Most of the work published to date has addressed
the role of primary producers such as algae as the entry point for Hg in the food web %°.
Despite this trend, several studies have emerged over the last fifty years demonstrating
that oxygenic phototrophs, which produce oxygen as a by-product of photosynthesis, can
directly alter the chemical speciation of Hg. Indeed, organisms including algae 4>,
cyanobacteria %6, diatoms #”*8 and in one study a flagellated protist Euglena gracilis *
have all shown they can participate in Hg'' reduction through pathways that are poorly
characterized at present.

At the laboratory scale, the first reports of phototrophic Hg'" reduction suggested
that green algae exposed to high levels of Hg (e.g. mM) could enzymatically reduce Hg"
through detoxification strategies linked to photosynthesis “*%°, Since then, additional
studies have provided support for a link between Hg" detoxification, Hg® production and
photosynthesis >4, At the environmental scale, there is evidence that suggests
phytoplankton blooms are tied to increased Hg® evasion °> %, Whether this Hg® evasion is
directly linked to photosynthetic activity or the indirect catalysis of abiotic
photoreduction through the excretion of photoreactive compounds “® 5357 remains
unclear.

Although phototrophs rely on the same solar radiation that contributes to abiotic
photochemical Hg' reduction and Hg® evasion, phytoplankton blooms often occur at
depths in thermally stratified aquatic systems where irradiance is attenuated 5. A number
of studies have observed peaks in HgP that occur alongside phytoplankton blooms at

depths where abiotic photoreduction alone cannot explain the Hg redox cycling observed



255861 Despite the number of laboratory and environmental studies providing the
observational basis for the role of phototrophs in Hg redox cycling, mechanistic details
for the direct coupling of photosynthesis to Hg" reduction have been elusive.

To date, the studies that address phototrophic Hg reduction have largely ignored
the diversity of phototrophic metabolisms that can potentially participate in Hg redox
cycling. All the studies published prior to beginning my thesis research used oxygenic
phototrophs as model organisms and the role of anoxygenic phototrophs, which do not
produce oxygen during photosynthesis, had been completely ignored. Furthermore,
previous work focused on the role of primary producers (e.g. autotrophs) that use light
energy to convert inorganic carbon into biomass. Many phototrophs exhibit a
mixotrophic lifestyle that relies on the acquisition of multiple carbon sources (inorganic
and organic) and light to generate energy ®2. Mixotrophs are widely distributed in the
environment and thrive in habitats such as the deep waters of thermally stratified lakes
where peaks in Hg redox cycling have been observed 2. Although it has been suggested
that mixotrophic phytoplankton communities can participate in Hg redox cycling in
environments where visible light is attenuated ¢, whether there exists metabolic coupling
points between Hg" reduction, photosynthesis and carbon metabolism has yet to be

demonstrated.

1.5 RATIONALE FOR THESIS
The overarching objective of my thesis is to provide mechanistic details for novel
anaerobic and phototrophic Hg reduction pathways. The role that anaerobes play in Hg

redox cycling is important to address because they occupy a similar ecological niche as



Hg methylators. As such, anaerobes are poised to control Hg bioavailability to Hg
methylators through Hg redox cycling in anoxic habitats. My thesis focuses substantially
on the role that anoxygenic phototrophs play in Hg cycling. The role of phototrophs in
Hg cycling is important to address given the changes that are predicted to occur in
phototrophic communities in the wake of global environmental change. Increased global
temperatures, prolonged ice-free seasons and more pronounced thermal stratification in
aquatic ecosystems will likely contribute to more frequent phytoplankton blooms and the
eutrophication of aquatic ecosystems 3. These changes in phototrophic community
dynamics stand to have far reaching impacts on Hg cycling that must be accounted for
when predicting Hg’s fate in the environment under scenarios of continued anthropogenic

Hg emissions.

1.6 THESIS OBJECTIVES

| have organized my thesis into two major sections. The first is comprised of literature
reviews on microbial Hg transformations that compare the role of chemotrophs and
phototrophs in the global Hg cycle (Chapters 2 and 3). These reviews were published
four years apart and offer a historical perspective on how the field of research has
changed over the course of my PhD research. The second section is comprised of
experimental data chapters. In these chapters, | detail novel mechanisms for Hg reduction
in a variety of anaerobic and phototrophic bacteria (Chapters 4, 5, 6 and 7). All chapters
were written as standalone manuscripts and formatted for the journals in which they have

been published or will be submitted to. I conclude my thesis by providing a synthesis of



my research contributions and recommendations for future research directions to pursue
in the field of Hg biogeochemistry (Chapter 8).

The objective in Chapters 2 and 3 was to provide a unifying framework for the
scientific literature that exists on anaerobic and phototrophic Hg cycling pathways.
Chapter 2 was published at the beginning of my thesis and serves as a general summary
of microbial Hg cycling that synthesizes research from the last fifty years . Chapter 3
was published at the end of my thesis and provides a more in depth view of the research
published in the last five years *. To the best of my knowledge, these are the first
reviews to critically analyze the literature on anaerobic and phototrophic Hg cycling.

The objective in Chapter 4 was to provide mechanistic details for Hg reduction
pathways supported during anoxygenic photosynthesis. In this study, I chose to work
with anoxygenic phototrophic purple non-sulphur bacteria (PNSB) as model organisms
because of their metabolic versatility. PNSB can grow chemotrophically (in the dark),
photoautotrophically (using light for energy and inorganic carbon for biosynthesis), but
they prefer growing photoheterotrophically (using light for energy and organic carbon for
biosynthesis) * ¢°. When growing photoheterotrophically, PNSB generate more reducing
power than is required for biosynthesis 8 %, which can lead to a redox imbalance that
inhibits growth. PNSB maintain redox homeostasis by reducing exogenous electron sinks
such as CO; and dimethylsulphoxide (DMSO) % %, Based on this metabolic restriction, |
tested the hypothesis that Hg'' could act as an electron sink during photoheterotrophic

growth, which would lead to Hg° production.



The objective in Chapter 5 was to test whether the Hg" reduction pathways
observed in PNSB were present in other ecologically and phylogenetically distinct
families of anoxygenic phototrophs. In this study, | chose to work with Heliobacterium
modesticaldum Icel, a thermophilic representative from the family Heliobacteria.
Heliobacteria are a metabolically versatile family of terrestrial spore-forming obligate
anaerobes that can grow photoheterotrophically and chemotrophically via fermentation %
%7 The decision to work with Heliobacteria was motivated by the fact that many
Heliobacteria isolates originate from environments such as rice paddies ¢ %8 5 where Hg
accumulation is becoming a food safety issue " . Although H. modesticaldum was
isolated from volcanic soils, it was selected as a model because its carbon metabolism is
well-characterized " and it is the only Heliobacteria strain with a sequenced genome 2.

The objective in Chapter 6 was to build on the previously established
connections between cellular redox metabolism by identifying metabolic coupling points
between sulphur assimilation pathways and phototrophic Hg reduction. I chose to focus
on sulphur because it can act as a ligand that controls Hg’s bioavailability in anoxic
habitats and it is an essential nutrient that drives Hg methylation by sulphate reducing
bacteria (SRB)’*. The role of sulphur in microbial Hg reduction is poorly understood,
however. In this study I chose to work with a microbial strain that was more
environmentally relevant with respect to Hg cycling in rice paddies. To that gain, |
examined phototrophic Hg' reduction in Heliobacillus mobilis Romero/Guest 6, a
mesophilic Heliobacteria originally isolated from a rice paddy in Thailand. This strain
can grow on a variety of oxidized and reduced sulphur sources ’°. Thanks to this

metabolic versatility, | was able to test the hypothesis that oxidized sulphur sources



would require more reducing power to assimilate into biomass vs more reduced sulphur
sources thereby decreasing the reducing power available for photosynthetic Hg'"
reduction.

The main objective in Chapter 7 was to explore new methods that could be used
to provide mechanistic details for anaerobic Hg redox cycling pathways. This study was
primarily motivated by the recent use of Hg stable isotope fractionation as
biogeochemical proxies for abiotic and biotic Hg transformation pathways " 77, All biotic
and abiotic Hg transformations studied to date display a mass dependent signature
following Hg transformation (e.g. product pool is enriched with lighter isotopes) 6. Some
abiotic photochemical pathways also show a strong mass independent signature (e.g.
enrichment of isotopes beyond what is predicted based on mass dependent models) that
can be distinguished in environmental samples ® 78, Hg stable isotope fractionation has
been used to study the mechanisms supporting several microbial Hg transformations
including Hg methylation "°8!, MeHg demethylation 8 and Hg reduction 488 My goal
in this chapter was to develop a method to compare stable isotope fractionation during

anoxygenic photosynthetic and fermentative Hg reduction in H. modesticaldum.
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2.1 ABSTRACT

Among toxic metals, mercury (Hg) is a global priority contaminant due to the
biomagnification of the most toxic form methylmercury (MeHg) in food webs, even in
remote regions, such as the high Arctic. The importance of Hg as a chemical of major
concern to human health was underscored by the recent adoption of the Minamata
Convention on Mercury, a legally binding treaty that requires government agencies be
equipped to monitor processes affecting global mercury transport and cycling. For several
decades now, field and laboratory experiments have shown that phototrophs can directly
interact with Hg and affect its speciation and fate. While an important body of work on
the role of chemotrophic microbes on Hg cycling has been undertaken, the role of
phototrophs is too often overlooked. Strikingly, what is known about phototroph-Hg
interactions pertains mostly to oxygenic phototrophs with relatively little being known
about anoxygenic phototrophs. Ongoing environmental change will no doubt affect the
physical and chemical properties of aquatic ecosystems, which in turn will alter all
phototrophic community dynamics. How these changes will affect the Hg cycle
represents an important knowledge gap. After synthesizing what is currently known about
chemotrophic Hg transformations, we describe the current state of knowledge on what is
known about how phototrophs (bacteria and algae) affect Hg cycling (i.e., alteration of
Hg redox state, Hg scavenging, potential for methylation) as well as describe the cellular
and molecular targets of Hg toxicity in phototrophs. We discuss these interactions in an

evolutionary context and provide recommendations for future research directions.
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2.2 INTRODUCTION

Mercury (Hg) is a global pollutant and a potent neurotoxin ! and as such, a serious health
concern to humans 2 and wildlife 3. Anthropogenic sources of Hg pollution include metal
production, gold mining, chlor-alkali plants, waste incineration and fossil fuel
combustion # while natural sources include volcanic activity and forest fires 5. Hg is
emitted primarily as volatile elemental Hg (Hg®), which can travel long distances through
the atmosphere for up to a year before settling in terrestrial or aquatic ecosystems °. Hg is
deposited within ecosystems chiefly through wet and dry depositions in its oxidized form,
Hg'" €. From that point, Hg can potentially be subject to methylation, thereby entering
aquatic food webs, reduction to Hg® and potentially be re-emitted to the atmosphere, or
sequestration in sediments ’.

The Hg biogeochemical cycle involves several abiotic and biotic pathways.
Biological pathways are of particular interest because they can act as a route for Hg
bioaccumulation; they also have a direct impact on its fate by altering Hg speciation.
Microbes that respond strongly to environmental variables such as temperature 81, pH 12
and salinity >4, also influence Hg biogeochemical cycling. Given that global
environmental changes have resulted in considerable fluctuation of these variablesin
aquatic ecosystems 7, the effects these changes will have on microbial activity and
their role in the biogeochemical cycle of Hg stand to change as well.

Microorganisms inhabiting soil and aquatic environments capable of affecting Hg
speciation include chemotrophic and phototrophic microorganisms, deriving their energy
from the oxidation of inorganic or organic matter or harvesting light energy, respectively.

An important body of work on the role of chemotrophic microbes on Hg cycling has been
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undertaken and reviewed elsewhere 1822, The role of phototrophs, however, is too often
overlooked, even though they are key ecological players in aquatic ecosystems. Indeed,
most phototrophic microorganisms are also primary producers within ecosystems; as
such, their activity directly reflects their immediate physical and chemical environment,
rapidly changing due to ongoing environmental changes 2. Over the last few years, there
have been many key advances in the field of mercury microbiology; after synthesizing of
what is known of Hg transformation by chemotrophs, we critically evaluate the current
state of knowledge on how phototrophs (algae and bacteria carrying out oxygenic and
anoxygenic photosynthesis) affect Hg cycling and offer suggestions for research
directions aiming at filling knowledge gaps in our understanding of the interplay between

Hg cycling and photosynthesis.

2.3 CHEMOTROPHIC MERCURY TRANSFORMATIONS

2.3.1 Mercury methylation

Several groups of bacteria, typically anaerobes, including sulphate reducing bacteria
(SRB)#* %, iron reducing bacteria (IRB) 2°, methanogens 2’ and members of the
Firmicutes phylum have recently been linked to Hg methylation in a broad array of
environments including aquatic systems, rice paddies and animal guts 2. Methylation in
marine environments has also been associated with oxic pelagic microbial communities
29,30 Methylation is thought to be an intracellular process limited by the uptake of
inorganic Hg species 3134 Methylation was initially thought to be related to the activity
of acetyl-CoA * and a corrinoid type protein involved in the methyl group transfer 2 and

recent work has identified two genes, hgcA and hgcB, which support the involvement of a
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corrinoid type protein and a ferredoxin in methylation *. The recent discovery of these
genes has provided a genetic marker to assess the diversity of potential methylators that is
now known to span several families including the Proteobacteria, Firmicutes and

Euryarchaoaeta 23 3% 3¢,

2.3.2 Mercury demethylation

Bacteria exhibiting broad-spectrum resistance to MeHg and Hg" have shown a dedicated
detoxification pathway by way of reductive demethylation (RD) 8. The resistance to
MeHg is attributed to the presence of the organomercurylyase enzyme (OL) encoded by
the merB gene as part of the mer operon °. OL is a cytosolic enzyme that removes
methyl groups by splitting the C-Hg bond *". This pathway is dependent on intracellular
Hg concentrations and the toxicity of the Hg species present, which is why it is typically
observed in more heavily impacted environments 8%, Such environments include both
terrestrial and aquatic ecosystems in proximity to industrial inputs of Hg, mining
operations and fuel combustion from which pollution can also be transported via streams
and rivers . Several environmental conditions affect how microorganisms demethylate
Hg. Within the water column and sediments of these systems, redox conditions influence
RD, which typically occurs at the oxic/anoxic transition zone where concentrations of
MeHg are higher 2% 4943 An additional pathway for demethylation exists in the
environment involving SRB which degrade (MeHg).S to CH4 and MeHg ** although it is

non-dependent on the OL enzyme.
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Oxidative demethylation (OD) of MeHg is a non-specific pathway that occurs as
part of a cometabolic process involving simple carbon sources (i.e. C1 compounds) 2L,
OD resembles monomethylamine degradation by methanogens 8 and acetate oxidation
by SRB * although precise mechanistic details are currently lacking. The pathway is
characterized by the production of Hg" and CO; although CO- can also arise due to the
anaerobic oxidation of CH4 following RD ®". OD is not induced by Hg and instead
depends on the general metabolic capabilities of the bacteria and the availability of MeHg
as seen in several different types environments 4% 4647 While it has been observed under
aerobic “° and anaerobic conditions “°, several studies suggest that this pathway is more
prevalent in anaerobic environments 4> 4849 where methanogens “6 and SRB *° are known
to thrive. These microbes that contribute to OD are also dependent on environmental
concentrations and competition for electron donors such as Hz and carbon sources such as
acetate; indeed, SRB-driven OD tends to outcompete methanogens in marine waters

although both contribute to varying degrees in freshwater 4% 5051,

2.3.3 Mercury reduction

Hg'" reduction is responsible for Hg evasion from terrestrial %** and aquatic ecosystems
5558 ‘as HgCis volatile %% %°, Abiotically, photochemical reactions are the predominant
pathway of Hg reduction in terrestrial and aquatic ecosystems where light is present > %>
58,6165 ht Hg reduction can also occur in the dark due to chemical reactions with green
rust °3, mixed phase Fe'/Fe'"" %€ and reactive groups on humic substances in both oxic
and anoxic conditions ® ®°, Hg reduction also occurs via biological pathways involving

microorganisms and is ubiquitous in the environment. It is prevalent in environments
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where light alone cannot provide the energy required to abiotically reduce Hg" to Hg® or
where higher concentrations of Hg are present or environmental conditions enhance its
toxicity thereby exerting a selective pressure for dedicated resistance strategies to arise '*
71_

Bacteria can be involved in Hg reduction via activity of the mercuric reductase
(MR) enzyme. MR is a cytosolic protein coded by the merA gene observed in gram-
negative bacteria, gram-positive bacteria and archaea °. Hg reduction via MR is a two-
step process dependent on the intracellular concentration of Hg'"' "2, Hg species in the
environment are taken up by the cell via a series of scavenging and transport proteins
(e.g., MerP and MerT, respectively) followed by diffusion into the cytoplasm where
NAD(P)H and FADH dependent Hg reduction by the MR (MerA) occurs 3. The
dependence of this pathway on reducing equivalents carries an important energy cost and
is fully induced only when Hg is highly toxic. Conditions that increase Hg’s toxicity are
found in the presence of oxygen favouring the presence of oxidized Hg species and the
generation of reactive oxygen species 2. Aerobic conditions also possibly decrease the
abundance of binding sites for Hg (e.g., thiol groups) on the exterior of the cell
membrane favouring its transport to the cytoplasm 2.

Non mer-mediated enzymatic pathways also exist. For instance, it has been observed
in Hg resistant strains of the autotrophic acidophile Acidithiobacillus ferooxidans, which
reduced Hg' to HgP in media amended with high concentrations of Fe' despite the
absence of the merA gene "*. The bacterium’s ability to reduce Hg was attributed to the
activity of cytochrome ¢ oxidase enzymes involved in Fe oxidation . In anaerobic

conditions, the dissimilatory metal reducing bacterium Shewanella oneidensis MR-1 was
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able to reduce Hg'" via an Fe'' dependent pathway, although this was not ubiquitous
across metal reducing bacteria likely due to physiological differences in the respiratory
chain . Additional work involving the Fe redox cycle has showed that mixed Fe'//Fe'"

magnetite produced by bacteria can indirectly contribute to Hg" reduction as well 5.

2.3.4 Mercury oxidation

One of the least studied and understood processes of the Hg geochemical cycle is Hg®
oxidation. The potential for bacterial Hg® oxidation was first proposed when researchers
observed that chemotrophic bacteria incubated in the presence of Hg®as the sole source
of Hg suffered growth inhibition despite the non-toxic nature of Hg® ’®. Although these
studies provided no mechanistic details, formation of Hg'' was suspected as the source of
growth inhibition 7®. A potential pathway involving the catalase enzyme has been
explored as a means for biological oxidation of Hg ’"-"°. Very recently, alternate
pathways for Hg oxidation have been explored under anoxic conditions. The obligate
anaerobe SRB, Desulfovibrio desulfuricans, was able to oxidize Hg° to Hg' &. Similar
work has also shown that different SRB and IRB species were able to oxidize Hg® under
anoxic conditions with some capable of methylating Hg® 8. In these cases, Hg° oxidation
is predicted to occur extracellularly, via low molecular weight thiols bearing stable —SH

groups located on the cell membrane &,
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2.4 PHOTOTROPHIC MICROBIAL MERCURY

TRANSFORMATIONS

For several decades now, field and laboratory experiments have shown that phototrophs
such as algae, cyanobacteria, diatoms and in one study, a flagellated protist Euglena
gracilis, can directly interact with Hg and affect its speciation 1828 Most of the work
performed with phototrophs, which does not focus on Hg bioaccumulation, pertains to
Hg'" reduction leading to the formation of Hg®. Hg' reduction to HgP in biological
systems is often thought of as a detoxification mechanism as it leads to the formation of a
less toxic, readily evaded species, Hg®. When tentatively applied to phototrophs, this
perception is somehow challenged by the fact that phototrophs are dependent on the same
light energy that is otherwise involved in photochemical reduction of Hg" to Hg®. Due to
ecological constraints, however, phototrophic blooms often occur at depths where
incident light energy, although harvested by phototrophic microbes for growth purposes,
cannot catalyze photochemical Hg reduction 8. On the other hand, with light energy
available for growth in oxic environments where Hg tends to be more toxic, conditions
may have been conducive to develop alternative strategies to the demanding mer operon.
The case of phototrophs provides an interesting evolutionary perspective from which
to discuss how metabolically diverse microorganisms can affect Hg speciation. With this
evolutionary perspective in mind, the focus of this section is to provide a unified
framework for the key findings supporting the role of phototrophs in Hg transformations.
This section of the review is organized around Fig 2.1, which highlights proposed and

tested pathways for phototrophic Hg cycling.
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2.4.1 Mercury uptake by phototroph cells

Phototrophs are ubiquitous in aquatic ecosystems where, as primary producers, they
support higher trophic level consumers and are the entry point for Hg in the food web &',
So far it is thought that inorganic Hg enters phototrophic cells predominantly in the form
of neutrally charged Hg complexes by passive diffusion through biological membranes &
8 Active uptake is also thought to play a role, as Hg can be taken up by transport
mechanisms used for other vital cations, which are powered by photosynthesis-derived
energy %092,

Most phototrophs possess a cell wall in addition to the cytoplasmic membrane,
between the intracellular environment and aqueous solution of which composition varies.
Cell walls in oxygenic phototrophs include the cellulose wall in algae *3, peptidoglycan
layer in cyanobacteria ®4, and silica frustule in diatoms. As a barrier, the cell wall exerts
distinct effects on the accidental uptake of inorganic and organic Hg species. A common
aspect of these cell walls is a high polysaccharide content rich in phosphate moieties,
carboxylates *® and thiol groups that favour Hg binding to the outside of the cell ®¢. The
high degree of irreversible Hg binding to the exterior of the cell is ultimately what
reduces the accumulation of inorganic Hg species in the cell cytoplasm °: % as compared
to organic Hg species that tend to bioaccumulate in larger quantities ®°. As such, organic
Hg complexes tend to bioaccumulate in phototroph cells as they diffuse more freely
through lipophilic membranes & (see Fig 2.1, (1)). Organic Hg species can also be
actively transported into the cell cytoplasm, although the pathways remain unknown %
101 Photosynthesis influences this transport by supplying the energy and molecules

necessary for the production of metabolites that act as transport agents, namely peptides
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rich in cysteine residues and thiols, which increase the efficiency of organo-Hg complex
transport 100, 102, 103_

Anoxygenic phototrophs, including purple sulphur bacteria (PSB), green sulphur
bacteria (GSB) and purple non-sulphur bacteria (PNSB) exhibit a gram-negative type cell
wall structure characterized by the presence of a lipopolysaccharide (LPS) layer 04106,
Green non-sulphur bacteria (GNSB) and Heliobacteria cell walls are devoid of an LPS
layer but still exhibit a peptidoglycan layer 1 105 107 Strikingly, and despite their
diversity and the metal requirement for the photosynthetic apparatus % 1%, very few
studies addressed metal interaction with cell membranes or uptake in anoxygenic
phototrophs %1% to date no studies have focused on Hg uptake by anoxygenic

phototrophs.

2.4.2 Mercury sequestration by phototroph cells

Once in the cytoplasm, Hg" reacts with sulphydryl rich ligands including protein and
non-protein thiol moieties 2. Non-protein thiol moieties can be found in abundance in
peptides such as phytochelatins 113 11 and glutathione (the precursor to phytochelatin
synthesis 1%°) in algae and metallothioneins in cyanobacteria 116, These peptides act as Hg
chelating agents, representing a non-redox detoxification pathway for phototrophs by
diverting Hg from binding to essential proteins 16118 (see Fig 2.1, (2)). The role of these
chelating peptides as a resistance strategy is further supported by the ability of
phototrophs to respond to increased concentrations of not only Hg !!°, but also other

heavy metals such as Cu, Cd and Zn, by increasing the synthesis of phytochelatins 17120,
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It was also proposed that phototrophic organisms might catalyze the formation of
insoluble Hg species as a detoxification mechanism 2. This pathway involves the
formation of cinnabar (HgS) and the more soluble meta-cinnabar (B-HgS) 22, The
production of B-HgS via the intracellular thiol ligand pool (see Fig 2.1, (2)) has actually
been observed in different Phyla of phototrophs including cyanobacteria ** and algae 8+
121 HgS formation was shown to occur simultaneously with Hg® evolution, providing
support for the role of phototrophs in Hg® production and indicating the potential for
multiple resistance strategies . This is not the only example of phototrophs controlling
the solubility of elements with previously reported cases of silicate, carbonate and Fe
biomineralization 2%, Given that the ability to catalyze HgS formation spans the two
domains of life harbouring phototrophs, perhaps these strategies are more widespread

than currently perceived.

2.4.3 Mercury toxicity towards photosynthetic machinery

Once the Hg scavenging capacity of the cell has been exceeded, Hg will target essential
components of the photosynthetic apparatus. Much of the work performed to date toward
characterizing the effects of Hg on photosynthesis has focused on the oxygenic
photosynthetic machinery of algae %% 12410 cyanobacteria 9 131 132 and diatoms 101 128
133 In oxygenic phototrophs, the affinity of Hg' for structural bonds in proteins and
ability to accept electrons are the main modes of action in which it affects photosynthetic
machinery 12 127:128 ‘Inhibition of pigment synthesis and pigment degradation, likely via
core-cation substitution with Hg' and binding to key functional carboxylate groups in

chlorophyll, are common effects associated with Hg exposure 9129134 'Hg interacts with
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PSII by increasing the number inactive reaction centers, thus preventing efficient transfer
of light energy, 2% 13 and disrupts the operation of the oxygen evolving complex 34 135
by replacing the Mn'"" cofactor with Hg" °* 1%, Organic and inorganic Hg complexes can
inhibit several aspects of electron transport by affecting proteins synthesizing electron
carrier components or directly interacting with them via redox reactions (e.g., with the
quinone pools 126127 cytochrome bef 32 1%, Fe-S clusters in PSI 13 and disrupt electron
transfer between PSII and PSI 2 133 through direct interaction with plastocyanin %),
Thus far, there have been no tests as to whether the aforementioned interactions are
linked to changes in Hg speciation, although we can speculate that they may alter its
redox state, as further discussed herein.

Metal toxicity under anaerobic conditions is poorly understood and remained until
very recently mostly unexplored; indeed, transition metals are mostly toxic by interacting
with oxygen and mechanisms of toxicity under anoxic conditions have historically been
overlooked. It only recently became the focus of research with studies investigating Fe,
Cu 8718 Co, Ni 110 and Hg °* 1% toxicity towards anoxygenic phototrophs, particularly
PNSB. In PNSB, Hg damages light harvesting (LH) complex and reaction center
structural integrities % 140, it also impedes cyclical electron transport by reacting with
cytochrome ¢ and quinone pools *°. We still don’t know how PNSB handle Hg stress but
one study suggests that R. sphaeroides can reduce Hg" during lag phase 1%, as previously
observed for chemotrophs *°. While Hg" reduction is a likely pathway for detoxification,
no mechanistic details on Hg resistance were provided. Note, that the mer operon is
absent in PNSB, as such they may use a novel reductase similar to what was recently

observed in a cyanobacterium 4,
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2.4.4 Phototrophic mercury reduction

The potential for phototrophic organisms to directly contribute to Hg cycling through
enzymatic production of Hg® was first proposed when green algae exposed to high
concentrations of Hg" 8 (e.g. mM range) produced Hg° as a suspected detoxification
mechanism linked to their photosynthetic activity 142 (see Fig 2.1, (3-5)). This work was
followed by the isolation of metabolites referred to as reductive compounds that seemed
to alleviate the toxicity of Hg 3. Since then, there have been similar observations in
different phototrophic organisms exposed to lower concentrations (e.g. nM range),
supporting the involvement of photosynthesis in Hg detoxification #4146 The
involvement of photosynthesis in Hg® production is also supported by laboratory
observations where actively growing phototrophic cells produced more Hg® than heat
killed cells 8 147 and light exposed diatoms produced HgP at a decreasing rate once light
was removed 1%°,

In surface waters, through the excretion of photoreactive organic compounds,
algae can affect Hg redox cycling (see Fig 2.1, (5)) & 43 145 Often, phytoplankton
blooms in ocean surface waters are associated with increased Hg° evasion 48150
however, in these cases, it is unclear whether phototrophs are directly involved in Hg°
production by coupling Hg'" reduction to their photosynthetic machinery or indirectly
responsible for Hg® production via the release of photoreactive compounds. At depth,
field studies suggest that maximum activity in redox cycling seems correlated to algal
and bacterial metalimnetic blooms 5¢ %8 62151 These blooms occur during the summer,
the fall and under ice cover, in freshwater and marine environment both at depths and

light levels that challenge the role of abiotic photochemical reactions and seem correlated
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to the carbon acquisition strategy of the dominant phototrophic population %8 152 153
supporting a link between photosynthesis and Hg redox cycling. Regardless of the
mechanisms involved, whether or not anoxygenic phototrophs contribute to Hg reduction
remains to be tested.

Interestingly, the mer operon has yet to be widely observed in anaerobic and
phototrophic microorganisms "> 4, Under anaerobic conditions, Hg toxicity is lowered
due to reducing conditions favouring the formation of inorganic sulphides, a strong Hg
scavenger that can eventually lead to Hg precipitation, and the short lifespan of reactive
oxygen species *°. For phototrophs, the dependence on light energy and its abundance in
their preferred habitat where photochemical pathways likely dominate Hg reduction
would alleviate toxicity as Hg is transformed into less toxic and readily volatile Hg’.
Interestingly, phototrophs have the ability to reduce Hg through mostly unspecified
pathways 2. Until very recently, and to the best of our knowledge, a sole study
investigated the activity of MerA-like enzyme in a phototroph, the cyanobacterium
Synechocystis, with the enzyme operating in the reduction of Hg and U 14%).

Except in the case of a Synechocystis strain, which used a glutaredoxin-mediated
pathway ', the mechanistic details of direct phototrophic reduction of Hg'" remain
unknown, and older studies need to be carefully interpreted in light of the importance of
photoreduction, even if only visible radiations were used. Further characterization of
genetic determinants encoding photosynthesis driven Hg reduction is an important topic
to pursue as it may lead to optimizing phototroph-mediated reduction processes, often
used in bioremediation. As a starting point, there exist several redox-reactive sites within

the electron transport chain where Hg'" could be reduced, such as the quinone pools,
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136

cytochromes (e.g. cytochrome bef in oxygenic phototrophs and cz in anoxygenic

131

phototrophs %), Fe-S clusters and plastocyanin **, which Hg is already known to

react with.

2.4.5 Phototrophic methylation of mercury

While phototrophic blooms have been associated with increases in Hg® production they
also contribute indirectly to MeHg production by creating environments conducive to
methylation. Indeed, phytoplankton die-offs associated with eutrophication create anoxic
conditions deep in the water column that stimulate the activity of methylators such as
SRB ', Algal mats can also act as a colonization surface and source of nutrients for
epiphytic methylating bacteria **'; this is supported by positive correlations between
phototrophic productivity and methylation rates in stream algal blooms 8. Finally,
phototrophs can indirectly affect the availability of Hg as a substrate for the bacterial
methylating community through the biogenic production of iodomethane (ICHs) that
solubilizes mineral HgS and possibly increases its availability to epiphytic methylators 7
(see Fig 2.1, (6)).

Cases of direct phototrophic methylation have been observed %% 10 although they are
few in number, and mechanistic details have yet to be elucidated. Thus far, direct MeHg
production in phototrophs has shown to be a laboratory phenomenon producing very low
and variable concentration across species % 10 (see Fig 2.1, (7)). Given the poor
understanding of direct methylation of Hg by phototrophs and the important implications
it may have on bioaccumulation dynamics, clarification of what environmental variables

affect its occurrence is important to develop to properly assess its influence in nature.
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2.4.6 Phototrophic oxidation of mercury

Thus far, no studies have addressed the potential of phototrophic organisms to oxidize
Hg® and we can only speculate based on what is known of the redox chemistry of
photosynthesis. Redox potential of PSII has been estimated at ranging from +1.1 to 1.2
V, depending on which species and pigments are present 61162 \which would allow for
electrons to flow from Hg° to PSII, (0.7V < E°(Hg%Hg?") < 0.85V, depending on the
environmental conditions®®). The redox potential of PSI, the only photosystem of
anoxygenic phototrophs (0.3 V < Epg < 0.5V) 161162164165 'js t90 low to catalyze Hg°
oxidation in a one step, two-electron transfer. However, PSI could catalyze a one electron
transfer reaction between Hg® and Hg' (present as Hg.?* with EO(Hg%/Hg,?") = 0.4V 169),
Note that Hg redox potential will change with the nature of the ligands present in
solution, and whether Hg® oxidation can be catalyzed by one of the photosystems remains
to be tested. That being said, newly produced Hg" would bind to essential proteins of the
photosynthetic apparatus (as shown in previous sections of this review) thereby greatly
impairing cell metabolism. It is therefore unlikely that cells evolved the ability to use Hg°
as an electron donor without a whole suite of chaperone proteins to alleviate Hg" or Hg'
toxicity. Finally, Hg® oxidation by phototrophs may not occur intracellularly but be

catalyzed by membrane bound thiols similar to what has been observed for chemotrophs

80, 81

39



2.5 CONCLUDING REMARKS

The case of phototrophic Hg transformations is perplexing mainly in terms of the
mechanistic details of their ability to alter Hg speciation. As previously mentioned, their
optimal habitat in surface waters is both conducive to high concentration of toxic Hg
species but also a prime environment for photoreduction to alleviate this stress. When we
consider pathways such as those involving the mer operon likely evolved in thermophilic
environments where high levels of Hg were present >4, the dominant selective pressure
seems intuitive. The case with phototrophs is more complex given their dependence on
light, which bears the question: Are light driven phototrophic Hg transformations a detox
mechanism?

Phototrophs have developed several strategies for resisting Hg including chelating
peptides 2 and so far mostly uncharacterized enzymatic pathways catalyzing redox Hg
transformations 8% 13% 141,143 = At the cellular scale, numerous questions remain to be
asked as to the mechanisms of Hg interactions with phototrophs both in terms of what
affects Hg uptake and how Hg interacts with the photosynthetic machinery.

At the ecosystem level, phototrophs are poised to play an important role in the
toxicity and mobility of Hg, particularly within the context of climate change . Their
role is complex; for instance, an increase in primary productivity can affect Hg"
reduction, potentially leading to its evasion %7, phytoplankton blooms can contribute to
MeHg biodilution within food webs 47168 put such blooms, to the extreme, can also lead
to eutrophication, setting the stage for conditions conducive to Hg methylation. Given
that there is continued input of anthropogenic Hg to terrestrial and aquatic ecosystems 6°,

and that environmental variables such as temperatures, pH, and nutrient concentrations
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are slated to change significantly 1%, understanding the timing and extent of phototrophs’
responses to these changes and what this means for Hg cycling will become increasingly

important, particularly within the context of remediation where their potential to directly

affect Hg transformation remains untapped.
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Figure 2.1: Phototrophic Hg transformations: (1) Hg' and MeHg uptake and interaction
with cell walls; (2) Hg" sequestration via the thiol pool and production of HgS; (3)
enzymatically mediated intracellular Hg" reduction; (4) enzymatically mediated
extracellular Hg" reduction; (5) Hg'" reduction via the formation of photoreactive
compounds with photosynthetic exudates (DOC stands for dissolved organic carbon); (6)
HgsS species solubilization via ICH3 production and subsequent methylation by epiphytic

bacteria; (7) intracellular methylation of Hg'".
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3.1 ABSTRACT

Mercury (Hg) is a global pollutant emitted primarily as gaseous Hg® that deposits into
aquatic and terrestrial ecosystems following its oxidation to Hg". From that point,
microbes play a key role in determining Hg’s fate in the environment by participating in
sequestration, oxidation, reduction and methylation reactions. A wide diversity of
chemotrophic and phototrophic microbes occupying oxic and anoxic habitats are known
to participate directly in Hg cycling. Over the last few years, new findings have come to
light that have greatly improved our mechanistic understanding of microbe-mediated Hg
cycling pathways in the environment. In this review, we summarize recent advances in
microbe-mediated Hg cycling and take the opportunity to compare the relatively well-
studied chemotrophic pathways to poorly understood phototrophic pathways. We present
how the use of genomic and analytical tools can be used to understand Hg
transformations and the physiological context of recently discovered cometabolic Hg
transformations supported in anaerobes and phototrophs. Finally, we propose a
conceptual framework that emphasizes the role phototrophs play in environmental Hg
redox cycling and the importance of better characterizing such pathways in the face of

environmental change currently underway.
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3.2 INTRODUCTION

Mercury (Hg) is a global pollutant emitted from natural sources such as volcanic activity
and forest fires and anthropogenic sources such as mining and coal combustion *. Hg is
emitted primarily in its elemental and highly volatile form Hg® which can travel in the
atmosphere for up to a year before being depositing into aquatic and terrestrial
ecosystems as oxidized Hg'" 2. From that point, Hg can be subject to a variety of
transformations including burial into sediments; reduction, which results in Hg° re-
emission to the atmosphere; and methylation, which converts inorganic Hg to toxic
monomethylmercury (MeHg) that bioaccumulates in animals 2 and plants such as rice 4.

Microbes play a key role in Hg transformations. They can produce or degrade
MeHg, reduce Hg", oxidize Hg® and sequester a variety of Hg chemical species [as
summarized in ° and ®]. Generally speaking, microbial Hg transformations occur through
cometabolic processes (e.g., encoded by hgcAB gene cluster) or dedicated detoxification
strategies (e.g., encoded by the mer-operon). Hg sequestration, can occur through
dedicated pathways [e.g. phytochelatins binding Hg " 8] or cometabolic processes [e.g.
HgS formation during photosynthesis °]. Indeed, a wide diversity of microbes can
mediate Hg cycling pathways in a variety of habitats: aerobic, anaerobic, chemotrophic
and phototrophic microbes all influence the fate of Hg in the environment.

In an earlier review, we synthesized the state of knowledge on Hg
transformations mediated by phototrophic microbes ©. We highlighted that phototrophic
Hg cycling pathways were poorly understood compared with their chemotrophic
counterparts. We also discussed why this was an important knowledge gap to address

because of the drastic changes predicted to occur in phototrophic communities in
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response to global environmental change such as the increased frequency, magnitude and
duration of phytoplankton blooms *°.

Although the environmental contributions of phototrophs to environmental Hg
cycling remain understudied compared with their chemotrophic counterparts,
considerable research has been done in recent years to better understand the role of
phototrophs in the global Hg cycle. Here, we offer an update to our initial literature
review comparing chemotrophic and phototrophic Hg cycling pathways including 68
research papers published since 2014 8. Our objective with this review is to summarize
the recent advances in our understanding of chemotrophic and phototrophic Hg cycling
pathways. As part of this, we highlight outstanding knowledge gaps pertaining to
microbially mediated Hg cycling emphasizing recent efforts that have helped better
understand the role of phototrophs in Hg cycling. Ultimately, we aim to provide
recommendations on how to better characterize the environmental and ecological context

of microbial Hg cycling in future research.

3.3 CHEMOTROPHIC MERCURY TRANSFORMATIONS

3.3.1 Chemotrophic mercury methylation

Chemotrophic Hg methylation continues to be the most studied microbially mediated Hg
transformation, which is unsurprising given the health concerns surrounding MeHg. At
the time of our initial review, the discovery of the hgcAB gene cluster encoding for Hg
methylation had just been published . Since this transformational finding in the field of
Hg research, there has been a surge in the number of studies investigating the

physiological and environmental controls of Hg methylation.
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On the mechanistic front, computer modeling has shown that the corrinoid protein
encoded by hgcA initiates a key step in MeHg formation by transferring a negatively
charged methyl carbanion to an Hg" substrate *2. This process is thought to occur on the
inner side of the cell membrane based on observations in spheroplasts (i.e. bacteria
partially/wholly devoid of a cell wall) generated from well-characterized Hg methylating
bacteria 3. With respect to the physiology of Hg methylation, gene deletions targeting
hgcAB in Geobacter sulfurreducens PCA, a well-known Hg methylator with proven Hg
redox cycling capabilities, resulted in increased Hg uptake, Hg" reduction and Hg°
oxidation ¥ 15, In contrast, deleting the genes encoding for electron transport machinery
essential to Hg" reduction (e.g. encoding for cytochrome c¢ synthesis) in G.
sulfurreducens increased the abundance of proteins involved in the metabolism of C1
compounds potentially involved in Hg methylation °. These studies suggest that Hg
methylation and Hg reduction can compete for common Hg or metabolic substrates inside
the cell and support the presence of common physiological controls for both
transformations. Further physiological characterization of strains capable of a suite of Hg
transformations are required to identify the potential metabolic coupling points that exist
for competing Hg transformations.

The discovery of the hgcAB gene cluster has revealed a broader diversity of
microbes that can potentially methylate Hg compared to what was known four years ago
16, Previously, representatives in sulphate-reducing bacteria (SRB) " '8, iron reducing
bacteria 1° and methanogens %22, were known to methylate Hg. Homologues for hgcAB
have now been identified in representatives of the phyla Chloroflexi and Firmicutes 23 24;

a compilation of microbial strains harbouring the hgcAB sequence has been published
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elsewhere 2°. Most recently, robust Hg methylation was demonstrated in several cultured
methanogen strains 2. Such studies exemplify how hgcAB genes can be used to identify
Hg methylators across diverse clades of microbes and gain insight into the environmental
controls of Hg methylation that exist in a variety of habitats.

Mining existing (meta)genomic information for hgcAB sequences has revealed
several new environments that can potentially support Hg methylation including
invertebrate digestive tracts, permafrost soil, hypoxic coastal areas, soda lakes and
thermal springs 8. In addition, a number of field studies have evaluated the presence or
quantified the abundance of hgcA gene or hgcAB genes in habitats including wetland
sediments 2 2728 wastewater treatment plants 2°, rivers near chlor-alkali plants *°, lake

3 rice paddies ** * and

sediments 3, river biofilms *, hydroelectric dam sediments
Antarctic sea ice . If the number of studies cited above is any indication, the number of
habitats that can support Hg methylation will continue to grow, which will help identify
novel and potentially overlooked Hg methylation hotspots in the environment.

Several of the above-mentioned studies have assessed the distribution the hgcAB
gene cluster alongside the abundance of marker genes used as proxies for microbial
metabolisms that support Hg methylation. Studies using genes such as the dsrAB genes
[encoding for subunits of the dissimilatory sulphite reductase (EC 1.8.99.5)] and the
mcrA gene [encoding the methyl-coenzyme M reductase (EC: 3.1.21)] as proxies for
sulphate reduction and methane cycling, respectively, have linked the abundance of Hg
methylation genes to different metabolic functional groups 2" 2% 313238 These studies

have led to the discovery that syntrophic microbes, such as those that rely on interspecies

hydrogen and acetate transfer following propionate fermentation for growth, play an
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important role in Hg methylation 2" 2° in environments depleted in sulphate and iron (e.g.
terminal electron acceptors) . The findings concerning syntrophs highlight the
importance of moving away from studies that use single model organisms to better
address how complex microbial assemblages can influence MeHg production in the
environment.

Despite the surge in studies investigating Hg methylation in microbes, whether a
physiological purpose for this Hg transformation exists remains unclear. Hg methylation
was once thought to be a detoxification strategy as studied in the fungus Neurospora
crassa 3. However, experimental evidence in other microbes, including bacteria and
archaea, are currently lacking. Much of the evidence published to date supports that Hg
methylation is a cometabolic accidental process. In support of cometabolic Hg
methylation, recent studies have shown that organic carbon source composition % *°,
electron acceptor availability 2%, and salinity *° appear to control the distribution hgcAB
genes. With some of the genetic determinants for Hg methylation now in hand, the field
is ripe to explore the physiological and evolutionary context of Hg methylation in a
variety of model organisms.

Despite the recent emphasis on the genetic basis of Hg methylation, research
addressing the fundamental aspects of Hg bioavailability to methylators continues to
expand. Previously, it was thought that Hg methylation was limited by availability of
inorganic Hg substrates such as HgS, which was considered poorly bioavailable to
methylators in sulphidogenic environments °. The importance of HgS as a substrate for
methylation has recently been revisited in the context of how HgS nanoparticle formation

controls Hg bioavailability to methylators under anoxic conditions. It has been shown
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that HgS particles tend to agglomerate, becoming more crystalline and less bioavailable
as they age in the presence of dissolved organic matter (DOM), which can decrease Hg
methylation %%, In contrast, it has also been shown that methylation of HgS can increase
in the presence of DOM as a function of thiol content, preventing large and poorly
bioavailable HgS aggregates from forming #* 3. Aside from thiols, it has been suggested
that amine, and to a lesser degree, carboxyl functional groups, can also control HgS
aggregation once thiols binding sites have been saturated at high Hg to DOM ratios “4.
These studies suggest that the controls on HgS nanoparticle formation are complex and
reveal the transient nature of how HQgS species exert dynamic controls on Hg
bioavailability to Hg methylators.

The bioavailability and toxicity of Hg are controlled, in part, by its affinity for
thiol-bearing molecules such as cysteine. For the sake of brevity, we have omitted
discussing mechanisms for Hg uptake and toxicity in this section as these topics have
been recently reviewed elsewhere & 447 Instead we briefly focus on recent work
addressing the role of DOM and thiol-bearing ligands in mediating Hg bioavailability to
Hg methylators.

In a recent study using the model Hg methylating bacterium G. sulfurreducens
PCA, cysteine inhibited Hg methylation at low concentrations (0.01 to 0.1 uM) but
stimulated Hg methylation at higher concentrations (100 to 1000 uM) when experiments
were run for 144 hours vs 4 hours “8. One potential explanation provided for this trend
was that thiols mobilized Hg from binding sites on the cell membrane to the cytoplasm,
where Hg was more bioavailable for methylation “°. The role of functional groups in the

cell membrane was recently highlighted in a study comparing Hg methylation in
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Desulfovibrio desulfuricans ND132 and G. sulfurreducens in the presence of two sources
of DOM (one of aquatic origin with low aromaticity and the other of terrestrial origin
with relatively higher aromaticity) *°. In this study, MeHg production by D. desulfuricans
increased with DOM concentration, whereas MeHg production in G. sulfurreducens
decreased °0. Another study examining Hg stable isotope fractionation during Hg
methylation in D. desulfuricans and G. sulfurreducens demonstrated that the same strains
accessed different intracellular and extracellular pools of Hg during methylation 3. These
studies highlight that strain specific characteristics can have a considerable impact on Hg
uptake and subsequent methylation. Although the exact nature of the differences in
characteristics has yet to be properly defined, they are clearly important to consider when
extending conclusions drawn from a given model Hg methylator to microbial

communities in the environment.

3.3.2 Chemotrophic methylmercury demethylation

Compared to Hg methylation, MeHg demethylation has been relatively understudied,
although new mechanistic details have emerged for both reductive demethylation (RD)
and oxidative demethylation (OD) pathways. Microbes capable of RD harbour the mer
operon, which is a series of genes encoding dedicated Hg scavenging, transport and
detoxification machinery 5% °3, The mer operon’s expression is induced as a function of
intracellular Hg concentration and RD is carried out thanks to the presence of merB,
which encodes an organomercury lyase (e.g. MerB) that cleaves MeHg into inorganic
Hg'" and CH4 3. Hg'" is subsequently reduced to Hg® via the mercuric reductase MerA

and CH4 and HgP can evade the cell ®2. In contrast to RD, OD occurs in the absence of
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dedicated Hg detoxification machinery and is a non-specific cometabolic process tied to
C1 compound metabolism that results in the production of Hg" and CO, %6 %4,

Recent work on MerB has shown that conserved cysteine and aspartic acid
residues are essential for releasing Hg from MerB’s active site following the cleaving of
the methyl group °°. When a serine residue was present in place of aspartic acid, MerB
lost its specificity for MeHg and was also able to bind copper (Cu), although resupplying
MerB with Hg successfully removed Cu from the enzyme’s active site °¢. These findings
demonstrate that MeHg can outcompete Cu for the binding site on MerB, but also
highlight functional parallels that may exist between RD and copper homeostasis that
merit further investigation.

Despite MeHg formation occurring predominantly in anoxic environments, broad
Hg resistance strategies relying on MerB have largely been associated with aerobes.
Recent work with the model anaerobe Geobacter bemidjiensis Bem suggests that
strategies similar to those encoded by the mer operon may be present in anaerobes
providing them with a means for RD °’. G. bemidjiensis supported a suite of Hg
transformation pathways including Hg methylation, Hg'" reduction via a MerA-like
mechanism, and Hg® oxidation . The latter finding is interesting because to the best of
our knowledge very few complete mer operons have yet to be reported for obligate
anaerobes. Although these are not the first observations that anaerobes can mediate
several Hg transformations, they do provide an interesting basis from which to
investigate the physiological controls of competing Hg transformations that may occur

simultaneously.
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Similar to the work done on Hg methylation, new studies have addressed how
thiol-bearing ligands affect RD. In contrast to inorganic Hg, thiol-bearing ligands had
little effect on MeHg bioavailability in bacteria capable of RD (Escherichia coli and
Pseudomonas stutzeri) 8. The same study found a considerable difference in MeHg
demethylation rates for the two strains despite comparable bioavailability among the
different MeHg complexes tested %8, Similar to what was suggested for Hg methylators,
the authors attributed the contrasting results to differences in MeHg bioavailability
associated with strain specific characteristics °8. Although the authors demonstrated that
non-specific binding of MeHg to heat-killed cells rendered a portion of MeHg
unavailable for demethylation, the exact nature of these binding sites was not further
discussed 8.

A newly discovered OD pathway in methanotrophs serendipitously provides
additional links between Cu metabolism and MeHg demethylation. Methanobactin, a Cu
chaperone molecule synthesized by methanotrophs, was essential for OD %% ¢, Recent
findings in the model methanotroph Methylosinus trichosporium OB3b showed that
MeHg demethylation was dependent on the activity of methanol dehydrogenase ,
further supporting a link between C1 metabolism and OD “6. Given that C1 metabolism is
also tied to Hg methylation, these results suggest that the availability of C1 compounds in
the environment plays an important role in mediating MeHg accumulation. That being
said, when considering the role of methanotrophs in OD and its relevance to the
environment, one must remember that in most environments where methanotrophs are
active, MeHg degradation via OD could be overwhelmed by the large availability of

other reduced C1 compounds (e.g., methane). The environmental relevance of this type
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of OD remains to be determined.

At the environmental scale, a number of studies have measured MeHg
demethylation [many of which were summarized in ?°]; however, few of these studies
explicitly discuss the direct contribution of microbes to demethylation. The fact that
many of these systems are net MeHg sources makes it difficult to investigate the
mechanisms supporting MeHg destruction beyond the laboratory scale. Further
investigations into the mechanisms of biotic MeHg sinks may yield important clues to
mitigating MeHg exposure in the environment. To the best of our knowledge, only one
recent study fitting this description has been published. In this work, Kronberg et al.
showed that methanogens are important contributors to OD in a wetland ecosystem
known to be a sink for MeHg ®!. Together with previous work on methanogens, these
findings frame methane cycling microbes as key players in controlling MeHg levels in

the environment.

3.3.3 Chemotrophic mercury reduction

The mercuric reductase MerA encoded by the mer operon continues to be one of the best-
studied chemotrophic Hg reduction strategies. Recently, it has been shown that sulphur-
oxidizing bacteria carrying merA were not only able to reduce HgS minerals in aquatic
environments, but also use HgS as a sulphur source 2. Although it is well established that
MerA relies on the use of nicotinamide adenine dinucleotide phosphate (NADPH) as a
redox cofactor for Hg" reduction %2, the link between mer-mediated reduction and the
redox state of the cell is rarely discussed. Recent work with Thermus thermophilus HB27

revealed important links between cellular redox balance, Hg sequestration and MerA
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activity ®3. T. thermophilus (alongside other representatives of the Thermus genus)
harboured genes upstream of merA in the mer operon encoding for the synthesis of low
molecular weight thiols that buffered Hg toxicity prior to Hg' reduction . The synthesis
of cellular redox buffering compounds proved essential to supporting this Hg
detoxification strategy .

Perhaps by further investigating the influence of redox homeostasis on mer-
mediated reduction we can gain insights into how such Hg detoxification strategies
evolved across different redox conditions throughout Earth’s history ®. Therein may lay
an explanation for the observation of a MerA-like reductase in the obligate anaerobe G.
bemidjiensis despite such strategies being largely absent in anaerobes (see the previous
section). Perhaps such pathways only occur under specific redox conditions in the
environment that support anaerobic metabolism optimized for cell growth and Hg
detoxification.

Anaerobes such as dissimilatory metal reducing bacteria continue to be studied
with respect to non-mer-mediated Hg reduction pathways. As previously mentioned,
work with G. sulfurreducens has shown that Hg" reduction increased following the
deletion of hgcAB **, as did the abundance of cytochrome-c proteins supporting Hg"
reduction *°, supporting a physiological link for both of these Hg transformations.
Recently, it has also been shown that Hg" reduction increased as a function of electron
transfer from Shewanella oneidensis MR-1 to natural organic matter (NOM), which led

to the formation of free radicals that could reduce Hg'" 9.
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Novel non-mer-mediated pathways have also recently been discovered in
previously untested model organisms. Magnetotactic bacteria are now known to reduce
Hg'" during microaerophilic growth via coupled redox reactions with biogenic magnetite
in the membrane of the magnetosome ®. Our own research has revealed that Hg"
reduction is supported in obligate anaerobes from the order Clostridiales. We observed
that Hg" reduction was dependent on the ability of cells to produce reduced redox
cofactors (possibly ferredoxin) via fermentation when pyruvate was used as a carbon
source ®. Given that merA was absent in these strains, our results support that cells
reduced Hg because of its electrophilic nature allowing cells to transfer electrons from
reduced redox cofactors to Hg during fermentative growth ®’. This finding suggests that
fermentative Hg reduction may be an important pathway for Hg redox cycling in
environments devoid of light and electron acceptors ®. Given that fermentative microbes

occupy a niche similar to chemotrophic Hg methylators 58

, such pathways may also
influence the accumulation of MeHg. However, the contributions of fermenters to Hg"
reduction and the potential influence of such pathways on Hg availability to methylators

have yet to be investigated.

3.3.4 Chemotrophic mercury oxidation

Hg oxidation still remains one of the most poorly understood chemotrophic Hg
transformations, with the first mechanistic details having only just recently been
published. Following the seminal work demonstrating Hg® oxidation via redox reactions
with thiols in the cell membranes of anaerobes ®°, additional evidence has emerged

supporting the presence of a similar pathway in other obligate and facultative anaerobes
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S1.70.71 "It has also been shown that dead cell material bearing intact thiol groups can
catalyze HgP oxidation offering a potentially important route for delivering freshly
oxidized Hg' to anoxic environments °. Hg® oxidation is thought to be more important in
situations where thiol binding site availability is high relative to low extracellular Hg
concentration ’*. Given the ubiquitous nature of thiols in bacterial membranes "%, Hg°
oxidation by anaerobes is likely widespread in environments such as waterlogged soils >
4 and anoxic lake sediments ° where Hg® can dominate Hg speciation. When considered
alongside the growing evidence for anaerobic Hg' reduction, these findings show that
anaerobes are poised to be key players in controlling MeHg production in anoxic systems

by catalyzing a dynamic anaerobic redox cycle.

3.4 PHOTOTROPHIC MICROBIAL MERCURY

TRANSFORMATIONS

As outlined in our previous review, there is a growing body of evidence suggesting
oxygenic and anoxygenic phototrophs can participate in Hg transformations in the
environment ©. Phototroph-mediated Hg cycling pathways stand to be important in
environments where abiotic photochemical Hg transformations are limited 6. Such
habitats could include the metalimnion of thermally stratified lakes 6, microbial mats *"
8 and photic surface sediments ® 8 where phototrophs thrive at low visible light
intensities. Despite the potential for phototrophs to directly influence Hg speciation,
considerably fewer studies have addressed phototrophic Hg cycling in recent years

compared with the large body of work that exist on chemotrophs. However, recent
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research at the laboratory scale has advanced our mechanistic understanding of Hg

uptake, toxicity, and transformation in a variety of phototrophic organisms.

3.4.1 Phototrophic mercury uptake studies

In our initial review, we detailed the existing body of work on the passive and active Hg
uptake pathways in phototrophs ©. At that time, all the information available on Hg
uptake in phototrophs was derived from oxygenic phototrophs such as algae,
cyanobacteria, and diatoms. Since then, new mechanistic details have emerged on the
uptake of Hg in the model green alga Chlamydomonas reinhardtii and for the first time,
in anoxygenic phototrophic purple non-sulphur bacteria (PNSB).

Transcriptomic evidence has suggested that C. reinhardtii can actively take up
inorganic Hg complexes through divalent metal transporters, and organic Hg complexes
through amino acid transporters 8, although this was not directly experimentally tested.
A similar mechanism was proposed for model PNSB whereby Hg uptake occurred via
Ca?" transport channels as an active process 2. These findings echo those for
chemotrophic anaerobes where active uptake of Hg occurred through Zn?** or Mn?
transporters 1> 8, These studies suggest that Hg uptake via divalent cation transporters is
supported across diverse microbial metabolisms. Given the high metal requirements
associated with phototrophy, Hg uptake via metal transporters is possibly important and

may exert a strong influence on downstream Hg transformations.
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Whereas the effects of DOM on Hg bioavailability to chemotrophs have been
extensively studied, there is little information available for phototrophs 84. Microbial
phototrophy is not limited to autotrophy. Strategies such as a mixotrophy, where cells use
light for energy and a diverse carbon pool for biosynthesis, could lead to Hg uptake via
the shuttling of Hg-DOM complexes into cells &. To the best of our knowledge, the
contributions of mixotrophs to Hg uptake in aquatic food webs have only recently been
addressed 8 8 In these studies, the authors showed that mixotrophic ciliates could
incorporate Hg through passive diffusion and active uptake linked to bacterivory & &',
Despite mixotrophy being widespread in the environment 8 the potential implications of
mixotrophy on Hg accumulation in aquatic and terrestrial food webs remain largely

unexplored.

3.4.2 Phototrophic mercury methylation

The majority of studies addressing the role of phototrophs in controlling MeHg’s fate
focus on bioaccumulation in food webs and fewer studies directly address how
phototrophic communities affect Hg speciation in the environment. Most of the recent
work has been conducted on periphytic communities. These studies face the challenge of
distinguishing the direct involvement of phototrophs in Hg methylation from the indirect
role that they have (as primary producers) in supplying nutrients to chemotrophic Hg
methylators in the periphytic matrix 8 . In most cases, MeHg production increased
under conditions of higher photosynthetic activity 3 %-°2 put recent work emphasized the

importance of considering diel periphytic dynamics in MeHg production .
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Currently, there is very little support for phototrophs participating directly in Hg
methylation. Aside from the initial research cited in our first review °* %, only one new
study has emerged investigating the potential for direct methylation in the
cyanobacterium Nostoc paludosum that showed no MeHg production .

Microbial strains in the phylum Chloroflexi, which includes representatives of the
anoxygenic phototrophic green non-sulphur bacteria, are now known to host the hgcAB
gene cluster. However, the gene sequences found to date belong to the chemotrophic
Dehalococcoidaceae family ¢ 24 27, With the increasing diversity of habitats being
investigated for Hg methylation, perhaps a phototrophic representative harbouring the

hgcAB gene cluster capable of methylation may soon be uncovered.

3.4.3 Phototrophic methylmercury demethylation

Previously, there was little to no mechanistic data available for direct phototroph-
mediated MeHg demethylation ®. Recently, Kritee et al. used Hg stable isotope
fractionation in Isochrysis galbana to demonstrate MeHg demethylation in algal cells 7.
In this study, cells preferentially demethylated lighter MeHg isotopes resulting in a pool
of isotopically light Hg" %', In addition, MeHg demethylation resulted in a positive odd-
isotope mass independent signature that was characteristic of photochemical destruction
of MeHg and similar to the Hg isotope signature observed in a variety of marine and
freshwater fish . This study highlights the power of Hg stable isotope fractionation to

track phototroph-mediated Hg transformations at the environmental scale.
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3.4.4 Phototrophic mercury reduction

Most of the previous evidence for phototroph-mediated Hg reduction stemmed from
observations and experiments performed with oxygenic phototrophs ©. Recent work on
anoxygenic phototrophic PNSB  and Heliobacteria ®" has provided some of the first
mechanistic details for anaerobic phototrophic Hg reduction.

Our work with PNSB demonstrated that Hg" was preferentially reduced during
photoheterotrophic growth on reduced organic carbon substrate (e.g. using light as an
energy source and generating biomass using an organic carbon source) %8, Under
controlled laboratory conditions, we showed that PNSB derived an advantage from
sublethal Hg exposure, which we attributed to the ability of Hg to act as an electron sink
during phototrophic growth . Large peaks of Hg® have been reported in the metalimnion
of lakes ® and anoxygenic phototrophs such as PNSB thrive in environments such as the
thermoclines and chemoclines of stratified aquatic ecosystems *° and microbial mats 1%,
These metabolically versatile microbes stand to be important players in Hg redox cycling
in environments where light is attenuated and reduced organic carbon is available. Such
habitats are often located at redox interfaces that act as gateways to Hg methylation sites.

Following up on our work with anoxygenic phototrophs, we further discovered
that Heliobacteria, a family of spore-forming fermentative photoheterotrophs of the order
Clostridiales, were among the most efficient Hg reducers reported to date ¢’. No apparent
dedicated Hg reduction machinery (i.e., mer operon determinants) was found in the
genome of Heliobacterium modesticaldum Icel, and Hg' reduction most likely occurred
as a cometabolic process related to the availability of reduced redox cofactors (e.g.,

ferredoxin) ©. The fact that cometabolic Hg reduction was observed in two
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phylogenetically and ecologically distinct groups of anoxygenic phototrophs suggest that
such pathways may be widespread in anoxic habitats offering phototrophs a means of
detoxifying Hg without dedicated enzymatic machinery.

The use of stable Hg isotopes has recently provided unique insights into oxygenic
phototrophic Hg reduction. In the same study addressing MeHg demethylation in I.
galbana, cells reduced lighter Hg'" isotopes with the strongest fractionation signature
occurring within the intracellular pool of Hg'" ®. The authors also observed mass-
independent fractionation signatures suggesting that Hg was reduced by free radicals
inside the cell following binding to thiol functional groups ®” 1%, The prevalence of free
radical formation during oxygenic photosynthesis is such that algal cells could be seen as
small photoreactors hosting Hg photoreduction. Indeed, this study represents a
fascinating case of intracellular metal photoreduction that blurs the lines between abiotic
and biotic transformations.

The presence of putative merA homologues in the genomes of some anoxygenic
phototrophs 12 19 highlights an interesting question regarding Hg tolerance in
phototrophs: Do cells preferentially detoxify Hg via cometabolic processes or through the
use of dedicated reductases? Currently, it seems that phototrophic Hg reduction occurs
mostly as a cometabolic process that relies on core metabolic machinery rather than mer-
like determinants, which are largely absent in phototrophs. However, very few studies
have been published on the subject and the presence of such pathways has only been
identified for a small number of model organisms. By exploring this question further, we

will be able to better define the physiological mechanisms supporting phototrophic Hg
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metabolism. The increasing availability of microbial genomes and genetic tractability of
anoxygenic phototrophs should help address this question in future research.

Clearly, phototrophs are more than just an entry point for Hg into food webs. The
mechanistic findings mentioned in this section frame photosynthetic redox homeostasis
as a metabolic process coupled with Hg reduction. These mechanistic studies further
demonstrate that phototrophs can directly impact the substrate of Hg available to
methylators via Hg redox cycling. How such interactions play out in the environment

remains elusive, however.

3.4.5 Phototrophic mercury oxidation

At present, there is a lack of studies addressing Hg® oxidation in phototrophs. This could
be related to the challenges associated with working with volatile Hg® as a substrate. We
speculate that anoxygenic phototrophic bacteria could potentially oxidize Hg® through
thiol-related mechanisms similar to those outlined in chemotrophic anaerobes based on
the fact that Hg is known to bind to thiols in the photosynthetic reaction center of PNSB
104,105 Currently, the presence of such pathways has yet to be investigated and Hg°

oxidation in phototrophs has yet to be demonstrated.

3.4.6 Mercury toxicity to phototrophs
Phototrophs appear to mitigate Hg toxicity either via intracellular sequestration or
elimination from the cell (e.g., via efflux or evasion). Sequestration strategies come in the

form of dedicated chelating molecules such as phytochelatins and metallothioneins 8
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and the production of HgS °, all of which prevent Hg from binding to sensitive target
sites inside of the cell.

Inside the cell, inorganic and organic Hg'" complexes can interact with a number
of proteins that are essential for supporting photosynthetic metabolism. Hg’s toxicity is
attributable to Hg’s affinity for thiols bonds % and its ability to substitute for cations that
serve as cofactors in enzymatic reactions essential to capturing light energy 171, By
disrupting protein function, Hg can inhibit electron transport and the ability of cells to
generate ATP thereby inhibiting cell growth 1°1'2  Although toxicological studies
continue to emerge evaluating the ranges of Hg concentrations tolerated by different
model phototrophs 3116 very few offer new mechanistic insights . In addition, the
impact of Hg® on photosynthetic metabolic machinery remains unexplored despite recent
evidence demonstrating that HgP interacts with thiols in bacterial cell membranes © 7°.

The recent transcriptomic work with C. reinhardtii has provided insights into the
genetic response of green algae to Hg toxicity 87, Hg exposure led to the disruption of
genes involved in motility, cell division, energy metabolism, amino acid production, lipid
oxidation, metal transport and antioxidant enzyme synthesis 8. Although the apparent
negative effects on gene regulation did not always manifest as a physiological response
8L 117 the authors saw increased photosynthetic efficiency when small levels of MeHg
were present 7. These results suggested a possible hormetic effect derived from MeHg
exposure that merits further investigation. Based on our own observations in PNSB, there
is precedence for sublethal exposure to Hg providing a physiological advantage during

phototrophic growth by acting as an electron sink %. Whether such a pathway is
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supported in oxygenic phototrophs has yet to be tested and the importance of beneficial
or hormetic responses to Hg in the environment remains to be evaluated.

At the time of publishing our 2014 review paper, very little mechanistic
information was available on Hg toxicity in anoxygenic phototrophs. This has changed in
recent years. Work with PNSB showed that large amounts of Hg" can bind to the

photosynthetic reaction center (PS-RC) %4

and that the vast majority of Hg supplied to
PNSB was bound to weak binding sites, rather than to high affinity thiol-bearing sites 1.
Although the exact chemical nature of the weak binding sites were not further discussed,
one can speculate that these binding sites may have been carboxyl groups that have a
lower affinity for Hg 8120 and are known to be present in the PS-RC 2%, Sipka et al.,
also demonstrated that Hg toxicity was attributable to a small number of strong thiol-
bearing Hg binding sites that disrupted cyclical phosphorylation by inhibiting inter-
quinone electron transfer and proton translocation 1%, Despite the sensitivity of electron
transport machinery to Hg, model PNSB strains could tolerate uM levels of Hg before
damage to photosynthetic membranes became apparent 22,

These new findings illustrate that Hg targets may be similar between oxygenic
anoxygenic phototrophs, which is unsurprising given the evolutionary parallels between
some components of their photosynthetic machinery. Although the availability of
genomic information frame PNSB as excellent models to study Hg toxicity in anoxygenic
phototrophs, the response of other clades to Hg has yet to be characterized. For instance,
we know very little of Hg interactions with green (non)-sulphur bacteria, aerobic

anoxygenic photosynthetic bacteria, Heliobacteria or purple sulphur bacteria. This

information would be useful in revealing the evolutionary and physiological context
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shaping the response to Hg toxicity among phylogenetically distinct clades of
phototrophs. Indeed, the absence of dedicated Hg resistance strategies such as the mer
operon among anaerobes and phototrophs is puzzling. There appears to be a tight
coupling between the presence of oxygen and the evolution of the mer operon .
Anaerobic and anoxygenic phototrophic metabolisms predate the rise of oxygen on planet
Earth and cometabolic processes such as sequestration or the use of excess reducing
power to catalyze Hg reduction may have been sufficient to cope with Hg toxicity in the

absence of oxygen.

3.5 CONCLUDING REMARKS

Over the last four years, we have observed a shift in the field of research addressing
microbial Hg transformations. Investigations into chemotrophic Hg methylation still
dominate the literature thanks largely to the discovery of the hgcAB gene cluster. With
powerful molecular tools in hand, one important frontier in our field is to identify the
native function of this gene cluster and the possible role(s) associated with Hg
methylation. In addition to gaining fundamental insights into the process, such
mechanistic insights may reveal strategies that could help manage Hg pollution.
Important mechanistic details on anaerobic and phototrophic Hg cycling have also
emerged leading us to reconsider the environmental contributions of anaerobic Hg redox
cycling pathways. One such contribution is summarized in Fig 3.1, highlighting a
possible role for phototrophs in catalyzing Hg reduction at redox interfaces within a

stratified lake ecosystem.
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Once deposited into aquatic ecosystems, aqueous Hg speciation is altered such
that ageing of Hg complexes occurs, typically leading to low Hg bioavailability over time
(Fig 3.1A-(1)). Redox processes catalyzing the transformation of Hg complexes control
the delivery of bioavailable Hg to anoxic zones. This occurs by resetting Hg speciation,
i.e., remobilizing Hg initially present as poorly bioavailable complexes (e.g., Hg-DOM or
Hg-particles) to more mobile and bioavailable species (e.g., Hg Fig 3.1A-(2) and 3.1B).
This can occur by anaerobic or photobiological redox processes targeting Hg and
described in this review, or via heterotrophic or photochemical degradation of the organic
ligands to which Hg is bound. Given the increasing importance of anaerobes in Hg°
oxidation and anoxygenic phototrophs in Hg'" reduction, these groups can provide a fresh
supply of bioavailable Hg to sites conducive to Hg methylation (Fig 3.1A-(3) and 3.1B).

This conceptual redox wheel 8 is meant to highlight the potential for highly
dynamic yet cryptic Hg redox cycling (Fig 3.1B). We use the word cryptic here to
highlight the fact that no net Hg® accumulation may be observed but its production and
rapid oxidation may represent an essential step in controlling Hg mobility at, and across,
redox interfaces. Furthermore, this conceptual framework illustrates how phototrophs (or
other anaerobes) can participate in Hg transformation well beyond their role as MeHg
accumulators at the base of food webs. Note that such processes can occur in any
stratified environment, whether it is within the metalimnion of lakes, microbial mats or

periphytic communities (Fig 3.1).
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Although lab studies have afforded the controlled conditions necessary to
elucidate new mechanisms for phototrophic Hg transformations, these pathways continue
to be understudied in the environment. This knowledge gap will become increasingly
important to address in the face of predicted environmental change. Increases in
temperature, prolonged ice-free seasons and more intense water column stratification will
have a dramatic impact on phototroph dynamics that, in turn, exert important controls on
environmental chemistry and metal speciation. Indeed, there stand to be far-reaching
impacts on global Hg cycling stemming from changes in phototrophic communities that

occupy broad niches in oxic and anoxic habitats.
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3.10 FIGURE AND CAPTION
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Figure 3.1: Conceptual summary for the possible role of phototrophic and anaerobic
microbes in controlling Hg bioavailability. Numbers refer to descriptions made in the
Concluding remarks section of the text. The pink disks highlight sites where Hg
speciation can be reset via redox processes that directly affect Hg (see text) or the ligands
to which Hg is bound (e.g., via heterotrophy or DOM photo-transformation). These
processes can occur under oxic or anoxic conditions and be catalyzed by light, microbes
or both. At the ecosystem scale (A): anoxygenic phototrophs are coloured in green and
purple, Hg methylators are coloured in brown, dissolved organic matter has been
abbreviated as DOM, labile organic matter available to microbes is abbreviated as LOM
and particulate matter is denoted by small grey circles. Hg-DOM represents poorly
bioavailable Hg complexes formed with organic matter ligands of a large size. Hg-LOM
represents highly bioavailable Hg complexes formed with labile organic matter ligands;
these labile organic matter ligands can shuttle Hg inside the cell. Lightning bolts
represent light energy (hv) required for photobiological or photochemical processes.
Inverted blue and yellow triangles represent oxygen and light energy gradients,
respectively. HS™ (sulphide), CH4 (methane) and Fe'""" (iron oxides) are meant to
represent some of the anaerobic metabolisms known to be involved in Hg metabolism:
sulphatoreduction, methanogenesis and ferroreduction, respectively. (B) was adapted
from Chiasson-Gould et al. 2014 and represents the redox wheel in the context of the

diversity of Hg species available for microbial transformations.
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Chapter 4: A physiological role for Hg' during phototrophic growth

Daniel S. Grégoire # & Alexandre J. Poulain #
a - Biology Department, University of Ottawa, 30 Marie Curie, Ottawa, ON, KIN6N5,

Canada.

Research highlights:

- First study to explore how anoxygenic phototrophic purple non-sulphur bacteria
can contribute to Hg redox cycling

- Tested whether Hg'" reduction occurs because of a redox imbalance incurred
during photoheterotrophic growth

- Hg reduction was only associated with photoheterotrophic metabolism and was
favoured under conditions that generated a redox imbalance

- Cells were able to reduce up to 20 % of the initial Hg" supplied, achieving rates of
HgP production observed in previously published environmental studies

- Phototrophically-grown cells benefited from sublethal levels of Hg (200 nM)

- Findings are the first to directly link photosynthetic metabolism to Hg reduction

and suggest that Hg'"' can act as an electron sink during phototrophic growth

A modified version of this chapter was originally published as: Grégoire, D.S.; Poulain,
A.J., A physiological role for Hg(11) during phototrophic growth. Nature Geoscience

2016, 9, (2), 121-125. Direct link: https://www.nature.com/articles/ngeo2629

N.B. Supporting information for this chapter can be found in Appendix A
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4.1 ABSTRACT

The bioaccumulation of toxic monomethylmercury (MMHQ) is influenced by redox
reactions that determine the mercury (Hg) substrate — Hg'" or Hg? — available for
methylation ¥ 2. Phototrophs can reduce Hg' to Hg? 3. This reduction has been linked to a
mixotrophic lifestyle #, in which microbes gain energy photosynthetically but acquire
diverse carbon compounds for biosynthesis from the environment. Photomixotrophs must
maintain redox homeostasis to disperse excess reducing power due to the accumulation of
reduced enzyme cofactors °. Here we exposed purple bacteria growing in a bioreactor to
Hg'" and monitored Hg® concentrations. We show that phototrophs use Hg' as an
electron sink to maintain redox homeostasis. Hg® concentrations increased only when
bacteria grew phototrophically, and when bacterial enzyme cofactor ratios indicated the
presence of an intracellular redox imbalance. Under such conditions, bacterial growth
rates increased with increasing Hg'"' concentrations; when alternative electron sinks were
added, HgP production decreased. We conclude that Hg can fulfill a physiological
function in bacteria, and that photomixotrophs can modify the availability of Hg to

methylation sites.
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4.2 INTRODUCTION

Hg is a contaminant globally distributed via the atmosphere that not only persists in the
environment but is also biomagnified through aquatic food webs, particularly in its
methylated form MMHg 8. Redox reactions control Hg cycling by affecting the Hg
substrate available for methylation " 8. So far, much of the work on microbially-mediated
Hg redox cycling has focused on chemotrophs 2. Few laboratory studies have addressed
the role of phototrophs and even then, only algae and cyanobacteria (that is, oxygenic
photolithoautotrophs) have been investigated. In the environment, increased Hg°
production has been associated with phytoplankton blooms in freshwater 4 *: % 10 and
marine systems . Thus far, research has shown that oxygenic phototrophs can indirectly
contribute to Hg redox cycling via the excretion of (photo)reactive compounds *? but
support for a direct coupling between Hg and phototrophic metabolism remains elusive
13 Indeed, except for recent work demonstrating the presence of a mercuric reductase-
like enzyme in a cyanobacterium 4, other pathways for phototroph-mediated Hg redox
cycling remain poorly understood. Although it has been shown that some anoxygenic
phototrophs can indirectly influence MMHg production by affecting the sulphur cycle *°,
their potential to contribute directly to Hg redox cycling has yet to be explored. These are
important knowledge gaps to address because anoxygenic phototrophs thrive under
anoxic conditions that are also conducive to the production of MMHg and because
phototrophs stand as key ecological players in aquatic ecosystems, acting as an entry
point for Hg in food webs 6. There is an increasing need to fully understand how

phototrophs affect Hg cycling given continued anthropogenic Hg inputs to aquatic
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ecosystems and considerable shifts in the ecological dynamics of phototrophic
communities predicted to occur in the face of ongoing environmental change *'.

Our work was motivated by field studies suggesting that Hg® production was
dependent on the mixotrophic status of organisms present in phytoplankton blooms (that
is, their ability to use a variety of energy and carbon sources) *. In this study, we selected
purple non-sulphur bacteria (PNSB) as model organisms to investigate how a
phototrophic lifestyle can affect Hg redox cycling and thus its mobility and toxicity in the
environment. PNSB were chosen because they are ubiquitous in the environment, exhibit
tremendous metabolic diversity and because their preferred mode of growth is via
photoheterotrophic metabolism 8.

During photoheterotrophic growth, microbes accrue excess reducing power in the
form of NAD(P)H and typically maintain redox homeostasis by shuttling excess reducing
power onto exogenous electron acceptors such as inorganic carbon or dimethylsulphoxide
(DMSO) > °. With this mechanism in mind, we hypothesized that the ability of
phototrophs to reduce Hg'" is directly dependent on their ability to maintain redox
homeostasis. We predicted that the magnitude of Hg reduction is positively associated
with acquiring increasingly reduced carbon sources and that chemotrophic growth will
not be associated with any Hg? production, given that all reducing power is expected to

be used for the energetic and biosynthetic needs of the cells.
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4.3 METHODS

4.3.1 Strains and culture conditions

Strains were grown aerobically and chemotrophically in liquid 0.3 % yeast peptone (0.3
% yeast extract and 0.3 % peptone) (YP) medium (Rhodobacter capsulatus SB1003 and
Rhodopseudomonas palustris TIE-1) or Lysogeny broth (LB) (Rhodobacter sphaeroides
2.4.1), overnight, and transferred into anoxic minimal salts medium for freshwater
cultures (herein referred to as FEM)?°. All strains can be obtained from the American
Type Culture Collection (ATCC) (catalogue numbers are ATCC BAA-309, ATCC
17023, and ATCC 17001 for R capsulatus SB1003, R. sphaeroides 2.4.1 and Rp.
palustris TIE-1, respectively). Media were modified by substituting 25 mM of MOPS
buffer in place of HCO3 and amended with an organic carbon source. In the case of R.
capsulatus, one of several potential exogenous electron acceptors was supplied (see
Appendix A, Table Al, for the full list of carbon sources and exogenous electron
acceptor combinations and their redox potentials). To test whether the oxidation of
butyrate to CO;, polyhydroxybutyrate (PHB) and biomass, coupled to reduction of Hg'
was favourable under standard conditions, we calculated AG® derived from reduction
potentials. The AG was also estimated for an environmentally relevant range of
concentrations of the reactants and products (see Table A2 for reagent and product
concentrations, Table A3 for AG?, and see Table A4 for AG). The oxidation of butyrate
to CO2, biomass or PHB coupled to the oxidation of Hg?* to Hg® remains favourable in

all environmental conditions tested.
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Cultures destined for the bioreactor were grown either phototrophically at 28°C,
in crimped serum vials, with the headspace exchanged with argon and received a visible
irradiance of 20 umol photon m2s™ from a 60 W incandescent light source that emitted
light primarily in the near-red to red spectrum (600 to 700 nm), or chemotrophically,
aerobically, in the dark, in 250 mL sterile flasks shaken continuously at a speed of 200
rotations per minute. Cells were grown to late exponential phase and added to the
bioreactor as a 10 % inoculum in a final volume of 560 mL (sterile medium had 620 mL
to account for lack of inoculum). R. capsulatus supplied with 30 mM acetate, 15 mM
butyrate (concentrations normalized for total carbon available) or 15 mM butyrate with
10 or 20 mM HCOz" was used for [NADH]/[NAD]+ measurements and grown using the
same method as described above for phototrophic cultures. R. capsulatus was also used in
Hg and HCOs™ growth assays. Cells used in HCOs™ assays were initially transferred as a
10% inoculum from 0.3% YP to FEM with 15 mM butyrate, grown to mid-exponential
phase and transferred into fresh FEM with 15 mM butyrate amended with 10 mM HCO3
(or not). For Hg exposure growth assays, 2.5 mL of each 0.3 % YP culture of R.
capsulatus was washed three times with FEM containing 1 mM butyrate before being
resuspended in the same medium, exposed to 0, 200 or 400 nM of HgCl, and incubated in
the same conditions as mentioned above for phototrophic growth. All growth assays were
performed in Balch tubes to facilitate spectrophotometric measurements at O.D. 600 nm

(where O.D. is optical density) using a Spectronic 20D+ (Fisher Scientific).
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4.3.2 Bioreactor setup and elemental mercury measurements

All glassware used in the bioreactor setup was made of borosilicate glass and all
connecting lines were made of /4” PTFE. All components were manipulated using clean
trace element analysis handling techniques and assembled under sterile conditions. The
bioreactor components formed a closed system comprised of a gas supply connected to a
bubbler that fed into the medium contained in a 1 L three-neck spherical flask where the
two other necks were sealed with sterilized rubber septa used for subsampling. A line
connected to an opening in the headspace of the bubbler was attached to a 1 L vessel kept
at 12°C that collected condensation and allowed gas accumulated in the headspace of the
reactor to flow through to a Tekran 2537B HgC analyzer (Tekran instruments, Toronto,
ON, Canada) (Fig A1). The Tekran 2537B measured Hg® in real time via cold-vapour
atomic fluorescence spectroscopy (CVAFS) based on Hg%’s peak fluorescence emission
at 253.7 nm. The reactor was continuously sparged with Hg’-free atmospheric air (for
aerobic chemotrophic assays) or ultra high purity argon (for anaerobic phototrophic
assays) at a rate of 0.5 L min for 60 minute sampling periods. In addition to setting the
sample flow on the Tekran 2537B Hg analyzer, gas flow was controlled by using two
Tekran Hg-free air units: one operated automatically used for the regular calibration and
cleaning of the instrument, and the other operated manually following the completion of
clean cycles on the Tekran 2537B that regulated airflow to the bioreactor. Both contained

two activated carbon HgP filters and in-line pressure regulators to ensure consistent flow.
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Growth conditions for bioreactor experiments were identical to those supplied
during culture incubation unless otherwise noted in Table Al. Temperature was
maintained using a water bath set to 28°C. Light was supplied using a 200 W
incandescent light bulb with a visible light intensity being maintained at 20 pumol photon
ms! by means of multiple layers of dark screens. Peak irradiance for this light source
occurred in the near-red to red spectrum (600 to 700 nm). Darkness was maintained for
chemotrophic growth by wrapping the reactor in aluminum foil.

The reactor was purged of trace atmospheric Hg? for 30 minutes, after which the
live or dead cell inoculum and the desired exogenous electron acceptor were added using
sterile 18 G needles and syringes. The reactor was further purged until Hg® readings
between 0 and 0.1 ng m™ were obtained, after which the HgCl. spike was added from a
250 nM working solution prepared fresh daily to a final concentration of 250 pM and Hg°
production was monitored for 48h. The initial Hg® measurements immediately following
the Hg spikes were consistently high and skewed the long-term trends in Hg® loss. As

such, these measurements were omitted from Fig 4.1 and 4.2.

4.3.3 Bioreactor subsampling for total mercury mass balance and cell density
Samples were withdrawn with sterile stainless steel 18 G needles and syringes throughout
each experiment to measure total Hg (THQg) and cell density via viable plate count.

Before assembly, the weight of the empty spherical flask and condensation trap, were
recorded, as was the weight of the spherical flask full of growth medium. All containers
used for containing the live or dead cell inoculums, bioreactor subsamples and exogenous

electron acceptor spiking solutions were weighed before and after to account for changes
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in weight of the reactor. All samples used for THg analyses were conserved with BrCl
and stored in the dark at 4°C 2. Samples were taken in triplicate for quality control after
sparging the reactor of trace atmospheric HgP to verify for potential contamination in the
medium prior to spiking. The reactor was subsampled in triplicate following the addition
of the Hg spike to measure THg at the beginning of the experiment (herein referred to as
To). After 48h, the reactor was subsampled again in triplicate to quantify THg at the end
of the experiment (herein referred to as Ty), and after disassembly the masses of the
spherical flask and condensation trap were re-recorded. For treatments where live or heat-
killed cells were supplied, the spherical flask was rinsed with 100 mL of 10 % trace
element grade HCI from which triplicate samples were taken. The rinse and sampling
steps were repeated twice more to ensure all Hg adsorbed to the walls of the reactor was
accounted for. In the case of sterile medium, the first rinse was performed by filling the
reactor with 500 mL of 10% HCI and soaking it for 24h before subsampling, owing to the
strong adsorption of Hg to the walls of the reactor. Subsequent rinsing and sampling were
performed the same was as describe above.

Total Hg analyses were performed using EPA method 1631 2. This method
involves conserving all Hg in solution with the strong oxidizing agent BrCl, which is
subsequently degraded with hydroxylamine prior to addition of SnCl, upon sample
analysis to reduce all the Hg" to Hg®. Afterwards, this HgP is concentrated onto gold traps
and the concentration is measured via CVAFS at 253.7 nm. The average values from
each set of triplicate samples were used to perform the mass balance (Fig A2). Hg
removed from cell growth subsampling was estimated using the concentration at the

beginning of the experiment. Total volume was approximated assuming the density of
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water (i.e., 1 g = 1 mL). Total Hg recovery (%) was calculated by multiplying the
following ratio by 100:
THg recovered = (Nf + N¢+ Ng + Hg%)/Ni x100
Where:
Nf = [THg] taken at the end of the experiment
x volume of medium in the reactor at the end of the experiment
N¢= sum of ([THg] of HClI rinses 1, 2 and 3
x volume of each HCI rinse)
Ng = [THg] at the beginning of the experiment
x volume subsampled for growth measurement
HgP = cumulative HgP production recorded by the Tekran 2537B
Ni = [THg] taken at the beginning of the experiment

x volume of medium in the reactor at the beginning of the experiment

The amount of water recovered was verified for each assay to ensure that there was no
loss of medium and to corroborate the THg mass balance results. Total water recoveries
were determined by summing the mass removed or added to the reactor, dividing it by the
mass of medium in the full reactor before starting the experiment and multiplying it by

100.
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4.3.4 INADH]/[NAD+] measurements

Cultures were subsampled upon reaching stationary phase and [NADH]/[NAD]+
measurements were performed in biological triplicates under anaerobic conditions
according to the method outlined by Kern et al. 22 using a Synergy HTX 96-well plate
reader (Bio-tek, Winooski, VT, USA). This method involved extracting NAD(P)H and
NAD(P)" with HCI and NaOH, respectively. The concentrations of redox cofactors were
then measured using an enzymatic colorimetric assay with a redox sensitive dye. The rate
at which the dye was converted to its reduced form (as measured by absorbance at 570
nm) was used to calculate the initial concentration of each redox cofactor based on a
standard curves included in each assay. Results were presented as boxplots where the
boxes represent the first and third quartile; the bars represent the median value, and the

whiskers the minima and maxima for each treatment.

4.3.5 Growth assay indices calculation and bioreactor cell density estimation

Lag phase durations for Hg exposure and HCO3™ growth assays were extracted by fitting
a four-parameter logistic model in Sigmaplot and calculating the first derivative between
each pair of points in chronological order. Lag phase was deemed complete once the first
derivative yielded a consistently positive value (i.e. representative of an inflexion point
and a positive slope value for O.D. goonm OVer time). Maximum growth rate was calculated
as the maximum slope of O.D.s0onm OVer time during mid-exponential phase, determined
by comparing each pair of points in chronological order. Growth rates for Hg-exposed
cultures were also calculated by fitting a natural logarithmic curve or a linear regression

to cell growth data from which the slope coefficient for each model was used as an index
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for growth rate. These calculations were used to verify that the conclusions obtained
using the pairwise comparison were not from sampling errors. Yield was determined as
the maximum O.D. soonm Value reached over the course of each experiment. Results were
presented as boxplots where the boxes represent the first and third quartile; the bars
represent the median value, and the whiskers the minima and maxima for each treatment.

For bioreactor experiments, the rates of Hg® production normalized per cell for
phototrophically grown cultures were determined based on cell numbers averaged for the
entire experiment, as they did not vary over time. Chemotrophically grown cultures
showed substantial growth and cell numbers were estimated by fitting a four-parameter
logistic equation in Sigmaplot for the concentrations obtained by viable plate count. Each

Hg® measurement was normalized for the corresponding time point in each fitted model.

4.3.6 Statistical analyses

All statistical analyses were performed in R 23, One-way ANOVA’s using the partial sum
of squares were used to compare the mean [NADH]/[NAD]+ ratios and one-way
ANOVA’s using sequential sum of squares were used to compare the growth indices
from growth assay experiments. Multiple comparisons were subsequently performed

using the Tukey HSD post hoc test with the significance threshold set to p<0.05.

4.3.7 Thermodynamic calculations
To estimate whether the reduction of Hg" in the presence of butyrate was
thermodynamically favourable, we calculated the free energy associated with the

reactions coupling butyrate oxidation to Hg" reduction. The substrates acetate and
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butyrate can be converted to acetylCoA and generate NADH via a modified version of
the tricarboxylic acid (TCA) cycle, but butyrate can also be converted into
polyhydroxybutyrate (PHB) — a storage molecule — via an oxidative pathway, generating
additional reducing power. As such, the electron donors do not undergo simple one-step
oxidation, thus making it difficult to identify the proper redox partners. NADH is one of
the main electron carriers involved in these reactions. The redox potential of
NAD*/NADH (E° = -0.32V) is very close to that of several reduced carbon substrates
coupled to HCOgz', including acetate (-0.28V), butyrate (-0.35V), butanol (-0.3V); the
oxidation of these substrates often consumes energy and is catalyzed by enzymes.

The redox reaction does not proceed (or is too slow to proceed) directly between
butyrate and Hg?*, as our abiotic controls showed no Hg° production and our killed
controls also showed virtually no Hg® production, meaning that live cells are required to
catalyze the reaction (Fig 4.1 d, e). It is likely that enzyme(s) using NADH act(s) as a
redox intermediate in the reaction, but the site of reduction and the nature of the
enzyme(s) involved remain unclear. The reduction potential of NAD*/NADH is such that
under standard conditions, electrons are predicted to flow from NADH to Hg?*, DMSO,
or used by enzymes of the Calvin-Benson-Bassham cycle to fix COx.

E® Hg2hg® = +0.8V
E% bmsooms = +0.16V
E”Nap*NaDH = -0.32V

EO’COz/butyrate =-0.35V
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We present three different scenarios for the oxidation of butyrate involving the reduction

of Hg?* and DMSO, where butyrate can be oxidized to CO, to PHB or assimilated into

biomass, as shown in the reactions below.

Reactions involving the reduction of Hg?* and DMSO:
Hg?" + 2" > Hg% E%ng*"mg’=+0.8V (1)

(CH3)2SO + 2H+ + 2e" > (CHa)2S + H20;  E”pmsooms = +0.16V (2)

Reactions involving butyrate: E®’coy c.:0.= -0.35V
4CO; + 20H" + 20e” = C4HgO> + 6H20 (3)
(C4HsO2)n + 2nH™ + 2ne- - n(C4Hs0y) (4)

CH1.8No.1800.38 + 0.48H20 + 2.72H" + 2.72e- > C4HgO2 + 0.72NH4" (5)

An example of the half reactions with Hg?*/Hg® and CO/butyrate:
CsHgO2 + 6H,0 > 4CO2+ 20H" + 20e- E9%(V) =+0.35V

+ 10Hg* +20e- >  10Hg° EO(V) =+0.8 V

Overall reaction:
C4HsO2 + 10Hg?" + 6H2.0 > 4CO; + 10Hg® + 20H* AEY(V)=1.15V
AGP = -nF(AEP)

AG® = -20 x 96.485 kJ. V'1.mol! x 1.15 V; AG® = -2219.2 kJ.mol*
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The AG® values for each reaction can be found in Table A3 and Table A4. The oxidation
of butyrate coupled to the reduction of Hg or DMSO was predicted to be favourable
under standard conditions (AG°<0).

We also estimated AG using the AG® calculated under standard conditions and
defining conservative environmental conditions with respect to the concentrations of

reactants and products (see Table A2) of the three scenarios described above.

Details of the calculation are:
G =G%+RTInQ
Where for the reaction aA + bB -cC +dD
Q = [CI° x [DI[B]° x [A]*
With:
R =8.314 x 102 kJ Kt mol*!

T =283 K (or 10 °C)

We do not know all of the possible redox intermediates involved in the reaction
that eventually lead to Hg" reduction. We speculate that some reactions will require
energy to proceed and the AG values provided here should therefore be seen as
overestimations. We ran this simulation using a range of values covering two orders of
magnitude for reactants and/or products in order to test for the sensitivity of the analysis.
The oxidation of butyrate to CO», biomass or PHB coupled to the reduction of Hg?* to

HgP remains favourable in all environmental conditions tested.
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4.4 RESULTS AND DISCUSSION

4.4.1 Hg" reduction only occurs during phototrophic metabolism

In nature, photomixotrophy is a widespread strategy that enables microbes to derive
energy from light, while accessing a diverse pool of inorganic and organic carbon sources
18, In our study, we compared the use of two carbon sources differing in their oxidation
state that are naturally occurring in the environment. Our phototrophic models
(Rhodobacter capsulatus, Rhodobacter sphaeroides and Rhodopseudomonas palustris)
only reduced Hg'" to Hg® when grown phototrophically, regardless of the organic carbon
source supplied (Fig 4.1); chemotropically grown cells did not reduce Hg'" (Fig 4.1).
When grown phototrophically on butyrate (the most reduced carbon source used), Hg®
production was greater than when grown on acetate (the most oxidized carbon source
used) for all three strains tested (Fig 4.1a-c). Autoclaved killed controls resulted ina 11-
fold decrease in Hg® production (2.29 pmol) whereas abiotic controls resulted in a 22-fold
decrease (1.18 pmol) (Fig 4.1d, e). The difference between autoclaved and sterile
treatments could be associated with the presence of reduced cell material and/or
metabolic exudates released during the autoclaving step that may contribute indirectly to
HgP production 2. Our experiments were performed at a visible light intensity (20 pmol
photon m2st) corresponding to levels that are sufficient for phototrophic growth but

insufficient to catalyze abiotic photoreduction* (Fig 4.1¢).
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4.4.2 Hg" reduction competes with known redox homeostasis pathways

To further test our hypothesis, we supplied known electron sinks to R. capsulatus during
photoheterotrophic growth on butyrate and predicted that they would compete with Hg"
for reducing power thereby decreasing Hg® production. Such electron sinks (that is,
HCOgz", DMSO) have been shown in previous studies to alleviate the stress associated
with redox imbalance and their presence enabled growth on reduced carbon 24,
Supplying HCO3 and DMSO greatly decreased Hg® production (up to 80% for [HCO3] =
20mM and 85% for [DMSQ] = 20 mM) (Fig 4.2 and Fig A3). This decrease in Hg°
production shows that Hg'", HCO3 and DMSO compete for the pool of excess reducing
power within the cell, especially when these electron sinks are provided at mM levels
(Fig 4.2). In fact, the highest rates were observed in the presence of [HCO3] = 100 uM,
suggesting that cellular pathways possibly involved in Hg'" reduction are stimulated by
small amounts of HCOs"; a small decrease in cumulative Hg® production was observed in
the presence of [DMSO] = 1nM (Fig 4.2). When cells were supplied with other potential
oxidants, such as NOs™ or Fe!"", for which no dedicated reduction pathways are known to
exist in R. capsulatus, Hg® production was not inhibited (Fig A4). These results support
our initial hypothesis and show that excess reducing power accrued during
photoheterotrophic growth is associated with Hg' reduction.

The competition observed between Hg'", HCO3™ and DMSO provides the basis for
determining the sites of Hg reduction. Inorganic carbon and DMSO reduction both derive
reducing power from the ubiquinone (UQ) pool, which receives electrons from reducing
power generated through the oxidation of organic matter and/or ATP-consuming reverse

electron flow 2. The UQ pool is not sufficiently electronegative to reduce NAD+
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directly, [-0.1V < E%(UQ/ UQH) < 0.1 V versus E° (NAD+/NADH)= -0.32 V], but it
could potentially serve as an electron donor to Hg" [0.7V < E°(Hg?*/ Hg®) < 0.85V] or
Hg' [present as Hg2?* E°(Hg2?*/HgP) = 0.4 V] %. Whereas under standard conditions, the
reduction potential of Hg'"/Hg® is very favourable to Hg'" reduction (see Appendix A),
this value is expected to decrease once Hg'" binds to thiols 27, possibly affecting the
ability of Hg to act as an electron acceptor. Alternatively, NADH could potentially
reduce Hg'" through the activity of nonspecific reductases. One of the few studies
addressing Hg toxicity in PNSB also showed that Hg'' induces toxicity partially through

interactions with the UQ pool indicating a precedence for Hg'-quinone interactions .

4.4.3 Hg' reduction occurs under conditions where there is a redox imbalance

To establish the physiological basis of our proposed mechanism, we compared the ratios
of [NADH]/[NAD+] for cells grown on butyrate to those grown on acetate. These ratios
are typically used as proxies to evaluate redox imbalance 2°. Cells grown solely on
butyrate had a higher mean [NADH]/[NAD+] ratio compared to those grown on acetate
(0.78 £ 0.06 vs. 0.42 £ 0.26) and differed significantly when compared to cells grown on
butyrate supplied with 10 and 20 mM HCO3™ (0.13 £ 0.02 and 0.17 + 0.05, respectively)
(Fig 4.3). These ratios are well within the range of what can be expected when studying
microbial redox imbalance 2° and confirm previous work where PNSB use HCOs™ to
maintain redox homeostasis °. We were unable to test how Hg' affected this ratio due to
our inability to harvest enough biomass and extract enzymatic redox cofactors at Hg

concentrations required to create an effect comparable to that of HCOs".

131



4.4.4 Hg'" can act an electron sink during phototrophic growth

Having demonstrated that Hg'" reduction depends on the availability of excess reducing
power, we tested whether Hg'" could fulfill a physiological function by acting as an
electron sink, and thus favour growth. With this aim, phototrophically grown cultures
were supplied with sublethal concentrations of Hg" (< 400 nM). The growth rate of R.
capsulatus was 1.5-fold higher in the presence of 200 nM Hg and differed significantly
from that of controls grown in the absence of Hg (0.061 + 0.005 vs. 0.039 + 0.012 hr 1)
(Fig 4.4a) and this conclusion was supported regardless of the method used to calculate
growth rate (Fig A5). Furthermore, the lag phase duration and yield were consistent with
a beneficial role of Hg" with lag phase duration decreasing 3-fold, and yield increasing
1.25-fold in the presence of [Hg''] = 200 nM (Fig 4.4 c, €). Supplying HCO3 and not Hg"
to butyrate-grown cells yielded similar results (Fig 4.4 b, d, f). We show that Hg offered
a physiological advantage, but the small effect size observed is most likely associated to

the toxic, yet sublethal, nature of Hg'' at concentrations greater than 200 nM.

4.4.5 Environmental and evolutionary context of phototrophic Hg'" reduction

The rates of Hg® production reported during our experiments are comparable to those
determined for abiotic photoreduction in boreal lakes, and in line with [Hg®] and Hg°
production rates observed during metalimnetic incubations (Table A5). When normalized
for incoming irradiance, our results also suggest that PNSB are more efficient at reducing
Hg'"" per mol of photon received compared to abiotic photoreduction (Table AG).
Interestingly, the rates observed for anoxygenic phototrophs were comparable to those of

the chemotrophic anaerobes Shewanella oneideinsis MR-1 and Geobacter sulfurreducens
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PCA (Table A5). Whereas photochemical reactions may rule Hg redox cycling at the
surface of lakes and therefore control its evasion to the atmosphere, anoxygenic
phototrophs are poised to catalyze Hg'" reduction deeper in the water column where light
energy alone cannot account for Hg phototransformation % ”° 3%, This occurs under
anoxic conditions that are also conducive to the production of the toxic MMHg and as
such directly affect its availability to food webs.

Hg'" reduction to Hg? in biological systems is often thought of as a detoxification
mechanism that leads to the formation of a less toxic, readily evaded species, Hg®. We
suggest that phototrophic cells using Hg' as an electron sink not only benefit from Hg
reduction to maintain low intracellular Hg levels but also benefit from Hg’s reduction
potential to maintain redox homeostasis. Insights into the evolutionary path of Hg
reduction by phototrophs may be gained when considering the well-known chemotrophic
mer operon. It has been proposed that this operon evolved among thermophilic bacteria
thriving in hydrothermal environments with high Hg levels 3. It is difficult to reconstruct
the evolution of the mer operon over geological times, except when considering Earth’s
oxygenation, which may have supported the operon’s diversification 3. Strikingly, no
mer operons were reported in the genomes of the purple bacteria investigated (one
putative MerA homologue was found in the genome of Rhodobacter sphaeroides 2.4.1)
and very few studies report functional mer-determinants in obligate anaerobes or
oxygenic phototrophs 4. Available oxygen and Hg levels both fluctuated greatly over
geological time scales 233, but ample light was available 3*. The ability of anoxygenic
phototrophs to use Hg reduction both as detoxification and a redox homeostasis strategy

may have conferred as yet unsuspected growth or survival advantages. Further

133



investigations into the geobiology of phototrophs may lead to the discovery of molecular
markers that will shed light on the evolutionary path of a phototrophic lifestyle, possibly

relying on one of the most unexpected elements, the toxic metal mercury.
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Figure 4.1: Hg" reduction by purple non-sulphur bacteria grown phototrophically

or chemotrophically on acetate or butyrate. a-¢c Hg® production normalized for cell

density for phototrophically grown R. capsulatus (a), R. palustris (b) and R. sphaeroides

(c). d, e Cumulative production for R. capsulatus (d) and phototrophic autoclaved cells

and sterile medium controls (e). f-h Hg® production normalized for cell density for

chemotrophically grown R. capsulatus (f), R. palustris (g) and R. sphaeroides (h).

Results are representative cases of replicated experiments, but each data point was

recorded once per time step by the instrument and as such no error bars are included.
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Figure 4.2: Hg" reduction by R. capsulatus grown phototrophically on butyrate and
supplied with competing electron sinks. The competing electron sinks and the
concentrations at which they were supplied are: 100 uM, 10 and 20 mM of HCOs; 1 nM
and 20 mM DMSO; control indicates no competing electron sink. a, ¢ Hg® production
normalized for cell density for HCO3™ (a) and DMSO (c). b, d Cumulative Hg®
production for HCO3™ (b) and DMSO (d). These results are representative cases of
replicated experiments, but each data point was recorded once per time step by the

instrument and as such no error bars are included.
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Figure 4.3: [NADH]/[NAD*] for R. capsulatus grown phototrophically on butyrate
or acetate in the presence of HCOg3'. Cells were supplied with 30 mM acetate (n=6), 15
mM butyrate (n=3), or 15 mM butyrate with 10 (n=3) and 20 mM HCOz3" (n=3). The
bottom and top of the boxes show the first and third quartiles, respectively, the bar in the
middle shows the median and the whiskers show the minimum and maximum for each
treatment. Carbon source and HCOs™ had a significant effect on [NADH]/[NAD-]
(p<0.01). Letters that are not shared between treatments indicate a significant difference

according to the Tukey HSD test (p<0.05).
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Figure 4.4: Comparison of Hg'' and HCOs" as electron sinks for R. capsulatus grown
phototrophically. Growth parameters are presented for cells grown on 1 mM (a, c, €)
and 15 mM butyrate (b, d, f) (n = 3). The bottom and top of the boxes show the first and
third quartiles, respectively, the bar in the middle shows the median and the whiskers
show the minimum and maximum for each treatment. Shaded areas represent toxic but
sublethal [Hg]. [Hg] had a significant effect on growth rate (p<0.05) while [HCO3] had a
significant effect on growth rate (p<0.01) and yield (p<0.001). Letters not shared between

treatments indicate a significant (p<0.05) difference based on Tukey HSD test.
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Chapter 5: Heliobacteria reveal fermentation as a key pathway for

mercury reduction in anoxic environments

Daniel S. Grégoire 2 Noémie C. Lavoie ® & Alexandre J. Poulain 2
a- Biology Department, University of Ottawa, 30 Marie Curie, Ottawa, ON, K1N 6N5,
Canada.

Research highlights:

This study explored whether obligate anaerobic phototrophic and fermentative

bacteria from terrestrial environments can participate in Hg redox cycling

- Heliobacterium modesticaldum Icel, an obligate anaerobe capable of
photoheterotrophic and fermentative growth, was used as a model organism

- H. modesticaldum reduced 55% to 75% of the initial Hg" supplied during
phototrophic and fermentative growth, respectively

- Hg reduction relied on the ability of cells to generate reduced redox cofactors

- Similar mechanism for Hg reduction observed in the obligate fermenter
Clostridium acetobutylicum ATCC824

- Findings suggests a wide diversity of phototrophs and fermenters can participate

in Hg redox cycling in anoxic terrestrial habitats

Reprinted with permission from: Grégoire, D. S., Lavoie, N. C. & Poulain, A. J.,
Heliobacteria reveal fermentation as a key pathway for mercury reduction in anoxic
environments. Environmental Science and Technology 2018, 52, 4145-415. Copyright
2018 American Chemical Society. ACS articles on request link (with login):

https://pubs.acs.org/articlesonrequest/ AOR-GQ8B5PrgsjEVXE9ZV5dA

N.B. Supporting information for this chapter can be found in Appendix B
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5.1 ABSTRACT

The accumulation of mercury (Hg) in rice, a dietary staple for over half of the world’s
population, is rapidly becoming a global food safety issue. Rice paddies support the
anaerobic production of toxic methylmercury that accumulates in plant tissue, however
the microbial controls of Hg cycling in anoxic environments remain poorly understood.
In this study, we reveal a novel reductive Hg metabolism in a representative of the family
Heliobacteria (Heliobacterium modesticaldum Icel) that we confirm in model
chemotrophic anaerobes. Heliobacteria served as our initial model because they are a
family of spore-forming fermentative photoheterotrophs commonly isolated from
terrestrial environments. We observed that H. modesticaldum reduced up to 75% of Hg'"
under phototrophic or fermentative conditions. Fermentative Hg" reduction relied on the
ability of cells to oxidize pyruvate whereas phototrophic Hg' reduction could be
supported even in the absence of a carbon source. Inhibiting pyruvate fermentation
eliminated Hg" reduction in all chemotrophic strains tested, whereas phototrophic cells
remained unaffected. Here we propose a non-mer operon dependent mechanism for Hg°
production in anoxic environments devoid of light where external electron acceptors are
limited. These mechanistic details provide the foundation for novel bioremediation

strategies to limit the negative impacts of Hg pollution.
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5.2 INTRODUCTION

Mercury (Hg) is a global pollutant that causes severe neurological damage in humans
who become exposed to it through diet 1. Although all chemical species of Hg are toxic,
methylmercury (MeHg) is the most concerning because it bioaccumulates in the tissues
of plants 2 and animals 1. Whereas fish consumption has long been thought of as the
primary route of Hg exposure for humans, contaminated rice is becoming an emerging
health concern in countries facing Hg pollution issues where rice is a dietary staple >3,

Rice paddies are often flooded, leading to prolonged periods of anoxia and are
rich with nutrients that stimulate the metabolism of iron and sulphate reducers,
fermentative bacteria and methanogenic archaea 4. These groups of microbes are directly
responsible for Hg methylation and make rice paddies methylation hotspots *°°. Similar
hotspots can be found in other surface and near subsurface environments such as
sediments 1° and groundwater *. To mitigate risks of Hg exposure in these environments,
it is important to characterize the pathways that control the availability of inorganic Hg
substrate for methylation 12 3,

Hg redox transformations control Hg’s fate and can limit Hg availability by
reducing Hg'" to HgP that readily evades to the atmosphere . Despite Hg® being a
dominant chemical species in anoxic environments * *° Hg'" reduction pathways remain
poorly characterized. Anoxic Hg" reduction can occur abiotically, via redox reactions
with iron-bearing minerals '® 7 and dissolved organic matter *. Biological pathways
catalyzed by dissimilatory metal reducing bacteria '*2° and anoxygenic photosynthetic
purple non-sulphur bacteria (PNSB) can also contribute to anaerobic Hg" reduction 2L,

Strikingly, very few studies report functional mer operon determinants (genes encoding
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enzymes for Hg scavenging, transport and reduction) in obligate anaerobes 22 and only
homologues to the mercuric reductase MerA (encoded by merA) have been reported in
the genome of an oxygenic phototroph 3.

The recent finding that PNSB couple Hg' reduction to maintaining redox
homeostasis (i.e., the recycling of redox cofactors) during photoheterotrophic growth
suggests these types of pathways may be widespread among other anaerobes ?'. PNSB,
which can derive energy from light and the oxidation of organic carbon, recycle the pool
of redox cofactors by reducing exogenous electron acceptors (e.g., DMSO and CO,) %,
Chemotrophs such as fermenters rely on similar strategies (e.g. reduction of protons, the
fixation of nitrogen gas) or the use of endogenous organic electron acceptors to maintain
an optimal ratio of redox cofactors. Fermentation often co-occurs with sulphate reduction
in Hg methylation hotspots 2° and some fermenters have been identified as Hg
methylators *. Yet, whether fermentation can lead to Hg'" reduction remains to be tested.
The potential contribution of anaerobic metabolism to Hg redox cycling is important to
address, as it will directly impact the availability of inorganic Hg substrate for
methylation in anoxic environments 12 3,

Our first objective is to elucidate the mechanism for Hg redox cycling using a
model organism from the Heliobacteria family (order Clostridiales), a family
characterized as metabolically versatile terrestrial spore forming photoheterotrophs 2.
We elected to work with a model Heliobacteria because many representatives from this
family have been isolated from rice paddies and contribute to their ecology 2528, Here, we
test whether Heliobacterium modesticaldum Icel, one of the best studied members of the

Heliobacteria and for which there exists a sequenced genome, can reduce Hg' during
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photoheterotrophic growth. H. modesticaldum can also grow fermentatively in the dark
29 Our second objective was therefore to test whether Hg'" reduction also occurs during
fermentative growth providing a means for Hg redox cycling in anoxic systems devoid of
light and terminal electron acceptors. We also compare the potential of H. modesticaldum
to produce HgP to that of other obligate chemotrophic anaerobes: Clostridium
acetobutylicum ATCC 824 (a known fermenter with untested Hg® production ability) 3
and Geobacter sulfurreducens PCA (a strain growing via anaerobic respiration 3! known
to produce Hg®** %) in an effort to expand our knowledge on Hg'" reduction for different
anaerobic metabolisms.

In this study, by carefully manipulating growth conditions and using specific
metabolic inhibitors, we provide the first evidence of fermentative Hg° production and

discuss its importance in the context of Hg cycling in anoxic environments.

5.3 METHODS

5.3.1 Strains, culture conditions and Hg growth assays

All manipulations with cell cultures were performed under anaerobic conditions by
working in a Coy anaerobic glove box under 98% N2/2% H. atmosphere or by using
sterile anaerobic technique on a bench top where equipment was sparged with N> gas
prior to use. All obligate anaerobe strains were revived in the anaerobic glove box from
cryostocks kept at -80°C. Tubes were then crimped shut and had their headspace replaced

with 100 % Na.
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The following strains were used in this study: Heliobacterium modesticaldum
Icel, Clostridium acetobutylicum ATCC 824, Geobacter sulfurreducens PCA and
Escherichia coli K-12. All strains were obtained from the Deutsche Sammlung von
Mikrooganismen und Zellkulturen (DSMZ) collection (DSM-9504, DSM-792, DSM-
12127 and DSM-18039, for H. modesticaldum Icel, C. acetobutylicum ATCC 824, G.
sulfurreducens PCA and E.coli K-12, respectively). For phototrophic growth of H.
modesticaldum, cells were supplied with constant illumination at a visible light intensity
of 80 umol photon m2 s with a light source emitting peak irradiance in the near-red to
red (600 to 700 nm) at 50°C whereas chemotrophic cells were grown at the same
temperature in the dark in line with previous work 32, C. acetobutylicum and E. coli were
grown at 37°C whereas G. sulfurreducens was grown at 28°C, all chemotrophically in the
dark. Details on the growth media and environmental conditions supplied are provided in
Table B1. Additional information on cell culturing protocols and preparation of reagents
are provided in Appendix B.

All bioreactor assays were performed at a final [Hg] = 250 pM. Selected assays
testing for Hg"' possibly acting as an electron sink and thus enabling growth were carried
out at [Hg] = 500 nM. Hg growth assays were carried out under the same phototrophic

and chemotrophic conditions mentioned above.

5.3.2 Bioreactor setup and elemental Hg measurements
Please refer to the methods section of Grégoire and Poulain (2016) 2* for a schematic of
the bioreactor setup employed and the Hg® sampling methodology. Light was supplied

using a 200 W incandescent light bulb with a visible light intensity maintained at 20
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umol photon m2s* by means of multiple layers of dark screens. Peak irradiance for this
light source occurred in the near-red to red spectrum (600 to 700 nm). The only
modifications to this method are the growth conditions supplied in the bioreactor that are
summarized in the previous section Strains, culture conditions and Hg growth assays
and Table B1.

Each single bioreactor experiment required one week to be fully completed, with
little overlap allowed between experiments as we relied on a single continuous Hg°
analyzer (Tekran 2537). We performed a total of 53 bioreactor experiments to support the
conclusions presented in this paper. The details of replicated experiments and associated

metadata are presented in Table B2.

5.3.3 Bioreactor subsampling for total Hg mass balance and cell density

Total Hg analyses in solution were performed using EPA method 1631. This method
involves conserving all Hg in solution with the strong oxidizing agent BrCl, which is
subsequently degraded with hydroxylamine prior to addition of SnCl, upon sample
analysis to reduce all the Hg'" to Hg®. Afterwards, this HgP is concentrated onto gold traps
and the concentration is measured via CVAFS at 253.7 nm. Total Hg mass balance and
bioreactor subsampling were performed following the methodology from Grégoire and
Poulain (2016) 2* with the following modification: cell growth was monitored via
changes in O.D. soonm. We performed mass balance experiments and measured total Hg
amounts (Fig B1) and recoveries (Fig B2) for experiments with H. modesticaldum to
corroborate our Hg® measurements. The average quantity of Hg recovered at the end of

the experiment was 170.12 + 18.92 pmol and the average quantity measured at the
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beginning of the experiments was 177.18 + 12.84 pmol (Fig B1). The average percent Hg

recovered was 97.94 + 7.92 % (Fig B2).

5.3.4 HPLC measurements of pyruvate and acetate

H. modesticaldum cultures grown chemotrophically in PYE with 0.2 g L™ yeast extract
were employed to measure pyruvate consumption and acetate production. Compounds
were detected using high performance liquid chromatography coupled with a photodiode
array detector (HPLC-DAD). Additional details on the HPLC setup are provided in

Appendix B.

5.3.5 Statistical analyses

All essential statistical information is provided in the figure captions. Additional details
on the statistical tests employed are provided in Appendix B. The software package used
for comparison of means was R v 3.4.2 and the software package used for fitting non-

linear regressions was Sigmaplot v 12.5

5.4 RESULTS & DISCUSSION

5.4.1 HgP production occurs phototrophically and chemotrophically

To test whether H. modesticaldum reduced Hg'" by using it as an electron acceptor during
photoheterotrophic growth, we compared biotic and abiotic Hg® production under
phototrophic and chemotrophic (fermentative) growth conditions (Table B2). We

predicted that more Hg® would be produced when H. modesticaldum was grown
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phototrophically compared to cells grown chemotrophically because PNSB only reduced
Hg phototrophically 2.

Contrary to our predictions, we repeatedly observed 15 % more Hg® produced
during chemotrophic vs. phototrophic growth (Fig 5.1 and Table B2). Autoclaved and
sterile medium treatments produced 95 % less Hg® (< 6 pmol) than live cells, regardless
of the conditions supplied (Fig 5.1 and Table B2). Hg® production by phototrophic cells
showed a single peak early on in the experiment (Fig 5.1A). In contrast, chemotrophic
cells produced two distinct peaks 20 to 24 h apart (Fig 5.1D) with the second peak
occurring in late exponential phase (Fig 5.1D and Fig B3A). These findings suggest that
time was required for cells to re-oxidize some yet unidentified intracellular redox active
cofactor, possibly through growth, before Hg" reduction could resume.

In order to explain the occurrence of the second peak and link its presence to cell
growth, we performed a series of experiments where cells were supplied with increasing
concentrations of yeast extract (YE) in the presence of 20 mM pyruvate. Indeed, H.
modesticaldum could not grow on pyruvate alone and the addition of YE was necessary
for growth (Fig 5.1F and 1). The addition of trace amounts of YE (0.2 g.L?) did not
enable growth and did not enhance Hg' reduction beyond what was observed for
pyruvate alone (Fig 5.1H and I). It is only when YE was provided at a concentration of 4
g.L* that growth was observed, the second peak occurred and Hg'' reduction more than
doubled reaching 124.46 + 6.43 pmol (Fig 5.1 and Table B2) which amounts to 75% of
the Hg'" being converted into Hg® (Fig B1 and B2). Our results show that Hg reduction is
not solely driven by light reactions in H. modesticaldum. We speculate that under

chemotrophic conditions the ability of cells to recycle the pool of redox cofactors through
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growth leads to optimal Hg'" reduction. We cannot exclude that the second peak observed
for Hg? results from a different mechanism, however.

As previously proposed for PNSB 2%, we also tested whether H. modesticaldum
was able to derive a physiological advantage when supplied with sublethal amounts of
Hg'" by using it as an electron sink to recycle the pool of reduced cofactors. No
physiological advantage was observed except for a small increase in the yield of
phototrophically grown cells in the presence of sublethal amounts of Hg (Fig B3B and

Fig B4).

5.4.2 Pyruvate oxidation contributes to dark Hg'' reduction

No previous studies have reported on a mechanism for Hg reduction by Heliobacteria or a
model fermentative bacterium. This is surprising given the importance of fermentation in
nutrient cycling in anoxic environments. To begin elucidating the mechanism supporting
our observations, we focused on narrowing down the potential metabolic coupling points
involved in Hg'" reduction by varying the supply of organic carbon under chemotrophic
conditions. Our hypothesis was that chemotrophic Hg'" reduction is dependent on the
ability of cells to generate reducing power while growing fermentatively.

To first test this hypothesis, we compared Hg® production for cells provided with
non-fermentable carbon sources to cells provided with a fermentable carbon source. The
non-fermentable carbon source treatments were YE alone, acetate alone or a no carbon
control; the fermentable carbon source was pyruvate 2° (Table B1). Cells provided with
non-fermentable carbon sources exhibited up to an 80% decrease in Hg® production (<15

pmol) compared to cells supplied with pyruvate (59.51 £ 0.83 pmol,) or pyruvate + YE
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(124.46 * 6.43 pmol) (Fig 5.2). These results suggest that chemotrophic Hg" reduction is
dependent on a substrate that supports fermentation and that pyruvate metabolism is one
key component of chemotrophic Hg" reduction in H. modesticaldum.

To test for the importance of pyruvate metabolism in Hg redox cycling we
focused on the core metabolic role of the reversible enzyme pyruvate:ferredoxin
oxidoreductase (PFOR), an essential enzyme used to generate reducing power for
biosynthesis and metabolize carbon substrate used in fermentative ATP production 3.
PFOR reversibly catalyzes the conversion of pyruvate to acetyl-CoA and transfers
electrons to the redox cofactor ferredoxin when operating in the oxidative direction. This
reaction acts as the primary source of reducing power in H. modesticaldum 2% 2, Acetyl-
CoA can be converted to acetyl-phosphate and acetate is generated as a by-product of
energy conservation through ATP synthesis 2°. H. modesticaldum can only use acetate as
a carbon source during phototrophic growth %32,

Based on this metabolic restriction we tested whether Hg® production in the dark
is dependent on the availability of pyruvate, the oxidation of which is directly tied to
generating reducing power via PFOR 2°. We predicted that Hg® production would
increase as a function of pyruvate concentration.

We first confirmed that the reaction catalyzed by PFOR was carried out under the
chemotrophic conditions tested. We observed that pyruvate was rapidly consumed over
the time frame of the experiment with ca. 50% being excreted as acetate similar to what
has been reported in previous studies ?° (Fig B5). Under these conditions, we showed that
HgP production increased as a function of pyruvate concentration although the total

amount of Hg® produced reached a plateau between 20 and 100 mM pyruvate (Fig 5.2C).
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These results support that chemotrophic Hg® production is dependent on pyruvate
oxidation for the initial supply of reducing power. However, we suspect that cells
eventually became limited in their ability to reduce Hg' even when supplied with ample
pyruvate. We attribute the presence of a plateau to the inability of cells to recycle the
intracellular pool of redox cofactors via growth. Indeed, H. modesticaldum was unable to
grow on pyruvate in the absence of YE (Fig 5.11 and previous section). These results
support that organic carbon oxidation provides reducing power for Hg'" reduction during
fermentative growth and underscore that Hg® production is optimal when cells can
recycle the pool of redox cofactors during growth.

Despite growth leading to optimal Hg" reduction, 100% Hg" reduction was never
observed (Fig B2). With mM levels of pyruvate available for oxidation via PFOR, there
should be ample reducing power available to reduce pM amounts of Hg. We suspect that
the extent of net Hg reduction can be limited i) by cellular Hg' uptake, ii) the availability
of intracellular redox cofactors and iii) the very rapid reoxidation of newly formed Hg°.
Assuming that the Hg reduction observed here is an intracellular process, it is remarkable
to observe such high levels of Hg® produced in the absence of a dedicated transport
system, such as those available to microbes possessing the mer operon. Although we
suspect that the majority of the reducing power generated by pyruvate oxidation is being
employed to maintain cellular functions, we are not yet able to quantify the proportion of
reducing power available for Hg reduction due to the low cell density achieved in our
bioreactor experiments. The potential for H. modesticaldum to oxidize HgP® remains to be

tested.
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5.4.3 H. modesticaldum can catalyze light-dependent reduction of Hg"

When grown phototrophically, cells rely on their photosynthetic machinery to produce
ATP and reduce ferredoxin 2°. To further explore the role of reducing power availability
on Hg'" reduction we first tested whether cells irradiated by light in the absence of a
carbon source could trigger Hg' reduction. We observed that non-growing (no carbon)
irradiated H. modesticaldum cells produced nearly as much Hg® compared to cells
supplied with pyruvate and YE (87.21 + 10.25 pmol vs. 99.79 + 3.11 pmol, Fig 5.2 and
Table B2). This result contrasts with cells kept in the dark where virtually no Hg® was
produced (Fig 5.2, Fig B6 and Table B2). These results suggest that photoinduced
electron transfer maintains a sufficient pool of reducing power that drives Hg" reduction
in H. modesticaldum. Although our evidence suggests that Hg" reduction depends on the
availability of reduced cytoplasmic ferredoxin, we cannot discount that components of H.
modesticaldum’s electron transport chain participate directly in Hg" reduction. Additional
work is required to identify which components of the electron transport chain can reduce

Hg'.

5.4.4 Light-dependent Hg'" reduction depends on the availability of redox cofactors
As an additional test for the role of reducing power availability in Hg" reduction, we
supplied cells with conditions that favour the consumption of reducing power. Indeed,
during phototrophic growth on acetate, PFOR is predicted to consume acetate, inorganic
carbon (HCO3") and reduced ferredoxin originating from light reactions to produce
pyruvate 3. We compared HgP production for phototrophic cells grown on YE alone, YE

+ acetate and YE + acetate + HCOz3™ (Table B1). Under conditions that favour growth on
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acetate and the consumption of reduced ferredoxin, Hg° production decreased by ca. 40%
compared to the YE only control (52.04 £+ 8.52 pmol for YE + acetate, 42.91 + 0.57 pmol
for YE + acetate + HCO3™ vs. 91.38 £+ 1.26 pmol for YE, Fig 5.2 and Table B2).

Our results show that Hg® production is enhanced when cells chemotrophically
oxidize pyruvate but inhibited when cells phototrophically consume acetate. These
findings suggest that Hg" reduction is linked to the activity of enzymes that depend on

the availability of redox cofactors.

5.4.5 Inhibiting a key fermentation enzyme affects Hg® production

Our next objective was to distinguish the role of a direct involvement of PFOR from that
of reduced ferredoxin in Hg reduction. First, we inhibited PFOR activity for
phototrophically and chemotrophically grown H. modesticaldum cells using nitazoxanide
(NTZ), a specific PFOR inhibitor that has previously been used on members of the
closely related Clostridia ** (Table B1). Whereas PFOR is essential to maintain the pool
of reducing power when cells are growing fermentatively in the dark, it is not the case in
the presence of light when oxidized ferredoxin can be reduced by photobiological
reactions 2°. We predicted that if Hg" reduction depends on the ability of cells to generate
reduced cofactors, compensatory pathways such as light-driven reduction of ferredoxin
would maintain a sufficient supply of reducing equivalents for Hg" reduction even when

PFOR was inhibited.
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The presence of NTZ inhibited chemotrophic Hg® production by 88 % compared
to controls (7.14 + 3.83 pmol vs. 66.97 £ 28.64 pmol, Fig 5.3C, D and Table B2). In
contrast, phototrophic Hg® production was mostly unaffected for cells supplied with NTZ
(74.00 +16.99 pmol vs. 82.29 £+ 1.50 pmol) (Fig 5.3A, B and Table B2). Phototrophic
cells showed a lag in Hg® production with the peak of HgP production occurring 11h later
than what was previously observed (Fig 5.1A and Fig 5.3A). We attribute this lag to the
time required to generate a sufficient amount of reducing power, probably in the form of
NADH. NADH acts as an electron donor to the heliobacterial photosynthetic transport
chain, eventually reducing the pool of ferredoxin via light-induced low potential electrons
35_

Although cells did not grow, NTZ did not arrest all metabolism or trigger cell
death because HgP production was observed (ca. 80 pmol), albeit after a considerable lag
phase. NTZ is a specific inhibitor of PFOR and we suspect that phototrophic cell growth
was inhibited because acetyl-CoA generated as a result of PFOR activity is an essential
metabolite (Fig 5.3B). In the absence of acetate, PFOR-mediated oxidation of pyruvate is
the only known pathway leading to acetyl-CoA production in H. modesticaldum . That
being said, the ability of uninhibited cells to use PFOR and grow may have afforded them
additional means of generating reducing power, possibly explaining the absence of a
delay in Hg® production.

As an additional test for the role of reduced ferredoxin availability on Hg'"
reduction, we conducted a series of experiments where we attempted to inhibit the
activity of H. modesticaldum’s hydrogenase. In H. modesticaldum, a [Fe]-hydrogenase is

predicted to be responsible for recycling the pool of reduced ferredoxin via proton
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reduction and subsequent H, production 2%%, We predicted that an inhibition of the
hydrogenase during chemotrophic growth would increase Hg® production because more
reduced ferredoxin would be available for Hg'" reduction. In support of our prediction a
30% increase in the amount of HgP produced (53.36 + 0.13 pmol vs. 41.29 + 5.41 pmol)
was observed in the presence of NO" (an inhibitor of [Fe]-hydrogenase) *" * (Fig B7 and
Table B2).

These results show that in the absence of PFOR activity (be it through direct
inhibition or lack of substrate), cells can continue to reduce Hg'" when other means of
generating reducing equivalents are available. We propose that ferredoxin is the main
electron carrier involved in Hg' reduction, but we cannot rule out the contributions of
other reducing equivalents such as NAD(P)H. It is also possible that components of the
photosynthetic chain could directly catalyze Hg'" reduction before the production of
cytosolic reduced ferredoxin, representing an additional means by which H.
modesticaldum could affect Hg redox cycling. Finally, we can rule out that the mercuric
reductase (MerA) is involved in NAD(P)H-mediated Hg reduction in H. modesticaldum
given that no mer operon or MerA homologues have been detected in the genome of H.

modesticaldum.

5.4.6 Hg reduction is associated with a fermentative lifestyle

We next sought to test whether other anaerobes reduced Hg' through similar means to H.
modesticaldum. We compared Hg® production in an obligate fermenter to that of other
model anaerobes who favour anaerobic respiration. To achieve this objective, we

repeated experiments with three additional strains possessing genes encoding for PFOR
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and who use ferredoxin as a reduced cofactor: C. acetobutylicum, G. sulfurreducens and
E. coli (additional details on the pyruvate metabolism of these strains is provided in
Appendix B).

First, we performed NTZ exposure experiments with C. acetobutylicum and G.
sulfurreducens. Although both strains differed in the magnitude of Hg® produced, NTZ
inhibited Hg" reduction in both strains tested (Fig 5.4). C. acetobutylicum produced 83%
more HgP than G. sulfurreducens (51.02 pmol vs. 8.46 pmol) achieving total Hg°
production on the same order of magnitude as H. modesticaldum (ca. 70 pmol) (Fig 5.3
and Fig 5.4); this difference in Hg reduction ability between the two strains was also
observed when each strain was grown in their own optimal growth medium (Table B2).
In the presence of NTZ, Hg® production decreased by 98% and 62 %, respectively (1.20
pmol and 3.19 pmol) which is comparable to the 88% decrease observed for H.
modesticaldum (Fig 5.3 and Fig 5.4). Given that NTZ affected Hg® production to a
similar degree across the model organisms studied, these results suggest that the
production of reduced ferredoxin is linked to Hg" reduction across multiple anaerobes.

C. acetobutylicum did not exhibit two distinct peaks and Hg° production occurred
14h into the experiment (Fig 5.4A). In this case, we attribute the lag in Hg® production to
the time required for cells to oxidize sufficient amounts of pyruvate to reduce the pool of
oxidized ferredoxin. In all cases, growth was very slow (Fig B8), which could be due to

the presence of DMSO, an essential carrier solvent for the NTZ inhibitor.
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The considerably lower Hg® production observed in G. sulfurreducens may be
associated with the slow reaction of its PFOR system, as previously reported 3% 40,
Alternatively, the inability of cells to grow under the conditions tested and thereby
recycle the pool of redox cofactors necessary to reduce Hg' may have contributed to the
lower values observed.

To test for this, we evaluated the ability of G. sulfurreducens to reduce Hg' with
and without fumarate as a terminal electron acceptor. The presence of fumarate should
enable growth but also the activation of pyruvate dehydrogenase (PDH) . In the
presence of fumarate, G. sulfurreducens cells were able to grow but Hg® production
decreased by 50% (Table B2). Similarly, Hg® production by E. coli, which mostly relies
on pyruvate formate lyase (PFL) and PDH activity rather than PFOR for pyruvate
metabolism, was virtually undetectable (i.e., not different from autoclaved controls),
although cells were able to grow (Table B2).

These experiments showed that Hg® production was greater for fermentative
anaerobes (H. modesticaldum and C. acetobutylicum), regardless of growth ability. Based
on previous studies and the conditions tested here, we could expect the availability of
reduced ferredoxin to be limited for G. sulfurreducens or E. coli because of the slow
reaction of PFOR in both strains or because alternate pathways to metabolize pyruvate
are activated. It is possible that fermenters may have more reducing power available for
Hg" reduction compared to cells capable of respiration; this remains to be properly

quantified.
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5.4.7 Environmental relevance
In this work we provide the first evidence for Hg" reduction in a previously unexplored
family of anoxygenic phototrophs, the Heliobacteria, and propose a new mechanism for
Hg'" reduction that is also supported during fermentation by another member of the
Clostridiales (C. acetobutylicum). We have summarized our findings in Fig B9. Hg"
reduction was dependent on the ability of H. modesticaldum to generate reducing power
(possibly ferredoxin) through the photosynthetic electron transport chain or organic
carbon oxidation. Furthermore, Hg'" likely competes with other redox homeostasis
pathways such as H production for this pool of reductants.

H. modesticaldum exhibited some of the highest Hg® production yields relative to
Hg'" substrate concentrations. This is interesting because in our study, Hg'" was supplied
at pM levels; a compilation of other biotic and abiotic Hg® production data is provided in
Table 5.1. Furthermore, C. acetobutylicum also exhibited Hg® production rates that agree
with [Hg®] published in previous studies 1315 18-21.41-46 (Tgple 5.1). Taking into
consideration HgP® concentrations reported from saturated soil, sediment and groundwater
environments, our work suggests that photoheterotrophy (where light is available) and
fermentation (in environments where the availability of light and/or external electron
acceptors are limited) can contribute to observed environmental levels of Hg® (Table
5.1).

Although H. modesticaldum is a thermophile, it serves as a model representative
for the family Heliobacteria. As a family, most Heliobacteria were isolated from
terrestrial environments such as rice paddies and exhibit a mutualistic relationship with

the rice plant (e.g., exchange of nutrients) #’. With the rising safety issues concerning the
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consumption of contaminated rice, future efforts should focus on characterizing the
environmental conditions that stimulate the native photoheterotrophic and fermentative
communities.

These metabolisms are well suited to limiting Hg methylation by reducing Hg' to
gaseous HgP that can readily evade to the atmosphere from shallow paddy soils. Such
strategies could also limit Hg methylation through competition for resources because
fermenters and Hg methylators (e.g., sulphate reducing bacteria, methanogens) occupy
the same niches. However, the ability of some microbes to catalyze both Hg reduction
and methylation deserves further investigation *°. An understanding of the physiological
controls of such processes and how they are coupled to carbon metabolism and redox
homeostasis may offer novel insights into management of Hg pollution.

Our work suggests that microbial fermentative cells are poised to affect the redox
cycling of (toxic) metals that can act as exogenous electron acceptors. In environments
where fermenters thrive, cells at risk of Hg toxicity could benefit from Hg" reduction as a
detoxification strategy; this may have precluded the need to maintain strategies such as
the mer operon for Hg detoxification. This idea is supported by the fact that very few
studies report functional mer operons in obligate anaerobes 22 and no genetic
determinants encoding for Hg detoxification strategies specific to anaerobes have been
described so far. Our study highlights the importance of including microbial physiology
in addition to genome-based tools when elucidating non-conventional Hg reduction
pathways. Clearly, the redox conditions that can support microbial Hg'" reduction are
more diverse than initially perceived and can occur across a wide range of metabolisms

and environments.
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Figure 5.1: Hg® production by Heliobacterium modesticaldum Icel grown
phototrophically and chemotrophically. A, D, G Rate of Hg? production for live cells,
autoclaved cells and sterile medium under phototrophic (A) and chemotrophic (D)
conditions and live cells supplied with pyruvate or pyruvate and trace amounts of yeast
extract under chemotrophic conditions (G). B, E, H Cumulative Hg® production for live
cells, autoclaved cells and sterile medium under phototrophic (B) and chemotrophic (E)
conditions and live cells supplied with pyruvate or pyruvate and trace amounts of yeast
extract under chemotrophic conditions (H). C, F, I Microbial growth as measured by
0.D. 600 nm for phototrophic (C) and chemotrophic (F) conditions and live cells
supplied with pyruvate or pyruvate and trace amounts of yeast extract under

chemotrophic conditions (1). Hg was added to a final concentration of 250 pM.
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Figure 5.2 A and B: Cumulative Hg® production by Heliobacterium modesticaldum
Icel grown phototrophically and chemotrophically with different carbon sources.
Results shown here are the average of repeated experiments (n=2) and error bars
represent the standard deviation. Note that the Acetate (30 mM) treatment was only
performed for chemotrophically grown cells and the Acetate (30 mM) + YE (4 g L) and
Acetate (30 mM) + YE (4 g L'}) + HCOs™ (10 mM) were only performed for
phototrophically grown cells. Hg was added to a final concentration of 250 pM. C:
Cumulative Hg° production for chemotrophically grown Heliobacterium
modesticaldum Icel over a pyruvate gradient (0, 2, 20 and 100 mM). Cumulative Hg°
production increased significantly (p<0.05) according to the non-linear functiony =
39.975 + 5.589 In(x) where p = 0.0007 and the adjusted R? = 0.85 for a data series of n =
8. Tests for constant variance and normal distribution were passed (significance threshold
for rejection of null hypothesis p = 0.05) with p = 0.50 and p = 0.53, respectively. Hg was

added to a final concentration of 250 pM.
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Figure 5.3: Hg® production by Heliobacterium modesticaldum Icel grown
phototrophically and chemotrophically with or without nitazoxanide (NTZ). A, C
Rate of Hg® production for live cells exposed to 10 uM NTZ and controls exposed 2.8
mM DMSO (NTZ solvent) under phototrophic (A) and chemotrophic (C) conditions. B,
D Cumulative HgP production and cell growth (as measured by O.D. 600 nm) for live
cells, exposed to 10 uM NTZ and controls exposed to 2.8 mM DMSO (NTZ solvent)
under phototrophic (B) and chemotrophic (D) conditions. Results are representative cases
of replicated experiments (n=2). Each data point was recorded once per time step by the
instrument as such no error bars were included. Hg was added to a final concentration of

250 pM.
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presence of a pyruvate:ferredoxin oxidoreductase inhibitor (NTZ). A, B Rate of Hg°
production for Clostridium acetobutylicum ATCC 824 (A), and Geobacter
sulfurreducens PCA (B) cells exposed to 10 uM NTZ and controls exposed to 2.8 mM
DMSO (NTZ solvent). C, D Cumulative Hg® production for C. acetobutylicum (C), and
G. sulfurreducens (D) cells exposed to 10 uM NTZ and controls exposed to 2.8 mM

DMSO (NTZ solvent). Hg was added to a final concentration of 250 pM.
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5.10 TABLE

Table 5.1: Hg® production by anaerobic microbes and in anoxic environments

[Ha] Rate of Hg° Relative Hg°
Model organism/system ( moIgL'l) production production Ref.
P (pmol L hr?) (%)
Magnetotactic facultative anaerobic
bacteria: Magnetospirillum 208 x 103
gryphiswaldense MSR-1 and 2.5x 108 8 75 x 103 7.87 — 24.48° 4
Magnetospirillum magnetotacticum '
MS-1
Anaerobic mer'-l!ke rgductlon: 25 x 10% 119 x 10° 38 5
Geobacter bemidjiensis Bem
Facultative anaerobe with mer 2.00 x 106 — 1.83 x 10* - 30 - 80 @
operon: Pseudomonas stutzeri OX 2.50 x 107 9.50 x 10°
Dissimilatory metal reducing s 3
bacteria: Shewanella oneidensis MR-1 185205)()(1?05_ 3é3$oxxlf04— 30 - 65 19
and Geobacter sulfurreducens PCA ' '
Dissimilatory metal reducing
bacteria: Geobacter sulfurreducens 2.50 x 10* 3.75x 10° 60-64 an, &
PCA
Dissimilatory metal reducing This
bacteria: Geobacter sulfurreducens 250 1.92 - 4.06 7.11-11.65°
study
PCA
Firmicute: Clostridium . This
acetobutylicum ATCC 824 23t EEH— 1S ZEL =Sl study
Hellobgcterla: Heliobacterium 250 13.45 _ 17.82 56.31 — 72.30 This
modesticaldum Icel study
Purple non-sulphur bacteria:
Rhodobacter capsulatus SB1003, il
Rhodobacter sphaeroides 2.4.1, &30 Det=selt A=A
Rhodopseudomonas palustris TIE-1
In-situ metalimnetic incubation in a 10 0.001 1 2
boreal lake
svgggggeductlon in surface lake 540 — 18.20 0.01 — 0.085 10 - 40 @
HgP in Canadian Shield lake 4.24 x 105 - 15
sediments 1.21 x 10° NA 7.40-284
Hg® in flooded soil core (A horizon) 2.00 x 10° 120 54 &
HgP in volcanic aquifer groundwater 190 NA 39.26 3
Ablop_c reduction by DOM in anoxic 1.00 x 10° 175 x 10° 70 18
conditions
L . . . ‘.
Abiotic reduction by biogenic 250 x 10° 1.07 x 10* - 8.09 855 64.7 a“

magnetite

x 10*

3 Experiments were carried out under microaerobic conditions; ®11.65 pmol L™ hr? is from

experiments in G. sulfurreducens’ optimal medium; 25.97 pmol L hr is from experiments in C.

acetobutylicum’s optimal medium.
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Chapter 6: Sulphur source controls mercury reduction in the

anoxygenic phototroph Heliobacillus mobilis
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Research highlights:

Investigated whether sulphur source affects Hg reduction in Heliobacillus mobilis,

an anoxygenic phototrophic Heliobacteria isolated from a rice padddy

- Tested whether oxidized sulphur sources, which require reducing power for
assimilation, inhibited Hg reduction compared to more reduced sulphur sources

- Cells reduced 32% and 45% of Hg" when provided with reduced thiosulphate and
cysteine, respectively, and 11% when supplied with oxidized sulphate

- Cysteine concentration exerted dynamic control on Hg reduction in H. mobilis

- High levels of cysteine and organic matter catalyzed abiotic photoreduction

- Results suggest that competition for common pools of nutrients between

anaerobic Hg reducers and Hg methylators may play an important role in

determining Hg’s fate in rice paddy systems

This chapter is being prepared for resubmission to Applied Environmental Microbiology

N.B. Supporting information for this chapter can be found in Appendix C
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6.1 ABSTRACT

The consumption of rice has become a global food safety issue because rice paddies
support the producton of high levels of the potent neurotoxin, methylmercury. The
production of methylmercury is mediated by chemotrophic anaerobes that often rely on
sulphate as a terminal electron acceptor. Sulphur can be a limiting nutrient in rice paddies
and sulphate amendments are often used to stimulate crop production, potentially
aggravating Hg accumulation issues. Hg redox cycling can affect Hg methylation by
controlling the delivery of inorganic Hg substrates to methylators in anoxic habitats.
Whereas sulphur is recognized as a key nutrient controlling methlmercury production, the
control that sulphur has on other microbially-mediated mercury transformations remains
poorly understood. In this study we use Heliobacillus mobilis Romero/Guest 6, a
mesophilic anoxygenic phototrophic representative from the Heliobacteriacea family
originally isolated from a rice paddy in Thailand, to explore the potential coupling points
between sulphur assimilation and anaerobic Hg reduction. By comparing Hg® production
over a sulphur redox gradient, we demonstrate that phototrophic Hg" reduction is
favoured in the presence of reduced sulphur sources such as thiosulphate and cysteine.
We show that cysteine exerts dynamic controls on Hg bioavailability by affecting both
Hg uptake and photoreduction. The findings from this study frame Heliobacteria as key
players in Hg cycling in paddy soils and provide the basis for exploring management

strategies to mitigate Hg accumulation in rice.
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6.2 INTRODUCTION

Mercury (Hg) is a global contaminant that readily bioaccumulates in plant * and animal 2
tissue as neurotoxic monomethylmercury (MeHg). Recently, the consumption of
contaminated rice has been identified as a route for Hg exposure in people * 3. Rice
paddies are frequently flooded and rich with nutrients that stimulate the metabolism of
anaerobic microbes responsible for Hg methylation 4. With rice being a staple food crop
for over half of the world’s population, MeHg accumulation in rice is becoming a global
food safety issue .

In flooded anoxic rice paddies, Hg redox cycling can play a key role in
determining the inorganic Hg substrate available to methylators. Hg'" reduction can lead
to Hg® evasion from the paddy soils %7 or directly affect Hg’s bioavailability to
methylators & °. Hg" reduction can occur through abiotic reactions with dissolved organic
matter X° and iron-bearing minerals * 2, but anaerobic microbes can also participate
directly in Hg reduction *2?°, Microbe mediated Hg reduction pathways that rely on
dedicated detoxification strategies, such as those encoded by the mer operon, are largely
absent in anaerobes 2%, Rather, anaerobic Hg'" reduction seems to occur as a cometabolic
process during phototrophic '* 2° and chemotrophic growth 3 7 In line with this
observation, core components of anaerobic respiration 14, fermentation ° and anoxygenic
photosynthesis ?° have shown to be essential to different anaerobic Hg" reduction
pathways. Despite metabolic machinery central to anaerobic metabolism driving Hg"
reduction, the contributions of anaerobes to Hg reduction in anoxic habitats remain

overlooked.
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Much of the evidence published to date suggests that Hg methylation is a
cometabolic process linked to one-carbon compound metabolism %2 2 in multiple clades
of anaerobes 242, In support of this, environmental variables such as carbon source
composition %" 28 and the availability of electron acceptors 23! have been shown to
control anaerobic Hg methylation. Similar environmental variables likely control other
Hg transformations that can potentially compete with Hg methylation such as anaerobic
Hg reduction. Currently, the role that common pools of nutrients (e.g., C, N or S) play in
controlling different cometabolic Hg transformations is rarely discussed. This is an
important knowledge gap to address because anaerobic Hg'" reducers and Hg methylators
occupy the same niche in the environment % and likely compete for Hg substrates and
resources supporting anaerobic metabolisms.

We aim to address this knowledge gap by investigating the controls that sulphur
exerts on anaerobic Hg' reduction. In rice paddies, sulphur can become a limiting
nutrient and sulphate amendments are employed to maintain agricultural productivity 2.
Such amendments would supply sulphate-reducing bacteria (SRB) that often dominate
Hg methylation communities 3% with ample nutrients for anaerobic respiration, which
can subsequently increase MeHg production 2 3. Reduced sulphur-bearing molecules
such as sulphide 3% and cysteine 3% 40, resulting from sulphur metabolism, can also act
as ligands affecting Hg bioavailability to Hg methylators. While the role of sulphur in
controlling Hg methylation has been well characterized, this is not the case for microbe
mediated Hg reduction. To the best of our knowledge, there exists only one study
investigating mer-mediated Hg'' reduction in aerobic sulphur oxidizing bacteria ** and the

influence of sulphur on anaerobic Hg reduction has yet to be explored.

181



In this study we use anoxygenic photosynthesis as the basis to explore coupling
points between sulphur metabolism and anaerobic Hg" reduction. Anoxygenic
phototrophs such as purple and green sulphur bacteria play key roles in the sulphur cycle
of anoxic habitats via dissimilatory processes coupled to autotrophic growth 42, Similarly,
a wide diversity of anoxygenic phototrophs including purple non-sulphur bacteria
(PNSB) and Heliobacteria can influence sulphur cycling via assimilatory pathways .
When considered alongside the recent discovery that PNSB ?° and Heliobacteria can
reduce Hg'" ° anoxygenic phototrophs are poised to control nutrient and Hg cycling in
photic anoxic habitats such as shallow paddy systems.

Our recent work with the model strain from the Heliobacteria family,
Heliobacterium modesticaldum Icel, showed that this strain was among the highest
anaerobic Hg" reducers on record °. Although H. modesticaldum is a thermophile #*, this
observation is noteworthy in the context of rice paddies because many Heliobacteria
isolates originate from such environments %> 6, In this study, we chose to work with the
mesophile Heliobacillus mobilis Romero/Guest 6, a Heliobacteria isolate originally
obtained from a rice paddy in Thailand %', to evaluate the potential for Heliobacteria to
alter Hg’s fate in rice paddies. H. mobilis can grow on a variety of oxidized and reduced
sulphur sources (from sulphate to cysteine) #” making it an ideal system in which to
explore the role of sulphur acquisition during anaerobic Hg redox cycling.

We hypothesize that sulphur assimilation and Hg reduction compete for reducing
power in H. mobilis cells during phototrophic metabolism. Currently, there is no evidence
of dissimilatory sulphur metabolism in H. modesticaldum (the only sequenced

Heliobacteria genome available) or H. mobilis 4. As such, we base our predictions on
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assimilatory pathways. We predict that assimilating oxidized sulphur (e.g. sulphate) will
require more reducing power that would otherwise be available for Hg" reduction as
compared to more reduced sulphur sources that are less costly to assimilate into biomass
(e.g. thiosulphate, methionine and cysteine). We recognize that reduced sulphur
compounds such as cysteine are strong ligands for Hg 3% %% and have controlled for
potential differences in Hg-sulphur complex bioavailability as part of our study.

In this work we demonstrate that phototrophic Hg" reduction by H. mobilis is
favoured in the presence of thiosulphate and low levels of cysteine, and minimal in the
presence of sulphate. We show that cysteine exerts dynamic controls on anaerobic Hg"
reduction and explore new means by which cysteine can mediate abiotic Hg"
photoreduction. Finally, we discuss how the coupling of sulphur metabolism and Hg

redox cycling can affect Hg’s fate in anoxic habitats such as rice paddies.

6.3 MATERIALS AND METHODS

6.3.1 Anaerobic bioreporter assay and Hg speciation models

Anaerobic bioassays were performed according to the methods outlined in previous work
which we will summarize here *8. Two Escherichia coli biosensors were used (both from
New England Biolabs); one, a Hg inducible biosensor (E. coli NEB5a harboring the
pUC57merR-Pp plasmid) where the production of a flavin based fluorescent protein
(FbFP) was under the control of merR (the transcription regulator of the mer operon 4°).
The other was a constitutive biosensor (E. coli NEB5a harbouring the pUC19AH206-Pp
plasmid), which expressed the FbFP irrespective of the presence of Hg. Experiments with

both biosensors were performed in parallel to control for the effect of the conditions
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tested on cell health. We observed that constitutive fluorescence production did not
significantly decrease under any of the conditions tested compared to controls in minimal
medium indicating that bioreporter cultures were healthy in all experiments (Fig C1).

Cell cultures were plated from -80°C cryostock onto Lysogeny broth (LB) agar
plates, selected for with ampicillin (210 pg mL?) and grown at 37°C irrespective of
changes in medium. A single colony was selected from the plate and grown overnight in
liquid LB. Following this, cells were transferred as a 20% inoculum (v/v) to the anaerobic
growth medium previously described “ and grown for 6 to 7 hours. Cells were then
transferred to fresh growth medium as 1% inoculum (v/v), grown overnight, inoculated
into fresh medium as a 20% inoculum (v/v) and grown until they reached an O.D. 600 nm
of 0.6. Cells were then resuspended twice in anaerobic exposure medium (BMAA) “ to
create the cell stock used in the biosensor assay.

For the biosensor assay, all manipulations were conducted in a Coy anaerobic
chamber (97% N2 () and 3% H: (g)). All biosensor treatments and equilibrations with Hg
were performed in 7 mL Teflon vials in either BMAA or DSMZ medium # 370 amended
with 20 mM pyruvate (see Heliobacillus mobilis culture conditions section below). Hg
was diluted from an 8 uM stock solution of HgSO4 in 0.2 M H2SO4 to create a 100 nM
working solution in BMAA in a 7 mL Teflon vial that was subsequently used to expose
bioreporter cells to a final concentration of 5 nM Hg. Nitrate was added as NaNOs to
final concentration of 200 uM in each final treatment. All treatments were equilibrated in
the final solution for 1h, after which cells were added as a 1/20 dilution from the stock
mentioned previously. Each treatment was then transferred to a 96 well non-binding

surface black plate in analytical triplicates and placed in a Synergy HTX plate reader.
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Fluorescence was measured using an excitation filter of 440/40 and emission filter of
500/27 at 37°C for 20 hours. Each treatment of the Hg inducible biosensor was blanked to
the same treatment without Hg and each treatment of the constitutive biosensor was
blanked to the same treatment without NOs". Fluorescence was quantified as the peak
fluorescence emitted by the E. coli once 200 uM NO3™ was consumed (2 to 3h).
Fluorescence for each treatment was normalized to the fluorescence of the 5 nM Hg
treatment to give % bioavailability and averaged over 3 biological replicates.

As part of the bioreporter assays, we modeled the speciation of Hg in BMAA
across all sulphur treatments. We were unable to do so for the DSMZ medium #370 due
to the undefined nature of the yeast extract included in the medium. All modeling for Hg
chemical speciation was performed using PHREEQC v3.4.0. The distribution of
predicted Hg species for each sulphur treatment and thermodynamic constants employed

are provided in Appendix C in Table C1 and Table C2.

6.3.2 Heliobacillus mobilis cell culture growth conditions

All growth conditions referred to in this section are summarized in Table C3. For
bioreactor experiments we used the strain Heliobacillus mobilis Romero/Guest 6 from the
DSMZ culture collection (strain number DSM-6151). Cell cultures were handled under
anaerobic conditions in a Coy anaerobic glove box (atmosphere 97% N2 ) and 3% H: ()
or by using sterile anaerobic bench top techniques where all equipment was sparged with
100% N2 () prior to use. For all growth assays and bioreactor experiments, new cell
cultures were revived in the anaerobic glovebox from cryostocks kept at -80°C by

scraping frozen culture with a sterile pipette tip and discarding it into a Balch tube
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containing growth medium #370 from DSMZ amended with 20 mM pyruvate to improve
cell growth. Cells were revived in the presence of the sulphur source to be tested in
growth assays and bioreactor experiments. Note that total sulphur content of the medium
was normalized to 4 mM as per the culture collections recommendation except in
experiments testing for the effect of cysteine concentration. Balch tubes were then
crimped shut and the headspace was replaced with 100% N2 (g. Cryostock revival
cultures were incubated at 37°C with an incandescent light source providing
photosynthetically active radiation (PAR) at an intensity of 80 umol photon m?2s™ with a
peak irradiance in the near-red red spectrum (600 to 700 nm) until cells reached mid-
exponential stage. Additional growth assays were also performed at a visible light
intensity of 20 pmol photon m2s? using a light source with the same emission spectrum
to characterize the impacts of light intensity and bubbling in the bioreactor on
phototrophic growth. Cultures were then used to start new cultures with a 1% (v/v)
inoculum into new Balch tubes containing 10 mL of the desired growth medium. For
bioreactor experiments, cells were harvested again after reaching mid-exponential to start
new cultures with a 1% inoculum in serum bottles containing 75 mL of the desired
growth medium. Upon reaching mid to late exponential phase, these cultures were used

as a 10% (v/v) inoculum in bioreactor experiments.
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6.3.3 PCR for the merA gene in Heliobacillus mobilis

Although we suspected that H. mobilis could carry out Hg'" reduction via similar means
as H. modesticaldum, we verified whether H. mobilis harboured the merA gene encoding
for a dedicated mercuric reductase. There is currently no sequenced genome available for
H. mobilis as such the presence of merA was evaluated with PCR. DNA was extracted
from cultures of H. mobilis using the QIAGEN PowerSoil® DNA Isolation Kit according
to the manufacturer’s instructions (QIAGEN, Toronto, CA). The merA gene was
amplified by PCR using the Nsf primer set: Forward - ATC CGC AAG TNG CVA CBG
TNG G, Reverse — CGC YGC RAG CTT YAA YCY YTC RRC CAT %, The PCR
reaction was performed using the EconoTag® PLUS master mix according to the
manufacturer’s instructions (Lucigen, Middleton, WI). The Nsf PCR reactions consisted
of an initial denaturing step at 95°C for 5 min; followed by 35 cycles with three steps:
95°C for 1 min, 61°C for 30s, and 72°C for 30s. Final extension was at 72°C for 10 min.
Gel electrophoresis with TAE (1X) was performed to verify for the presence of merA
(Fig C2). PCR reactions were performed using the Eppendorf MasterCycler ProS
(Eppendorf Canada, Mississauga, ON, Canada). We acknowledge these primers may not
capture the full diversity of merA but specific primers for anaerobes and phototrophs
have yet to be designed due to the lack of mer-based determinants in anaerobes and
phototrophs. Furthermore, we note that PCR is not a definitive means of demonstrating
the absence of a gene, however this method was the best option available to us at the time
of this study. Currently, we are working towards obtaining a sequenced and annotated

genome for H. mobilis.
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6.3.4 Bioreactor setup and sampling for cell density

All conditions tested in the bioreactor are summarized in Table C3. The bioreactor
subsampling methodology is identical to that used in previous work %20, All bioreactor
experiments were carried out at 37°C. Light was supplied using a 200 W incandescent
light bulb with a visible light intensity maintained at 20 umol photon m2s* by means of
multiple layers of dark screens. Peak irradiance for this light source occurred in the near-
red to red spectrum (600 to 700 nm). Total sulphur content in the bioreactor was
normalized to 4 mM except for experiments testing the effect of cysteine concentration.
For experiments where 250 pM of cysteine was added to the bioreactor we could not rule
out the effect of cysteine carry over from the initial inoculum as such we refer to this
treatment as “trace cysteine” throughout the Results and Discussion section. All live cell
bioreactor treatments were performed in triplicate and abiotic controls were performed in

duplicate.

6.3.5 Statistical analyses

Two-way and one-way ANOVA analyses were used to test for the effect of sulphur
source and cysteine concentration on Hg bioavailability and cumulative Hg® production.
In the event that the assumptions of the normal distribution of residuals and constant
variance were not fulfilled, non-parametric rank sum tests were employed. Treatments
where a significant difference was observed were identified using a Tukey HSD post hoc
test with the significance threshold set to p<0.05. All statistical analyses were performed

inRv3.1.2 %,
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6.4 RESULTS & DISCUSSION

6.4.1 Cysteine exerts dynamic controls on Hg bioavailability

Our first objective was to control for the bioavailability of the Hg-sulphur complexes that
were predicted to form in the presence of sulphate, thiosulphate, methionine and cysteine
(Table C1). To achieve this, we measured and compared Hg bioavailability in the
presence of these sulphur sources using an anaerobic Hg biosensor (constitutive and
inducible strains) exposed to Hg in minimal BMAA exposure medium (Materials and
Methods and Table C1). We were unable to model Hg speciation in complex DSMZ
medium #370 due to the undefined nature of the yeast extract employed and this is why
minimal medium data are solely presented (Table C1).

Both sulphur source and medium had a significant effect on Hg bioavailability (p
<0.001 for sulphur source and medium according to a two-way non-parametric rank sum
test). Inducible biosensor cells exposed to Hg in the bioreactor medium showed higher
overall Hg uptake compared to cells exposed to Hg in the minimal medium (average
difference compared to minimal medium = 33.70 + 19.73%) (Fig 6.1A, C). Similarly,
constitutive bioreporter cells grown in the bioreactor medium emitted as much as three
times higher fluorescence than cells in the minimal medium (Fig C1). These results
suggest that the increased bioavailability of Hg in the bioreactor could be associated with
the presence of higher nutrient concentrations supporting healthier cell populations. It is
also possible that ligands facilitating Hg uptake present in the yeast extract component of

the bioreactor medium were absent in the minimal medium 8 52,

189



When isolating the effect of sulphur in the media tested, sulphur source
maintained a significant effect on Hg bioavailability. Inducible bioreporter cells supplied
with cysteine saw a strong decrease in Hg bioavailability (p <0.001 for minimal medium
and bioreactor medium according to separate one-way ANOVASs). Whereas total sulphur
content was normalized to a final concentration of 4 mM in all experiments, as per the
culture collection recommendations, and to ensure that all treatments were comparable,
the results from these experiments suggested that we had to alter cysteine concentrations
to maintain comparable Hg bioavailability across all treatments (Fig 6.1). To do so, we
performed additional experiments where the Hg:cysteine ratio was increased from 1:1.25
x 108 to 1:2000 ([cysteine] = 10 uM) and 1:1000 ([cysteine] = 5 uM) (Table C1).
Increasing the Hg:cysteine ratio significantly increased Hg bioavailability, which was
comparable to the no sulphur control (p < 0.001 according to a one-way non-parametric
rank sum test) (Fig 6.1B). At high Hg to cysteine ratios (e.g., [cysteine] =5 and 10 pM),
62.6 to 74.6 % of Hg was predicted to exist as Hg(Cys)2H2 and 18.0 to 30.4 % was also
predicted to form Hg(Cys)H* (Table C1). This is in contrast to the lower Hg to cysteine
ratio treatment ([cysteine] = 4mM) where 90.7 % of Hg is predicted to exist as
Hg(Cys)2H2 (Table C1). Thus, our results suggest that Hg uptake is favoured under
conditions that support the formation of both charged Hg(Cys)H* and neutral Hg(Cys)2H>
species.

Ultimately, we were able to use the bioreporter to design conditions under which
Hg bioavailability was comparable in the presence of sulphate, thiosulphate, methionine
and low levels of cysteine despite the predicted differences in Hg speciation. By

controlling for the bioavailability of different Hg-sulphur complexes we could reasonably
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compare HgP production over a range of redox states for sulphur [sulphate (S redox state
+6), thiosulphate (S redox states +1, -5 %), methionine (S redox state -2) and cysteine (S

redox state -2)] in subsequent bioreactor experiments.

6.4.2 Growth is not required for phototrophic Hg reduction by H. mobilis

During our preliminary tests to optimize bioreactor assay conditions, we discovered that
the continuous sparging of the bioreactor required for volatile Hg® analysis affected cell
growth. Although the bioreactor experiments showed that H. mobilis was capable of Hg"
reduction when supplied with conditions known to support photoheterotrophic growth 4’
(Fig 6.2), cells were unable to grow in the bioreactor (Table C3). Growth inhibition was
not linked to the sulphur sources provided because cells cultured in tubes demonstrated
nearly identical growth regardless of the treatment in question (Fig 6.3A). Furthermore,
we ruled out that low light intensity was inhibiting growth because cells were able to
grow in closed tubes and a closed bioreactor (i.e., not connected to the continuous Hg
analyzer) supplied with identical incubation conditions as other bioreactor experiments
(Fig 6.3B, C). We suspect that the continuous bubbling required to measure Hg® was
inhibiting growth due to the removal of gaseous CO». Inorganic carbon (e.g. CO2 or
HCOz) is an essential substrate used in anaplerotic reactions required for biosynthesis in
H. modesticaldum >* and possibly other Heliobacteria (although this has yet to be
confirmed). By removing endogenous CO- produced following organic carbon oxidation,
H. mobilis would have been deprived of an essential nutrient required to replenish

metabolic intermediates essential for generating biomass *' *°.
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We chose not to add HCO3™ as an exogenous source of inorganic carbon. Indeed,
photoheterotrophs can use inorganic carbon not only in anaplerotic reactions but also as
an electron sink to maintain redox homeostasis > . It is possible that the presence of
HCO3 would have introduced a pathway that could compete for reducing power inside of
the cell and confound our ability to test our hypothesis. While we recognize these
conditions may have limited the ability of cells to assimilate the full amount of sulphur
provided in the bioreactor, the fact that cells did not grow allowed us to tightly control
the Hg to cell to sulphur ratios in all experiments. Although cells did not grow, as it is
often the case in the environment, they were metabolically active as shown by the high
levels of HgP® produced in the presence of live cells and the negligible amount of Hg°
produced in the presence of heat-killed cells (Fig C3). We are in the midst of completing
experiments to examine the influence of inorganic carbon assimilation on Hg" reduction
in H. mobilis however we still deem it valuable to discuss the effect of sulphur source on

Hg" reduction during anoxygenic phototrophic metabolism in light of our current results.

6.4.3 Reduced sulphur sources favour Hg'' reduction during anoxygenic
photosynthesis

When comparing abiotic and biotic Hg® production, we observed that sulphur source had
a significant effect on cumulative Hg° production (p < 0.001 according to a one-way
ANOVA). Average Hg? production in the presence of live cells was highest when cells
were provided with trace levels of cysteine (56.60 + 3.77 pmol), followed by thiosulphate
(40.62 + 11.87 pmol), methionine (27.06 £ 13.72 pmol), sulphate (14.23 + 11.30 pmol),

and the 4 mM cysteine treatment (8.79 + 5.00 pmol). Hg® production in the presence of
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heat-killed cells and in the absence of cells was negligible except for the mM cysteine
treatment (38.04 £ 14.50 pmol vs < 5 pmol for all other treatments) (Fig 6.2 and Fig C3).
The potential pathways contributing to the abiotic Hg® production observed in the
presence of mM cysteine are discussed in the following section.

The trends observed for biotic Hg® production supported our hypothesis. The most
oxidized sulphur source, sulphate, led to lower Hg° production compared to the
thiosulphate and trace cysteine treatments, which provided cells with relatively more
reduced sulphur [e.g. S redox states for individual S atoms in thiosulphate are -1 and +5
53 and S redox state in cysteine is -2 vs. +6 in sulphate] (Fig 6.2). Our results also suggest
that Hg" reduction is inhibited when Hg bioavailability is limited (Fig 6.1B and Fig 6.2),
supporting the presence of an intracellular Hg'" reduction pathway in H. mobilis as
previously suggested for H. modesticaldum °.

The only results that did not support our hypothesis were those of the methionine
treatment where cells showed intermediate levels of Hg® production (Fig 6.2). Based on
our previous bioreporter results, we can rule out that the lower Hg® production in the
presence of methionine was associated with low Hg bioavailability (Fig 6.1A). Instead,
we suspect that metabolic pathways that affect cell redox homeostasis and were
uncontrolled for in our experimental design contributed to the results observed
(summarized in Fig C4). Based on the genome annotation of H. modesticaldum and
studies on the physiology of closely related Clostridiales *’, the reducing power
requirements for the assimilation of inorganic sulphur sources into sulphide and cysteine
is clear (Fig C4). The coupling between redox homeostasis and methionine metabolism is

arguably more complex °’.
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At this point, we are unable to better characterize the role of methionine
metabolism during Hg'" reduction in H. mobilis. To the best of our knowledge, there is no
sequenced genome for H. mobilis or genetic tools yet available to work with
Heliobacteria. We are currently working on sequencing and annotating the genome for H.
mobilis. Once we have this information in hand, we can develop genetic tools and
potentially use quantitative molecular techniques such as real time PCR to address some
of the questions mentioned above. Furthermore, we are also limited in our ability to
directly measure the concentrations of reduced redox cofactors because we were unable
to sample enough biomass from the bioreactor to extract reduced redox cofactors such as
NAD(P)H/NAD(P)*. Despite these limitations, our findings support that sulphur can
affect Hg'" reduction during anoxygenic photosynthesis and highlight the interplay
between sulphur assimilation and cometabolic Hg'" reduction.

The scenarios mentioned above underscore the challenges associated with
identifying metabolic coupling points between cellular redox metabolism and Hg
reduction. Despite these limitations, our study suggests that phototrophic Hg reduction is
sensitive to the availability of reducing power inside the cell. Even when supplying cells
with conditions where UM amounts of reduced redox cofactors are likely being generated
thereby providing ample electron donors to reduce pM levels of Hg', we are still able to
detect differences in Hg reduction that vary according to sulphur source redox state.
These findings show that not all the Hg supplied is available for reduction and that
perhaps not all the reducing power generated by the cell is either. Instead, it seems there
exist discrete pools of reduced redox cofactors that fuel Hg reduction during anoxygenic

photosynthesis. The localization of these pools of reducing power within the cell and the
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nature of the reducing equivalents involved remain unknown and merit further

investigation.

6.4.4 Cysteine and organic carbon catalyze Hg photoreduction at low light
intensities
As previously shown, high levels of Hg® were produced under low visible light intensity
in the presence of mM levels of cysteine and the absence of cells (Fig 6.2). Interestingly,
under the same conditions, the mere addition of cells to the reactor inhibited Hg°
production (Fig 6.2). While there is precedence for Hg photoreduction in the presence of
cysteine and UV light °8, to the best of our knowledge there is no evidence of cysteine
catalyzing Hg photoreduction at the low visible light intensities employed in our
experiments (20 pmol photon m2 s1). To further explore the potential mechanisms
supporting abiotic Hg® production, we performed additional experiments to test for the
role of light and organic carbon originating from yeast extracts (YE). To test for the role
of light, we repeated experiments in the dark and with formaldehyde-killed cells to create
cell-induced shading in the reactor (Table C3). To test for the role of organic carbon, we
irradiated the bioreactor and removed all sources of organic carbon (i.e., YE) except for
cysteine (Table C3).

All additional experimental treatments resulted in a strong inhibition of abiotic
Hg® photoproduction that was comparable to the Hg® production observed in abiotic
controls for sulphate, thiosulphate and methionine (Fig 6.2 and Fig C5). These results
suggest that abiotic Hg' photoreduction relies on the presence of high levels of cysteine

and components of YE. Here, we can effectively rule out that Hg'" was photoreduced
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solely due to components of YE because all other abiotic sulphur treatments were
supplied with the same amount of YE. By omitting all organic carbon except cysteine, we
showed that the interaction between cysteine and organic compounds from YE is
essential for Hg photoreduction. We suspect that mM levels of cysteine keep Hg from
sorbing to cells, to the walls of the reactor or binding to less reactive sites on components
of YE, thus facilitating Hg reduction. We recognize that the undefined nature of YE
makes it difficult to provide a detailed description of the pathway supporting abiotic Hg'"
photoreduction under the conditions tested and we are currently developing experiments

to address this.

6.4.5 Sulphur cycling and cometabolic Hg transformations in the environment

In this work we show that H. mobilis can reduce Hg" under conditions supporting
phototrophic metabolism. We have demonstrated that after controlling for Hg
bioavailability, phototrophic Hg'" reduction is favoured in the presence of reduced
sulphur sources. Our study highlights the importance of sulphur as a nutrient driving
anaerobic Hg" reduction and provides the basis for exploring potential coupling points
between sulphur assimilation, anaerobic Hg reduction and Hg methylation in anoxic
habitats.

As previously mentioned, sulphur can be a limiting nutrient in rice paddies
requiring rice growers to use sulphate amendments 32 that can potentially increase Hg
methylation >°. Our study has provided us with insights into how anaerobic Hg reducers
could potentially affect Hg methylation under such conditions. Anaerobic Hg reducers

(AMR) can potentially outcompete Hg methylators for nutrients and ligands that increase
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Hg uptake 1 or limit the availability of electron acceptors utilized by Hg methylating
SRB. In the latter case, AMR could directly affect thiosulphate availability to SRB 562
or decrease the delivery of sulphate to anoxic environments by removing the substrate for
thiosulphate oxidation in oxic/anoxic transition zones 3 ¢4, By limiting sulphatoreduction,
AMRs may also control the bioavailability of Hg by limiting the formation of HgS
species formed in the presence of sulphide 3 . In all these scenarios, AMRs can limit
Hg methylation by favouring Hg® evasion from paddy soil and overlaying water. At this
point, we can only speculate as to how AMR affect Hg methylation in paddy systems. To
test for this, we are in the process of developing mesocosm and field experiments.
Although our study was prompted by increased concerns surrounding MeHg
accumulation in rice paddies, the scenarios mentioned above could also apply to other
habitats that support steep redox gradients, competition for nutrients and cometabolic Hg
transformations regardless of the presence of light. Indeed, whereas this study focused on
phototrophic Hg reduction, Heliobacteria can grow fermentatively in the dark, along with
other fermenters of the Clostridiales family. Our previous results with H. modesticaldum
showed that Hg® production also occurs during fermentative growth in the dark °.
Nutrient cycling and cometabolic Hg transformations stand to be closely linked in Hg
methylation hotspots such as periphytic microbial mats ®, aquatic sediments - 8 and
waterlogged soils ¢°. While our study makes a case for sulphur cycling as a coupling
point for competing cometabolic Hg transformations, other nutrients such as iron 3 8 70
> and organic carbon % 2% 27 which are known to control Hg methylation and Hg
reduction, have the potential to fulfill a similar role. Curiously, the coupling between

other macronutrients under strong microbial control such as nitrogen and Hg cycling
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remain relatively unexplored despite the importance of nitrogen cycling in aquatic and
terrestrial ecosystems. Given that the majority of cometabolic Hg transformation
pathways outlined to date rely on the use of central metabolic machinery, it is possible
that the cycling of a variety of nutrients essential to microbial life play a role in Hg
cycling.

By characterizing the environmental variables that drive different cometabolic Hg
transformations in future work, we hope to better predict how nutrient availability and
microbial activity will affect Hg mobility and toxicity in the environment. This
knowledge could be used to hone predictive models and develop tractable Hg pollution
management strategies that rely on supplying environmental conditions that stimulate
favourable cometabolic Hg transformations (e.g. reduction or sequestration) rather than
unfavourable ones (e.g. methylation). Such strategies could take the form of targeted
nutrient amendments that can be applied in situ to limit the availability of the inorganic
Hg and nutritional substrates contributing to the accumulation of neurotoxic Hg in the

environment.
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Figure 6.1: Bioavailability of 5 nM Hg in the presence of sulphate, thiosulphate,
methionine and different concentrations of cysteine. Cells were exposed to Hg in
BMAA minimal medium where [NOz] was set to 0.2 mM (A, B) and DSMZ medium
#370 amended with 20 mM pyruvate used in bioreactor experiments (C). All experiments
were performed in triplicate except for sulphate, which was duplicated. For experiments
comparing different sulphur sources total sulphur concentrations was normalized to 4
mM (A, C). The bottom and top of the boxes show the first and third quartiles
respectively, the bar in the middle shows the median and the whiskers show the minimum
and maximum for each treatment. One-way ANOVAs were run separately for
experiments testing the effect of sulphur source and a one-way rank sum test was run for
experiments testing the effect of cysteine concentration. Sulphur source had a significant
(p<0.05) effect on Hg bioavailability in the minimal medium (p = 6.39 x 10%) (A) and
bioreactor medium (p = 2.98 x 10*) (C) and cysteine concentration had a significant
effect on Hg bioavailability (p = 8.21 x 10#) (B). Tests for constant variance (p = 0.11 for
sulphur source in minimal medium and p = 0.07 for sulphur source in bioreactor medium)
and normal distribution (p = 0.17 for sulphur source in minimal medium and p= 0.22 for
sulphur source in bioreactor medium) were passed (p > 0.05 for rejection of null
hypothesis). The statistical conclusion for the effect of cysteine concentration was the
same in the non-parametric and parametric tests (p = 1.15 x 10™), as such multiple
comparison results are included in the figure (B). Letters that are not shared between

treatments indicate a significant difference according to the Tukey HSD test (p < 0.05).
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Figure 6.2: Cumulative Hg° production for phototrophically grown H. mobilis and
no cell controls amended with cysteine, thiosulphate, sulphate and methionine. Total
sulphur was normalized to 4 mM in all cases except the trace cysteine treatment, which
was amended with 250 pM cysteine. All live cell experiments were performed in
triplicate and no cell controls were performed in duplicate. HgCl, was added to a final
concentration of 250 pM in all experiments. The bottom and top of the boxes respectively
show the first and third quartiles, the bar in the middle shows the median and the
whiskers show the minimum and maximum for each treatment. A one-way ANOVA
showed that sulphur had a significant (p<0.05) effect on cumulative Hg® production (p =
2.71 x 107). Tests for constant variance (p =0. 15) and normal distribution (p = 0.44)
were passed (p > 0.05 for rejection of null hypothesis). Letters that are not shared
between treatments indicate a significant difference according to the Tukey HSD test (p <

0.05).
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Figure 6.3: Phototrophic growth of H. mobilis in closed tubes in the presence of different

sulphur sources and sulphur concentrations (A), 4 mM sulphate in the presence of

different light intensities (B) and 4 mM sulphate in a closed bioreactor supplied with low

light intensity (e.g. not connected to the Hg® analyzer) (C). All cultures were grown in

DSMZ medium #370 amended with 20 mM pyruvate. Results shown in panel (A) are

representative cases of replicated experiments.
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Chapter 7: Hg stable isotope fractionation during anaerobic

phototrophic Hg reduction
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Research highlights:

- First study examining Hg stable isotope fractionation associated with Hg"
reduction during anoxygenic photosynthesis

- Developed methodology to capture volatile Hg® for stable isotope analyses at high
temperature (50°C) under completely anoxic conditions

- Observed mass dependent but no mass independent fractionation in contrast to
previous work on phototrophic Hg reduction and abiotic Hg photoreduction

- Isotope enrichment observed in the Hg' pool (-0.8%o) was twice as high as values
reported for microbial Hg reduction (-1.20 to -1.80%o) suggesting there is a
distinct fractionation process associated with anoxygenic photosynthesis

- Study provides the basis to explore mechanisms supporting anaerobic Hg

reduction in the environment and in other metabolisms such as fermentation

Manuscript in preparation for submission to Environmental Science & Technology

N.B. Supporting information for this chapter can be found in Appendix D
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7.1 ABSTRACT

Mercury (Hg) is a global pollutant and potent neurotoxin that bioaccumulates in food
webs as monomethylmercury (MeHg). The production of MeHg is controlled by the
metabolic activity of anaerobic microbes that methylate Hg intracellularly. Anoxic Hg
redox cycling pathways such as Hg reduction ultimately control the availability of Hg to
methylators and there is a growing body of evidence that suggests anaerobes play an
important role in Hg reduction in anoxic habitats. These pathways remain challenging to
study because of the absence of dedicated genetic targets supporting them and the low
levels of HgP in anoxic environments. In this study we used emerging methods that rely
Hg stable isotope fractionation to explore Hg reduction during anoxygenic photosynthesis
in the model anaerobe Heliobacterium modesticaldum Icel. We show that mass-
dependent fractionation occurs during anoxygenic phototrophic growth, but mass-
independent fractionation is absent, similar to previous work on microbial Hg reduction.
We show that the isotopic enrichment associated with anoxygenic photosynthesis lies in
between the values reported for microbial Hg reduction and abiotic photoreduction,
suggesting the presence of an intermediary isotope fractionation process. Furthermore,
the isotopic enrichment produced by phototrophic H. modesticaldum was twice as high
compared to previous reports on microbial Hg reduction. These observations demonstrate
that Hg isotope fractionation processes that occur during anoxygenic photosynthesis are
distinct from other microbe mediated reduction and abiotic photoreduction pathways. The
findings in this study can be used as the basis to further explore the mechanisms

supporting cryptic anaerobic Hg reduction pathways in the environment.
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7.2 INTRODUCTION

Mercury (Hg) is a global pollutant and potent neurotoxin that bioaccumulates in aquatic
and terrestrial food webs as monomethylmercury (MeHg) *. Anaerobic microbes that
carry the hgcAB gene cluster, which encodes for the metabolic machinery responsible for
Hg methylation 2, are the major contributors to MeHg production in habitats such as
aquatic sediments and flooded soils *°. Hg methylation is thought to occur as an
intracellular process and as such, it is ultimately controlled by the bioavailability of Hg to
methylators in anoxic habitats.

Hg redox cycling plays a key role in determining the inorganic Hg substrates
available to methylators. Atmospheric Hg® oxidation supplies the dissolved Hg" required
to generate MeHg whereas Hg'' reduction pathways can limit MeHg production by
favouring Hg® evasion. Although it is well established that abiotic photochemical Hg
reduction dominates Hg redox cycling in oxic surface systems where light is present 814,
the contributions of Hg reduction pathways in anoxic surface and near subsurface
environments where Hg methylation occurs remain challenging to assess.

Anoxic Hg reduction can occur via abiotic redox reactions with dissolved organic
carbon *° and the iron mineral magnetite %%’ but also through biotic pathways mediated
by chemotrophic and phototrophic microbes 822, Unlike many aerobes that use dedicated
enzymatic machinery for Hg reduction encoded by the mer operon 224 anaerobes appear
to reduce Hg through cometabolic pathways tied to anaerobic respiration, fermentation
and anoxygenic photosynthesis 8?2, In contrast to mer-mediated Hg reduction and Hg
methylation, dedicated genetic determinants have yet to be identified for anaerobic Hg

reduction, making these pathways challenging to study from a mechanistic standpoint.
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In addition to the challenges at the laboratory scale, the contributions of anaerobes
to Hg reduction in the environment have largely been ignored. This is partially due to the
cryptic nature of anoxic Hg redox cycling, which is challenging to assess because of the
low environmental levels of the volatile reduced Hg species, Hg®. Although some studies
have shown that Hg® can dominate Hg speciation in anoxic habitats 2> 2%, it is possible
that HgP levels are maintained at a steady state in which Hg is actively reduced and
oxidized 2. Despite the potential for anaerobic Hg reduction to affect delivery of Hg
substrates to methylators, the environmental contributions of these pathways are difficult
to track in the absence of net Hg® accumulation. As such, alternative approaches that do
not rely on dedicated genetic targets or Hg® accumulation must be considered to
characterize anaerobic Hg reduction pathways.

The use of stable Hg isotope fractionation has recently emerged as a powerful tool
for providing biogeochemical proxies for different abiotic and biotic Hg transformations
28 All abiotic and biotic Hg transformation pathways studied to date demonstrate mass
dependent fractionation (MDF) in which the product pool becomes enriched with lighter
Hg isotopes (e.g. 1®Hg) as the reaction proceeds 2°. Some pathways, such as abiotic
photochemical reduction, also demonstrate mass independent fractionation (MIF), which
is defined as the fractionation that occurs outside of the predicted MDF pattern 2. MIF is
most commonly observed due to the magnetic isotope effect for odd-Hg isotopes **°Hg
and ?**Hg in the presence of sunlight *. Generally speaking, the combination of MDF
and MIF, and the degree of isotopic enrichment can be used to develop signatures for

different Hg transformations. In this way, Hg stable isotopes can be used to determine
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mechanistic details on Hg transformation pathways and track their contribution to Hg
cycling in the environment.

Several laboratory studies have been published in the last 10 years examining Hg
isotope fractionation during microbial transformations. Thus far, isotopic fractionation
has been studied in microbes capable of mer-mediated reduction 3! and MeHg
demethylation *?; anaerobic non-mer-mediated Hg reduction 33; Hg methylation 3+2; and
phototrophic MeHg degradation and Hg reduction *’. These studies have yielded unique
insights into how microbes interact with Hg at the atomic level during Hg
transformations. In the case of the recent study on Hg methylation, it was shown that two
Hg methylating strains displayed different MDF signatures, suggesting each strain
accessed different pools of bioavailable Hg during methylation . In another recent study
on Hg reduction during oxygenic photosynthesis, it was shown that a model green alga
displayed a MIF signal representative of Hg' binding to thiols prior to being reduced by
free radicals generated during photosynthesis *’. The mechanistic details determined from
these studies exemplify why Hg stable isotopes are a promising option for studying
mechanisms for anaerobic Hg reduction, which remain poorly characterized.

Our objective in this study is to characterize Hg isotope fractionation patterns
during anoxygenic phototrophic and fermentative Hg" reduction for which there exists no
data published to date. This study builds on previous work with Heliobacterium
modesticaldum Icel, which is a model anaerobe capable of high levels of Hg' reduction
during anoxygenic photoheterotrophic and fermentative growth 2. This study focuses on
photoheterotrophic growth and provides the first evidence of MDF during anoxygenic

phototrophic Hg reduction. We demonstrate that MIF does not occur during anoxygenic
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photosynthetic growth in the presence of photosynthetically active radiation (PAR) unlike
what has previously been observed in oxygenic phototrophic Hg reduction *’ and abiotic
Hg photoreduction 2°. Instead, we show that isotopic fractionation during anoxygenic
phototrophic growth is more similar to what has been observed for chemotrophic
microbial Hg reduction in the dark 3% 33, Furthermore, we show that the isotopic
enrichment that occurs in the reactant pool of Hg" during MDF in H. modesticaldum is in
between what has been reported for microbial Hg reduction 3% 33 and abiotic
photochemical reactions %', Finally, we discuss how these findings can be used to
outline mechanisms for anaerobic Hg reduction and track cryptic anaerobic Hg redox

cycling pathways in the environment.

7.3 METHODS

7.3.1 Cell growth conditions and bioreactor setup

All experiments with live cells employed the strain Heliobacterium modesticaldum Icel
grown in PYE medium at a constant illumination and visible light intensity of 80 pmol
photon m2 st with a peak irradiance in the near-red to red spectrum (600 nm to 700 nm)
at 50°C in line with our previous work 1. H. modesticaldum lcel was obtained from the
DSMZ culture collection (catalogue number DSM-792). The bioreactor methodology
employed in these experiments was similar to the one used in previous work %! with the
following modifications: the bioreactor was supplied with sterile nitrogen gas that passed
through an activated carbon filter and a 0.2 um pore size air filter at a flow rate of 0.25 L
min’t. The reactor outlet was connected to an empty container to capture condensation,

followed by a soda lime trap to remove excess moisture prior to Hg® being captured on
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two gold traps setup in series (schematic provided in Appendix D, Fig D1). Two gold
traps connected in series were employed as a precaution to capture Hg® that passed
through the first trap due to high levels of Hg® production and gold trap saturation.

The bioreactor was kept in an incubator set to 50°C. Light was supplied using a
60 W incandescent light bulb with a visible light intensity being maintained at 20 pmol
photon ms with a peak irradiance in the near-red to red spectrum (600 to 700 nm). The
reactor was purged continuously for 2h prior to initiating all experiments to remove
background HgP. Following this, a subsample was removed from the bioreactor to
account for background Hg present in the growth medium. An additional subsample was
spiked directly with the National Institute of Standards and Technology (NIST) 3133
standard (initial Hg concentration of 23.28 uM) to a final concentration of 2 nM or 10
nM Hg depending on the experiments in question. The isotopic compositions of these
samples were compared to ultra filtered MiliQ water spiked with the same NIST 3133
standard to verify that no isotope fractionation occurred as a result of the medium
composition and the incubation conditions employed (see Table D1). Following this step,
phototrophically grown H. modesticaldum cells were added as a 10 % (v/v) inoculum to
the reactor and an additional subsample was withdrawn to verify initial cell density via
O.D. 600 nm. For sterile treatments, no cells were added to the bioreactor and the initial
volume of growth medium was adjusted to ensure that all reactor experiments were
carried out at a working volume of 500 mL. The bioreactor was purged for another hour
to remove any background Hg linked to the initial subsampling steps after which the
NIST 3133 standard was directly added to the bioreactor at a final concentration of 2 nM

or 10 nM Hg. Two different concentrations were used because of adjustments made to
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the methodology in between sets of experiments that are discussed in the following

section.

7.3.2 Continuous bubbling for Hg® measurements

Experiments where the bioreactor was spiked with 2 nM Hg were supplied with constant
bubbling. 2 nM of Hg was added to ensure we could effectively capture all of the Hg®
produced and to minimize HgP breakthrough on gold traps. 30 mL subsamples were
periodically removed (0, 6, 12, 24, 48h) using a sterile stainless steel 18G needle and 60
mL BD syringe for total Hg analyses, cell growth measurements and stable isotope
analyses. Following each subsample, the ¥4 turn valves were rapidly closed to seal any
HgP in the reactor while quickly sealing and storing the gold traps for the corresponding
time point (Fig D1). Following this step, new soda lime and gold traps were installed and

the ¥ turn valves slowly opened to continue purging the reactor of Hg.

7.3.3 Periodic bubbling for Hg® measurements

For experiments where 10 nM Hg was supplied, the reactor was bubbled periodically
rather than continuously. The decision to increase the Hg concentration from 2 nM to 10
nM Hg arose due to recovery issues in samples from later time points that prohibited the
effective measurement of stable isotope fractionation. The decision to remove continuous
bubbling was made because of the extremely high variability between isotope
fractionation in samples from the earlier time points in the 2 nM Hg experiments that
used continuous bubbling. In this case, we suspected that the continuous bubbling

contributed to considerable evaporation that occurred over the course of the experiment
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(~70 mL). This evaporation could have wet the soda lime and gold traps adding a
confounding physical sorption process that could affect Hg isotope fractionation.

This sampling methodology differed from the continuous bubbling methodology
in the sense that all ¥ turn valves remained closed and no gold traps were connected to
the bioreactor until it was time for subsampling Hg® and Hg" (0, 3, 6, 12, 24, 48h) (Fig
D1). At that point, a gold trap was connected to the outlet of the bioreactor and gas flow
was slowly re-initiated to purge HgP from the reactor for 30 min. During the final 5 min,
a 30 mL subsample was removed from the bioreactor for total Hg analyses, cell growth
measurement and stable isotope analyses. At the end of the 30 min, the gold traps were

sealed, all ¥ turn valves were closed and gas flow was stopped.

7.3.4 Sample storage and reactor disassembly

All gold traps were capped with sealed PTFE tubing and stored in clean plastic bags in
the dark at room temperature until analyzed. All liquid samples were conserved with 1%
(v/v) trace element grade HCI and the bottles were wrapped in foil and stored at 4°C. All
liquid samples were weighed to account for the volume removed from the bioreactor.
Once the reactor experiments were finished, the contents of the reactor were disposed of
and the reactor was rinsed three times with 100 mL of 10 % (v/v) trace element grade
HCI that was subsampled to account for Hg adsorbed to the glassware as part of the mass

balance in line with previous methods 2.
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7.3.5 Total Hg analyses and sample preparation for stable isotope measurements
In addition to having been conserved with HCI all samples for aqueous Hg analyses were
conserved with 10 % (v/v) BrCl in line with previous work . Prior to analysis, aqueous
Hg samples were neutralized with hydroxylamine hydrochloride (HAH) and reduced with
10% (w/v) tin chloride 3. Total Hg (THg) concentrations were determined using an
automated Brooks Rand system following EPA method 1631 3 which relies on capturing
HgP volatilized from aqueous samples with tin chloride onto gold traps and using CVAFS
to measure peak fluorescence at 253.7 nm to asses Hg concentration. Total Hg mass
balances were calculated in line with previous work 2122 although corrections were made
to account for the mass of Hg removed for each subsample.

For HgP collected onto gold traps a thermal desorption system was used to liberate
HgP over a 40 min desorption cycle which was then captured in 40% HNO3:BrCI (3:1)
oxidizing solution. An aliquot of the trapping solution was subsequently analyzed for
THg concentration as stated above. Desorption efficiency during pre-concentration was
tested by trapping a NIST 3133 standard with each batch of samples, and recoveries for
standard trapping were all > 90%. THg recoveries obtained for both sets of experiments
were 103.88 £ 11.23 % (n=3) and 92.90 + 13.23 % (n=3) for the 2 nM and 10 nM Hg

experiments, respectively (Fig D2).
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7.3.6 Hg stable isotope analyses

Using the previously determined THg concentration, an aliquot of the trapping solution
was diluted with water and any necessary matrix matching acids to make the appropriate
analysis concentration of 1.0 ng mL™ 3. A Neptune Plus multicollector-inductively
coupled plasma mass spectrophotometer (MC-1CP-MS) was used for Hg stable isotope
ratio measurements. MC-ICP-MS conditions and analytical expectations are discussed in
detail elsewhere *°. As commonly found in literature, matrix-matched NIST 3133 Hg was
used as the normalization solution “°. TI (NIST SRM 997, 40 ng mL™* in 3% HCI) was
introduced by Apex-Q nebulizer as an aerosol. To achieve detection at low Hg
concentrations, Hg was reduced with stannous chloride in-line then pumped continuously
into a custom designed gas liquid separator to efficiently extract gaseous Hg® with a
counter stream of argon gas 3° 4!, The matrix ultimately reaching the plasma source
consisted primarily of Tl aerosol, argon and Hg®. The instrument was tuned (e.g. sample
gases, stage positions, and lenses) to achieve optimal 2°Hg voltage, which was typically
1V/ppb Hg. A secondary standard (NIST RM 8610) was measured in 20% of samples to
ensure instrument stability and accuracy. Average values obtained for NIST 8610 with
2SD were (82%2Hg=-0.53 + 0.08; A'®Hg =-0.02 + 0.06; A?®Hg =0.00 = 0.04; A?'Hg =-
0.04 £ 0.06; A?*Hg =0.00 + 0.14, 2SD, n = 35) which agreed with certified values.
Additionally, desorption check standards (NIST 3133) for HgP traps were also measured
to verify that no fractionation occurred during gold trap processing. Standards displayed
average values in line with their initial isotopic composition (§2°?Hg= -0.00 + 0.06;
AT Hg =-0.02 + 0.07; A2°Hg =0.02 + 0.04; A?°’Hg =-0.04 + 0.06; A?®*Hg =0.00 * 0.14,

2SD, n = 6,) indicating no fractionation during processing.
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7.3.7 Isotope calculations
Delta calculations followed the conventions set forth by others . This convention calls
for mass dependent fractionation (MDF) to be expressed in terms of **Hg where
graphically 8?°?Hg is used to signify MDF. §*Hg is calculated as:
§Hg(%o) = [(**Hg/**®Hgsampte)/( **Hg/**®HgnisT-3133) —1]x1000. (Eq 1)
XXX is used to signify the isotope of interest. As mentioned in the Introduction section,
Hg also undergoes MIF of both even and odd isotopes. Here, odd-MIF is described by
A™Hg and even-MIF by A?®Hg. MIF is calculated as:
AHg =~ *Hg - (522Hg * B). (Eq 2)

B denotes the mass dependent scaling constant, which is determined by the laws of mass
dependence 0.
Isotope enrichment effects (herein referred to as gap for anoxygenic phototrophic
reduction) were calculated using open system Rayleigh fractionation models to account
for the HgP product that was removed following the methods outlined in previous work
on microbial Hg reduction 1. This method involved fitting a linear regression (shown in
Fig D3) based on the change in In (R/Ro) as a function of In(f;).
Where:

R = (82%2Hg/1000) +1 for Hg" (reactant) or Hg® (product) at a given time point and Ro =

(8292Hg/1000) +1 at the beginning of the experiment (Eq 3)
f= Hg'" in the reactor at a given time point/ Hg" in the reactor at the beginning of

the experiment (Eq 4)
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We chose to use the total Hg analyses from the bioreactor to establish f; as this is a true
representation of the instantaneous isotope fractionation rather than a time integrated
sample following the methods outlined in previous work 3. ¢ values for MDF were also
compiled from previous studies on pure microbial cultures and photochemical Hg
transformations for comparison purposes. Currently, there is no standard guideline for
how to calculate € and indicate whether the product or reactant was employed. We have
attempted to convert all € values from the literature to values that represent the
conversion of reactants to products according to previous calculations used for microbial
Hg'" reduction 3% 2, If the isotope fractionation factor (oi202/198) Was presented instead of &,
a was converted to € based on the following formula: & = [(a-1)*1000]/-1 (Eq 5).

If the ratio of products to reactants was employed, the reciprocal value of o was used to

calculate € for reactant to product.

7.4 RESULTS AND DISCUSSION

7.4.1 Hg° production with continuous and periodic bubbling

Similar to previous work with H. modesticaldum, Hg? production relied on the presence
of live cells although the bubbling method employed affected the amount of Hg°
produced relative to the initial Hg" supplied 2. In both the 2 nM and 10 nM Hg
experiments, cumulative Hg® production was an order of magnitude higher for the live
cell treatments compared to abiotic controls with no cells (>0.4 nmol vs <0.05 nmol) (Fig
7.1). Despite achieving comparable cumulative Hg® production in both sets of
experiments (Fig 7.1B, E), the amount of Hg® produced relative to the initial Hg"

supplied was 3 times higher in the 2 nM Hg experiments compared with the 10 nM Hg
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experiments (45.07 £ 5.42 vs 13.67 £ 2.37 %). It is unlikely that the increased Hg
concentration inhibited Hg® production due to toxicity because cells supplied with 10 nM
Hg grew faster than those supplied with 2 nM Hg (0.069 + 0.030 vs 0.098 + 0.003 hrt)
and achieved a comparable yield (final O.D. 600 nm 0.5 to 0.55 for all live cell
experiments) (Fig 7.1C, F). Instead, these results could be attributed to CO>
accumulation in the bioreactor. Although H. modesticaldum cannot grow autotrophically,
inorganic carbon is a required nutrient that is reduced through anaplerotic reactions
during phototrophic growth that are essential to replenishing metabolic intermediates
generated via the tricarboxylic acid cycle to meet the biosynthetic needs of the cell 2. By
removing bubbling, cells would have had access to COz generated following organic
carbon oxidation, which may have provided cells with an electron sink that could
compete with Hg'" reduction 2243, Alternatively, these results could be due to Hg°
oxidation in the absence of constant Hg® removal as has been observed in other anaerobes
44,45 \We are currently developing experiments to test for the potential contributions of

these processes to decreased relative Hg® production.

7.4.2 Mass dependent fractionation during anoxygenic phototrophic growth

As mentioned in the Methods section, we were unable to obtain reliable Hg isotope
measurements for all time points in the 2 nM Hg experiments despite obtaining high
recoveries in the total Hg mass balance (Fig D2). This meant we had insufficient data to
fit the linear regressions required to calculate eap. The changes made to the method in the
10 nM Hg experiments with periodic bubbling resolved this issue and are discussed in the

remainder of this section.
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Hg reduction in phototrophically grown H. modesticaldum resulted in positive
MDF but no MIF (Fig 7.2) and no isotope fractionation was observed in the abiotic
controls (Table D1 and Table D2). As such, the remainder of the discussion will focus
on biological Hg stable isotope fractionation. In the reactant pool, §2°2Hg" increased
steadily over time suggesting cells preferentially reduced lighter Hg" (Fig 7.2A). A
mirror trend was observed for §2°2HgP, which was depleted in 2°2HgP at the beginning of
the experiment, became enriched with heavier isotopes as the reaction proceeded and
eventually, approached the initial isotopic composition of the NIST 3133 standard (Fig
7.2B). Curiously, the $2°?HgP for the 3h time point in both live cell replicates showed that
product pool was initially enriched with heavy Hg isotopes (Fig 7.2B). These results
suggest that cells may have initially reduced a heavier pool of Hg that was bioaccessible
following the addition of Hg to the bioreactor. Similar results have been observed in iron
reducing bacteria that preferentially reduced heavier Fe'"' ¢ and anaerobic Hg
methylators 3¢, In the case of Hg methylation, the fractionation pattern was attributed to
cells accessing different pools of bioavailable Hg 3. Given that these results suggest there
was an alternative process contributing to isotope fractionation earlier in the experiment,
we omitted the 3h time points from isotopic enrichment calculations (Fig D3),

The linear trend observed from 6h on suggests that there were no competing Hg
transformations, such as Hg® re-oxidation, contributing to the Hg stable isotope
fractionation observed (Fig 7.2 and Fig D3). These results further support that the
decrease in relative HgP® production in the 10 nM Hg experiments is due to CO2
accumulation in the reactor rather than Hg® oxidation. Indeed, if oxidation of the newly

produced Hg® occurred (explaining lower net Hg® production), we would have expected a
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shift or inflection point in the isotope fractionation pattern for the later time points. Note
that a direct test for Hg® oxidation is required because it is possible the isotope
fractionation observed is the net result of several processes we are unable to tease apart at

this time (e.g. Hg sorption, internalization, reduction and possibly oxidation) #’.

7.4.3 Isotope enrichment for photochemical and microbial Hg transformations

The eap estimated for MDF in the reactant (e.g. Hg') and product pools (e.g. HgP) are -
0.8 and -2.00 %o, respectively (Fig D3). Although we present both values here, we will
compare the € values obtained in our study to that of others using the reactant Hg'"
signature, as is the convention. We chose this approach so we could compare our results
to previous studies that used Hg' to avoid uncertainties associated with low Hg°
recoveries from gold traps, which can contribute to an overestimation of € . We have
also provided an estimation of variability based on 2 standard deviations, as is the
convention, where data was available.

When compared with previous work, the isotopic enrichment observed for
phototrophically grown H. modesticaldum falls between the values observed for abiotic
photochemical and microbial Hg reduction pathways (Fig 7.3). The isotopic enrichment
observed for H. modesticaldum is slightly lower compared with photoreduction in the
presence of low concentrations of dissolved organic carbon (-0.60 + 0.20 vs -0.80 £ 0.56
%o) 2° but considerably lower compared with photoreduction in the presence of marine
exudates and UVB light (1.47 vs -0.80 + 0.56 %) 3’ (Fig 7.3). When compared with Hg
reduction during oxygenic phototrophic growth in the model green alga Isochrysis

galbana, the isotopic enrichment observed for H. modesticaldum is also lower (0.14 to
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0.60 vs -0.80 + 0.56 %o) 3’ (Fig 7.3). Importantly, all of the pathways mentioned above
also demonstrate MIF 2% 37, which was not observed during anoxygenic phototrophic
growth (Table D1 and Table D2). These results suggest that the processes affecting
isotopic fractionation during anoxygenic photosynthesis in H. modesticaldum are distinct
from those associated with oxygenic photosynthesis and abiotic photoreduction.

The occurrence of positive MDF and lack of MIF observed in H. modesticaldum are
more in line with what has previously been reported for enzyme-mediated and
cometabolic Hg reduction in chemotrophic bacteria. In this instance, we attribute the lack
of MIF to the fact that we employed a visible light source at a low intensity to limit
abiotic photochemical reduction while supporting phototrophic growth 2. When
compared with previous work on Hg reduction in pure cultures, the isotopic enrichment
observed for H. modesticaldum (-0.80 + 0.56 %) is up to two times higher than what has
been reported for mer-mediated reduction (-1.60 + 0.50 to -1.20 + 0.10 %) *! and
cometabolic anaerobic Hg reduction in Shewanella oneidensis MR-1 (-1.80 % 0.30 %o) *.
Despite displaying a similar trend in terms of MDF and lack of MIF, these results suggest
that the mechanisms contributing to isotopic enrichment during anoxygenic
photosynthesis are also distinct from other microbial Hg reduction pathways. When
considered alongside the differences in isotope enrichment with respect to photochemical
pathways, our study suggests that the mechanism contributing to Hg stable isotope
fractionation in H. modesticaldum is as an intermediate fractionation process that lies
between light-driven reactions and enzymatic Hg reduction. Importantly, Hg reduction
during anoxygenic photosynthesis is still identifiable due to the lack of co-occurring

photochemical effects.
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Interestingly, when compared with Hg methylation in the anaerobic chemotroph
Geobacter sulfurreducens PCA, the isotopic enrichment observed during anoxygenic
phototrophic Hg reduction was only slightly higher (-0.90 vs -0.80 + 0.56 %) *.
Although the §2°Hg observed for G. sulfurreducens eventually surpassed the initial
5?92Hg of the NIST 3133 standard, the §2°?Hg observed in H. modesticaldum did not (Fig
7.2). One can speculate that had the reaction supported by H. modesticaldum progressed
further we may have obtained a similar fractionation pattern since the product pool of
HgP had already approached ~ 0 %o (e.g. the starting composition of the Hg standard
provided), once ~15 % of the Hg'' was reduced. However, it is likely that H.
modesticaldum utilized a heavier pool of Hg'" at the beginning of the reaction since the
earliest time point of Hg® the experiment (3h) was isotopically enriched as well. These
results suggest that uptake or partitioning processes similar to those occurring in G.
sulfurreducens may take place in H. modesticaldum creating an enrichment of isotopes
due to the separation of isotope pools prior to Kinetic reactions. The similarity in isotopic
signal is highlighted here to suggest that similar processes may affect Hg delivery to
intracellular sites for Hg transformation regardless of the Hg transformation in question.
Although it is outside of the scope of the current study, identifying the nature of these
processes may provide insights into central controls that exist for Hg uptake and

transformation in anaerobes.
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7.5 FUTURE STEPS

In this study we have provided the first evidence that MDF occurs during Hg reduction
associated with anoxygenic photosynthesis in the model anaerobe H. modesticaldum. We
show that the isotopic enrichment observed during anoxygenic phototrophic growth is
different from what has been previously reported for abiotic photochemical Hg reduction
and other microbial Hg reduction pathways. Overall, our study suggests that the
mechanisms contributing to Hg stable isotope fractionation during anoxygenic
photosynthesis are distinct from those driving photochemical, enzymatic and
chemotrophic cometabolic Hg reduction.

One outstanding knowledge gap that remains is how fermentative Hg'" reduction will
affect isotope fractionation in H. modesticaldum and potentially other strains that support
a multitude of cometabolic Hg transformation pathways. Perhaps by changing to a
fermentative pathway, a fractionation pattern similar to what has previously been
reported in chemotrophic anaerobes 3 will be observed. Alternatively, perhaps the signal
will remain the same, suggesting a common mechanism driving Hg' reduction regardless
of the metabolic pathway employed. Given that all chemotrophic Hg reduction pathways
examined to date show no MIF #'it is assumed none will be observed under fermentative
conditions. With a method now in hand that can reliably measure Hg isotope
fractionation under strictly anoxic conditions and a wide range of growth temperatures,

such research questions are ripe for exploration.
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The distinction observed between our results and those of other microbial Hg
transformation pathways underscore that Hg stable isotope fractionation is a powerful
tool for studying microbial Hg transformations in the absence of identified genetic
targets. Although it remains challenging to extend laboratory scale observations to the
environment where several pathways likely contribute to isotope fractionation, additional
work on Hg stable isotope fractionation during anaerobic Hg reduction may provide an
isotopic signature that can be used to track these pathways in the environment. Such a
discovery would offer a powerful tool for evaluating the processes that control the

delivery of Hg to anoxic methylation sites, which has long eluded researchers.
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Figure 7.1: Total Hg and cumulative Hg® production by H. modesticaldum grown
phototrophically. A, D THg for live cells and sterile controls without cells with 2 nM
Hg and continuous bubbling (A) and 10 nM Hg with periodic bubbling (D). B, E
Cumulative HgP production for live cells and sterile controls without cells with 2 nM Hg
and continuous bubbling (B) and 10 nM Hg with periodic bubbling (E). C, F Microbial
growth as measured by O.D. 600 nm for live cells and sterile medium without cells with
2 nM Hg and continuous bubbling (C) and 10 nM Hg with periodic bubbling (F). All Hg

was supplied from the same stock (NIST 3133).
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Figure 7.2: Mass dependent fractionation of 2°?Hg in Hg" (A) and Hg® (B) during
phototrophic growth of H. modesticaldum and no cell control. §2°2Hg values for Hg"
and Hg? are plotted with respect to the fraction of remaining total inorganic Hg" in the
bioreactor. Insufficient Hg® was recovered from the no cell control and thus no results are
displayed. Fitted lines are shown in Figure D3 as are the fitting the parameters. 10 nM

Hg was used in all experiments and Hg was supplied from the same stock (NIST 3133).
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Figure 7.3: Compilation of isotopic enrichment factors from previous work on
abiotic and biotic Hg" reduction and biotic Hg' methylation. Metabolisms are
indicated based on colour coding and Hg transformations that are associated with mass-
independent fractionation are outlined by grey dotted lines. The values in this figure were
obtained form the following studies: anoxygenic photosynthetic reduction (this study),
MerA reduction 33; anaerobic respiration reduction *3; fermentative methylation 3*;
anaerobic respiration methylation > 3%; abiotic photodemethylation 2° %7; oxygenic
photosynthetic reduction *"; abiotic photoreduction 2% 3. Errors bars denote 2 standard

deviations for studies where this data was available.
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Chapter 8: Research synthesis

8.1 SUMMARY OF RESEARCH CONTRIBUTIONS

The overarching objective of my thesis research was to provide new mechanistic details
for anaerobic and phototrophic Hg reduction pathways. By using a combination of
physiological, biochemical and trace Hg analytical techniques, | have outlined novel Hg
reduction pathways that rely on metabolic machinery central to anoxygenic
photosynthesis and fermentation in a variety of anaerobic bacteria. At its core, my thesis
frames anaerobic Hg reducers as key players in the global Hg cycle that can control the
inorganic Hg substrates available for Hg methylation.

In Chapter 4, | tested the hypothesis that Hg reduction in PNSB was driven by a
redox imbalance incurred during photoheterotrophic growth. In this study, | developed
the first method for real-time measurements of anaerobic Hg® production at
environmentally relevant concentrations of Hg (e.g. pM range). By carefully controlling
growth conditions, | demonstrated that Hg' was preferentially reduced by different PNSB
when cells were supplied with light and reduced organic carbon. Furthermore, | showed
that sublethal concentrations of Hg'' supported faster cell growth when cells were subject
to a redox imbalance. These findings suggested that Hg could fulfill a physiological role
as an electron sink during photoheterotrophic growth, similar to what has been observed
for known redox homeostasis pathways such as inorganic carbon fixation 2.

This was the first study to demonstrate that Hg' reduction could be directly
coupled to photosynthetic metabolism. In addition, this study was the first to show
anoxygenic phototrophs could participate directly in Hg redox cycling. The rates of Hg°

production observed in bioreactor experiments were in line with those from previous
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work examining abiotic photoreduction 2 and Hg reduction in the metalimnion of
thermally stratified aquatic ecosystems 4 (Table A5). When normalizing for the amount
of light present in these experiments, | was able to show that PNSB were more efficient
at reducing Hg'" per mol of photon compared to abiotic photoreduction (38 to 185 pmol
L% molghoton M? in PNSB vs 0.01 to 1 pmol L. molpheton M? via abiotic photoreduction,
Table A6). This finding suggests that PNSB can catalyze Hg redox cycling at low light
intensities, providing a potential explanation for past trends where peaks in Hg®
concentration have been observed in environments where photoreduction is limited *°.
Given that PNSB are ubiquitous in aquatic ecosystems 7, this study supports that
anoxygenic phototrophs are important players in the Hg cycle of anoxic habitats where
Hg methylation occurs.

In the follow up study presented in Chapter 5, | tested whether the Hg reduction
pathways observed in PNSB were present in ecologically and phylogenetically distinct
families of anoxygenic phototrophs. Furthermore, | wanted to assess whether anoxygenic
phototrophs had the potential to control Hg’s fate in rice paddies where flooded
conditions support Hg methylation. To that gain, I explored mechanisms for Hg reduction
in Heliobacterium modesticaldum Icel, a representative from the family Heliobacteria
capable of photoheterotrophic and fermentative growth.

In contrast with PNSB, H. modesticaldum preferentially reduced Hg'" during
chemotrophic fermentative growth when all reducing power would normally go towards
the energetic and biosynthetic needs of the cell. Although | was unable to demonstrate
that redox imbalance drove Hg' reduction, 1 found little evidence of a beneficial role for

Hg during phototrophic and fermentative growth. By using physiological experiments
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and metabolic inhibitors, | showed that Hg" reduction relied on the ability of cells to
generate reduced redox cofactors (most likely ferredoxin) through the photosynthetic
electron transport chain and organic carbon oxidation in the absence of light. A similar
mechanism was also observed in the fermenter C. acetobutylicum, which suggests that
fermentative pathways for Hg reduction are potentially widespread in anoxic habitats.
The findings from Chapter 5 further support that anoxygenic phototrophs play an
important role in Hg redox cycling in both aquatic and terrestrial habitats. This study was
the first study to propose a mechanism for fermentative Hg' reduction in environments
where light and external electron acceptors are limited. Furthermore, H. modesticaldum
ended up being one of the best anaerobic Hg' reducers recorded to date, suggesting that
Heliobacteria play an important role in controlling Hg’s fate in anoxic terrestrial
environments. This finding is meaningful in the context of rice paddies where Hg
accumulation is becoming a global food safety issue because the majority of
Heliobacteria isolates originate from such environments &. The conclusions from this
study and those from Chapter 4 show that the redox conditions supporting cometabolic
Hg" reduction are more diverse than what has previously been reported. This study adds
to the growing list of anaerobic metabolisms that support Hg' reduction, which now
includes anaerobic respiration, anoxygenic photosynthesis and fermentation (Table 5.1).
In Chapter 6, I shifted my focus away from pathways that generate reducing
power to examine how assimilatory sulphur pathways that consume reducing power
could control Hg" reduction during anoxygenic photosynthesis. In this study | worked
with Heliobacillus mobilis Romero/Guest 6, a Heliobacteria strain isolated from a rice

paddy. | tested whether oxidized sulphur sources that required considerable reducing
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power to assimilate into biomass would limit Hg" reduction compared to more reduced
sulphur sources that required less reducing power to incorporate into cell material.
Although | faced a number of challenges linking complex assimilatory pathways to the
reducing power available for Hg reduction, this study showed that more reduced sulphur
sources did indeed support higher levels of Hg® production. The finding that H. mobilis
could reduce Hg" at comparable rates to H. modesticaldum further underscored the
importance of Heliobacteria in rice paddy Hg cycling.

Given the importance of sulphur as a nutrient for Hg methylating SRB, the
findings from this study suggest common pools of nutrients play an important role in
controlling competing microbial Hg transformations in anoxic habitats. In the context of
rice paddies, anaerobic Hg reducers may couple thiosulphate assimilation to Hg"
reduction, which could favour Hg® evasion from shallow paddy systems and limit the
availability of terminal electron acceptors to Hg methylating SRB ® 1°. Anaerobic Hg
reducers may also outcompete methylators for Hg bound to cysteine, which can serve as
a substrate for MeHg production 12, Importantly, this study also highlights the other
extreme that can occur in the environment wherein anaerobic Hg reducers produce little
HgP in the presence of oxidized sulphate, which could instead stimulate MeHg production
by SRB 3. Ultimately, this study revealed the importance of considering how both
assimilatory and dissimilatory pathways affect the overall redox state of the cell, which

plays an important role in mediating cometabolic Hg' reduction.
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Unlike the other chapters in my thesis that were primarily hypothesis-driven, the
work presented in Chapter 7 outlined new analytical tools using Hg stable isotope
fractionation to study anaerobic Hg reduction. This study was primarily motivated by the
lack of dedicated genetic tools that exist for studying anaerobic Hg redox cycling in
Heliobacteria strains and the challenges associated with detecting anaerobic Hg redox
cycling in the environment. This study provided the first evidence of MDF for Hg
reduction during anoxygenic photosynthesis in H. modesticaldum (e.g. cells preferentially
reduced lighter Hg'") and showed that no MIF occurred, similar to what has been
observed for other microbial Hg reduction pathways * 1°, Interestingly, the isotopic
enrichment calculated for phototrophically grown H. modesticaldum was in between the
values reported for abiotic photoreduction %17 and microbial Hg reduction * %, This
finding suggests that although the isotope fractionation processes supported during
anoxygenic phototrophic reduction bear some semblance to those that occur in light
catalyzed and chemotrophic Hg reduction pathways, they ultimately remain distinct.

Although this method proved challenging to develop, particularly with respect to
collecting enough HgP for reliable isotope analyses, it revealed how Hg stable isotopes
can be used to characterize different anaerobic Hg reduction pathways in the absence of a
genetic system. It is difficult to extend the conclusions from Chapter 7 to the
environmental scale given the controlled nature of the experiments performed, however
this study provides the basis for further exploration of the isotopic signatures associated
with anaerobic Hg reduction pathways. Eventually, such studies may lead to the
development of biogeochemical proxies that can be used to track cryptic anaerobic Hg

redox cycling pathways in the environment.
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8.2 ENVIRONMENTAL CONTEXT

The findings from my thesis suggest that anaerobic and phototrophic Hg redox cycling
pathways are widespread in the environment. By focussing on the mechanistic details of
anaerobic Hg reduction pathways, | was able to identify several variables including light
intensity, organic carbon source composition and concentration, electron sink availability
and sulphur source redox state, that can be used to further explore which habitats are
hotspots for anaerobic Hg reduction. Validating whether similar controls exist at the
environmental scale will be a key step in characterizing the ecological niches that can
support anaerobic Hg reduction. By comparing where the niches of anaerobic Hg
reducers overlap with those of Hg methylators, we can develop a better understanding of
how microbial Hg redox cycling can limit MeHg accumulation in the environment.
Characterizing the contributions of anaerobes and phototrophs to Hg cycling at
the environmental scale will become increasingly important with ongoing global
environmental change. As mentioned in Chapter 1, predicted increases in phytoplankton
blooms and eutrophication will potentially lead to a cascading series of events that will
influence Hg’s mobility and toxicity in the environment. The findings from my thesis
suggest that increased eutrophication may lead to increased Hg redox cycling because of
increased photosynthetic and mixotrophic metabolic activity. Although such pathways
may favour HgC evasion, the presence of physical barriers in thermally stratified water
columns could prevent Hg volatilization. This scenario may result in the release of Hg°
from poorly bioavailable ligands that can subsequently be used as a substrate for Hg
methylation (Fig 3.1) '® °. The oxygen depletion resulting from organic matter

degradation following eutrophication may further stimulate anoxygenic phototrophic and
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chemotrophic Hg reduction pathways alongside Hg methylation in anoxic habitats.
Despite the impact that anaerobic Hg reduction pathways may have on Hg accumulation
in aquatic food webs, how eutrophication will affect the relative contributions of
competing microbial Hg transformations that control Hg’s bioavailability remains
unknown.

In addition to improving our understanding of Hg cycling in the environment, the
work presented in my thesis could serve as the basis for developing strategies to better
manage Hg pollution in line with the goals set forth in the Minamata Convention. Such
strategies could draw on designs from other industrial applications involving anaerobes
and phototrophs such as wastewater treatment 2, solvent production 2* and biofuel
generation 22, to develop systems that remove Hg from contaminated water and soil.
These treatment methods could take the form of a closed bioreactor, similar to the type
employed in the Hg® experiments presented throughout my thesis, where conditions are
optimized for the removal of Hg" and Hg? is captured following volatilization.
Alternatively, the findings in Chapter 6 suggest in situ strategies that rely on supplying
environmental conditions conducive to favourable Hg transformations vs unfavourable
ones (e.g. reduction vs methylation) could also be employed at minimal cost.

During my graduate studies, | took concrete steps to apply my research to meet
industry needs by participating in the incubator program Startup Garage. Together with
Dr. Alexandre Poulain, I created the company Microbright with the goal of developing
biotechnology to manage Hg pollution in the mining industry. | have provided a summary
of Microbright’s progress over the last two years in Appendix E to illustrate the

challenges involved in scaling laboratory research to meet industry needs.
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8.3 EVOLUTION OF ANAEROBIC MERCURY METABOLISM

One of the core findings from my research is that there exists an intimate link between
cellular redox metabolism and cometabolic Hg' reduction. Although such a link may
seem intuitive given that reducing power is required to reduce oxidized molecules,
linking the overall redox state of the cell to Hg' reduction is rarely discussed. When we
consider that anaerobes and anoxygenic phototrophs were present on Earth before the rise
of oxygen 23, perhaps the ability to reduce Hg'" to HgP as a by-product of metabolism
precluded the need for costly detoxification strategies such as the mer operon 24, Given
the diversity of anaerobes that are known to reduce Hg', the ability to reduce Hg may
simply depend on cells being supplied with redox conditions optimized for specific
anaerobic metabolic pathways that can support Hg reduction. If this is indeed the case,
the work published to date on anaerobic and phototrophic Hg reduction has just scratched
the surface of the diversity of microbes capable of Hg redox cycling.

Although there is little evidence of functioning mer-based strategies in anaerobes
and phototrophs, there are a small number of reports that show mer homologues may be
present in anaerobes and phototrophs °. With the increased availability of genomic
information, it is entirely possible that novel mer operons may be uncovered in anaerobes
and phototrophs. In the event that such pathways are discovered, it will be interesting to
compare what selective forces drive the adoption mer-based vs. cometabolic Hg
reduction strategies. Such a comparison would provide valuable insight into how
microbes have adapted to tolerate Hg stress and potentially use otherwise toxic metals in

their metabolism throughout Earth’s history.
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8.4 LIMITATIONS AND RECOMMENDATIONS

One of the more challenging aspects of using a physiological approach to elucidate
mechanisms for microbial Hg reduction is linking Hg redox cycling to the redox state of
the cell. Although I was able to do so in Chapter 4, this proved challenging in other
experiments where cells did not yield enough biomass to effectively extract redox
cofactors under the conditions tested. Future experiments would benefit from adopting
more refined analytical techniques such as liquid chromatography mass spectrometry 2
or developing biosensors that can track the ratio of redox cofactors in vivo as has been
done in past work 6. In the context of obligate anaerobes, it will be important that such
methods are optimized for completely anoxic conditions to provide an accurate picture of
the relationship between anaerobic metabolism, cell redox state and Hg reduction.

In addition to improving the analysis of redox cofactors, future work should also
consider using molecular approaches such as gene knockdowns or deletions to resolve
mechanistic details for anaerobic Hg reduction pathways. These techniques could be
coupled with proteomic or transcriptomic analyses in well-characterized model
organisms to tease apart the metabolic coupling points that exist between Hg reduction
and anaerobic metabolism. Such studies have recently been carried in the DMRB, G.
sulfurreducens 2”28, however this type of approach has yet to be applied to phototrophic
or fermentative Hg reduction. These experiments will be important for identifying the
physiological controls that exist for cometabolic Hg transformations and developing

genetic targets that can be used to track anaerobic Hg reduction in the environment.
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It is important to note that all of the experiments in my thesis were done using
pure cultures under carefully controlled growth conditions. Although this was a necessary
step for elucidating the mechanism supporting Hg reduction, it is not representative of
microbial communities in the environment. Given the potential implications that
anaerobic Hg reduction can have on Hg methylation, future work should consider using
co-culture experiments with model anaerobic Hg reducers and Hg methylators to better
understand how these pathways interact in the environment. Such experiments would
provide a strong basis for environmental scale work that addresses how anaerobic Hg

redox cycling affects MeHg production in natural microbial communities.
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SUPPORTING METHODS

Section 1: Summary of growth conditions employed in bioreactor experiments

Table Al: Summary of growth conditions for bioreactor cultures.

Metabolism  Presence  Presence Strain
of light  of oxygen
(Y/N) (Y/N)

[Carbon source]
and [exogenous
electron acceptor]

Phototrophy Yes No Rp. palustris
R. sphaeroides

R. capsulatus

30 mM acetate
15 mM butyrate 2

30 mM acetate
15 mM butyrate
15 mM butyrate + 1 uM Fe'''-citrate
15 mM butyrate + 100 uM HCO3
15 mM butyrate + 10 mM HCOs
15 mM butyrate + 20 mM HCOs
15 mM butyrate + 1 nM DMSO
15 mM butyrate + 20 mM DMSO
15 mM butyrate + 20 mM KNOsz®

Chemotrophy No Yes Rp. palustris
R. sphaeroides
R. capsulatus

30 mM acetate
15 mM butyrate °

a- Rp. palustris grown on 15 mM butyrate required 10 mM HCOz3™ to achieve

suitable cell densities for the bioreactor.

b- R. capsulatus grown on 15 mM butyrate and 20 mM KNOs3 required 10 mM

HCOj3 to achieve suitable densities for the bioreactor.

c- R. sphaeroides grew poorly chemotrophically on 15 mM butyrate and did not

achieve cell densities suitable for bioreactor experiments, as such, this treatment

was omitted.
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Section 2: Thermodynamic calculations

Table A2: Concentration ranges of products and reactants involved in the oxidation of
butyrate to CO2, polyhydroxybutyrate (PHB) or biomass and coupled to the reduction of
Hg?".

Concentration (M) References

[Hg?"]  1x102- 1x10 :
Reactants [Butyrate] 1x107 - 1x10° 2.3

[NHs]  1x10° - 1x10°

[Hg"] 1x101 - 1x10°%0 1

[H'] 10°°- 1x10°® 4
Products [HCOs]  1x10°-1x103 S

[PHB]  1x10"7-1x10% 6a

[Biomass] 1x10°® - 1x10® 7

8Assuming 24 fg of protein per cell, a concentration of 0.5 pg of PHB per mg of protein
and 2x10° cells.mL™.

b Assuming the mass of a cell at 1 pg and the molecular weight of a purple bacterium to
be 22.426 g.mol™ and an abundance of 2x10° cells.mL™

Table A3: Reactions and AG? for the oxidation of butyrate coupled to DMSO reduction.

AG® = -
nF(AE?)
(kJ.mol ™)
C4HgO2 + 6H20 + 10(CH3)2SO - 4CO- + 18H+ + 10(CHz3)2S -984.1
n(C4H803) + (CH3)2SO > (C4HeO2)n + nH+ + (CH3)2S -98.4
2C4HgO7 + 1.44NH4+ + 2.72(CH3)2SO = 2CH1.8No.1800.38+ 0.96H20 + 1338

3.44H. + 2.72(CHs)2S

Table A4: Reactions, AG® and AG for the oxidation of butyrate coupled to Hg?*
reduction. The range of data provided for AG was calculated using the minima and
maxima of concentration ranges.

AGP = - AG=AG®+
nF(AE?) RTINQ
(kJ.mol™?) (kJ.mol™)

CaHgO2 + 6H20 + 10Hg** - 4CO, + 20H" +

10Hg? -2219.2  (-3300) - (-2840)

n(C4Hs02) + Hg?" = (C4HeO2)n + 2nH* + HgP -221.9 (-395) — (-162)

2C4HgO7 + 1.44NH,* + 2.72ng+ ->

2CH1.8No.1800.38 + 0.96H20 + 5.44H* + 2.72Hg° -301.8 (-591) - (-383)
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Section 3: Bioreactor setup and elemental mercury measurements
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Figure Al: Schematic representation of bioreactor supplied with conditions for

phototrophic growth.
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% total recovery

SUPPORTING RESULTS

Section 4: Total Hg and water mass balance:
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30 mM acetate 15 mM butyrate

Chemotrophic growth

Figure A2: THg and water recoveries for bioreactor experiments with live R. capsulatus.

The % total recovery is relative to the amount of THg measured at To for each

experiment.
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Section 5: Hg® production experiments for Rhodobacter capsulatus grown

phototrophically on 15 mM butyrate supplied with 20 mM HCOs", 1 uM Fe'!'-citrate

or 20 mM NO3 as KNO3
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Figure A3: Repeat experiments of Hg® production normalized for cell density (a) and

cumulative Hg® production (b) for phototrophically grown R. capsulatus supplied with 15

mM butyrate in the absence of HCOz™ vs 20 mM HCOs™ and sterile medium amended

with 10 mM HCOz3'.

Fig A3 has been provided to illustrate the variability associated with biotic and

abiotic Hg® production for a representative subset of experiments with butyrate. When

comparing HgP production by live phototrophic cells supplied with 15 mM butyrate with

and without 20 mM HCOg3, we repeatedly observed a decrease in Hg® production and

sterile medium controls consistently showed negligible Hg® production.
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Figure A4: HgP production for R. capsulatus grown phototrophically on 15 mM butyrate
in the presence of 1 uM Fe''-citrate or 20 mM NO3" as KNOs.

While under standard conditions, the potential for Fe3*/Fe?* is similar to that of
Hg?*/Hg®, free Fe'"" is virtually absent from solution. Depending on whether Fe' is
present as insoluble oxides or dissolved and bound to an organic ligand, its redox
potential will vary (for example, Fe3*/Fe** E°= 0.77V vs. Fe'"-citrate E°=0.320V, Fe'''-
oxide: -0.2<E%<+0.2V). Similarly, depending on whether Hg" [0.7V < E°(Hg?*/ Hg?) <
0.85V] or Hg' [present as Hg.?* E°(Hg2**/Hg®) = 0.4 V] act as electron acceptors, the
reduction potential of Hg will depend on the environmental conditions & and the ligands
to which they are bound °. Iron oxides are poorly bioavailable and only outer-membrane
bound enzymes could lead to their reduction. R. capsulatus does not possess such
enzymes and has previously been shown to not catalyze Fe'" reduction °. Finally, while
likely present at redox interfaces, iron oxides are not predicted to dominate the redox

speciation of iron under anoxia that would be mostly present as soluble Fe''.
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That being said, to address the role of Fe'"', one of the most redox active metals in

biological systems, we performed a competition experiment with Fe™'. We must stress

that this experiment had one important caveat with respect to maintaining both Hg' and

Fe''" in solution: Fe'"' was provided as soluble Fe'"

-citrate (1uM) to prevent the formation
of insoluble iron oxides and minimize the possibility of cells and Hg'" adsorption onto
iron oxides. Providing citrate, a known metal chelator, will limit Hg" bioavailability and
therefore the expected Hg'" reduction rates.

With this possible caveat in mind, we report that phototrophic Hg® production
proceeded in the presence of Fe'''-citrate, leading to the production of 15.00 pmol of HgP.

These results suggest that it is unlikely Fe'"' is a competing electron sink in the

environment.
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Section 6: Comparison of growth rate calculations for phototrophic cultures of

Rhodobacter capsulatus supplied with sublethal concentrations of Hg

Pairwise method growth rate (hr'

0.05

0.03

Hg (nM)

Ln slope method growth rate (hr'1)

0.10 0.15 0.20

Hg (nM)

Linear slope method growth rate (hr-')

0.003 0.005 0.007

Hg (nM)

Figure A5: Comparison of growth rate calculations for phototrophic cultures of R.

capsulatus supplied with sublethal concentrations of Hg. Growth rates obtained by

calculating the slope chronologically between pairs of points (a), fitting a natural

logarithmic curve (b) and a linear regression (c) are presented for cells grown on 1 mM

butyrate (n = 3). The bottom and top of the boxes show the first and third quartiles,

respectively, the bar in the middle shows the median and the whiskers show the minimum

and maximum for each treatment. [Hg] had the same significant effect on growth rate

(p<0.05) regardless of the calculation method employed and variability was comparable

among growth rate calculation methods. Letters not shared between treatments indicate a

significant (p<0.05) difference based on Tukey HSD test
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Section 7: Hg® production for anaerobic metabolism and photochemical processes

Table A5: Hg? production rates for model anaerobic organisms and abiotic

photochemical processes.

Rate of Hg° Ha' % Hg°
Organisms production ? L1 produced  Reference
(pmol.Lt.hY) (pmol.L7) per hour
Dissimilatory metal reducing
bacteria: 3.3x10% — 1.5x10° — 92159 n
Shewanella oneidensis MR-1 and 40x10° 8.25x10° e
Geobacter sulfurreducens PCA
Dissimilatory metal reducing
bacteria: 3.75x10° 2.5x10° 15 12,13
Geobacter sulfurreducens PCA
Anoxygenic phototrophs:
Rhodobacter capsulatus SB1003, 950 0.1-1.3 This
Rhodobacter sphaeroides 2.4.1, 0.3-33 - study
Rhodopseudomonas palustris TIE-1
In-situ metalimnetic incubation 0.01 10 0.1 1
Boreal lake
\Ij’vt;?;cr)sreductlon in surface lake 0.02— 0.28 1-10 05-28 114

Table A6: Hg? production rates for phototrophic metabolism and abiotic photochemical

processes normalized for incoming light energy.

Rate of Hg° o L0
production Hg" % Hg
(pmol.L- (pmol.L ) produced per Reference
1.molphotc;n.m2) | MOl M

Anoxygenic phototrophs:
Rhodobacter capsulatus
SB1003, Rhodobacter This
sphaeroides 2.4.1, 38.2-1850 250 1575 study
Rhodopseudomonas palustris
TIE-1
\Ii’vr;ctJ;(r)Sreductlon in surface lake 0.01-1 1-10 0.1-10 115
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While rates of phototrophic Hg reduction are at the lower end of what is reported for
dissimilatory metal reducing bacteria, they are comparable if not slightly higher than
what is observed for photochemically-driven Hg® production in surface waters and can
explain HgP production observed during in-situ metalimnetic incubations.

Furthermore, our experimental design allowed us to calculate the maximum cell
specific reduction rate of 75 amol.cell*.n"t.L%. This rate was obtained at an optimal
temperature of 28°C and can be corrected for the role of temperature on bacterial
metabolism to obtain a rate more representative of lake conditions (i.e., at 10°C) 6. This
corrected value is 0.75 amol.cell*.h.Lt. Anoxygenic phototrophs can be found in wide
diversity of environment and present at densities ranging from 103-10° cells.mI in
freshwaters 17, Using a conservative value of 10° cells.ml, we estimate that 0.75 pmol of
Hg" can be reduced per hour. This rate is enough to turn over almost all of the Hg present
per liter of lake water over the course of a summer day (assuming ca. 10h of effective
irradiance and 1 < [Hg'"] < 10 pM). While this is an overestimation as other reactions
such as oxidation, scavenging and methylation will also control Hg' level in freshwater,
this simple calculation provides contextual evidence, in addition to already existing field

data, highlighting the importance of phototrophic Hg reduction in the lake Hg budget.
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SUPPORTING METHODS

Strains, culture conditions and Hg growth assays

Stock solutions used in cell cultures were all prepared following anaerobic techniques.
Nitazoxanide (NTZ) stocks were prepared to a final concentration of 10 uM in pure
DMSO sparged with N2 and stored at 4°C in the dark. For DMSO controls, the DMSO
solution was bubbled with N> prior to being added to the bioreactor; final concentration
of DMSO in the reactor was 2.8 mM. Sodium nitrite stocks were prepared to a final
concentration of 10 mM in ultra pure miliQ, filter-sterilized, sparged with N2 and stored
at 4°C in the dark; final concentration of NO>™ in the reactor was 10 puM. For experiments
where HCO3™ was supplied, a stock solution of 1 M was prepared by dissolving NaHCO3
in ultra pure MiliQ and autoclaving for 30 minutes at 121°C under 80% N2/20% CO>
atmosphere prior to use. Fumarate stock solutions were prepared at a final concentration
of 40 mM in ultra pure miliQ, filter sterilized (0.2 um pore size), bubbled with N2, sealed
and crimped shut in sterile serum bottles prior to use. All equipment used in the anaerobic
glove box was conditioned for at least 48 hours prior to use.

For Heliobacterium modesticaldum Icel, new cultures were started from a
cryostock for every bioreactor experiment. Cells were revived in DSMZ medium 655
(herein referred to as PYE) previously used to isolate H. modesticaldum ®. Cultures
started from cryostock were grown phototrophically in PYE with an incandescent light
source that emitted light primarily in the visible near-red to red spectrum (600 to 700 nm)
at an intensity of 80 umol photon m2s™at 50°C in line with previous work * until
reaching early stationary phase. Afterwards, a 10 % inoculum was used to re-inoculate 10

mL of fresh PYE and cells were grown phototrophically (with the same light intensity) or
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chemotrophically (in the dark) at 50°C. These cultures were used to establish finely
resolved growth curves and in Hg growth assays (see Fig B1 and B2).

For experiments testing the effect of carbon source on HgP® production some
modifications to the initial PYE medium growth protocol were made. Phototrophic H.
modesticaldum cells were grown with pyruvate, acetate, acetate + HCOg3™ and/or yeast
extract alone as a carbon source. Cells were grown until late exponential phase before
being subsampled to supply a 10% inoculum for cultures with a final volume 75 mL
destined for the bioreactor and grown under the same conditions (see Table B1).
Chemotrophic cells were grown exclusively in PYE because no other carbon source
supported chemotrophic growth. Upon reaching late exponential phase, cells were
inoculated into the bioreactor as a 10 % inoculum in a final volume of 560 mL of media
with the desired carbon source treatment.

For Clostridium acetobutylicum ATCC 824, new cultures were started for every
bioreactor experiment. Cells were revived in DSMZ medium 104b (herein referred to as
PYX). Cells were grown in the dark at 37°C until reaching early stationary phase after
which point they were rotated as a 1 % inoculum in a final volume of 10 mL into fresh
PYX. Cells were grown to late exponential phase and re-inoculated as a 1 % inoculum in
a final volume of 75 mL of PYX in cultures destined for the bioreactor. Experiments
were performed in PYE where all SO4 salts were substituted with chloride salts
(PYEASO4?) to avoid competition between Hg' reduction and SO4% reduction. Cells
were also supplied with Hg' in DSMZ medium 104b to account for the effect of
suboptimal growth medium (see Table B1 and Table B2). Cells achieved extremely high

densities as such a 1-2 % inoculum, rather than 10%, was chosen for the bioreactor
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experiment to ensure initial cell densities were comparable amongst strains for the NTZ
and/or DMSO experiments. The initial volume of medium in the bioreactor was corrected
to ensure that identical volumes were maintained throughout all experiments.

Geobacter sulfurreducens PCA cells were revived from cryostock and grown in
defined medium (herein referred to as GSMM) according to previous work 2 with the
following modification: resazurin, the color indicator used to monitor anoxia, was
removed to avoid issues with abiotic Hg reduction given that resazurin is a reducing
agent. Cells were grown chemotrophically in the dark at 28°C. Cells took between 10 to
12 days to re-initiate growth, as such, cultures were maintained by re-inoculating fresh
GSMM every 4 days with a 10 % inoculum in a final volume of 10 mL. Upon reaching
late exponential phase, a 10 % inoculum was used to start cultures in GSMM with a final
volume of 75 mL destined for the bioreactor. Upon reaching late exponential phase a 10
% inoculum was used to inoculate the bioreactor where cells were supplied with Hg" in
560 mL of PYEASO4* or GSMM medium (see Table B1).

Escherichia coli K-12 cultures were plated aerobically from cryostock onto LB
medium and grown at 37°C overnight. A single colony was used to inoculate PYE
medium and incubated at 37°C under 100% N2 headspace for 24 hours before a 1 %
inoculum was used to re-inoculate 75 mL of fresh PYE medium. These cultures were
incubated at 37°C under 100 % N2 headspace for 24 hours and a 10 % inoculum was used

to inoculate a final volume of 560 mL of PYE medium in the bioreactor.

278



HPLC measurements of pyruvate and acetate

Separation of compounds was achieved on a Synergy Polar column (150 mm x 2.1 mm
I.D., 1.7 um particle size, Phenomenex, Torrance, CA, USA). The mobile phase
consisted of 0.1% formic acid in water (Fisher optima LCMS). Quantification was
performed based on the peak area in each sample analyzed compared to the peak areas of
known concentrations of each compound in the calibration curve. The setup was
comprised of an Agilent 1100 series system that had a quaternary pump, a 100 pL built in
sampling loop, a column thermostat and a photo diode array detector. The optimized
sample analysis conditions were as follows: the column thermostat was set 65°C, flow
rate was 0.2 mL min, mobile phase delivery was isocratic, the emission spectra used to
detect each compound with the photodiode array detector was measured at 210 nm using
the emission at 380 nm as reference, finally, 2 pL of each sample was injected.
Chemstation B.03.02 software was used to acquire and analyze the data. Calibration
curves for each compound were made using sodium pyruvate from Fisher scientific
(BP356-100, purity 99%) and sodium acetate from Sigma-Aldrich (S5636-500g, purity

99%) dissolved in 0.1% formic acid.

Statistical analyses

One-way ANOVAs were performed for phototrophic and chemotrophic Hg exposure
assays using R statistical software 3. In the event of detecting a significant difference,
assumptions of constant variance and normality were verified with the Brusch-Pagan test
and the Shapiro-Wilks test, respectively, with the significance thresholds set to p = 0.05

for each test. Significant differences were then identified using the Tukey HSD test. The
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sample size employed for growth assays was n = 3 per treatment. All assumptions were
passed for significant differences and these values are reported in the figure legends (Fig
B4). A non-linear regression model was fit to the cumulative Hg® production data as a
function of pyruvate concentration using Sigmaplot software. In this instance, a natural
logarithmic function was fit to a data set of n= 8. Given the significant fit, assumptions of
constant variance and normality were verified with the Sigmaplot software with the
significance threshold set to p = 0.05 for each test. All assumptions were passed, and

these values are reported in the figure legends (Fig 5.3).

PYRUVATE METABOLISM IN MODEL ANAEROBES

Clostridium acetobutylicum ATCC 824 is a strict fermentative anaerobe known to have a
central carbon metabolism similar to H. modesticaldum . Both strains oxidize pyruvate
to acetyl-CoA via PFOR and produce reduced ferredoxin, but the acetyl-CoA generated
by C. acetobutylicum can be a precursor of several oxidized (e.g., acetate, acetone, CO5)
or reduced (e.g., butanol, butyrate) products, the ratios of which depend on environmental
culture conditions °.

Geobacter sulfurreducens PCA is a non-fermentative strain ® known to reduce
Hg' 7 8 that requires an exogenous terminal electron acceptor to generate energy °. G.
sulfurreducens can also use pyruvate as a carbon source . It has three enzyme systems
capable of converting pyruvate to acetyl-CoA: pyruvate-ferredoxin oxidoreductase
(PFOR with ferredoxin as a cofactor), pyruvate-formate lyase (PFL; no redox cofactor),
and a putative pyruvate dehydrogenase complex (PDH, NADH/NAD+ and FADH/FAD+

as redox cofactors) 1. PFOR appears essential for conversion of pyruvate into acetate,
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CO; and reduced ferredoxin, but this reaction is slow °. Alternatively, pyruvate can be
converted to acetyl-CoA via the PDH complex when fumarate is used as a terminal
electron acceptor °.

Finally, we also used Escherichia coli K-12, a facultative anaerobe. E. coli that
can grow fermentatively and has several enzymes that can catalyze the conversion of
pyruvate into acetyl-CoA including a PFL, a PDH complex and a PFOR. It has been
shown for E. coli that PFOR is 100 to 1000 times less active than PFL or PDH and the

latter two systems are the principal enzymes converting pyruvate into acetyl-CoA *2,
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SUPPORTING FIGURES
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Figure B1: Total Hg mass balance for select experiments with live Heliobacterium
modesticaldum Icel grown phototrophically and chemotrophically. The average
(Avg) and standard deviation for quantities of Hg recovered at the beginning and end of

the experiment are based on a sample size of n = 7.
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Figure B2: Percent total Hg recovered for select experiments with live
Heliobacterium modesticaldum Icel grown phototrophically and chemotrophically in

PYE. The average (Avg) and standard deviation for percentage of Hg recovered is based

on a sample sizeof n = 7.
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Figure B3: Growth curves for Heliobacterium modesticaldum Icel grown
phototrophically and chemotrophically with and without repeated spikes of Hg. A,
B growth curve for cells grown phototrophically and chemotrophically in the absence of
Hg (A) and in the presence of 500 nM HgCl. supplied as two doses of 250 nM 24 hours
apart (B). Data points are the average of n = 3 replicates and error bars represent standard

deviations.
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Figure B4: Growth parameters for Heliobacterium modesticaldum Icel cells grown
phototrophically (top panels) and chemotrophically (bottom panels) in the presence
of 500 nM HgClz. The bottom and top of the boxes show the first and third quartiles,
respectively, the bar in the middle shows the median and the whiskers show the minimum
and maximum for each treatment, all of which had a sample size of n = 3. [Hg] had a
significant effect (p < 0.05) on yield for phototrophically grown cells (p = 0.0009). Tests
for constant variance and normal distribution for phototrophic yield were passed
(significance threshold for rejection of null hypothesis p = 0.05) withp=0.88 and p =
0.29, respectively. Letters not shared between treatments indicate a significant (p < 0.05)

difference according to the Tukey HSD test.
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Figure B5: Pyruvate and acetate concentrations for Heliobacterium modesticaldum
Icel grown chemotrophically in PYE medium with 0.2 g L™ yeast extract. A, B
Pyruvate and acetate concentrations as measured by HPLC (A) and microbial growth (B).

Data points are the average of n = 3 and error bars represent standard deviations.
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Figure B6: Repeated experiments measuring Hg® production by Heliobacterium
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microbial growth (C) for cells initially grown in PYE medium and supplied with Hg' in

the absence of organic carbon. The average quantity of HgCl> present at the beginning of

each assay was 177.18 + 12.84 pmol.
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Figure B8: Growth curves for Heliobacterium modesticaldum Icel, Clostridium

acetobutylicum ATCC 824 and Geobacter sulfurreducens PCA in PYE medium in the

presence of NTZ and DMSO.
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Table B1: Summary of growth conditions in bioreactor experiments.

Growth conditions

Exposure conditions in bioreactor

Strain Metabolism T (°C) Carbon source(s) e- sink (mM) T (°C) Carbon source(s) e- sink/inhib. treatment
(mMorglL?) (mMorglL? (UM or mM)
Heliobacterium Phototrophy 50 Pyruvate (20 mM) + NA 50 Pyruvate (20 mM) + NA
modesticaldum lIcel YE (4gL? YE (4gL?) NTZ (10 uM) + DMSO (2.8 mM)
DMSO (2.8 mM)
No carbon NA
Acetate (30 mM) + Acetate (30 mM) + NA
YE (4gL*) YE (4g LY
Acetate (30 mM) + HCO5 (10 mM)
YE (4 g LY
YE (4gL?Y YE (4g LY NA
Chemotrophy 50 Pyruvate (20 mM) + 50 Pyruvate (20 mM) + NA
YE (4gL?Y YE (4g LY NTZ (10 uM) + DMSO (2.8 mM)
DMSO (2.8 mM)
No Carbon NA
YE (4g LY NA
YE (02gL%) NA
Acetate (30 mM) NA
Pyruvate (100 mM) NA
Pyruvate (20 mM) NA
Pyruvate (2 mM) NA
NO; ~ (10 pM)
Clostridium Chemotrophy 37 Glucose (28 mM) + NA 37 Pyruvate (20 mM) + NA
acetobutylicum Peptone (10 g L) + YE (4gL?) NTZ (10 uM) + DMSO (2.8 mM)
ATCC 824 YE (10g L% DMSO (2.8 mM)
Glucose (28 mM) + NA
Peptone (10g L) +
YE (10 g L)
Geobacter Chemotrophy 28 Acetate (10 mM) Fumarate 28 Pyruvate (20 mM) + NA
sulfurreducens (20 mMm) YE (4gL?) NTZ (10 uM) + DMSO (2.8 mM)
PCA DMSO (2.8 mM)
Fumarate (40 mM)
Acetate (10 mM)? Fumarate (40 mM)
Escherichia coli K-  Chemotrophy 37 Pyruvate (20 mM) + NA 37 Pyruvate (20 mM) + NA

12

YE(4gLY

YE (4gL?Y

Abbreviations: yeast extract = YE, electron = e-. C. acetobutylicum and G. sulfurreducens were supplied with Hg in PYE where SO4*

salts were replaced with chloride salts (referred to in the manuscript as PYEASO4?)

& These medium recipes represent the optimal growth medium used to study additional model anaerobes referred to in the main body

of text.
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Table B2: Dataset for bioreactor experiments. Abbreviation = treatment (Treat); metabolism (Metabo); electron (e-), temperature (T),

replicate (Rep), phototrophlc (Photo), chemotrophic (Chemo), yeast extract (YE), no cells (NC) and autoclaved cells (Auto).

Treat Strain Metabo. Carbon source e- sink/ Inoculum Metabo. Carbon source Electron Rep# Initial Final Cumulative Hg®
(°C) (mM or g L-1) Inhibitor/treatment 0.D. 600 ("C) (mM or g L-1) sink/Inhibitor/treatme 0.D. 600 0.D. 600 production (pmol)
(UM or mM) nm nt (UM or mM) nm nm
Live Heliobacterium Photo 50 Pyruvate (20 mM) + NA 0.574 Photo 50 Pyruvate (20 mM) + NA 1 0.046 0.523 101.99
modesticaldum YE (4gL-1) YE (4gL-1)
Icel
Live Heliobacterium Photo 50 Pyruvate (20 mM) + NA 0.872 Photo 50 Pyruvate (20 mM) + NA 2 0.129 0.424 97.59
modesticaldum YE (4gL-1) YE (4gL-1)
Icel
Auto. Heliobacterium Photo 50 Pyruvate (20 mM) + NA 0.582 Photo 50 Pyruvate (20 mM) + NA 1 0.063 0.058 5.26
modesticaldum YE (4gL-1) YE (4gL-1)
lcel
NC Heliobacterium Photo 50 Pyruvate (20 mM) + NA NA Photo 50 Pyruvate (20 mM) + NA 1 0.005 0.005 4.44
modesticaldum YE (4gL-1) YE (4gL-1)
lcel
Live Heliobacterium Photo 50 Pyruvate (20 mM) + NA 0.82 Photo 50 Pyruvate (20 mM) + NTZ (10 pM) + 1 0.131 0.125 86.02
modesticaldum YE (4gL-1) YE (4gL-1) DMSO (2.8 mM)
Icel
Live Heliobacterium Photo 50 Pyruvate (20 mM) + NA 0.78 Photo 50 Pyruvate (20 mM) + NTZ (10 pM) + 2 0.114 0.132 61.99
modesticaldum YE (4gL-1) YE (4gL-1) DMSO (2.8 mM)
Icel
Live Heliobacterium Photo 50 Pyruvate (20 mM) + NA 0.935 Photo 50 Pyruvate (20 mM) + DMSO (2.8 mM) 1 0.148 0.495 81.23
modesticaldum YE (4gL-1) YE (4gL-1)
lcel
Live Heliobacterium Photo 50 Pyruvate (20 mM) + NA 0.446 Photo 50 Pyruvate (20 mM) + DMSO (2.8 mM) 2 0.062 0.42 83.36
modesticaldum YE (4gL-1) YE (4gL-1)
lcel
Live Heliobacterium Photo 50 Acetate (30 mM) + NA 0.292 Photo 50 Acetate (30 mM) + NA 1 0.042 0.061 58.06
modesticaldum YE (4gL-1) YE (4gL-1)
Icel
Live Heliobacterium Photo 50 Acetate (30 mM) + NA 0.205 Photo 50 Acetate (30 mM) + NA 2 0.025 0.037 46.01
modesticaldum YE (4gL-1) YE (4gL-1)
Icel
Live Heliobacterium Photo 50 Acetate (30 mM) + NA 0.13 Photo 50 Acetate (30 mM) + HCO3- (10 mM) 1 0.018 0.02 43.31
modesticaldum YE (4gL-1) YE (4gL-1)
Icel
Live Heliobacterium Photo 50 Acetate (30 mM) + NA 0.201 Photo 50 Acetate (30 mM) + HCO3- (10 mM) 2 0.022 0.039 42.50
modesticaldum YE (4gL-1) YE (4gL-1)
Icel
Live Heliobacterium Photo 50 YE (4gL-1) NA 0.383 Photo 50 YE (4gL-1) NA 1 0.041 0.035 92.27
modesticaldum
Icel
Live Heliobacterium Photo 50 YE (4gL-1) NA 0.321 Photo 50 YE (4gL-1) NA 2 0.045 0.035 90.48
modesticaldum
Icel
Live Heliobacterium Photo 50 Pyruvate (20 mM) + NA 0.656 Photo 50 No Carbon NA 1 0.084 0.047 94.46
modesticaldum YE (4gL-1)
Icel
Live Heliobacterium Photo 50 Pyruvate (20 mM) + NA 0.792 Photo 50 No Carbon NA 2 0.1 0.092 79.96
modesticaldum YE (4gL-1)
Icel
Live Heliobacterium Chemo 50 Pyruvate (20 mM) + NA 0.236 Chemo 50 Pyruvate (20 mM) + NA 1 0.033 0.361 126.94
modesticaldum YE (4gL-1) YE (4gL-1)
Icel
Live Heliobacterium Chemo 50 Pyruvate (20 mM) + NA 0.285 Chemo 50 Pyruvate (20 mM) + NA 2 0.045 0.326 129.28
modesticaldum YE (4gL-1) YE (4gL-1)
Icel
Continued on next page 292
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SUPPORTING FIGURES
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Figure C1: Fluorescence in the presence of 5 nM Hg, sulphate, thiosulphate, methionine and
different concentrations of cysteine (denoted here as Cyst.) for constitutive bioreporter cells.
Cells were exposed to Hg in BMAA exposure medium (A) and DSMZ medium #370 amended
with 20 mM pyruvate (B) where [NO37] was set to 0.2 mM. Data presented here are from
technical triplicates. For experiments comparing different sulphur sources total sulphur
concentrations was normalized to 4 mM. The bottom and top of the boxes show the first and
third quartiles respectively, the bar in the middle shows the median and the whiskers show the

minimum and maximum for each treatment.
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Figure C2: Gel electrophoresis (TAE 1X,
100V, 15 minutes) of the merA PCR product.
Negative control — dH20 (A), positive control
— plasmid containing merA gene (B), H.
mobilis DNA extract (C). No amplification of

merA was detected in H mobilis DNA extract.
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Figure C3: Hg° production by H. mobilis grown phototrophically with 2 mM thiosulphate as a
sulphur source. Hg® production rate (A) and cumulative Hg® production (B) for live cells, sterile
medium without cells and autoclaved cells. HgCl, was added to a final concentration of 250 pM
in all experiments. Results are representative cases of replicated experiments, but each data point

was recorded once by the instrument as such no error bars are included.
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adenosine 5° — phosphosulphate), e- (electron)
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Figure C5: Abiotic Hg® production
in the bioreactor amended with
cysteine. All experiments were
performed in the presence of light
except for the dark treatment. Rate of
HgP production (A) and cumulative
HgP production (B) for sterile
medium containing no cells and 4
mM cysteine, and sterile medium
containing no cells and 250 pM
cysteine. Rate of Hg® production (C)
and cumulative Hg® production (D)
for sterile medium with no cells and
4 mM cysteine in the dark,
formaldehyde-killed H. mobilis with
4 mM cysteine, and sterile medium
with no cells devoid of all organic
carbon sources except 4 mM
cysteine. HgCl, was added to a final
concentration of 250 pM in all

experiments
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SUPPORTING TABLES

Table C1: Thermodynamic modeling data predicting dominant Hg species formed in the

presence of sulphate (SO4?), thiosulphate (S2032), methionine (met) and cysteine (cys) in

BMAA media at 37°C. All sulphur sources were calculated at 4 mM unless otherwise stated.

Sulphur Hg(OH). Hg(S:03)22 Hg(S203)s* Hg(NHs)2*2  HgH2(Cys)2. HgH(Cys) HgHCys*  Hg(Met):  HgMet*
source
No sulphur 97.0 0 0 3.0 0 0 0 0 0
Sulphate 97.0 0 0 3.0 0 0 0 0 0
Thiosulphate 0 89.3 10.7 0 0 0 0 0 0
Methionine 12 0 0 0 0 0 0 97.4 14
Cysteine 0 0 0 0 90.7 9.2 0 0 0
(4 mM)
Cysteine 0 0 0 0 62.6 5.4 30.4 0 0
(5 uM)
Cysteine 0 0 0 0 74.6 6.4 18.0 0 0
(10 pm)
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Table C2: Equilibrium formation constants (log:oK, T = 25°C) for all aqueous Hg species
considered in the speciation calculations. Activity corrections for ionic strength were made using
the B-dot Equation if the ion-specific hard core diameter (&) was present, otherwise activity
corrections were made according to the Davies equation. Temperature corrections to logioK were
made using the Van’t Hoff equation but if a temperature dependent analytical expression was
present, logioK was calculated using the expression from Parkhurst et al., (2013) 2 with values

A1, Az, Az, A4, As, As and temperature in Kelvin:

Formula a logK AH(KJ/mol) Ai Az As, As As, As Reference
2.971E+2, 4.096E-2, 5
Hg?* + 2H,0 = Hg(OH), + 2H* 34 -1.797E+4, -1.066E+2,
7.724E+5, 0
3.749E+1, -1.545E-3, -
L 6.956E+2, -
NHs + H" = NH; 2:5 1.149E+1, 2.655E+5, ‘
0
5
Hg”* + NHs = HgNH** 8.8
Hg? + 2NH; = Hg(NH3):2* 17.8 311 i
Hg?* + 3NH3 = Hg(NH3)3?* 18.156 -429 5
Hg?" + 4NH; = Hg(NHz).?" 19.3 -548 °
6.069E+2, 9.088E-2,
2Hg?* + H20 = Hg2(OH)®* + H* 8.2 -3.232E+4, -2.212E+2, 3
1.650E+6, 0
2.785E+2, 4.231E-2,
Hg?* + H20 = HgOH* + H* 4.1 -1.780E+4, -9.968E+1, 4
1.056E+6, 0
Hg?* + SO42 = HgSO4 2.535 5
2+ - _ + 5
Hg"" + NOs" = HgNOs 0.3157
Hg?* + 2NOs = Hg(NO3)2 -0.697 °
MOPS™ + H* = HMOPS 7.184 -21.1 °
B-Gylcerophospha_te2 + H" = Hp- 6.65 185 6
Glycerophosphate
HB-Glycerophosphate” + H = Hop3- 1329 122 6

Glycerophosphate
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H* + Cysteine? = HCysteine 10.87 !
2H" + Cysteine? = H,Cysteine 19.38 !
3H* + Cysteine? = H3Cysteine* 21.67 !
Hg?* + Cysteine? =HgCysteine 35.73 ’

2 L+ i 2-
Hg" +H _C):stelne 43.83 7
=HgHCysteine

2 Lot + i 2-
ﬁg 2H _ C¥+ste|ne 46.12 .
=HgH2Cysteine
Hg?* + 2Cysteine? =Hg(Cysteine)* 44.55 4

2+ +HY + HAwE
Hg H .2Cys_te|ne 53.97 7
=HgH(Cysteine)

2+ T i 2-
Hg“" + 2H +.ZCyste|ne 62.04 7
=HgH:(Cysteine)
H* + Methionine = HMethionine 9.26 8
2H* + Methionine” = H,Methionine+ 11.56 8
Hg?* + Methionine” = HgMethionine* 12.8 o
Hg?* + 2Methionine = 195 o
Hg(Methionine), '

29.1 10

Hg?* + S203% = Hy(S203)2% 918
Hg?* + 35,035% = Hg(S203)3* 30.3 10

S,03% + 2H" = H2S,03

3.4

1.497E+3, 2.381E-1, -
8.404E+4, -
5.420E+2, 5.037E+6,
0

$203% + H* = HS,053°

3.6

7.637E+2, 1.228E-1, -
4.334E+4, -
2.762E+2, 2.691E+6,
0

Na* + S»03% = NaS,03

3.6

1.604E+3, 2.468E-1, -
8.865E+4, -
5.815E+2, 5.218E+6,
0

11
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Table C3 Bioreactor data table for all sulphur experiments. Abbreviation = Treatment (Treat), metabolism (Metabo), temperature (T),

inoculum (Inoc), repllcate (Rep), and phototrophy (Photo)

Treat. Strain Metabo. Carbon source Sulphur Light Inoc. Metabo. T Carbon source (MM Sulphur Light Rep Initial Final Cumulative Hg°
(“C) (mMorgL?) source (umol photon 0.D. (°C) orglL?) source (umol photon # 0.D. 0.D. production
(pM or mM) m2st) 600 nm (pM or mM) m?s?) 600 600 (pmol)
nm nm
Live Heliobacillus Photo 37 Pyruvate (20 mM) 4mM 80 1.212 Photo 37 Pyruvate (20 mM) + 4 mM 20 1 0.21 0.305 2.73
cells mobilis +YE (10g L-1) Sulphate YE (10g L-1) Sulphate
Live Heliobacillus Photo 37 Pyruvate (20 mM) 4mM 80 1.118 Photo 37 Pyruvate (20 mM) + 4mM 20 2 0.188 0.253 14.65
cells mobilis +YE (10g L-1) Sulphate YE (10g L-1) Sulphate
Live Heliobacillus Photo 37 Pyruvate (20 mM) 4mM 80 0.841 Photo 37 Pyruvate (20 mM) + 4 mM 20 3 0.122 0.175 25.32
cells mobilis +YE (10g L-1) Sulphate YE (109 L-1) Sulphate
Sterile No cells Photo NA NA NA NA NA Photo 37 Pyruvate (20 mM) + 4 mM 20 1 0.001 0.011 4.71
medium YE (10g L-1) Sulphate
Sterile No cells Photo NA NA NA NA NA Photo 37 Pyruvate (20 mM) + 4 mM 20 2 0.01 0.016 3.85
medium YE (10g L-1) Sulphate
Live Heliobacillus Photo 37 Pyruvate (20 mM) 2mM 80 0.803 Photo 37 Pyruvate (20 mM) + 2mM 20 1 0.11 0.157 45.80
cells mobilis +YE (10gL-1) Sodium YE (10g L-1) Sodium
thiosulphate thiosulphate
Live Heliobacillus Photo 37 Pyruvate (20 mM) 2mM 80 0.958 Photo 37 Pyruvate (20 mM) + 2mM 20 2 0.148 0.191 27.04
cells mobilis +YE (10gL-1) Sodium YE (10g L-1) Sodium
thiosulphate thiosulphate
Live Heliobacillus Photo 37 Pyruvate (20 mM) 2mM 80 1.21 Photo 37 Pyruvate (20 mM) + 2mM 20 3 0.19 0.178 49.03
cells mobilis +YE (10gL-1) Sodium YE (10g L-1) Sodium
thiosulphate thiosulphate
Sterile No cells Photo NA NA NA NA NA Photo 37 Pyruvate (20 mM) + 2mM 20 1 0.004 0.009 2.98
medium YE (10g L-1) Sodium
thiosulphate
Sterile No cells Photo NA NA NA NA NA Photo 37 Pyruvate (20 mM) + 2mM 20 2 0.013 0.013 3.12
medium YE (10g L-1) Sodium
thiosulphate
Autoclav Heliobacillus Photo 37 Pyruvate (20 mM) 2mM 80 0.962 Photo 37 Pyruvate (20 mM) + 2mM 20 1 0.143 0.161 2.87
ed cells mobilis +YE (10g L-1) thiosulphate YE (10g L-1) Sodium
thiosulphate
Live Heliobacillus Photo 37 Pyruvate (20 mM) 4mM L- 80 0.904 Photo 37 Pyruvate (20 mM) + 4mM L- 20 1 0.144 0.144 21.55
cells mobilis +YE(10gL-1) methionine YE (10g L-1) methionine
Live Heliobacillus Photo 37 Pyruvate (20 mM) 4mM L- 80 0.895 Photo 37 Pyruvate (20 mM) + 4mM L- 20 2 0.133 0.205 16.95
cells mobilis +YE (10gL-1) methionine YE (10g L-1) methionine
Live Heliobacillus Photo 37 Pyruvate (20 mM) 4mM L- 80 1111 Photo 37 Pyruvate (20 mM) + 4mM L- 20 3 0.181 0.352 42.68
cells mobilis +YE (10gL-1) methionine YE (10g L-1) methionine
Sterile No cells Photo NA NA NA NA NA Photo 37 Pyruvate (20 mM) + 4mM L- 20 1 0.002 0.005 6.81
medium YE (10g L-1) methionine
Sterile No cells Photo NA NA NA NA NA Photo 37 Pyruvate (20 mM) + 4mM L- 20 2 0.008 0.009 3.75
medium YE (10g L-1) methionine
Live Heliobacillus Photo 37 Pyruvate (20 mM) 4mM L- 80 0.554 Photo 37 Pyruvate (20 mM) + 4mM L- 20 1 0.114 0.092 3.79
cells mobilis +YE (10g L-1) cysteine YE (10g L-1) cysteine
Live Heliobacillus Photo 37 Pyruvate (20 mM) 4mM L- 80 0.76 Photo 37 Pyruvate (20 mM) + 4mM L- 20 2 0.164 0.132 8.79
cells mobilis +YE(10gL-1) cysteine YE (10g L-1) cysteine
Live Heliobacillus Photo 37 Pyruvate (20 mM) 4mM L- 80 0.879 Photo 37 Pyruvate (20 mM) + 4mM L- 20 3 0.173 0.14 13.79
cells mobilis +YE (10g L-1) cysteine YE (10g L-1) cysteine
Continued on next page 307



Sterile No cells Photo NA NA NA NA NA Photo 37 Pyruvate (20 mM) + 4mM L- 20 0.001 0 48.29
medium YE (10g L-1) cysteine
Sterile No cells Photo NA NA NA NA NA Photo 37 Pyruvate (20 mM) + 4mM L- 20 0 0 27.78
medium YE (109 L-1) cysteine
Sterile No cells Chemo NA NA NA NA NA Chemo 37 Pyruvate (20 mM) + 4mM L- 20 0 0 2.66
medium YE (10g L-1) cysteine
Sterile No cells Chemo NA NA NA NA NA Chemo 37 Pyruvate (20 mM) + 4mM L- 20 0.004 0 3.06
medium YE (10g L-1) cysteine
Formalde Heliobacillus Photo 37 Pyruvate (20 mM) 4mM L- 80 NA Photo 37 Pyruvate (20 mM) + 4mM L- 20 0.17 0.197 7.54
hyde mobilis +YE (10g L-1) cysteine (dead YE (109 L-1) cysteine
killed cells)
cells
Live Heliobacillus Photo 37 Pyruvate (20 mM) 4mM L- 80 0.642 Photo 37 Pyruvate (20 mM) + 250 pM L- 20 0.127 0.154 60.91
cells mobilis +YE (10gL-1) cysteine YE (10g L-1) cysteine
Live Heliobacillus Photo 37 Pyruvate (20 mM) 4mM L- 80 0.72 Photo 37 Pyruvate (20 mM) + 250 pM L- 20 0.166 0.219 54.97
cells mobilis +YE (10gL-1) cysteine YE (10g L-1) cysteine
Live Heliobacillus Photo 37 Pyruvate (20 mM) 4mM L- 80 0.586 Photo 37 Pyruvate (20 mM) + 250 pM L- 20 0.098 0.129 53.90
cells mobilis +YE (10gL-1) cysteine YE (10g L-1) cysteine
Sterile No cells Photo NA NA NA NA NA Photo 37 Pyruvate (20 mM) + 250 pM L- 20 0.002 0.006 4.02
medium YE (10g L-1) cysteine
Sterile No cells Photo NA NA NA NA NA Photo 37 Pyruvate (20 mM) + 250 pM L- 20 0.007 0.009 4.29
medium YE (10g L-1) cysteine
Sterile No cells Photo NA NA NA NA NA Photo 37 No carbon 250 pM L- 20 0.002 0 7.23
medium cysteine
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Figure D1: Schematic of the bioreactor setup used to measure Hg stable isotope

fractionation for Hg" and HgP during the anaerobic phototrophic reduction of Hg".
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Figure D2: Total Hg mass balance for isotope fractionation experiments with
phototrophically grown H. modesticaldum. The average recovery across all

experiments was 98.38 £ 12.52 % (n=6) and is shown by the dashed red line.
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Figure D3: Mass dependent fractionation of 2°2Hg'"" and 2°?HgP in phototrophically
grown H. modesticaldum. §2°2Hg values for Hg'" (A) and Hg® (B) are plotted as open
system Rayleigh fractionation models with In(R/Ro) vs In(f;). The amount of Hg"
remaining in the reactor was used to calculate f; (see Methods Chapter 7). The 3h time
point was omitted from the regression fitted to the data for Hg® (B) as this suggested an
alternative process was contributing to isotopic fractionation earlier on in the experiment.
Significant regressions were obtained for both Hg" where y = -0.0007x — 2.82 x10°
(Adjusted R? = 0.76, p = 0.0001) and Hg® where y = -0.002x -0.0017 (Adjusted R? =
0.65, p = 0.0092). Separate regressions were run for the Hg'' pool for replicated
experiments that provided slope coefficients of -0.000999x and -0.000602x. These values
were used to calculate an average and 2 x standard deviation for gap = -0.80 + 0.56 %o and
compare the variability associated with these experiment to previous work. 10 nM Hg

was added from the same stock (NIST 3133) for all experiments.
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SUPPORTING TABLES

Table D1: Total Hg concentrations and Hg isotope ratios for the reactant pool Hg" in phototrophically grown cultures of H.

modesticaldum. Each line corresponds to the average (Avg) of technical duplicates taken for each time point. Std represents the

standard deviation from analytical replicates on the MC-ICP-MS. Abbreviations = treatment (Treat) and concentration ([Hg]).

Treat. Sample [Hg] (nM) 8%°2Hg Avg 6%2Hg Std  A'®Hg Avg  A%°Hg Std  A?Hg Avg  A?Hg Std  A?'Hg Avg  A?%'Hg Std
No cells MED. BLANK 9.01 0.83 0.06 -0.05 0.03 -0.01 0.01 -0.03 0.03
H20 BLANK 10.43 -0.04 0.05 -0.05 0.03 0.01 0.01 -0.04 0.03
TIME OHR 8.82 -0.03 0.04 0.00 0.03 0.00 0.03 0.00 0.02
TIME OHR 9.03 0.02 0.05 -0.06 0.03 -0.02 0.01 -0.02 0.02
TIME 3HR 9.02 -0.03 0.03 -0.03 0.04 -0.03 0.02 0.00 0.02
TIME 3HR 9.50 0.08 0.04 0.08 0.04 0.02 0.02 0.06 0.01
TIME 6HR 9.11 0.05 0.04 0.02 0.04 0.02 0.04 0.06 0.03
TIME 6HR 8.75 0.03 0.02 0.01 0.02 -0.02 0.04 -0.01 0.02
TIME 12HR 8.97 0.00 0.05 -0.01 0.03 -0.02 0.04 -0.01 0.05
TIME 12HR 8.67 -0.03 0.03 0.07 0.02 -0.01 0.04 0.03 0.05
TIME 24HR 9.19 0.04 0.02 0.03 0.02 0.06 0.04 0.00 0.04
TIME 24HR 9.15 -0.07 0.05 0.02 0.03 -0.03 0.02 -0.01 0.02
TIME 48HR 9.00 0.05 0.03 0.13 0.03 0.02 0.03 -0.01 0.02
TIME 48HR 8.89 0.06 0.03 0.04 0.04 0.04 0.01 0.02 0.02
Livecell1 MED. BLANK 9.76 -0.02 0.03 -0.01 0.07 -0.01 0.03 0.02 0.02
H20 BLANK 10.28 0.09 0.03 0.06 0.06 0.07 0.04 0.06 0.02
TIME OHR 9.48 0.04 0.04 -0.01 0.06 -0.04 0.02 -0.04 0.01
TIME OHR 9.50 0.02 0.03 -0.02 0.03 0.03 0.02 0.02 0.01
TIME 3HR 8.71 0.08 0.06 0.02 0.02 0.03 0.01 -0.03 0.01
TIME 3HR 9.20 0.01 0.05 0.01 0.03 -0.02 0.02 -0.04 0.05
TIME 6HR 8.03 0.06 0.03 -0.01 0.03 0.00 0.04 0.01 0.04
TIME 6HR 8.48 0.03 0.01 -0.04 0.02 -0.03 0.04 0.02 0.04
TIME 12HR 7.96 0.02 0.05 -0.02 0.04 0.00 0.02 0.00 0.04
TIME 12HR 7.67 0.17 0.02 0.02 0.03 0.00 0.02 0.00 0.05
TIME 24HR 6.87 0.28 0.03 -0.02 0.04 0.02 0.04 -0.02 0.03
TIME 24HR 6.77 0.31 0.02 -0.04 0.03 -0.01 0.02 -0.02 0.04
TIME 48HR 6.18 0.45 0.05 -0.04 0.05 0.03 0.02 -0.03 0.04
TIME 48HR 6.33 0.30 0.07 -0.10 0.05 -0.05 0.02 -0.04 0.04

Continued on next page

315



Table D1 (continued): Total Hg concentrations and Hg isotope ratios for the reactant pool Hg' in phototrophically grown cultures of
H. modesticaldum. Each line corresponds to the average (Avg) of technical duplicates taken for each time point. Std represents the

standard deviation from analytical replicates on the MC-ICP-MS. Abbreviations = treatment (Treat) and concentration ([Hg]).

Treat. Sample [Hg] (nM)  &%2Hg Avg &6Hg Std  A™Hg Avg  A™Hg Std  AHg Avg  A?®Hg Std  A%'Hg Avg  A?%'Hg Std

Livecell2 MED. BLANK 9.11 0.10 0.05 0.03 0.06 -0.03 0.01 0.00 0.03
H20 BLANK 10.27 0.02 0.01 -0.05 0.02 -0.05 0.01 -0.04 0.05

TIME OHR 9.25 0.12 0.04 0.08 0.05 0.02 0.02 0.00 0.02

TIME OHR 8.89 0.05 0.04 -0.06 0.02 -0.05 0.02 -0.04 0.06

TIME 3HR 8.48 0.00 0.06 0.00 0.05 0.01 0.03 -0.06 0.06

TIME 3HR 8.58 -0.04 0.08 -0.03 0.05 0.02 0.03 0.03 0.06

TIME 6HR 8.35 0.06 0.10 0.10 0.05 0.01 0.02 0.01 0.02

TIME 6HR 7.85 0.02 0.09 0.00 0.05 0.00 0.02 0.00 0.03

TIME 12HR 6.31 0.14 0.07 0.01 0.02 -0.01 0.02 -0.02 0.02

TIME 12HR 6.88 0.12 0.06 -0.07 0.04 0.00 0.03 -0.06 0.03

TIME 24HR 5.89 0.23 0.05 -0.04 0.03 0.00 0.03 -0.02 0.03

TIME 24HR 5.81 0.23 0.03 -0.08 0.04 0.00 0.03 -0.01 0.03

TIME 48HR 3.87 0.39 0.02 -0.01 0.03 -0.01 0.03 -0.03 0.03

TIME 48HR 5.18 0.36 0.02 -0.04 0.02 -0.03 0.02 -0.07 0.02
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Table D2: Total Hg and Hg isotope ratios recovered on gold traps for the product pool HgP in phototrophically grown cultures of H.
modesticaldum. Each line corresponds to the Hg present on two gold traps used to sample each time point in series. Std represents the

standard deviation from analytical replicates on the MC-ICP-MS. Abbreviations = treatment (treat).

Treat. Time (h) Hgontrap (ng) &°Hg Avg §%Hg Std  A'*Hg Avg A Hg Std  A?Hg Avg A% Hg Std  A?%'Hg Avg  A%'Hg Std
Live cell 1 3 25.18 0.50 0.06 0.16 0.05 -0.01 0.03 0.15 0.03
6 29.76 -0.98 0.05 0.05 0.06 -0.01 0.03 0.02 0.03
12 45.22 -0.74 0.05 0.12 0.06 0.02 0.03 0.12 0.04
24 43.88 -0.49 0.03 0.15 0.05 0.04 0.02 0.10 0.02
48 17.98 -0.04 0.02 0.15 0.01 -0.01 0.01 0.03 0.03
Live cell 2 3 21.34 0.66 0.04 0.17 0.05 -0.03 0.02 0.06 0.03
6 23.17 -0.81 0.06 0.10 0.03 -0.02 0.01 0.04 0.03
12 29.83 -0.69 0.07 0.21 0.05 0.00 0.03 0.11 0.02
24 30.49 -0.34 0.07 0.17 0.02 0.08 0.02 0.11 0.01
48 16.14 0.04 0.07 0.15 0.02 0.02 0.02 0.03 0.04
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Appendix E: Making a business case for bioremediation

A personal essay by Daniel S. Grégoire
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RATIONALE BEHIND MICROBRIGHT

One of the reasons | pursued research in biogeochemistry was my interest in
bioremediation (e.g. environmental clean up strategies that use microbes). As |
progressed through my PhD, | realized that despite numerous research articles
demonstrating that microbes could be used to remove mercury (Hg) from water, very few
methods moved beyond the laboratory scale. Although the research on Hg remediation
suggested biological strategies have minimal environmental impact compared to current
physical/chemical removal methods, there still seemed to be barriers preventing the wide
adoption of bioremediation by industry.

As a student studying Hg cycling, | began to think about what role researchers
play in removing barriers to adoption by industry and what steps are required to apply
bioremediation methods in an industrial setting. I initially thought the role of researchers
was to create innovative solutions that could be further developed and scaled up by
likeminded industrial partners. | suspected that patenting research findings was crucial for
attracting industrial collaborator and protecting the intellectual property moving forward.
By attempting to patent some of my PhD research findings, | learned that it takes much
more than innovative technology to secure an industrial partnership. In addition to
possessing the expertise required to design an innovative bioremediation strategy,
researchers must present a sound business case that outlines the resources required to
scale technology to meet industry needs. Following this realization, Dr. Alexandre
Poulain and myself started the company Microbright in 2016 to identify what steps were

required to make a business case for bioremediation.
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Microbright’s goal was to develop bioremediation strategies for removing Hg
from water using photosynthetic and fermentative microbes naturally found in the
environment. In my attempt to build a business model that satisfied this objective, |
learned how to communicate complex scientific topics to potential customers and how to
acquire the resources necessary for scaling up water treatment methods. Most of the
experience | acquired as an entrepreneur was through the incubator program Startup
Garage in 2017 and in this essay, | provide a summary of my experience in this program.
| will also offer comments on some of the parallels that exist between academic research
and entrepreneurship. Finally, 1 will take the opportunity to highlight the milestones

we’ve achieved with Microbright and discuss the future of the company.

VALIDATING THE PROBLEM

Microbright was accepted into Startup Garage when the company’s business model was
in the validation stage. Validation, in this instance, designates the process of testing what
parts of the business model work with respect to the demands of the market. Validation
activities include assessing which potential customers are interested in a given solution;
the nature and severity of the challenges customers face; the major costs associated with
running the company; and potential revenue streams. At its core, the business model is
built to provide a solution for a specific problem in a given customer segment. In that
regard, there exists a similarity between academic research and entrepreneurship; both

aim to provide solutions to problems that have high value to stakeholders.
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In the beginning, our logic for why industry would be interested in bioremediation
strategies seemed intuitive because of the health concerns linked to Hg pollution. As
mentioned in the introduction to my thesis (Chapter 1), the ratification of the Minamata
Convention suggests there is a global desire to better manage Hg pollution linked to
industrial activities such as mining and chlor-alkali production. As a starting point, we
suspected these industries would be interested in developing more environmentally
sustainable Hg removal strategies to improve their social image. Given that our team’s
expertise was in academic research, our initial plan to generate revenue was to license
Microbright’s intellectual property to industrial partners. Our aim was to build on this
initial licensing agreement and leverage industry expertise to scale up Microbright’s Hg
removal technology for industrial use.

Prior to discussing Microbright’s initial validation efforts, I feel it is important to
identify a key difference that exists in the problem-solving approach used by
entrepreneurs compared to that used by research scientists. In the context of a startup
company, an entity must claim ownership of a problem that needs to be solved and this
owner generally becomes a potential customer. The customer’s definition of the problem
and their personal/professional priorities determine the research needs of the company.
These characteristics may not align with the initial version of the proposed solution in the
business model, however an entrepreneur’s priority it to develop a solution that provides
maximum value to a customer based on their perceived problems. This approach differs
from academic research where the objective analysis of scientific evidence defines the
severity and scope of a problem regardless of ownership. Although the academic

approach is crucial to developing science-based tools that advance human knowledge and
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influence decision making processes, the entrepreneurial approach is also required to
develop a scalable business model that can address industrial scale problems.

Once we began interviewing professionals in the mining and chlor-alkali
industries, we realized that our initial business model was flawed because of the
differences in problem-solving that exist in the entrepreneurial world compared with the
realm of academic research. The act of “getting out of the building”, as it is referred to in
entrepreneurial circles, showed us that Microbright could not solely rely on scientific
evidence to build a business model. This approach provided us with little insight into the
practicalities of water treatment, the organizational structure of our potential customer
bases and the decisions making processes our potential clients carried out daily.

In our attempts to understand the mindset of potential customers such as
environmental engineering firms, Canadian mining companies and European chlor-alkali
companies, it became clear we had to refine our business model. These interviews
revealed that Hg pollution was not perceived as a major issue for many of the companies
despite what the scientific literature suggested. When speaking to engineers for gold
mining companies, an industry with a history of Hg pollution, we learned that companies
are concerned about Hg, but that contamination tends to be site-specific and that Hg is
but one of several metals mining companies must deal with daily. As such, many of the
professionals we spoke to said they would prefer a solution that could remove several

non-valuable metals from water used in mining.
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In the case of the chlor-alkali industry, we learned that companies were unwilling
to develop new Hg remediation technology because the old technology responsible for
Hg pollution was being phased out at great cost. Ultimately, everyone we spoke with was
much more interested in solutions that had already been proven at a larger scale, which
was prohibitively expensive for us to demonstrate at the time.

As part of these interviews, we also tried to validate what aspects of Microbright’s
Hg removal methods had the most value. Given that we had just started validation, we
proposed a simple framework for generating revenue that relied on licensing agreements
and the eventual use of scaled up bioreactors for water treatment that could be installed
on site. We suspected that companies would be most interested in the “green” image that
accompanied our proposed Hg removal methods. This did not end up being the case as
mining companies were much more concerned about the cost of water treatment and their
operating expenses. Indeed, companies were much more interested in the potential use of
solar power for energy because of concerns linked to energy consumption in remote
areas. Similarly, the fact that our process did not require harmful chemicals (e.g. sulphide
salts and strong acids) also appealed to mining companies that wanted to limit the fines
associated with secondary pollution. These insights proved extremely valuable in terms

of what aspects of the business we showcased moving forward.
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PIVOTING AND PITCHING

The initial findings from our validation stage put Microbright in the unfortunate position
of having invested considerable resources to address an issue that was not as severe as
initially perceived. This added to the already existing challenge of having to demonstrate
our water treatment techniques at a larger scale with limited funds. Whereas a software
company could perform a “pivot” and redesign their business model to account for this
new information, this was not practical for Microbright given the complexity of the issue
we were trying to solve. Moreover, we were also limited by the time it would take to
complete the research testing how our solution could remove other metals in water.
Although these interviews suggested that Hg pollution was not perceived as a
serious issue by the mining industry, some of the professionals we spoke to expressed
interest in Microbright’s Hg removal technology for sites where Hg contamination had
occurred. Due to the high costs associated with mining site water treatment (estimated at
$5 to $20M per site per year based on our interviews), we still had a sizeable market even
if we only treated water at a single site. As such, we decided to alter our business model
and seek out mining companies with known Hg issues. We focussed on Canadian
companies because they have a legal obligation to treat water used in mining, which we
suspected could provide additional motivation for adopting new water treatment methods.
Our long-term plan was to use our expertise with Hg to complete proof of principle
experiments with a mining partner and build additional solutions to target other metals of

concern such as arsenic and selenium in our future work.
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With a new business model in hand, we set out once more to gauge industry
interest in Microbright. During this time, | practiced pitching, which is one of the most
important skills for entrepreneurs. Pitching involved summarizing the problem
Microbright addressed and providing an overview of our business model in non-technical
terms. Pitching differs from a typical scientific presentation in how the presenter draws
attention to the issue being addressed. For example, where a scientific presentation on Hg
pollution would start with an informative sentence such as: “Mercury is a global pollutant
and potent neurotoxin that can accumulate in the tissue of fish in its organic form
methylmercury”, a pitch would hook the audience by eliciting an emotional response by
saying: “Imagine you lived in a village where your water was contaminated with mercury
and every time you drank water you risked having neurological damage”. While the latter
statement touches on Hg’s neurotoxicity, it gives little information on how Hg moves
through the environment. This exemplifies one of the main differences between academic
research and entrepreneurship: a scientific presentation’s purpose is to provide a factual
overview of a topic and educate the audience whereas a pitch exists to entice a specific
party.

The most common type of pitch I would deliver was a 3-minute pitch. We tailored
Microbright’s pitch to a non-technical audience, as this comprised most people we
presented to at pitching competitions through Startup Garage. When pitching to mining
companies, we would add additional technical details concerning water treatment and
highlight our expertise in metal biogeochemistry to build our team’s credibility. The

general outline of Microbright’s 3-minute pitch was:
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1. One sentence elevator pitch containing essential information about the company

2. Identify the problem and who suffers from it

3. Describe the advantages of Microbright’s solution compared to competitors

4. OQutline customer segments and estimate market value

5. Summary of progress to date

6. Future goals and the “Ask”

The “Ask” is a notable feature of the pitch that does not typically occur in scientific
communications. Whereas a scientific presentation usually ends with a comment on the
broader applications of research findings, a pitch ends by asking for something specific
that will help a company reach their next milestone. Although at first glance this “Ask”
seems quite blunt, it is essential to building scalable business models, securing funding,
and developing partnerships. We relied on this approach for networking within large
international mining companies and finding people who could champion our solution
from within a given organization. We relied on the “Ask” to secure funding and negotiate

industrial partnerships, which helped pave the way for Microbright’s future.

MICROBRIGHT’S PROGRESS AND FUTURE

My experience with Microbright began as an effort to patent my research findings and
became an intense two-year journey through the world of entrepreneurship. Being a part
of Startup Garage provided Microbright with several networking and funding
opportunities that helped the company grow. Microbright’s progress was recognized by
one of the sponsors of Startup Garage, the Ontario Centre of Excellence, who awarded

the company a $1500 prize at the final pitch day in August 2017. Microbright’s team also
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secured a first-place victory with a prize of $2500 at #Hackmining, a national pitching
competition held by various Canadian mining companies. This victory also gave us the
chance to pitch to the CEO of MacEwen Mining. Furthermore, the resources obtained
from Startup Garage allowed us to hire employees and build scaled up prototypes for
bioreactors that we used in demonstrations at industry events.

Ultimately, Microbright’s efforts culminated in securing an industrial partnership
with an international mining company that agreed to collaborate with us on a pilot project
at one of their field sites. The successful negotiation of this partnership helped us present
a more substantial business case for Microbright to Innovation Support Services at the
University of Ottawa who graciously financed the filing of patents in the United States
and Canada for Microbright’s Hg removal process. Microbright’s next steps are to
strengthen the intellectual property in these patents by planning and executing a 2-year

pilot scale project with our industrial partner, which we hope to begin in late 2019.
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