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ABSTRACT

Purpose

Arsenic is a notorious poison due to its high toxicity, worldwide distribution, and lack
of any taste and colour once dissolved. The abundance of arsenic in Earth’s crust
makes that it can naturally find its way into food and drinking water. Rapid and
reliable detection of arsenic, directly in the field, is critical to support evidence-based
decision-making in choosing irrigation or drinking water sources. Current cost-
effective colourimetric techniques are associated with poor accuracy, health risks,
and unacceptable levels of false negatives. Arsenic-specific cellular sensors, or
biosensors, may present an inexpensive, safe, and renewable alternative, yet they
have long been criticized for unsatisfactory sensing performance, and inconsistency
of the outcome. This, in addition to the lack of suitable instruments capable of
measuring the signals produced by these biosensors, has led to very few solutions
reaching market. The goal of my thesis research was to test hypotheses that improve
our fundamental understanding of As species biogeochemistry in simple and complex
environmental matrices to then develop a new arsenic monitoring interface, one that

would be both simple and accessible to the general public.

Contributions

Using a combination of wild-type and mutant strains, I managed to detail both the
internal regulation of arsenic, and the external drivers of arsenic bioavailability. I
started by designing a defined exposure protocol that achieved, for the first time,
equimolar uptake of over 94% of the added As(III) and As(V) into the cells. By
developing this control early into my thesis, I then worked to reintroduce commonly
found constituents of environmental waters that are thought to impact arsenic
uptake. This direct testing approach uncovered fundamentals of environmental
arsenic redox chemistry such as As(III) photooxidation in solution, environmental

ligand exchanges, and biological transport pathways.
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Applications

Simplifying a complex exposure protocol for use by the general public required
automation of the data analysis steps. This consists of several hundred lines of code,
capable of analyzing, normalizing and stabilizing biosensor output to improve the
consistency and robustness of this system. These algorithms were then integrated
into a new arsenic monitoring interface, one that was built and designed specifically
for dehydrated biosensors. This portable, low-cost spectrometer achieved a
fluorescent detection range that rivals expensive and sophisticated laboratory
equipment at a fraction of the price, and without the need for a computer to compile
the measurements. In contrast to highly criticized colorimetric techniques, the
biosensor exposure protocol exceeds in operational use, reliability and detection limit.
At its core, my thesis research provides a new and complete arsenic testing solution,
one capable of measuring both As(III) and As(V) at levels relevant to the World
Health Organization and Canadian guidelines for arsenic content in water (10 ug/L).
It also provides a new method capable of selectively discriminating between arsenic
species, thereby providing an inexpensive and high-throughput arsenic speciation
method. I hope this work will help kickstart development of a marketable solution

that empowers individuals to test and to monitor the quality of their water sources.
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RESUME

Objectif

L'arsenic est un poison notoire en raison de sa toxicité élevée, sa distribution
mondiale et son absence de gout et couleur une fois dissout. L'abondance d’arsenic
dans la cro(te terrestre lui permet de se retrouver naturellement dans les aliments
et I'eau potable. La détection rapide et fiable d'arsenic directement sur le terrain, est
donc essentielle pour soutenir la prise de décision fondée sur les données probantes
en considération du choix de l'eau potable. Présentement, les techniques
colorimétriques les plus rentables présentent un risque pour la santé est largement
associé a une mauvaise précision, et a des taux inacceptables de faux négatifs. Les
capteurs cellulaires spécifiques a l'arsenic, ou biocapteurs, peuvent s’avérer tres
utiles pour le dépistage, ou pour la détection rapide d’arsenic de fagon économique,
sécuritaire et renouvelable. Ceci dit, ces biocapteurs sont souvent reprochés pour
leurs performances de détection insatisfaisante et pour une incohérence dans les
résultats. Il y a également un manque d’instruments adaptés pour mesurer les
signaux produits par ces biocapteurs, ce qui a abouti a trés peu de solutions qui ont
atteint le marché. Le but de ma thése était de remettre en question les hypothéses
qui pourraient améliorer notre compréhension fondamentale de la biogéochimie
d'arsenic dans les matrices environnementales simples et complexes pour ensuite
développer une nouvelle interface de surveillance d’arsenic, une qui serait facilement

accessible au public.

Contribution

En utilisant une combinaison de souches sauvages et mutantes, j'ai réussi a préciser
la régulation interne d'arsenic ainsi que les facteurs externes de biodisponibilité. J'ai
commencé par développer un média dont les composantes sont précises et défini, ce
qui m’a permis d’atteindre, pour la premiéere fois, une absorption équimolaire de plus

de 94% d'As(III) et d'As(V) ajoutés a travers les membranes cellulaires de ces
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capteurs cellulaires. Ayant établi ce contr6le au début de ma these, j'ai ensuite
travaillé a réintroduire certains constituants d’eaux environnementales, qui ont
souvent été soupconnés d’avoir un impact sur la prise en charge d'arsenic. Cette
approche de mesure et d’analyse directe a permis de découvrir les principes
fondamentaux de la chimie redox d'arsenic, les échanges environnementaux de

ligands et les voies de transport biologiques.

Applications

La simplification d’un protocole d’exposition complexe, pour l'utilisation générale
aupres du public, a nécessité I'automatisation des étapes d’analyses des données.
Cela consiste de plusieurs centaines de lignes de code, qui analysent, normalisent et
stabilisent le signal produit par ces biocapteurs. A I'aide d’une nouvelle interface, le
cheminement de ces algorithmes a permis la conception d’un instrument adapté pour
la détection de signaux provenant de biocapteurs déshydratés. Ce spectrometre
portable et peu couteux, a atteint une plage de détection fluorescente qui fait
compétition avec les équipements de laboratoire couteux et sophistiqué, sans avoir
besoin d’ordinateur pour compiler les mesures. A la base, ma recherche fournit une
solution compléte et robuste qui permet de mesurer a la fois, As(III) et As(V) a des
niveaux pertinents aux criteres fixés par I'Organisation mondiale de la Santé et aux
recommandations canadiennes pour la quantité d’arsenic trouvé dans I’'eau potable
(10 pg/L). A I'aide d’un milieu d’exposition sélectif, cette solution peut également
fournir en tant qu’une méthode de spéciation d’arsenic peu couteuse, et a haut débit.
Ensemble, j'espére que ma recherche pourra servir a expédier le développement
d'une solution commercialisable qui permettra aux individus de tester et de surveiller

la qualité des sources d'eau.
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Chapter 1 — Introduction

1.1 Arsenic in the environment

From home remedies to witchcraft to poisons, arsenic has a rich and convoluted past.
Occurring naturally, arsenic is a metalloid with the symbol As and the atomic number
of 33. Arsenic is a redox active oxyanion, and, in certain situations, it is essential to
life by serving as an electron acceptor during respiration and as an electron donor
during photosynthesis (Section 1.2.2, page 9). While its uses are limited by its
toxicity, it does have some applications in alloys, electronic manufacturing (semi-
conductors), LEDs, pesticides, herbicides, insecticides and in cancer treatments. In
the environment, As is found in water, soil, food and air. It is the 20t most abundant
element and has been identified in over 300 minerals (69) making it one of the most

prevalent and widely distributed elements on the Earth’s crust (21).

1.1.1  Abundance, distribution and extraction
Arsenic is naturally found in water, soil, food and air with only one known stable
isotope (75As). The presence of As in food and drinking water is closely linked to its
occurrence in minerals (9), making it possible to predict geographical patterns of
exposure (65). The steady release of As in the environment is typically of natural

origin, but can be exacerbated by anthropogenic activities.

1.1.1.1 Natural processes

With an estimated average abundance of 1.8 ppm (g/tonne) in crustal rocks (30),

arsenic does not represent a major component but is often localized in abundance in
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the form of minerals. Arsenides (i.e., NiAs), arsenates (i.e., FeAsO, - 2H,0), sulphides
(i.e., FeAsS) and oxides (i.e., As;03) are primary As minerals that are sensitive to
changes in pH and redox potential. There are no permanent nor stable forms of
storing arsenic. Volcanoes, forest fires and mineral erosion are some of the main
routes of natural As redistribution. Once deposited, solid phase sorption (e.g.
complexation onto oxide minerals) is the governing parameter controlling As

concentration and therefore range of transportation.

In Canada, oxidation/reduction potential readily changes throughout the
seasons which can lead to rapid mobilization of As to groundwater (6, 69). Bacteria
are also dominant remobilizers of As in natural systems (9). Researchers have shown
that, under laboratory conditions, even scorodite (FeAsOs4 - 2H,0), considered to be
a common and stable secondary arsenate mineral, is subject to the Fe/As reductive
dissolution by microbes (67, 105). Here, release of highly soluble inorganic As into
soils and aquifers is a result of both natural weathering and biologically mediated

dissolution of As; accessible for human consumption.

1.1.1.2 Anthropogenic processes
For centuries, sulphide ores containing high levels of As have been exploited for these
frequently contain traces of gold, silver, iron, cobalt, nickel and more (101). When
heated, As sublimes and oxidizes and becomes volatile with a garlic-like odour (30).
During mining operations, the high temperatures of gold roasters and base metal
smelters can lead the unintentional yet major releases of As in the air, and onto the

surrounding landscape (59, 64, 69).

However, in many cases, a mixture of both natural and anthropogenic activities
will exacerbate this release. An example is the low pH and metal(oid)s mine drainage
that can occur during/after mine operations due to the combination of physiochemical

weathering, and microbially assisted dissolution of As and from sulphide minerals
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(54, 61, 84). Once released, the highly soluble inorganic As is subject to diverse

modes of transportation before eventual consumption.

1.1.2 Speciation
Arsenic is highly susceptible to changes in redox potential (50), resulting in four
possible valence states: +5 (arsenate), +3 (arsenite), -3 (arsine) and 0 (elemental)
(40). In natural waters, As is mostly found as trivalent As(III) (HsAsOs), and
pentavalent As(V) (H2AsO4™) species where its charge, protonation and oxidation will

depend on water pH and redox potential (Figure 1.1) (21, 32).

1.5 T T T T T T T T T T T T T

0.5
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Fig. 1 Eh—pH diagram for the system As—O-H at 25°C and 1 bar.
> As is set at 10~° M. Gray shaded area denotes the solid phase

Figure 1.1 | How redox and pH conditions drive As speciation. Reprinted by permission from
Springer Nature Customer Service Centre GmbH (the Licensor): Springer Nature,
Environmental Earth Sciences ‘Arsenic Eh-pH diagrams at 25°C and 1 bar’, by Lu and Zhu
(50). Copyright Springer-Verlag 2010.
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The chemical/physical forms and oxidation states of As, better known as

speciation, are properties which dictate its behaviour and ultimately play a crucial

role in determining its transport, fate, and environmental consequences (16, 42, 49,

65).

i)

i)

1.1.3

Concentration - the presence of secondary As minerals (e.g., amorphous iron
or aluminum oxides) can reduce human exposure by binding As during
precipitation events (2, 23, 33). Removal of As from water is also possible
through precipitation processes such as ferric chloride (e.g., FeCls).

Mobility - neutrally charged As species are thought to travel longer distances
in groundwater due to reduced solid phase interactions (56). It has been
suggested that charged/dissolved As complexes are more likely to sorb onto
solid phase minerals than neutral complexes (111), thus resulting in reduced
mobility (14). Dissolved As concentrations have also been linked to increased
phosphate amendments (14) and tend to follow calcium, ammonium and
carbon profiles (31) (Section 1.2.1). Although some evidence is emerging
(76), little is known of the mobility of methylated As compounds. This
information is important to gather considering increased mobility means longer
travel distances and therefore increased risk of human contact.

Toxicity - following its injection, arsenic species present drastic differences in
modes of toxic actions (Section 1.1.3).

Implications of arsenic speciation on human health

Arsenic exposure has been associated with a number of diseases including diabetes,

hypertension, neurological disorders and more (22). It is also a well-established

human carcinogen (39), yet it does not have a clear, unidirectional, adverse outcome

pathway (26) (Figure 1.2).
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Figure 1.2 | Diagram showing the multiple possible mechanisms involved in As-induced
carcinogenesis. All associations were gathered from a metanalysis of published scientific
literature and summarized in the text (Sections 1.1.3 and 1.1.4). Pointed arrows denote
activation or outcome of the pathway, while arrows with flat ends represent inhibition or a
consequence. Pathways with common denominations among studies are highlighted in green
while question marks present associations that require further research. Abbreviations:
As(V), arsenate; As(IIl), arsenite; MMA(III), monomethylarsinous acid; MMA(V),
monomethylarsonic acid; DMA(V), dimethylarsinic acid; DMA(III), dimethylarsinous acid;
ROS, reactive oxygen species.

Both humans and mammals excrete organic As in their urine when only
inorganic As was ingested (10). The result is rapid excretion of the metabolites

through urine (4). Although this process does result in less overall As in the system,
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these methylated metabolites have been shown to exert stronger cytotoxicity than
its inorganic counterparts (5). Here, both DMA(V) and DMA(III) are reported to
induce oxidative damage via production of reactive oxygen species (89). The result
is altered gene expression (40), DNA oxidative damage (74), telomere dysfunction
(48), genomic instability (40, 48), cytotoxicity, apoptosis (106), glutathione depletion
at the mitochondrial wall (106), and more. ROS may even inhibit DNA repair
signalling/mechanisms once damage has occurred (41, 98). Overall, As-induced
carcinogenesis is thought to result from an accumulation of mutations from various
sources that ultimately drives genetic alteration towards gross genomic instability,

transforming a natural cell to a pre-cancerous state (8).

1.1.4 Species of interest
Studying the toxicokinetics of As in animal models has proven ineffective at exposure
relevant concentrations (26) and has left an open and active debate regarding the
most toxic species of As to humans. The bladder is a target tissue for As (20). Using
EJ-1 human bladder cancer cells, current understanding places the order of
cytotoxicity as DMA(III) > As(III) >> As(V) > MMA(V) > DMA(V) (53). Note that this
information is subject to change as new findings emerge. That said, of the two
dominant As species found in the environment, As(V) is shown to be far less cytotoxic

than As(III) (95).

What is seemingly clear is that the speciation of As strongly affects its toxicity
and mode of toxic action. Although exposure risk to As varies by local circumstances
(e.g., air, food, water and soil), the most pressing concern is typically when As is
found in water (15, 92). There, it is odourless and tasteless and can enter food supply

in high concentrations when irrigating crops with untreated water (55, 114).
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1.2 Arsenic release and mobility

1.2.1 Biogeochemical cycle
The occurrence of As in lakes and groundwater is closely linked to geological sources
and mostly derived from the interactions between groundwater and sediments (92).
Crucial in the cycling of As in the environment is the complex biogeochemistry
involved in mobilizing, transporting, and precipitating this contaminant. These

relations are complex and have been summarized (Figure 1.3).

;ﬂ\sO:1 Arsme
dust
K Fertilizers and
Natural pesticides
Sources
i A‘ﬁ ; Ground 7 -
e | e s A B
p dranag& deposition y = -
Anthropogenic . i /\
sources ; \I
; M Oxidation it;lg;%z P
Arsenobstame / grgargca\ly ‘
; ound arsenic
)]
: Dissimilatory ,'
As-bearing \Qoaocumu\au R iction %
minerals (l”) Aquifer
(reducing conditions)
\K —
As beann |
mlneras

Figure 1.3 | Sources and distribution of arsenic species in the environment. Oxidized
inorganic arsenate (As(V)) is the dominant species found in oxygenated surface waters while
reduced inorganic arsenite (As(III)) is primarily found in anoxic groundwater.

Whether of natural or anthropogenic origin, release of As into a system can be
quickly adsorbed back into solid forms thereby decreasing As concentration in that
water body (24). This makes studying interactions between water and sediments
difficult considering the complex set of biogeochemical processes that occur
simultaneously across organic and inorganic particles and each transpiring at

different reaction kinetics (109). Moreover, As interactions with solid phase minerals
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will depend on the type of As-specific surface areas of the mineral phase (e.g.,

amorphous iron oxides (HFO), goethite or magnetite (24)), and on the quantity of

charged surface species (111). Finally, the biogeochemical cycle of As is also affected

by other elements, namely:

i)

i)

Carbon: Dissolved organic matter (DOM) is a ubiquitous sorbent for As (51) that
is strongly associated with As concentrations in sediments (3). There is a growing
body of evidence pointing towards DOM as a governing factor in regulating the
mobility and bioavailability of As by direct interactions (sorption/ligands) (11, 97)
and through changes in reductive dissolution (45, 51). Surprisingly, little is known
of the mechanisms involved in As-DOM interactions (51, 93).

Iron: The precipitation of secondary iron (Fe) minerals greatly limits the dissolved
concentration of As in the environment (23). For instance, Fe speciation can
indirectly affect As concentration due to the numerous arsenic/phosphate specific
sorption sites on the surface of hydrous ferric oxides (HFO) (85). In contrast,
bacterial dissimilatory reduction and reductive dissolution of Fe oxides leads to the
release of As in aquifers (1, 67, 68).

Sulphur: In sediments, production of sulphide can reduce As(V) and mineralize
As(III) in an iron-sulphur mineral (75). The speciation and charge of these sulphur
complexes depend on the redox state. Microbially mediated sulphate reduction is,
alone, unlikely to release As (75). In solution, sulphide released by sulphate-
reducing bacteria acts in a similar fashion as it can precipitate or co-precipitate As
from solution (43). In systems where sulphate concentrations are limited,
dissolved As(III) can accumulate to high concentrations (58). In anoxic
environments where sulphide concentrations are elevated, iron(II) sulphide
minerals are pervasive and strongly govern the geochemical cycling of As (111).

Nitrogen: Frequently found in agricultural runoffs, excess nitrate can lead to an
eutrophic (hypoxic/anoxic) system and drive both Fe(II) (107) and As(III)
oxidation (34) while also inhibiting arsenate dissimilatory reduction (52). Nitrate
is a form of nitrogen that can serve as a strong oxidant of As(III) when oxygen is
absent (115). Like sulphides, nitrate-dependent Fe(II) oxidation may limit As
mobility in groundwater and sediments (115).

Phosphate: Phosphate is ubiquitous in environmental waters, sourced both from
bedrocks and agricultural runoffs (81, 82). In many respects, As bares close
similarities to phosphorous as both share the same valence and columns in the
periodic table. Overall, phosphate has been shown to competitively desorb As in
soils (102), clays (62), humic acids (88), metal hydroxides (57), and in minerals
(35), thereby increasing the concentration of As in groundwater (29) and in plants
(14). These findings, although limited, are indicative of major disruptions in the
natural cycling of As in environmental waters. The impact of inorganic phosphate
on the uptake of As in microbes was assessed in Chapter 2, and its impact on As-
DOM interactions was assessed in Chapter 3.
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1.2.2 The role of microbes
Many of the heavier elements that comprise Earth’s crust are thought to be
synthesized in the high temperature nuclear fusion processes of imploding-exploding
stars (103). While the particular chemical processes that create As remains unclear
(60), its presence in the universe (and therefore in crustal rocks) is ubiquitous and
ancient. Thus, microbes have been exposed to As for several billion years (86) and
evolved a complex set of genetic determinants that support As transformation

pathways. These have been categorized into five groups (28):

i) As(V) cytoplasmic reduction and As(III) extrusion (ars operon), for detoxification
(112).

ii) As(V) used as a terminal electron acceptor during anaerobic respiration (arr
operon) (77).

iii) As(III) oxidation (aio operon, aso (91) and aox gene clusters (13, 79)).
iv) As(III) extrusion genes (acr3-arsC-arsR) (79).
v) As(III) methylation (arsM, ArArsM (37, 63)).

These genetic determinants offer microbes the ability to significantly affect the
stability of the primary and secondary As minerals (25, 59, 67, 69). New emerging
evidence is linking land use (e.g., pumping of aquifers) to the seasonal fluctuations
of As in groundwater (7, 27, 80). This suggests an interplay between human activities
and the stimulation of microbial communities responsible for releasing As into the
environment. How and why these activities are linked remain unclear, but are worth
further investigations. As illustrated in Figure 1.4, the work presented here defines
bioavailability as the fraction of As that can be internalized by microbes. Because
these organisms serve as dominant environmental mobilizers of As, drivers of As
bioavailability are the subject of frequent discussion but has remained difficult to

directly test, experimentally.

One reason for this gap of knowledge may be the complex synergies involved
between hydrology, geology and microbiology. Rapid and reliable detection of

bioavailable As, directly in the field, is critical to better understand how microbes
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affect its fate and support evidence-based decision-making in choosing irrigation or
drinking water sources. One promising approach to assess the biologically relevant

fraction of As in the environment relies on microbial sensor systems.

1.2.3 As bioavailability and the use of biosensors

Over the past three decades, whole-cell biosensors have been engineered to detect
the presence and quantify a variety of chemicals and toxic metals (38). Whole cell
biosensors typically have a genetically engineered regulatory/sensory circuitry
comprised of a target promoter and associated reporter genes hosted in a microbial
chassis (44). As-specific biosensors have been designed to quantify the concentration
of As(III) at environmentally relevant concentrations (18, 19, 99, 100). Genetic
engineering generally consists of the arsR transcriptional regulator and a reporter
protein based either on luminescence or fluorescence. Because these biological
sensors are comprised of the entire bacterial cell, dissolved As must therefore cross
biological membranes before reaching the As-specific sensors in the cytoplasm. Thus,
the signal produced over time is generally regarded to represent the bioavailable
fraction of As in that solution, both in the laboratory and in the field (19, 90, 99)
(Figure 1.4).

O Cytoplasmic As

Signal

Signal

Time

Figure 1.4 | Cytoplasmic As is the bioavailable fraction of dissolved inorganic As that can be
detected by As-specific biosensors. These microbes are engineered to produce a quantifiable
signal that typically increases over time and is proportional to the quantity of As that enters
the cytoplasm.
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Bacterial sensors are customizable and reliable for measuring the biologically
relevant fraction of contaminants. They have been adapted to work as a light emitting
biosensor (arsR-lux) (96, 99, 113), fluorescent sensors (arsR-gfp) (94) or as
colourimetric sensors (arsR-lacZ) (19, 83). Although promising technology, they have
largely remained a laboratory instrument since little effort has gone into enhancing
the portability of these biological systems. With recent advancements in
microcontrollers and 3D printers, the technological hurdles limiting the transition of

biosensors to the field may soon be eliminated.

1.3 Thesis structure

1.3.1 Thesis goal and outline
The goal of my thesis research was to develop, to validate and to test a new
bioanalytical instrument and associated protocol to assess the bioavailability of
inorganic As species in the environment. The first objective of this work was to
develop an improved assay for the quantification of inorganic As species in natural
waters. The second objective of was to apply the newly developed bioassay to
address an important knowledge gaps in As biogeochemistry, that is the role of
dissolved organic matter in controlling As species bioavailability. Finally, the last
objective of this thesis was to design and to build a compact, easy to use, and
customizable instruments to enable deployment of the bioassay in the field. My hope
was that users that may need it the most, such as individuals relying on groundwater
for drinking and irrigation, will be able to access and to use this technology to improve

their access to clean water.

Solving this problematic required a multidisciplinary research approach
combining microbiology, photonics and electrical engineering. My contributions were
separated into three research chapters. In Chapter 2, I present an As biosensor
assays capable of rapidly quantifying and determining the speciation of inorganic As

at concentrations five times below the World Health Organization’s (WHQO) guidelines

11
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for As in drinking water. In Chapter 3, I used the biosensor assay developed in
Chapter 2 to assess the role of dissolved organic matter on As bioavailability. In
Chapter 4, 1 described how to build a portable spectrometer (fluorometer +
photometer) for use in the quantification of inorganic As species in situ, and present

how this system could be used for field measurements.

1.3.2 Rationale, objectives and hypothesis

Chapter 2. Biosensor assay design

I started my research by investigating why some As biosensor studies report
detection of both As(III) and As(V) (12, 36, 47) while others (even very recent
studies) report biosensor response to As(III) only (104). Researchers have
highlighted and speculated this knowledge gap for nearly two decades (70, 87), with
little to no conclusive explanation offered since. The inconsistencies among studies,
also extend to the limits of detection where the range reported in the literature can
vary by an order of magnitude. Without the ability to discriminate between As(III)
and As(V), it is difficult to start addressing the fate of each species in the
environment. I therefore focused the first research chapter of my doctoral thesis on
designing a reliable exposure medium along with associated bioassay aimed to

minimize possible interferences on As species uptake.

Rationale: As(III): Research has suggested that ca. 90% of As(III) enters the
cytoplasm through an inner-membrane glycerol uptake facilitator channel (GIpF in E.
coli) (71, 78). This transporter is encoded by the glp operon that has been shown
sensitive to catabolite repression by glucose (108).

Hypothesis 1: The presence of glucose in exposure media will limit uptake of As(III)
into the cytoplasm. I predicted that cells grown on glucose as their sole carbon source
would take up less As(III) than cells grown on glycerol due to the glucose catabolite
repression of the glycerol uptake facilitator channels (g/pF).

12
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Rationale: As(V): Bearing close similarities to the phosphate (H2PO47), evidence for
As(V) uptake pathway is thought to enter the cells through the high capacity
inorganic phosphate transport system (Pit) (72, 110).

Hypothesis 2: Inorganic phosphate controls cytoplasmic As(V) concentration.
Uptake of As(V) is reduced when the presence of Pi in the periplasm competitively
excludes As(V) transport.

By manipulating carbon and phosphate sources in the growth and exposure
media, I achieved equal uptake/detection of As(III) and of As(V). I also estimated
that the total bioavailable content of As in the exposure media to be over 94%.
Finally, I also used the knowledge gained from this research to establish an As
speciation protocol that works through selective inhibition of As(V) uptake into the
cells. These advances served as an important control and a platform on which I
performed a follow-up series of experiments, addressing the environmental drivers

of As bioavailability.

Chapter 3. Environmental drivers of arsenic bioavailability

As described in Section 1.2.2, microbes can greatly affect mineral stability and
consequently, the concentration and speciation of As in water. Thus, the major
controls of As bioavailability in the environment are subject to frequent discussion
but have remained difficult to directly test, experimentally. This gap in knowledge
has also been highlighted long ago (66), where it was noted as a limitation of
biosensor system that must be fully understood for calibration purposes. In Chapter
3, my primary focus was studying As-DOM interactions, DOM photoreactivity, and

the influence of ionic strength on binding affinity between As and DOM.

13
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Rationale: The presence of dissolved organic matter (DOM) in surface waters is
ubiquitous, yet its interaction with As is poorly understood. There is a growing body
of evidence pointing towards DOM as a governing factor in regulating the mobility
and bioavailability of As by direct interactions (sorption/ligands) (11, 97) and by
reductive dissolution of metal-(hydr)oxides (45, 51). DOM is utilized by microbes as
carbon and energy sources (73). Acting as a chelating agent, it is usually accepted
that DOM inhibits metal(oid) uptake by decreasing bioavailable fraction in solution.
There is now spectroscopic evidence of As(III)-DOM interactions (45), and evidence
of indirect binding between As(V) and DOM through cationic bridges (46). This
interaction is reduced when SRHA was pretreated with a monovalent cation (i.e.:
Na*) (46).

Hypothesis 3: DOM controls both As(V) (H2AsO47) and As(III) (H3AsOs)
bioavailability. Specifically, I predict that As(V) bioavailability will decrease as the
concentration of divalent cations increases because of increased cationic bridge
formations between DOM and As(V). In contrast, direct binding of As(III) to DOM
should not be affected by the presence of cations and therefore pose little effect on
As(III) bioavailability.

In exploring the nature of As-DOM interactions, I found that the commonly held
knowledge that DOM-bound metal(oid)s are inaccessible to microbes to be partially
inaccurate in the case of As. Specifically, I found that a large fraction of environmental
As is in a form that is available to microbes. While this study highlights the importance
of accounting for environmental controls of As bioavailability, it also helps validate

the use of bacterial sensors in the context of environmental monitoring for oxyanions.

Chapter 4. Portability of the bioassay

Current techniques capable of determining the speciation of As in drinking water
require sensitive but expensive equipment that is typically only operated by highly
qualified staff (e.g., HPLC-ICP-MS). In this chapter, I focused on developing a new
As monitoring interface which would provide the accuracy of traditional analytical
instruments to users directly in the field and achieve a price point more accessible to
the end user (<$100 USD). This required construction of an affordable yet
ultrasensitive spectrometer capable of absorbance and fluorescence measurements

in the field.

14
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Achieving this goal has only recently been possible due to the major rise in the
use of “smart” devices as environmental probes. The newly available high-end, yet
low-cost microcircuitry components now makes it possible to surmount the barriers
that have previously limited the construction of sensitive yet inexpensive detection
equipment that is suitable for field use. In recent years, there has been a push for
instruments that allow for direct engagement with the end user by way of citizen
science (17). Unfortunately, many “smart” monitoring devices in these early days are

in a race to market and remain untested by the time they reach consumer hands.

Whole-cell microbial sensors offer a safe and affordable alternative but often
require costly/fragile instruments to measure their signals. My goal throughout the
conception and design of this instrument was to simplify and to minimize end-user
interactions. Using lyophilized biosensor cultures, I managed to accurately detect As
concentrations at nM levels relevant to the World Health Organization guidelines.
Together, this combination of biosensors and the small footprint of the instrument
present an inexpensive and portable on-site As-detection solution with an accuracy
that rivals HPLC-ICP-MS. My hope is for this solution to one day contribute to
education campaigns that encourage uptake by individuals who need it the most. For
instance, farmers requiring the need to make rapid decisions about the quality of
irrigation waters; thus, building local capacity and addressing a crippling, global

problem of access to clean water, free of inorganic As.
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When compared to ICP-MS, legacy As contamination is accurately quantified by
biosensors and presents high bioavailability.

Selective inhibition of As(V) uptake using inorganic phosphate determines As
speciation.

Glucose delays As(III) entry, and reduces the extent of As(III) uptake.

DOC is a component of the water matrix that may control the fraction of As that
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2.1 Abstract

Despite its high toxicity and widespread occurrence in many parts of the world,
arsenic (As) concentrations in decentralized water supplies such as domestic wells
often remain unquantified. One limitation to effective monitoring is the high cost and
lack of portability of current As speciation techniques. Here, we present an As
biosensor assay capable of quantifying and determining the bioavailable fraction of
As species at environmentally relevant concentrations. First, we found that inorganic
phosphate, a buffering agent and nutrient commonly found in most bioassay
exposure media, was in fact limiting As(V) uptake, possibly explaining the variability
in As(V) detection reported so far. Second, we show that the nature of the carbon
source used in the bioassay differentially affects the response of the biosensor to
As(III). Finally, our data support the existence of non-specific reduction pathways
(non-ars encoded) that are responsible for the reduction of As(V) to As(III), allowing
its detection by the biosensor. To validate our laboratory approach using field
samples, we performed As(III) and As(V) standard additions on natural water
samples collected from 17 lakes surrounding Giant Mine in Yellowknife, Canada. We
found that legacy As contamination in these lake water samples was accurately
quantified by the biosensor. Interestingly, bioavailability of freshly added standards
showed signs of matrix interference, indicative of dynamic interactions between
As(IIT) / As(V) and environmental constituents that have yet to be identified. Our
results point towards dissolved organic carbon as possibly controlling these

interactions, thus altering As bioavailability.

Keywords: arsenic speciation; arsenic uptake; arsenite; arsenate; whole cell
biosensor; Giant Mine; water quality

N.B. Supplementary Materials (Annex A) are appended at the end of this chapter.
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2.2 Introduction

Arsenic contamination of drinking water poses a significant human health risk
worldwide (2). The occurrence of As in lakes and ground water is closely linked with
geologic sources (5) and can be exacerbated by anthropogenic activities (32).
Chronic ingestion of geogenic As from contaminated water increases the risk of
several cancers and multisystem diseases (8, 22, 23). In efforts to reduce As
poisoning, the WHO has set the maximum allowable concentration of As in drinking

water to 10 ug/L or 133 nM (54).

Despite its high toxicity and widespread occurrence, in many parts of the world
(10, 17, 19), As concentrations in decentralized water supplies such as domestic wells
often remain unquantified. One barrier to effective monitoring is the high cost and
lack of portability of analytical techniques (28). Commonly used methods of analyzing
As in environmental samples involve separation of chemical species by high-
performance liquid chromatography (HPLC). Methods for quantification include
inductively coupled plasma mass spectrometry (ICP-MS) and atomic fluorescence
spectroscopy (AFS). While these techniques reliably provide accurate quantification
of As, purchasing and operation costs of these instruments are prohibitive for large-

scale monitoring (28).

A complementary approach to As quantification involves the use of microbial
biosensors (13, 14, 49, 50) that produce quantifiable signals in response to As
exposure. Most As biosensors are based on regulation of reporter genes by an As
sensing transcriptional repressor (ArsR) (56). Output signals of reporter genes
include light emission (e.g., luciferase) (48, 49, 59) and fluorescence (e.g., green
fluorescent protein) (11, 47). Because production of the signal requires uptake of As
by live cells, biosensors quantify, to some extent, the fraction of As that is available
to microbes for transformations. This bioavailable fraction cannot be determined by

other analytical techniques like HPLC-ICP-MS or chemical test kits. Moreover,
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biosensors hold promise for quantifying As in remote locations (14, 15, 33, 45, 49)

where the use of other analytical methods is impractical.

One potential limitation of previous As biosensors is their inability to distinguish
between different chemical species of As. Arsenic in contaminated drinking water is
typically inorganic and can exist in two redox states (As(III) and As(V)), which differ
in their mobility, bioavailability, and toxicity (9, 31). Arsenic speciation is governed
by physiochemical conditions of the environment, particularly pH and redox potential
(26). In anoxic groundwater, As is generally present as As(III), often released by
dissolution of As-containing minerals (51). Once in contact with oxic surface water,
As(III) is oxidized to As(V) (51). Microbes also play a key role in controlling As
speciation. The genetic determinants involved in As metabolism and cycling are
thought to be ancient (40) and diverse. Indeed, microbes have been shown to oxidize
As(III), [e.g., via the aio operon, aso or aox gene cluster (7, 38, 46)], reduce As(V)
for catabolic or detoxification purposes (e.g., via the ars and arr operons (36, 56)),
as well as catalyze the formation of several organoarsenic species (e.g., via arsM (4,

58)).

Whereas ArsR-based sensors (i.e., derived from the ars operon) have been
routinely used to detect inorganic arsenic [As(III) & As(V)] (15, 43, 45, 47), output
signal is often weaker in response to As(V) (43, 47). As(V) detection is likely to
require a reduction step to As(III) before binding to ArsR, because As(III) is the only
As species known to interact with ArsR (44, 56). Thus, the weaker signal has been
presumed to result from delayed or inefficient reduction of As(V) by the arsenate
specific reductase (ArsC) (43, 47). Alternatively, the inability to reliably detect As(V)
may stem from differentially reduced bioavailability of As(V) in biosensor exposure
assays. These limitations can lead to lower sensitivity and to the underestimation of

As concentrations in environmental samples.
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We hypothesized that variable responses of As biosensors to As may stem from
heterogeneity of exposure conditions that interfere with the bioavailability of
inorganic As species. For instance, As(V) complexes (H2AsO4") have similar size,
charge and structure to inorganic phosphate (Pi) complexes (H2PO4™), and studies
have found that Pi transporters are responsible for As(V) uptake (35, 55). In contrast,
As(III) was found to be transported passively via glycerol uptake facilitator channels
(GIpF in E. coli) (34, 37). Therefore, we predicted that speciation of As can be
determined by manipulating media constituents that differentially alter As transport

of both inorganic species.

In this study, we evaluated the ability of an E. coli ArsR-based biosensor to
qguantify inorganic As species over a concentration range encompassing the World
Health Organization’s guideline for As in drinking water. We showed how alteration
of media constituents can impact the bioavailability of As species. We identified
conditions permissive for the detection of both As(III) and As(V), conditions selective
for detection of As(III) alone, and explored mechanisms responsible for species
specific detection. We also examined the effects of chemical constituents commonly
found in environmental samples that may differentially affect the bioavailability of As
species. Finally, we validated our proposed methodology by estimating total inorganic
As concentrations in natural lake water samples that cover a wide range of chemical

compositions.

2.3 Materials and Methods

2.3.1 Arsenic biosensor construction.
Our biosensing construct was inspired by the design of ]. Stocker et al. (47), for
which two ArsR binding sites were shown to provide optimal detection while
minimizing noise (SI Fig. A2.1). The sensing-reporting sequence (ArsRBS2-
mCherry) was constructed by custom gene synthesis (Integrated DNA Technologies)

and cloned into the Xmal and Xbal restriction sites of the high copy pUCP19 shuttle
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vector (6, 39) upstream of the sequence encoding mCherry (41, 42). The reporter
plasmid was transformed into E. coli NEB10-beta (New England BiolLabs) - a level 1,
non-pathogenic, non-regulated host. Other than the chromosomal ars operon, E. coli
NEB10-beta does not carry any other known genetic determinants annotated as

involved in As specific transformations.

2.3.2 Construction of the arsC deletion mutant.
The chromosomal arsenate-reductase gene (arsC) was deleted from the E. coli
NEB10-beta genome using lambda Red recombination (16). The AarsC mutant from
the Keio collection (Strain JW3470), in which the coding sequence is replaced by a
kanamycin resistance gene flanked by FLP recognition target (FRT) sequences (3),
was obtained from the Coli Genetic Stock Center. The FRT-kan cassette and flanking
E. coli genomic sequences were PCR-amplified from chromosomal DNA isolated from
the AarsC mutant using primers F-Delta-arsC (5'-GTGCTGTTTGTGACGCTGG-3") and
R-Delta-arsC (5'-GCGCACTTTTCTAACAACCTGT-3"). Purified PCR products were
transformed into electrocompetent NEB10-beta cells induced to express
recombination functions from the Red helper plasmid pKD46, as previously described
(16). Recombinants were selected by plating on LB with 30 ug/mL kanamycin and
cured of the temperature-sensitive pKD46 plasmid by incubation at 37°C.
Replacement of the arsC gene by the FRT-kan cassette was verified by colony PCR,
and plasmid curing was confirmed by testing for ampicillin sensitivity. The
kanamycin-resistance gene was subsequently excised by FLP recombination with the
plasmid pCP20, as previously described (16), followed by plasmid curing, yielding
putative AarsC::FRT mutants susceptible to both kanamycin and ampicillin. Colony
PCR with the arsC deletion primers yielded a shorter amplicon for the putative
AarsC::FRT mutants in comparison to the wild-type, confirming the deletion of arsC
sequences. The minimal inhibitory concentrations (MICs) of As(III) and As(V) were
determined for both the wild-type and AarsC strains (SI Fig. A2.2). Declines in all

mutant fitness measurements (i.e., growth rate, lag time and yield) occurred at an
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As(V) concentration 10 fold lower than that of the wild-type (50 uM vs. 500 pM). In
contrast, decline in fitness measurements for As(III) were similar for both strains
(500 uM). Together, these data confirms that the removal of arsenate reductase from

the host genome increases sensitivity to As(V).

2.3.3 Media and reagents.
Ultrapure water was used in all media and reagents. The water purification process
involved Milli-Q (Millipore) filtering system, autoclaving and re-filtration at 0.2 um.
Cells hosting the biosensing construct were plated on LB agar (10 g tryptone, 5 g
yeast extract, 5 g NaCl and 15 g agar per liter) with 120 pg/mL ampicillin. Before
each assay, cells were pre-grown overnight in MGP (Mops Glycero-Phosphate) growth
medium, a defined minimal medium free of inorganic phosphates (SI Table A1.1).
Constituents include 20 mM MOPS as a buffering agent, 1 mM B-glycerophosphate
(BGP) as a phosphate source and 30 mM glycerol as the primary carbon source. The
growth medium was supplemented with trace elements and amino acids (L-Leucine,
L-Isoleucine and Valine) as E. coli NEB 10-beta is an auxotrophic strain (A(ara-leu))

for these compounds (SI Table A1.1).

The nonselective As exposure medium (SI Table Al.1) is a modified MGP
growth medium with no trace elements, reduced [Mg2*] (20 pM) and reduced
[glycerol] (5 mM). Discriminating between As(III) and As(V) is possible using MIP
(MOPS Inorganic Phosphate) exposure medium, which is an MGP exposure medium
supplemented with 10 mM inorganic phosphate (Pi) (speciation defined in SI Table
A1.1). In order to test for the role of different carbon sources on As(III) uptake, the
MGP exposure medium required the following substitutions: 1 mM BGP with 1 mM Pi,

and 5 mM glycerol with 5 mM glucose.

Biosensor As standards consisted of sodium (meta)arsenite (NaAsOy;
Cat#S7400-100G) and sodium arsenate dibasic heptahydrate (Na;HAsO. - 7H.0;

Cat#A6756-100G), purchased from Sigma-Aldrich. Arsenic salts were dissolved in
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ultrapure water and acidified with HNOs to a final concentration of 10 mM As and
0.1% HNO:s. Arsenic standards were kept up to 4 weeks in 15 mL polypropylene tubes
at 4°C in the absence of light. Arsenic species in our standard solutions were
periodically verified using HPLC-ICP-MS and deemed stable for one month. Working

standards of 10 uM were prepared daily before exposure to sensor cells.

Concentration of As species was measured using HPLC (1200 HPLC; Agilent
Technologies) with ICP-MS (7700x; Agilent Technologies) in accordance with the
Food and Drug Administration standards, Elemental Analysis Manual Section 4.11.
Reagents used in HPLC-ICP-MS quantification and speciation were of analytical
grades and used without further purification. Arsenic standards and other reagents
were purchased from Sigma-Aldrich and SpexCertiprep. Stock solutions of 1000 mg/L
of arsenite (Spex Certiprep, Cat#SPEC AS3M), arsenate (Spex Certiprep, Cat#SPEC-
AS5M) with a certified value of As traceable to a NIST Standard Reference materials
were purchased from SpexCertiprep. A 10 mM solution of ammonium phosphate
dibasic was prepared by dissolving ammonium phosphate dibasic (Sigma,
cat#379980-100G) in ultrapure water and pH adjusted to 8.25 with 28% Ammonium
hydroxide solution (Sigma, Cat#: 338818-100ML). Mobile phase was filtered through

0.45 um filter before use.

2.3.4 Arsenic exposure and quantification by biosensor.
Growth was initiated by transferring a single colony into MGP growth medium
supplemented with 1% LB and 100 pg/mL ampicillin in round-bottom culture tubes
with a 1 cm path length. Cultures were incubated aerobically overnight at 200 RPM
and 379°C until they reached an ODego (optical density at 600 nm) range of 1.1 to 1.2.
Before exposure to As, cells were statically incubated at room temperature for 3
hours and diluted to an ODsoo of 1.050 using MGP growth medium. This culture was

used as the inoculum in subsequent assays.
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Unless otherwise noted, all As exposure assays include adding the following
components in the following order: 1) exposure medium, 2) reagents, 3) water and
4) cells. Medium to inoculum ratio was consistent in all treatments by concentrating
exposure media 2-fold. Step 1 involved the transfer of 800 pL of 2X concentrated
MGP or MIP to a 7 mL borosilicate scintillation vial. Step 2 involved the addition of
reagents such as arsenic and/or salts were added to the vials. Reagent working
solutions were adjusted to allow a final dilution that does not exceed a total of 1 mL.
During step 3, ultrapure water was used to adjust the final volume of reagents to 1
mL. Here, reagents and media constituents were incubated in the vials for 15 minutes
at room temperature with periodical orbital shaking by hand. Finally, 200 pL of
unwashed biosensor cell cultures were added to all treatments. Vials were incubated
at 37°C for 20 minutes at 200 RPM. In all assays, plating consisted of technical
triplicates by adding 200 uL of each treatment in three separate wells of a Corning
96 well black plate with a non-binding surface and a clear bottom. Using a Tecan
Infinite F200 Pro plate reader, fluorescence and ODeoo of @ 0.6 cm path length was
measured from the top of the plate on kinetic cycles of 10 minutes for 22 hours at
37°C and 25 flashes per read. We used an optically clear lid to minimize evaporation
throughout the incubation. Fluorescence intensity was analyzed using 560/20x nm

excitation and 620/10x nm emission bandpass filters with gain manually set to 100.

2.3.5 Speciation analysis of cell and supernatant fractions.
Using the previously described exposure protocol, 5 mL cultures of both wild-type
and AarsC mutant strains were incubated at 37°C with 32 uM As(V) for 3 hours in
MGP exposure media. To determine the fraction and speciation of As inside the cells,
cultures pre- and post-incubation were centrifuged at 15 000 RPM for 3 minutes.
Pelleted cells were washed twice using MGP exposure media rather than ultrapure
water to avoid cell lysis during washes. The use of preservation agents such as acids
were also avoided for this same reason. Rather, pellets were separated from the

supernatant, placed on ice and analyzed on the same day in biological triplicates
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using HPLC-ICP-MS. No-cell controls underwent identical methodology including
centrifugation and icing steps. As(III) was not detected in the controls, indicating
that As(V) was not reduced by constituents in the growth medium nor from the steps
used to fractionate cells from supernatant. Our mass balance for all biological

replicates indicated that we retrieved ca. 100% of the As(V) added.

2.3.6 Analysis of glucose concentrations in culture supernatant.
Methods involving the monitoring of glucose consumption over time required an
increase of the final volume to 12 mL. For each treatment, 200 uL was subsampled
and plated for kinetic RFU and ODeoo quantification. The remaining volume was
incubated at 37°C and used for glucose consumption monitoring, where a 1 mL
subsample was extracted/filter sterilized (0.2 ym) every 1.5 hour for 10.5 hours.
Samples were frozen and stored for 1 week before analysis by Evaporative Light
Scattering Detector (ELSD) coupled to HPLC. Glucose concentration could only be
accurately quantified from the initial 5 mM concentration until it reached a
concentration of 2 mM. We found that one of the constituents common to both
glucose and glycerol media led to an increase in the baseline at the 13.5-minute

retention time making quantification of glucose not possible beyond this point.

2.3.7 Collection and chemical analysis of environmental lake
samples.

In September 2017, water samples were collected by helicopter from the middle of
17 lakes near presumed to be affected by historical mining activity near the city of
Yellowknife, in the Northwest Territories, Canada. At each site, two samples were
collected where one was dedicated for water chemistry and the other for As analysis.
Water chemistry data were provided by Taiga Environmental Laboratory, a full-
service analytical laboratory located in Yellowknife, accredited by the Canadian
Association for Laboratory Accreditation (CALA) to ISO/IEC 17025 standards.
Unfortunately, we were not able to obtain Pi concentrations for these lakes because

of major interferences between PO,3~ and AsO,3™ analyses. Samples dedicated for As
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speciation analysis were collected using HDPE (high-density polyethylene)
containers, kept in the dark and chilled before cross-analysis by the biosensor and
HPLC-ICP-MS in Ottawa, ON Canada. Our study prioritized the preservation of natural
matrix constituents (e.g., organic matter, colloids) rather than the preservation of As
species. Therefore, we refrained from filtering and acidifying these lake samples that
may have affected the bioavailability of As or the viability of the cells once added to
the assay. HPLC-ICP-MS speciation analysis revealed that although a small fraction
of the As was in the form of arsenobetaine, over 99% of the As was in the oxidized
inorganic form As(V), as expected from unpreserved samples. Cross-analysis
between the biosensor and the HPLC-ICP-MS analyses were conducted on the same

day.

Biosensor analysis of As concentration for 9 of 17 lakes was above the linear
range of the calibration curve and required a 20x dilution before quantification (100
ML of lake water, 900 pL ultrapure water, 800 pyL 2x MGP and 200 pL biosensor
culture). A 2x dilution was used for the 8 remaining lakes (1000 uL lake water, 800
ML of 2x MGP and 200 pL biosensor culture). For the As standard addition protocol
(SI Fig. A2.5), 10 uM As working solutions were prepared in 2x MGP exposure media
rather than ultrapure water. This modification to the As exposure protocol ensured

that lake water would not be diluted by the spiked As.

2.4 Results and discussion

2.4.1 Arsenic detection and speciation determination by a
fluorescent biosensor.

The biosensor detected equally well As(III) and As(V) when each As species was
provided independently as the sole source of As in the non-selective medium, MGP
(Figure 2.1a; upper panels). The fluorescent signal output was linearly proportional
to the concentration of both As species from 25 nM to 800 nM (SI Fig. A2.3). As

predicted, the presence of inorganic phosphate (10 mM) in the selective medium
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(MIP) prevented the detection of As(V) up to [As(V)] = 1500 nM, while minimally
affecting As(III) detection (Figure 2.1a; lower panels). Under all conditions tested,
growth was not affected (Figure 2.1b), indicating that substitution of inorganic

phosphate for BGP did not limit the growth rate nor yield.
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Figure 2.1 | Role of inorganic phosphate addition in detection of As(III) and As(V). (a)
Biosensor was exposed to the indicated concentrations of As(III) or As(V) in MGP media
lacking inorganic phosphate (Non-selective media) or MIP media containing 10 mM inorganic
phosphate (Selective media). The output signal of the biosensor is presented in relative
fluorescence units (RFU) during the first 6 hours of growth immediately following exposure to
As. (b) The optical density of biosensor cultures at 600 nm (ODsoo) is shown, indicating similar
growth rates for the cultures in both exposure media.
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These results showed that As(V) bioavailability, and thus detection, was
dependent on Pi concentrations. Previous work in E. coli (55) and plants (1, 27) have
established that Pi and As(V) compete for cellular uptake, but so far, this knowledge
had not been fully exploited in biosensor applications. As previously suggested, the
inhibition of As(V) uptake at high Pi concentrations could arise from i) competition
between Pi and As(V) at Pi transporter sites, or ii) repression of the high-affinity
phosphate transporter (Pst), which occurs at Pi concentrations exceeding 20 pM (30).
We also show that inclusion of excess Pi (>100 pM) in the exposure media selectively
blocked detection of As(V) with minimal effect on the detection of As(III) (p=0.04)
(Figure 2.2).

We were also interested in investigating the effects of other major freshwater
ions such as Ca2*, Mg2* and Na* on the detection of As(III) and As(V) by the biosensor
(Figure 2.2; center left and right panels). We altered the ionic strength of the
medium by increasing sodium chloride (NaCl) concentrations to those found in
seawater (600 mM) (Figure 2.2; center left panel). Interestingly, as NaCl
concentrations increased, the fluorescent signal was equally reduced for both the
As(III) and As(V) (p=0.073). Here, signal reduction was associated with the
inhibitory effect of NaCl on growth rather than a change in As species bioavailability.
Additions of calcium chloride (CaCl.) and magnesium chloride (MgCl;) in MGP
exposure medium had little effect on the detection of As; a slight enhancement in

bioavailability was observed for [Ca2*] = 100 uM (Figure 2.2).
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Figure 2.2 | Effect of major ions on As species detection. Detection of As(III) and As(V) in
MGP exposure medium (pH=7.150) supplemented with NaCl, inorganic phosphate (Pi), CaCly,
or MgClz. Pi was supplemented as a mixture of sodium/potassium phosphate salts (SI Table
A1.1). The As concentration was 400 nM in each treatment. The mean and standard deviation
of RFU per ODeoo after 18 h of growth is presented for triplicate samples. Left panel, no
significant differences were observed between linear regressions of As(III) and As(V) output
signal over the NaCl concentration gradient (p=0.07). In conjunction with ANOVAs, TukeyHSD
was used for calcium, magnesium and phosphate treatments. Stars indicate a statistically
significant difference in output signals when compared to the control (dotted line; no added
ions).

2.4.2 Quantifying arsenic species in samples containing both
As(III) and As(V).

We tested the ability of our biosensor to selectively detect As(III) over a wide range
of As(V) concentrations (Figure 2.3). We first set total As level at 400 nM while
varying the relative concentrations of each species (Figure 2.3a; [As] indicated on
the X-axes). We showed that MGP exposure media can accurately quantify total
inorganic As concentration (orange circles: no Pi added) irrespective of the relative
proportion of each As species. In contrast, fluorescence in the As(III)-selective
exposure media (blue circles: 10 mM Pi) was proportional to the As(III) input
concentration, indicating that [As(III)] was accurately quantified irrespective of

background [As(V)].

Next, we tested the effect of adding a large excess of As(V) (2 pM) on the
detection of As(III) using the As(III)-selective exposure medium (MIP). The output

signal was proportional to the concentration of As(III) in both exposure conditions,
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regardless of the presence of As(V) (Figure 2.3b). We noted, however, that the
baseline output signal (intercept) for the detection of As(III) in the presence of 2 uM
As(V) treatments was significantly higher. This increase in baseline output signal
corresponds to an overestimation of ~100 nM across each [As(III)] tested. We
attribute this baseline shift to the presence of a threshold, where 10 mM Pi is effective
at excluding low background [As(V)]. However, once this threshold is exceeded, we

estimate that 10 to 15% of background As(V) can enter the cell and increase signal

output.
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Figure 2.3 | As(III) can be detected independent of As(V) concentration. (a) The biosensor
was exposed to samples that contained 400 nM total inorganic As and variable input
concentrations of As(V) and As(III), indicated on the upper and lower x-axes. MGP (0 mM Pi)
and MIP (10 mM Pi) exposure media were used for detection of total inorganic As and As(III),
respectively. (b) As(III) was detected using MIP exposure media in samples containing 0 nM
or 2000 nM As(V). Input concentrations of As(III) are presented on the x-axis. On both plots,
triplicate RFU per ODeoo treatment points are presented rather than means with error bars.
The star indicates a statistically significant difference in output signals when compared to the
regression analysis.
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2.4.3 As(V) detection involves an ArsC-independent reduction to
As(III).

To determine As speciation, our assay requires the addition of phosphates to block
As(V) uptake and prevent its detection. This approach could be impractical in natural
waters with elevated phosphate concentrations (>100 uM). Moreover, Pi addition
increases ionic strength and may change the way As interacts with natural ligands,
thus altering its bioavailability. In an effort to alleviate the need to amend the sample
with inorganic phosphate, we explored the option of taking a genetic approach in
preventing the detection of As(V). Previous studies have suggested that As(V) first
requires enzymatic reduction to As(III) by ArsC before it can be detected by
biosensors (43, 47). Indeed, affinity of As to ArsR has only been reported for As(III)
(44, 56) and not As(V).

We first tested whether ArsC was solely required for As(V) detection and deleted
arsC from the biosensor host genome. We predicted that As(V) detection would be
limited by the inability of the mutant to reduce As(V) to As(III). We found that
deletion of arsC had no significant effect on the output signal following exposure to
either inorganic As species (As(III) and As(V)), indicating that ArsC is not required
for As(V) detection.

We then tested the possibility that an ArsC-independent mechanism mediates
As(V) reduction in the exposure medium (Figure 2.4b). We compared As(V)
reduction efficiency of a wild-type strain harbouring the full ars-operon to that of an
arsC mutant. Both the wild-type and AarsC strains reduced >94% of the As(V)
initially provided, with most of the As located in the supernatant fractions. We suspect
that the time elapsed between sample collection and speciation analysis by HPLC-
ICP-MS is responsible for the reduction observed in the pre-incubation samples.
However, the similar reduction rates between wild-type (NEB10-beta) and mutant
(AarsC) treatments post-incubation, strongly support the existence of ArsC-

independent As(V) reduction mechanism(s) in E. coli. We confirmed these findings
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by transforming the AarsC mutant strain from the Keio collection (JW3470) with the
biosensor construct (pMP01). The AarsC JW3470 biosensor responded to As(V) at a
similar rate and signal intensity as the exposure to As(III) (SI Fig. A2.4).
Furthermore, our mass balance and ICP-MS measurements showed that >94% of
As(V) was reduced to As(III), while no As(V) was reduced in our abiotic controls.
Although we did not specifically test for extracellular As(V) reduction, to the best of
our knowledge the only As(V) reduction pathways in E.coli reported in the literature
are intracellular. Therefore, our data suggest that >94% of As(V) was available to

the E. coli cells under these conditions.
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Figure 2.4 | As(V) detection involves an ArsC-independent reduction to As(III). (a) As(III)
and As(V) detection by the pMP01 biosensor plasmid was compared for the E. coli host strain
(NEB10-beta) and a deletion mutant lacking arsenate specific reductase (NEB10-beta AarsC).
Data points represent the mean output signal after 18 h of As exposure in MGP of three
independently grown cultures, quantified in triplicate. Error bars indicate standard deviations.
We found no significant difference between wild-type and mutant strains (p=0.07). (b)
Speciation analysis following addition of 32 uM As(V) to MGP exposure media (nho cells),
NEB10-beta cultures and NEB10-beta AarsC cultures. Treatments were subsampled,
fractionated by centrifugation and analyzed before (left panel) and after (right panel) a 3-
hour incubation. As(III) and As(V) concentrations in pellet and supernatant fractions were
quantified using HPLC-ICP-MS. The mean and standard deviation of three independent
treatments are presented.
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Together, these findings suggest that As(V) detection by the E. coli biosensor
involves a biologically mediated As(V) reduction step, independent of ArsC.
Interestingly, a recent study (12) identified an ArsC-independent reduction pathway
when screening an E. coli AarsC mutant for resistance to As(V). The authors found
that overexpression of Glutathione-S-Transferase (GstB) increased As(V) resistance
by reducing As(V) to As(III). Our data suggest that intracellular As(V) in E. coli is
susceptible to non-specific reduction pathways (possibly via Glutathione-S-
Transferase) in addition to the specific As-inducible pathway (arsC). Because GstB is
likely essential to the cell central metabolism, a GstB deletion mutant does not

currently represent a good candidate for future biosensor hosts.

2.4.4 As(III) uptake is affected by central carbon metabolism.
The apparent sensitivity of As(V) uptake to media constituents led us to also revisit
how As(III) uptake is affected by such media constituents. Previous studies have
suggested that 90% of As(III) enters E. coli cells via glycerol uptake facilitator
channels (GIpF) (34, 37). These channels are responsible for the passive transport of
water and small hydrophilic molecules including glycerol across the inner membrane
(21). Transcriptional induction of glpF during growth on glycerol is mediated by the
interaction between glycerol-3-phosphate and the GIpR repressor (25, 53).
Expression of glpF is repressed by GIpR and sensitive to catabolite repression during
growth on preferred carbon sources such as glucose (53). We hypothesized that
uptake of As(III) is affected by conditions that alter the expression of the g/pF

transporter.

We compared As(III) detection during growth on a carbon source favouring glpF
induction (glycerol) to one favouring glpF repression (glucose). We observed that
fluorescence produced in response to As(III) exposure was 2-fold higher during
growth on glycerol than on glucose, consistent with greater uptake of As(III) in cells
growing on glycerol (Figure 2.5). Analysis of glucose consumption in the cultures

indicated that the increased signal output occurred after most of the glucose (>60%)
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was consumed. As a control, glycerol treated cells were also analyzed for glucose
content and no glucose was found in any of the triplicate glycerol treatments at
T=0 h (data not shown). This result is consistent with catabolite repression of the
glpF transporter leading to reduce As(III) uptake during exponential growth on
glucose, with increased detection occurring under conditions following relaxation of

catabolite repression.
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Figure 2.5 | Detection of As(III) is hampered in glucose grown biosensor cultures. As(III)
was detected in biosensor cultures grown and exposed in media containing glycerol (left
panel) or glucose (right panel) as primary carbon sources. The RFU per ODsoo is given for
the 18 h following As exposure. The concentration of glucose in culture supernatant fractions
was quantified using HPLC-ELSD over time and is presented on the secondary y-axis. The
mean and standard deviations of biological triplicate exposures are represented for both RFU
and the glucose concentration estimates. HPLC-ELSD limit of detection is presented as the
dotted line.

2.4.5 Application of the biosensor to arsenic quantification in lake
samples.

We were interested in testing the performance of the biosensor in quantifying total
inorganic As levels in environmental samples. We chose Yellowknife, Northwest
Territories in subarctic Canada as our study area. Gold mine operations in this area

have severely affected the surrounding lakes due to the atmospheric deposition of As
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trioxide (As203) from Giant Mine roaster stack emissions (18). The heterogeneity of
the underlying bedrock (52, 57) has resulted in lakes with diverse chemical profiles.
Despite cessation of gold mining operations in 2004, legacy As contamination in many
lakes still far exceeds Canadian guidelines for the protection of aquatic life (5 pg/L or

67 nM) and drinking water standards (10 ug/L or 133 nM).

We compared the detection of total inorganic arsenic (Aswtal) by the biosensor
to that of HPLC-ICP-MS using water samples collected from 17 lakes in the area
surrounding Yellowknife (Figure 2.6a). Speciation analysis by HPLC-ICP-MS
indicated that >99% of the inorganic As in the lake surface water samples was in the
form of As(V) and <1% was in the form of As(III), arsenobetaine or organoarsenic
species. This result was expected as we did not chemically preserve the samples (see
method section for details). The biosensor accurately quantified total inorganic As
(R2=0.96) over the entire range of As concentrations in the lake samples (Figure
2.6a). The high accuracy of As(V) quantification by the biosensor is likely due to the
improved detection of As(V) in the non-selective exposure medium, which we have
found likely permits uptake of greater than 94% of As(V) into the biosensor host
(Figure 2.6b). Thus, our data suggest that most of the legacy inorganic As from
anthropogenic sources in these environmental samples is available for microbial

uptake.

In addition to quantifying legacy As contamination, we also assessed
bioavailability of newly added As(III) and As(V) to natural water samples. We
performed standard additions of both As(III) and As(V) in 17 surface lake water
samples of contrasting water chemistry (SI Fig. A2.5). The fluorescence response
of the biosensor to standard additions varied with lakes (slopes ranged from -0.46 to
146.16 for As(V) and 24.64 to 170.05 for As(III)) when compared to the calibration
curve performed in exposure media, suggesting that water chemistry affected the
ability of the biosensor to detect newly added As(III) and As(V) (e.g., BC-17, YK67).

Furthermore, and surprisingly, a subset of lakes exhibited a muted response to newly
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added As(III) and As(V) when compared to the exposure media controls (e.g., BC-
17, YK-12, YK67, Vee). This muted response (standard addition slopes) could be
indicative of a lower bioavailability of the newly added As species, compared to
“older” legacy As already present in the system (standard addition intercept). This
matrix effect is likely a consequence of direct or indirect interactions between As and

chemical constituents of the water samples.

44



— Chapter 2 -

Q

)

—
o
o
o
o

80001

6000 1

40001

20001

Bioreporter [As(T)] (nM

0.4

0.2

0.01

PC2 (32%)

YK-67 YKN-1

SR

’ 4 ’

PC1 (36%)

Figure 2.6 | Total inorganic As concentrations are accurately quantified using the biosensor
assay through a wide range of water chemistry profiles. (a) Cross-analysis of As quantification
in 17 surface water samples using the biosensor and HPLC-ICP-MS. (b) PCA of the surface
water chemistry of 17 lakes in Yellowknife. Each PCA point represents an individual lake
separated by Euclidian distances as a metric of variations in water chemistry profile. Overlaid
are biplot vectors, pointing in the direction of most rapid change in a specified environmental
variable. The strength of the gradient direction is presented by the length of the vector.
Standard addition slopes for As(III) and As(V) are used as proxies for their respective
bioavailability.
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We ran a principal component analysis (PCA) to explore which chemical
variables may contribute to explaining the variation observed in As bioavailability
between lakes (Figure 2.6b) (29). Biplot vectors include standard addition slopes
for As(III) and As(V) as proxies for their respective bioavailability along with lake
chemical variables. Principal components 1 and 2 explained a total of 68% of the
variance. The absence of clustering between lakes is indicative of heterogeneity in
water chemistry profiles. The vectors corresponding to As bioavailability (slopes)
were orthogonal to vectors for the following chemical constituents (Fe, Na, Ca, Mg)
suggesting that these matrix components have little control on the bioavailability of
added As in these samples, supporting our experimental data (Figure 2.2). In
contrast, the slope vectors had closer alignment, in opposite directions, with DOC
(dissolved organic carbon), antimony (Sb) and legacy As concentration (As (ICP) and
As (BIO)) vectors. We found a significant negative correlation between As(III)
bioavailability and [DOC] (R2=0.212; p=0.04) but not for As(V) (R2=0.09; p=0.13)
(SI Fig. A2.6). Together these data suggest differential bioavailability of new vs. old
(legacy) As that might be explained by interactions with matrix constituents such as
DOC. DOC has been shown to form ternary complexes with As(III) and As(V) (24)
and to control As distribution in the sediments of lakes in this region (18). The role

of DOC on As bioavailability remains to be tested.

2.5 Conclusion

Whereas biosensors have routinely detected As(III) at environmentally relevant
concentrations, detection of As(V) has been less reliable. We found that elimination
of inorganic phosphate from the exposure medium, led to an improved detection of
As(V). The selective inclusion of phosphates in the exposure media proved to be a
useful tool for estimating As speciation under controlled laboratory conditions
(Figure 2.1 and Figure 2.3a) even when the cells are faced with a high background

of As(V) (Figure 2.3b). The mechanism responsible for the inhibition of As(V) uptake
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at high Pi concentrations likely involves competition between Pi and As(V) at the Pit
transport site, or to the reduced expression of the high-affinity phosphate transporter
system (Pst). Contrary to previous suggestions, we were surprised to find the
existence of an ArsC-independent mechanism of As(V) reduction relevant for As
biosensor applications (Figure 2.4). We also saw that As(III) detection (Figure 2.5)
is affected by the carbon source used in the bioassay. These findings have
implications for environments where available carbon sources might alter As(III)
bioavailability and thus its biotransformation by microbial communities. Moreover,
the pervasiveness of non-specific As(V) reduction in the environment has never been
investigated, and, as previously described for mercury (20), could act as a major

route for environmental As redox cycling.

Our field work tested the impacts of heterogeneous environments on the
detection of legacy As contamination (Figure 2.6a). Our biosensor assay positively
compared to HPLC-ICP-MS data. Despite the accurate quantification of legacy As
contamination, we observed a muted response to newly added As species in several
water samples (SI Fig. A2.5). We identified naturally occurring DOC as a potential
contender in the environmental control of As bioavailability. We propose that DOM
has the potential to kinetically control the bioavailability of As; further work is
warranted to characterize the nature of the As-DOM interactions and better predict

As mobility and availability in the environment.
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[Constituents]

[Constituents]
in MGP

[Constituents]

[Constituents]

Reagents Constituents in stock rowth media in MGP exp in MIP exp
solution (M) 9 (M) media (M) media (M)
C7H14NO4S 0.40 0.020 0.020 0.020
MGP buffer NaCl 0.40 0.020 0.020 0.020
(PH=7.150) KCl 0.40 0.020 0.020 0.020
(NH,),SO, 0.64 0.032 0.032 0.032
- (HOCH_),CH
OP(0)
glyceropho (ONa)s - 0.40 0.001 0.001 0.001
sphate xH,0
S eI MgSO, 2.0 1.25x10°3 2.00x105 2.00x10°5
sulphate
Glycerol C3HgO03 4.0 0.030 0.005 0.005
L-Leucine 0.075 2.28x1074 2.28x1074 2.28x1074
/;”C“i'dnso L-Isoleucine 0.075 2.28x10°4 2.28x1074 2.28x10°4
Valine 0.075 2.28x1074 2.28x1074 2.28x1074
NiCl, - 6H,0 8.41x10°5 8.41x1078 — —
Trace
clements  CoCl, + 6H,0 4.20x10°5 4.20x1078 — —
#1 (0.1M ZnSo0, 3.48x1074 3.48x1077 — —
H,S04)
MnSO, 9.41x10°3 9.41x10° — —
Trace H3BOs 4.85x1073 4.85x10° — —
elements Na.MoO
#2 (0.1M a2M0b, - 1.24x1074 1.24x1077 — —
NaOH) 2H.0
NaH>PO4 -
Pi buffer H,0 0.43 . _ 0.01
(pH=7.150) :
K>PO4 0.57
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Annex A2 Supplementary figures
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SI Fig. A2.1 | Map representing the pMP0O1 construct inspired by Stocker et al. 2003.
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SI Fig. A2.2 | AarsC deletion mutants are more sensitive to As(V) than wild-type E. coli
NEB10-beta. Minimal inhibitory concentrations of As(III) (left panel) and As(V) (right panel)
were determined for both wild-type and mutant strains using standard As exposure protocol
in MGP exposure medium. Cell culture yields at 18 hours are presented on the Y-axis. Error
bars represent the standard deviation of biological triplicates. For As(III), toxicity was not
observed below 500 uM for both strains. For As(V), a decrease in yield was observed at 100

MM for wild-type, but 50 pM for AarsC deletion mutant. The dashed lines represent complete
inhibition of cell growth.
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SI Fig. A2.3 | Numeric conversion of biosensor signal to arsenic concentration involves
capturing endpoint fluorescence at a specified time point. Presented is the 6-hour fluorescent
output (RFU) plotted over spiked As concentrations (X-axis). Raw RFU values were captured
every 10 minutes and presented in Figure 2.1. The mean and standard deviation of triplicate
exposures are presented. Linear regressions (y~x) are presented by the lines and 95%
confidence intervals by the shadings.
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SI Fig. A2.4 | deletion of AarsC from the biosensor chassis minimally affects biosensor
response to As(III) and As(V). The pMPO1 reporter plasmid was cloned into the wild-type
NEB10B biosensor chassis (lower panels), and into an NEB10B mutant chassis absent
genomic arsC (upper panels). These biosensors were exposed to the indicated
concentrations of As(III) or As(V) in MGP media lacking inorganic phosphate (Non-selective
media). The output signal of the biosensor is presented in relative fluorescence units (RFU)
during the first 6 hours of growth immediately following exposure to As. The mean and
standard deviation of three independent treatments are presented by the shaded area
surrounding the data points.
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SI Fig. A2.5 | Bioavailability of As is sensitive to sample matrix. Selected lakes were located
in close proximity to Yellowknife, Northwest Territories in subarctic Canada. Regression lines
were fitted to standard additions of As(III) (orange) and As(V) (blue) using (A) ultrapure
water (calibration, performed daily), and (B) natural surface waters from 17 lakes of varying
water chemistry profiles. Input As concentration is denoted on the X-axis in nanomolar.
Output signal (RFU) on the Y-axis is normalized to culture yield (ODeoo) after 18 hours of
growth. Lake names are found in the panel title. Regression line slopes for As(III) is indicated
in orange coloured text and As(V) in blue coloured text at the bottom right of each panel.
Regression intercepts vary among lakes due to the naturally occurring As concentrations in
each lake. Differences in slopes between lakes is used as a proxy for a change in bioavailability
of newly added As species.
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SI Fig. A2.6 | Relationship between [DOC] on As(III) and As(V) bioavailability. Dissolved
organic carbon (DOC) concentrations in each lake are plotted on the X-axis. As a proxy for As
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Chapter 3 — Environmental implications

ORIGINAL RESEARCH
Dissolved organic matter controls arsenic

bioavailability to bacteria
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Highlights:
i) Bioavailable arsenic is both unbound As and As weakly complexed to DOM.
ii) Time and [As]/[DOM] ratio governs As-DOM bond strength, thus As bioavailability.
iiil) DOM affects the magnitude of As(III) photooxidation in solution.
iv) Phosphate affects As(III) binding to DOM and enhance As photooxidation rates.

Contributions to the field:

i) First study to directly test the control DOM exerts on As(III) and As(V)
bioavailability and under environmentally relevant conditions.

i) Identified conditions that dictate the As-DOM bond strength.

iii) Found the notion of DOM-bound metal(oid)s being inaccessible to microbes to be
inaccurate in the case of As.

iv) Found aging of As(III)-DOM complex can increase As(III) bioavailability.
v) Insights into DOM’s photoreactive nature and impact on As(III) redox in solution.

A modified version of this manuscript was published online: 04 February 2020
Science of the Total Environment | doi.org/10.1016/]j.scitotenv.2020.137118
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3.1 ABSTRACT

The presence of arsenic in irrigation and drinking waters is a threat to worldwide
human health. Dissolved organic matter (DOM) is a ubiquitous and photoreactive
sorbent of arsenic, capable of both suppressing and enhancing its mobility. Microbes
can control the mobilization of mineral-bound arsenic, through redox processes
thought to occur intracellularly. The role that DOM plays on the bioavailability of
arsenic to microbes is often invoked but remains untested experimentally. Here,
using a whole-cell biosensor, we tested the role of DOM on As(III) and As(V)
bioavailability. Using cation amendments, we explored the nature of As-DOM
interactions. We found As bioavailability to be dependent on [As]/[DOM] ratio and on
the strength of As binding to DOM which varied as a function of time. We further
tested the role of DOM on As(III) photooxidation and showed that As(III)
photooxidation rate is limited by the strength of its interactions with DOM and
sensitive to ionic competitive desorption. Our study demonstrates the dynamic
control that photoreactive DOM poses on the bioavailability and reactivity of As in the
environment and highlights the kinetic controls that DOM can possibly exert on As

toxicity at various levels in food webs.

Keywords: biosensor; bioavailability; arsenic; water quality; photooxidation

DOM controls arsenic mobility
& reactivity

Pi
Aggricultural
runoff
Signal

Quantifies the bioavailable fraction

Pi desorbs As
from DOM

Aslll

depends on
As:DOM ratio

Figure 3.1 | Graphical abstract.

N.B. Supplementary Materials (Annex B) are appended at the end of this chapter.
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3.2 Introduction

Arsenic (As), classified as a group 1 carcinogen (20), is estimated to affect the food
and drinking waters of over 140 million people worldwide (42). The effects of human-
mediated As release through mining, farming and manufacturing processes (20, 48)
are observed at local, or even regional scales (48). Microbes, ubiquitous organisms
operating at a global scale (61), are capable of affecting As mobility via catabolic
(e.g. aio, aso, aox, arr..) or resistance (e.g., ars, arsM...) pathways (4, 60).

Therefore, conditions limiting As availability to microbes will reduce As remobilization.

Several environmental drivers of As bioavailability have been proposed (18) but
very few have been directly tested. Such drivers include changes in redox (44),
nutrients (58), cations (47) and solar radiation, known to profoundly affect organic
material degradation, nutrient release and organic matter mineralization (57).
Recently, Langner et al. (30) have presented spectroscopic evidence of covalent
bonds between trivalent arsenic (As(III)) and natural organic matter (NOM), and
therefore suggested that NOM strongly governs the bioavailability and thus the

mobility of As in anoxic peat.

DOM acts as a ubiquitous environmental sorbent of As through the formation of
covalent (30) and ternary complexes with As (8, 31), thereby preventing solid phase
sorption (18) and maintaining high As levels in soils (26) and in water (7, 14, 29).
With the rise of terrestrially derived DOM concentration of surface waters over the
past few decades (56), we can expect that the role that DOM plays on As cycling will
be increasing. The current mechanistic understanding of the interactions between As
species and DOM includes: i) specific binding of As(III) to sulphur (30), and to amino
(52) functional groups within DOM; ii) indirect cationic bridging of As(V) with calcium
(31) and of As(III) with iron (9), and iii) weak electrostatic complex formation of
As(III) and As(V) with phenolate or carboxylic functional groups (8, 9). Furthermore,
previous experiments during which we evaluated As bioavailability in 17 lakes

sampled around Giant Mine (YK, Canada) and exhibiting a wide range of As and DOC
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concentrations, identified a role for DOC on As bioavailability (40). Surprisingly, we
found that newly added As to lake water samples was less bioavailable than older,
“legacy” arsenic, already present in the system. This led us to hypothesize that As-

DOM complex aging is important in controlling its bioavailability.

In this study, we hypothesized that DOM acts as a strong predictor of As
bioavailability to microbes and predicted that strong As binding to DOM would reduce
the pool of As available for microbial uptake. Using an As-specific biosensor (40), we
monitored for changes in As(III) and As(V) bioavailability by altering [As]/[DOM],
equilibration time, DOM origin, and investigated the role of DOM photoirradiation on
As redox state and bioavailability. We found As bioavailability to be dependent on
[As]/[DOM] ratio and on the strength of As binding to DOM which varied as a function

of time.

3.3 Materials and methods

3.3.1 Reagents.
All media and reagents were made and kept in pre-sterilized, acid- washed
containers. Purification of ultrapure water (Milli-Q), preparation/preservation of the
10 mM As standards, and constituents of growth (LB & MGP) and exposure media
(MGP & MIP) have been previously described (40). Dissolved organic matter (DOM)
standards were sourced from the International Humic Substance Society (IHSS): i)
Suwannee River Natural Organic Matter 2R101N (NOM), ii) Suwannee River Humic
Acid 3S101H (SRHA), iii) Suwannee River Fulvic Acid 3S101F (SRFA), and iv) Elliott
Soil Fulvic Acid 55102F (ESFA). These represented a wide range in sulphur (0.41 to
1.78% (w/w)), carboxyl (9.13 to 13.24 mg/g C) and phenolic (2.27 to 3.72 mg/g C)
functional groups (15, 21, 46). Properties of the DOM origins used to produce this
RDA can be found in Supplementary Materials (SI Table A1.1). DOM standards were
prepared in acid-washed volumetric flasks at 100 mg/L by dissolving 0.0050 g in 50
mL of ultra-pure (Milli-Q) water and incubated at 37°C and 200 RPM for 24 h. Orbital
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shaking/incubation ensured complete dissolution of the standards in Milli-Q water
without adjustment of ionic strength or pH. Filtropur 0.2 um PES membrane filters
(Sarstedt 83.1826.001) were used to ensure sterility of the standards and prevent
microbial degradation during storage. Refraining from using buffering and
preservation agents drove the pH to approximately 4.5. All DOM standards were
prepared following the above-noted method, and kept in dark containers at 4°C for

no longer than 3 weeks.

3.3.2 Containers.
Containers used in this study include: i) Simport Scientific polypropylene 3 mL
containers (Fisher Scientific 22-040-408) for all DOM incubation treatments that did
not involve photoirradiation; ii) Globe Scientific Spectrophotometer polymethyl
methacrylate 4.5 mL UV grade (280-800 nm) cuvettes (Fisher Scientific 111157) for
all photoreactor assays; iii) Nalgene® High Density Polyethylene (HDPE) 500 mL
bottles for all dialysis experiments, and Trace Metal Grade Corning® tubes for storage
and analyses; and iv) Fisherbrand glass bottles (FB800100) for all media and reagent

storage.

3.3.3 Biosensor culture and exposure protocol.
Biosensor construct, speciation protocol, and instrumentation used to incubate and
quantify fluorescent output and culture yield of the biosensors are fully described
elsewhere (40). Briefly, the biosensing construct was inspired by the design of J.
Stocker (49), for which we used two ArsR binding sites shown to provide optimal
detection while minimizing noise. The sensing-reporting sequence (ArsRBS2-
mCherry) was constructed by custom gene synthesis (Integrated DNA Technologies)
and cloned into the Xmal and Xbal restriction sites of the high copy pUCP19 shuttle
vector upstream of the sequence encoding for mCherry. The reporter plasmid was
transformed into E. coli NEB10-beta (New England BioLabs) - a level 1, non-

pathogenic, non-regulated host. The MGP growth and exposure media, comprised of
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glycerol and organic phosphate, were used in all biosensor exposure assays. Use of
these media was found to allow for the uptake of over 94% of the added As(III) and

As(V) additions (40).

For all assays, As concentration was set at 200 nM because this concentration
falls at a mid-point in the linear range of the biosensor's calibration curve and has
previously led to reproducible quantification (40). Furthermore, this concentration is
environmentally relevant as the World Health Organization set a guideline of 133 nM
(10 pg/L) for As in drinking water (55). Biosensor exposure protocol consists of two
steps. First, all working solutions (DOM, ions, and As) were prepared at a final
concentration of 2x and added to the containers in the following order: (i) Milli-Q
water, (ii) DOM, (iii) cations (if required), and (iv) arsenic. Time of interaction prior
to exposing the biosensor cells was assay dependent and conducted in the dark and
at room temperature. Second, pre-incubated working solutions were then
subsampled into three separate wells on the 96 well plate then analyzed by three
individually grown biosensor cultures. Exposure occurred in the following order: (i)
100 pL subsample of the pre-incubated 2x concentrated working solution, (ii) 80 pL
of 2x concentrated exposure medium (MGP or MIP), and (iii) 20 yL of MGP grown

biosensor cells for a final biosensor cell concentration of 10%.

3.3.4 Data analysis.
The biosensor fluorescent output present in all figures has been corrected for
autofluorescence, noise and culture health using R programming language. First,
autofluorescence is a background interference that differs by DOM origins, bacteria
cultures, reagents, and by well in the exposure plate. Standardization consists of
subtracting endpoint output signal (20 h) of each well from the initial output (TO) of
that same well (Figure 3.2a). Second, we refer to background noise as the signal
produced by biosensor cells that are not exposed to As; even in the absence of the
inducer (As) there is a basal expression of fluorescence that must be controlled for.

Removal of background noise consists of the difference between signal output of the

65



— Chapter 3 -

treatment (e.g., As + SRHA) and of the no-As control at the same time point (20 h)
and of the same biosensor culture (Figure 3.2b). Third, differences in biosensor
fitness or yield can arise when working with environmental samples (SI Fig. B1.1).
Normalization consists of dividing the corrected output signal by the culture's optical
density (ODeoo) at the same time point (Figure 3.2c). Finally, assuming no-DOM
controls represents 100% bioavailability, we can convert the biosensor's fluorescent
output signal to percent biouptake. This correction involves dividing the normalized
biosensor output of the treatments (e.g., As + SRHA) by output signal of the As-only
calibration point control and multiply by 100 (Figure 3.2d).
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Figure 3.2 | Example of data analysis steps applied to raw data to generate figures. The
optical density at 600 nm (ODsoo) including the mean (points) and standard deviation (ribbon)
of independently grown triplicate biosensor cultures are shown. The output signal of the
biosensor is presented in relative fluorescence units (RFU) during the first 22 h of growth
immediately following exposure to arsenic. Controls shown here are those used in correction
and normalization steps that generate the 25 mg/L TO As(V) box shown in Figure 3.3.
Controls are figure dependent. Step details are further described in the methods section.
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3.3.5 Photoirradiation.
A Luzchem Photoreactor was used for all photoirradiation assays. These consisted of
a 22 h pre-incubation assay followed by a 4 h irradiation step subsampled at 0 h (TO),
2 h (T2) and 4 h (T4). Similarly to the exposure protocol previously described,
samples were prepared, incubated, and irradiated at 2x their final concentration (400
nM As(III) & 20 mg/L DOM), then diluted to 1x upon exposure to the biosensors.
The power per unit area (irradiance) for wide-band UV radiation was measured using
GOLDILUX ultraviolet meters, UVA (315-400 nm), and UVB spectrum (280-315 nm).
Irradiance intensity for UVA averaged 0.037 J-m™2-s™* and for UVB averaged 0.129
J-m~2-s7, Spectral components of light from 200 nm to 1000 nm were analyzed using

a ThorLabs compact CCS200 (Figure 3.8).

3.3.6 Chemical analysis.
Cross-analysis of HPLC-ICP-MS and the biosensor speciation technique was
performed on the same day and on the same samples. Sub-samples for As speciation
analysis was preserved using HNOz at 0.3% (2 pL of 70% HNOs in 398 pL Milli-Q plus
100 pL of sample). Details regarding HPLC-ICP-MS speciation analysis are detailed

elsewhere (40).

3.3.7 Dialysis experiments.
All dialysis experiments, used to quantify the fraction of As bound to DOM, were
performed in triplicate and consisted of adding DOM (10 mg/L) and As (200 nM, either
As(III) or As(V)) to the inside of a dialysis bag (pore size 500 Da). Similarly to the
biosensor exposure assays, no buffering agents were used. For experiments involving
major ions, 10 mM Na* or Ca2* were added both inside the dialysis bag and in the
external solution, at the same ionic strength to prevent crossing of As induced by

osmotic gradient.

Quantification of As species levels (ICP-MS) for the external solution was

performed at both 0 h (TO) and at 24 h (T24) whereas measurement for the internal
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solution was only quantified after a 24 h contact time. Here, quantification of [As]
inside the dialysis bag represents both bound and unbound As, whereas the amount
of As found outside the dialysis bag represents unbound As. These categories are
based on the assumption that As-DOM ternary complexes are larger than the “free”
or unbound As, and therefore cannot cross the 500 Da dialysis bag membrane. To
account for differences between the internal (3 mL) and external bag (300 mL)

volumes, all pg/L concentrations were first converted to pmols before adding,

subtracting or proportioning (eqgn i).

[as] (nd)

MM As (=5

(eqni)  As (pmol) = V (mL) * 10°

Where, V is the volume of water in mL of the inside or the outside of the dialysis bag,
[As] is the ICP-quantified As concentration in ug/L, MM is the molar mass of As (74.92
g/mol), and 10° is the unit conversion factor. The result is As quantity in pmols rather
than As concentration. We then used the pmol quantities to proportion the amount

of As bound to DOM (eqgn ii).

As bag (pmol) )
As added (pmol)

(eqnii) % bound = 100 * (
Because unbound As is osmotically driven across the membrane, the amount of As
measured inside the bag should therefore contain both bound and unbound As. Thus,
in egn (ii), As pag represents the amount of As measured inside minus the amount
measured outside the dialysis bag. Use of these equations results in a As unit that is

proportioned as percent (SI Fig. B1.2).

3.3.8 FEEM analysis.
Measurement of Fluorescence Excitation/Emission Matrices (FEEM), was performed
in triplicate by mixing DOM (10 mg/L) and As (200 nM, either As(III) or As(V)) to a
3 mL quartz Suprasil cells, at room temperature, in the dark. No buffering or

acidifying agents were used. Fluorescence Excitation/Emission Matrices were

68



— Chapter 3 -

regularly measured on a HITACHI F4500 spectrofluorometer. The excitation
wavelength ranged from 320 to 460 nm, with 10 nm step and an excitation slit of 1
nm. The corresponding emission spectra were acquired from 350 to 550 nm with a
scan speed of 2400 nm/min and a slit of 1 nm. The photomultiplier tension was fixed
at 950 V and the integration time set at 0.1 s. The extraction of the 5 nm stepped
emission was obtained by FL-Solution software. Each experiment was performed in

triplicate.

3.4 Results and discussion

3.4.1 DOM Kkinetically controls As bioavailability to bacteria.
In a first series of experiments, we tested the role of i) DOM concentrations and ii)
the duration of As-DOM pre-incubation, prior to exposure to the biosensor, on the
bioavailability of As(III) and As(V). Here, DOM was provided as Suwannee River
Humic Acid from IHSS over a range of concentrations representative of what can
typically be found in natural surface waters (streams, lakes, wetlands) and

porewaters (25).

First, we observed that without a pre-incubation step, addition of 25 mg/L SRHA
decreased As(III) and As(V) bioavailability by 25% and 16%, respectively (significant
decrease of 25% for As(III), p<0.0001) (Figure 3.3e), supporting our previous
observation with natural lake water samples (40). Second, in the presence of [SRHA]
> 10 mg/L, As(III) and As(V) bioavailability increased with increasing pre-incubation
time (Figure 3.3e), to values comparable to the no-DOM control (Figure 3.3c-f).
Here, the pre-incubation time required to reach control values ranged from 1 ([SRHA]
= 10 mg/L) to 3 days ([SRHA] = 25 mg/L). After a 6-day pre-incubation time in the
presence of [SRHA] = 25 mg/L, As(III) bioavailability was greater than in the no-
DOM control. This corresponded to a significant increase of 45% of As bioavailability
over a 6-day period (p<0.001). Note that increasing DOM concentration also

stimulated biosensor cells yield (SI Fig. B1.1c-f), probably due to the presence of
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nutrients within the DOM pool but this stimulation was not time dependent and did

not affect accuracy of the As-specific biosensor signal (Figure 3.3c-f).
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Figure 3.3 | DOM control on As(III) and As(V) bioavailability over time. DOM control on
As(III) and As(V) bioavailability over time. Boxplots represent biological replicates (n=3)
containing either 200 nM of As(III) (a, ¢, e) or 200 nM As(V) (b, d, f) in the presence of a
DOM (SRHA) gradient (vertical facets). Axes include room-temperature pre-incubation time
(X-axis) and output signals of treatments are indicated as percent deviation from our no-DOM
controls (Y-axis). Dotted line represents biosensor output signal of the no-DOM controls. Stars
represent a significant decrease from the 200 nM (no-DOM) control incubated for the same
period of time determined using raw fluorescent signals and TukeyHSD post-hoc analysis on
a one-way ANOVA.
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Our data showed that DOM hampered As bioavailability at low As(III) to DOM
ratio (8 nmol As(III)-mg™t DOM) and during a short time period after As and DOM
were placed together (t<30 min). This observation is in line with what was predicted
in the literature, indeed, both higher stability constants (32) and stronger binding (9)
have been reported when working at pH and [As]/[DOM] ratios similar to the values
used in this study. Using a two-site ligand binding model, Liu and Cai (2010) have
shown that humic acids have a limited number of strong As binding sites that are
sensitive to increases in [DOM] (32). Furthermore, Buschmann et al. (9) proposed
that the limited number of strong As binding sites on DOM is sensitive to competition
and/or conformational changes of humic macromolecules, which may explain the

time-dependent nature of our results.

To document a possible change in DOM conformational properties over time and
in the presence of As, we used FEEM (Fluorescence Excitation/Emission Matrices).
Though widely used to quantify DOM, contour maps of the 3D FEEM can also be used
to characterize changes in DOM's fluorescent components (54). Using FEEM, we
predicted that time-dependent changes in fluorescence would correspond to changes
in the nature of the interactions between As and DOM. Using colour distance matrix
and k-mean cluster analyses, we confirmed a change in fluorescence spectrum
intensity and profile over time, both peaking in intensity after a 2-day incubation and

shifting in profile following a 6-day incubation (Figure 3.4).
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Figure 3.4 | Shift in the fluorescence spectrum/intensity of As-SRHA solutions over time.
Triplicate samples are shown by the vertical facets, and pre-incubation time (in days) by the
horizontal facets for a) As(III) + SRHA and for b) As(V) + SRHA.

Changes in the molecular conformation of DOM over time can result from
modifications of the surface charge (38), and from the intramolecular cationic
bridging (45). We recognize that fluorescence data presented here offer little
mechanistic insight into the underlying interactions between As and DOM. That being

said, quantification of changes in fluorophore intensity (or quenching) through time
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does present evidence of the dynamic nature of As-DOM interactions (Figure 3.4),

which is also reflected in the response of the biosensor (Figure 3.3).

It is generally recognized that cationic metal-DOM interactions strengthen over
time. Arsenic, an oxyanion under most environmentally relevant conditions, would
predictably offer different binding dynamics. We propose that increasing As(III)
bioavailability over time resulted from a series of ligand exchange within the DOM
pool, induced by DOM conformational changes; this transfer of As(III) from the few
sites at which it formed strong bonds, towards sites that are more abundant but
exhibiting weaker electrostatic affinity, made it more accessible to the biosensor and
hence bioavailable. Contrary to what appears to be currently accepted in the
literature for bacteria (41) and derived from DGT experiments (2), our data suggest
that inorganic As species do remain bioavailable in the presence of DOM, through

time, even when abiotic conditions favour As complexation.

In addition to free As species, As weakly bound to DOM also represents a pool
of labile As that is bioavailable to microbes. Furthermore, microbial cells themselves
may play a role in actively releasing weakly bound As from DOM. Possible
mechanisms include: i) internalization of co-transported As during microbial
consumption of DOM (3); ii) release of weakly bound As induced by extracellular
electron transfer (34) and shuttled by quinone moieties within the DOM pool (19,
39); and iii) uptake of As through siderophores channels (e.g., ABC-type exporters
(35)) that are possibly upregulated by phosphate/iron starvation during biosensor

growth. Determining the mechanisms involved will require further work.

3.4.2 The nature of As binding to DOM controls its bioavailability.
Our interest in identifying the mechanism involved in DOM's control on As
bioavailability required more targeted experiments. Carboxylic groups are one of the
main contributors to DOM's negative charge (22) and thus promote strong surface

and inner-sphere complexes with cationic metals (9, 23, 43). Moreover, cations are

73



— Chapter 3 -

known to affect the sorption of As to DOM by changing its affinity to functional
moieties such as carboxylic, phenolic, amino and sulphydryl groups (9, 30, 32). These
associations can induce aggregation and structural reorientation of the organic matter
by increasing the compression and rigidity of the structure while favouring a

hydrophobic core (37).

We first tested the effect of cations on As bioavailability in the presence of DOM
(20 nmol As-mg™* DOM), by adding 10 mM Na*, 10 mM Ca?2*, or 5 yM Cu2*. Mono-
and divalent cations (Na* and CaZ2*) were selected for their ubiquity in the
environment and pronounced effects on DOM charge (12) and structure (5),
respectively. Cu2* is a trace metal with high affinity for DOM (11), and is expected to
form strong covalent bonds at complexation sites (13, 17). The concentration of
cations was limited by their toxicity and chosen to maintain relevance to
concentrations commonly found in freshwaters. We found that across all tested
commercially available DOM treatments, As(III) and As(V) bioavailability variably
increased in the presence of Cu2*, was unaffected in the presence of Na*, and
consistently decreased in the presence of Ca2* (Figure 3.5). These data suggest that
the mechanisms involved in controlling As bioavailability are conserved across DOM

samples.

Experiments performed in the presence of copper support our finding that strong
binding of As to DOM limits its bioavailability. In this case, we suspect that the
presence of Cu2* prevented As binding, maintaining its accessibility and bioavailability
to the biosensor. Although the mechanism remains unclear, we speculate that it
relates to the nature of the DOM conformational changes differentially induced by
calcium and copper. Copper, like calcium, electrostatically interacts with
deprotonated carboxylic groups of DOM (11, 53). Copper (53), like calcium,
electrostatically interacts with deprotonated carboxylic groups of DOM (11).
However, Ca2* interactions with DOM differ from that of copper in the strength and

specificity of the bonds it forms with DOM (11, 53). Indeed, calcium is thought to
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better penetrate DOM structure (51), thereby forming strong inner-sphere ionic
bridges (23, 31, 51), creating more space for water molecules (1), and changes in

DOM conformation (27, 37).
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Figure 3.5 | As bioavailability in the presence of DOM of varying origins. Changes in As
bioavailability (Y-axis) were plotted over various cation treatments (X-axis). Environmentally
relevant concentrations of Na* (10 mM), Ca2* (10 mM), Cu2* (5 pM), and DOM (10 mg/L)
were used. The origin of the DOM used is identified by the vertical facet labels. Each box
represents the mean and standard deviation of biological triplicate samples containing 200
nM of As(III) (a, ¢, e, g) or 200 nM As(V) (b, d, f, h). Percent conversions were based on
presence vs absence of organic matter. Dotted line represents biosensor output signal of the
no-DOM controls at the same ionic strength. Significant decrease from the no-DOM controls
were determined using TukeyHSD post-hoc analysis on a one-way ANOVA.
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Second, to test the extent to which As(V) binding to DOM affected its
bioavailability, we subjected the exposure solution to a 500 Da dialysis membrane
bag in the presence and absence of SRHA, Ca2* or Na*. In the absence of cations,
>95% of As(V) was bound to SRHA, yet remained bioavailable (SI Fig. B1.2).
Although the addition of Na* and Ca2* decreased the extent to which As(V) was bound
to DOM (SI Fig. B1.2), only in the presence of Ca2* did we observe a 25% decrease
in the bioavailability of As bound to DOM (Figure 3.5). These results confirm that
microbes are not limited to the unbound fraction of As but are also capable of

accessing weak electrostatically held As.

We used FEEM to test the effects of Na* and Ca2* amendments on As(V)-SRHA
treatments (SI Fig. B1.3). Both colour distance matrix and k-mean cluster analysis
(6, 28) confirmed that all three Ca2* treatments increased fluorescence intensity
beyond that of the Na* treatments and of the no-cation controls, suggesting an
important role of Ca2* in changing the structural properties of DOM. These findings
are in line with reports indicating that Ca2* affects DOM structure, namely its
compression and rigidity (27, 37). Following the two-site ligand binding model
proposed by Buschmann et al. (2006) and further characterized by Liu and Cai
(2010), it is conceivable that changes to the molecular structure and arrangement of
DOM evoked by 10 mM Caz?*, led to the release of weakly but electrostatically bound
As towards newly available/accessible, high affinity sites. The consistent yet modest
(ca. 25%) decrease in As(III) and As(V) bioavailability in the presence of Caz2*
(Figure 3.5), supports the low number of strong As sites proposed by other studies
(9, 32). Unfortunately, we do not yet have spectroscopic evidence supporting a
change in bioavailability induced by conformational changes of DOM under our

experimental conditions.

Finally, we performed a redundancy analysis (RDA) that assigns predictor
variables to bioavailability measurements to explore the broad relationships existing

between As species bioavailability and the various experiments performed in this
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study (Figure 3.6). This analysis highlights that the drivers of As(III) and As(V)
bioavailability in the presence of DOM are likely different, underscoring the relevance
of our approach of performing speciation using a biosensor. Here, most variability
was driven by predictor variables that align with RDA1 axis (N, S and aliphatic content
of DOM) and with As(III) bioavailability vector. The magnitude of As(III)
bioavailability in the presence of DOM appears to be less dependent on the presence
of cations than As(V). Indeed, and despite low coverage of the RDA2 axis (6.7%),
alignment of As(V) bioavailability vectors with cationic treatment groupings and
predictor variables suggest a stronger cationic interference on As(V) bioavailability,

best characterized by Q1 (carboxylic) and Q2 (phenolic) pools of binding sites.

Treatments
o DOM
@ DOM + Na
@ DOM + Ca
@ DOM + Cu

DOM origin
o ESFA

o SRNOM
& SRFA
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Bioavailability
—> As(Ill)
— As(V)
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Figure 3.6 | RDA triplot assigning predictor variables to drivers of bioavailability. Each RDA
point represents ordination of biosensor outputs (Figure 3.5) separated by Euclidian
distances as a metric of variation. Overlaid are both bioavailability drivers (coloured vectors)
and explanatory variables (grey vectors), pointing in the direction of most rapid change. The
angle between vectors of explanatory variables and bioavailability drivers reflect their linear
correlation. Properties of the DOM origins used to produce this RDA can be found in
Supplementary Materials (SI Table B3.1). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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3.4.3 Arsenic photoreactivity and bioavailability in the presence
of DOM.

DOM can profoundly affect As(III) behaviour in the environment. Here, DOM can
compete with mineral adsorption sites, and enhance mobility of this contaminant by
maintaining As in dissolved or colloidal forms (33). One important variable controlling
the fate of DOM in natural surface waters is its photochemical reactivity which has
also been involved in As redox transformations (8, 59). Moreover, the effects of As-
DOM photoirradiation on As bioavailability have yet to be characterized. Such
information is relevant for situations when: i) groundwater reaches surface waters,
ii) ice cover melts, iii) summer anoxia in DOM-rich wetlands/bogs, or iv) episodic
draining and flooding of rice paddy soils. In this last series of experiments, we tested
the role of As(III)-DOM photoreactivity on the bioavailability of As species (Figure
3.7).

Our 2-step experimental treatment required the pre-incubation of an As(III)
solution under UV-vis radiation (with or without DOM), prior to exposure to the
biosensor assay. Upon exposure, only As(III) can be detected because, as per our
protocol, 10 mM POs™ is added to the bioassay medium to prevent As(V) uptake (40).
We observed that virtually none of the As(III) remained bioavailable after 4 h of
irradiation in the absence of DOM (Figure 3.7bd). In this case, a decrease of As(III)
bioavailability could be attributed to i) conditions that directly prevent the biouptake
of As(III) or ii) its oxidation to As(V). Our same-day control experiments analyzed
using ICP-MS, confirmed the virtually complete As(III) oxidation to As(V) (Figure
3.7¢).
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Figure 3.7 | DOM affects the extent of As(III) photooxidation. HPLC-ICP-MS mass balance
c) was used for validation of biosensor speciation technique a), b) and d) where a decrease
in As(III) uptake over time suggests As(III) oxidation. Biosensor fluorescence was converted
to percent biouptake (Y-axis) by comparing the output signal of the irradiated treatments to
the pre-irradiated (TO) controls. Biosensor endpoints present the mean and standard
deviation of three independent biological triplicates. Panels b) and ¢) present an independent
same-day mass balance using ICP-MS and biosensor outputs respectively. Dotted line
represents biosensor output signal at TO. A significance code of (*) represents a p-value
between 0.01 and 0.05 and of (***) for a p-value > 0.001. Analysis of photoreactor light
spectrum (Figure 4.4) including supplemental controls for this figure, can be found in
Supplementary Materials (Annex B) (SI Fig. B1.4).
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To maintain environmental relevance, no UVC bulbs were installed in our
photoreactor. Yet in the absence of DOM and in the presence of light, oxidation of
As(III) to As(V) in water alone was consistently observed in over two dozen separate

replicated experiments. We performed a series of control experiments, to reasonably
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rule out the role of atmospheric gases (e.g., N2, O,, CO;), the acid from the As stock
solution preservative (HNO3), and the nature of the cuvette container as sources
and/or acceptors of electrons in the As(III) photooxidation process (SI Fig. B1.4,
Annex B2.1). We sought to investigate whether water could be a source of HOe and
He radicals likely involved in As(III) photooxidation. Our spectroradiometer
measurements confirmed that mostly visible spectral components (Figure 3.8a)
were emitted in the reactor with little spectral irradiance (0.166 J-m-2:s-1) in the UV
regions (Figure 4.4b). The photooxidation of As(III) at environmentally relevant
levels (nM) requires only a relatively small number of photons emitted at water’s
ionization energy threshold (~6.5 eV) (16). In our incubation experiments, what
appears as inconsequential spectral peaks (Figure S5e) in the UV range (~6.1 eV),
may provide the energy required to produce hydroxyl radicals needed to catalyze this
reaction at the low As levels used. We unfortunately cannot properly report quantum
efficiency yields considering CCD spectrometers sensors provide inaccurate absolute
intensity measurements due to the nature of their integrated analogue (photons) to

digital (volts) conversion process.
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Figure 3.8 | Photoreactor light spectrum extends to visible components. Spectral

components of light are presented from a) 200 nm to 700 nm and from b) 200 nm to 415
nm. Wavelengths of the peaks and UV ranges are present. ¢) A photo of the Luzchem
photoreactor showing the placement of the cuvettes inside.

Surprisingly, the presence of DOM, amended as NOM, SRFA or SRHA greatly
limited the extent to which As(III) was photooxidized to As(V) (Figure 3.7). Hydroxyl
radicals, regardless of their origins (water or DOM), can affect C-H and S-H bonds
(10). This photochemical-induced conformational change of DOM could enhance
binding of As-DOM. In either case, we suspected that the presence of DOM both
attenuated photon flux via shading and limited As(III) photoreactivity via As-DOM
binding.

Finally, we tested the role of a possible association between As(III) and DOM on
As(III) photooxidation by adding phosphate to an As(III)-DOM solution prior to its

photoirradiation. Our prediction was that addition of PO43~, which is known to limit
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As(III) binding to DOM (24), would favour As(III) photooxidation by increasing the
pool of unbound As(III) in solution. Indeed, in the presence of DOM + PQO43-, ICP-MS
measurements indicated rates of As(III) photooxidation, similar to those observed in
water alone. Our finding only partially supports previous literature claiming that
As(III) oxidation is mediated by the transfer of electrons from DOM (8). We cautiously
conclude that differences among published results on the role of DOM on As
photooxidation likely result from variable As-DOM binding conditions due to variation
in Pi content (e.g., buffer), pH, and ionic strength of the exposure solutions. Overall,
further experiments are required to determine the nature of the interaction between
As and DOM in the presence of P043". That being said, our data support our
hypothesis that the nature and strength of As binding to DOM controls As

bioavailability and reactivity.

3.5 Conclusion

It is generally accepted and often implied that the bioavailable fraction of As is the
“free” or unbound one (36, 50). The work presented here showed that the
bioavailable fraction of As is comprised of both labile and weakly complexed to DOM
fractions. Though we found that 20 nmol As-mg~t* DOM ratio appears sufficient to
saturate the low number of strong As binding sites in several types of commercially
available DOM, further work is warranted to characterize the nature of weak vs strong
As binding sites. Characterizing the strength and specificity of As-DOM interaction is
fundamental in improving our understanding of microbially driven mobilization of As.
This is an important gap of knowledge, which once addressed, will improve effective
management of As contamination. Indeed, environmental changes brought by
climate change such as variations in temperatures and precipitations already affect
the physicochemical properties of natural waters making large-scale predictions on
the fate of As-DOM complexes difficult (57). In the context of global water quality

assessment, our work emphasizes the importance of considering the effects of
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climate change and of agricultural practices as they affect the levels of nutrients and
their remobilization. Changes in DOM concentrations and nutrient levels may affect
the fraction of As bound to DOM, which also controls the bioavailability of As to the
microbes responsible for its transformation and mobilization. Most importantly, this
work calls for additional investigations on the kinetic controls that DOM exerts on As

toxicity at various levels in food webs.
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SI Fig. B1.1 | High DOM concentrations increase in the yield of biosensor cultures for Figure
3.3. Boxplots represent triplicate cultures containing either 200 nM of As(III) (a, ¢, e) or 200
nM As(V) (b, d, f) in the presence of a DOM (SRHA) gradient (vertical facets). Axes include
room-temperature pre-incubation time (X-axis) and output signals of treatments are indicated
as percent deviation from our no-DOM controls (Y-axis). Dotted line represents biosensor
yield in the no-DOM controls. Stars represent a significant decrease from the no-DOM control
incubated for the same period of time determined using raw ODsoo measurements and
TukeyHSD post-hoc analysis on a one-way anova.
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SI Fig. B1.2 | Cation influence on As(V) binding to SRHA and As(V) bioavailability. Total
As(V) and SRHA concentrations were adjusted to 200 nM and 10 mg/L respectively. 10 mM
Na* or Ca2* were added both inside of a 500 Da dialysis cut-off membrane and in the external
solution, at the same ionic strength. Error bars represent standard deviation of triplicate
biological samples. Dotted line represents biosensor output signal of the no-DOM controls at
the same ionic strength.
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SI Fig. B1.4 | Supplemental controls for Figure 3.7. Each horizontal facet represents an
independent assay reproduced on separate days. Here, a decrease in As(III) uptake over time
suggests As(III) oxidation. Biosensor fluorescence was converted to percent biouptake (Y-
axis) by comparing output signal of the irradiated treatments to the pre-irradiated (TO)
controls. Biosensor endpoints present the mean and standard deviation of three independent
biological triplicates. Figure 3.7 findings (Control) were replicated absent oxygen (-02),
absent nitric acid in As(III) stock (-HNOs3), and when PO3;2~ was added to the reaction vessel
(+Pi). Addition of As(III) after photoirradiation DOM did not induce As(III) oxidation
(-As(1I11)).
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Annex B2 Supplementary Protocol

Annex B2.1 | Anaerobic assay controls

To test whether these findings were an artifact of our experimental design, we
performed the assay under anoxic conditions in one treatment and removed HNO3~
from our As(III) stock solution in a separate treatment. In both cases, only in water
treatments did we notice significant As(III) photooxidation (SI Fig. B1.4). We also
tested whether As(III) oxidation in water alone was an artifact of the cuvette or of
the water used in our laboratory by only introducing As(III) to the cuvettes after
irradiation, 0.5h prior to exposing the microbes. As expected, we found no oxidation

of As(III) for any of the biological triplicates (SI Fig. B1.4).
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Annex B3 Supplementary table

SI Table B3.1 | Properties of DOM origins used to produce RDA Figure 3.6.

Condition Cation S N Acetal Aromatic Aliphatic Carboxyl Phenolic Q1 Q2 pKa
ESFA No 1.43 1.43 1 30 22 13.24 2.27 14.12 0.74 3.67
ESFA Na 1.43 1.43 1 30 22 13.24 2.27 14.12 0.74 3.67
ESFA Ca 1.43 1.43 1 30 22 13.24 2.27 14.12 0.74 3.67
ESFA Cu 1.43 1.43 1 30 22 13.24 2.27 14.12 0.74 3.67

SRNOM No 1.78 1.78 7 23 27 11.21 2.47 11.2 1.6 4.16
SRNOM Na 1.78 1.78 7 23 27 11.21 2.47 11.2 1.6 4.16
SRNOM Ca 1.78 1.78 7 23 27 11.21 2.47 11.2 1.6 4.16
SRNOM Cu 1.78 1.78 7 23 27 11.21 2.47 11.2 1.6 4.16
SRFA No 0.41 0.66 6 22 35 11.17 2.84 11.66 2.05 3.76
SRFA Na 0.41 0.66 6 22 35 11.17 2.84 11.66 2.05 3.76
SRFA Ca 0.41 0.66 6 22 35 11.17 2.84 11.66 2.05 3.76
SRFA Cu 0.41 0.66 6 22 35 11.17 2.84 11.66 2.05 3.76
SRHA No 0.55 1.5 7 31 29 9.13 3.72 9.74 4.48 4.35
SRHA Na 0.55 1.5 7 31 29 9.13 3.72 9.74 4.48 4.35
SRHA Ca 0.55 1.5 7 31 29 9.13 3.72 9.74 4.48 4.35
SRHA Cu 0.55 1.5 7 31 29 9.13 3.72 9.74 4.48 4.35
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ORIGINAL RESEARCH

Design and application of a portable

spectrometer to detect As at nanomolar levels
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Highlights:

i)

Bacterial sensors, in combination with a portable spectrometer, enables highly
accurate detection of arsenic in the field.

Redesigned a dehydration protocol that facilitates transport of these cellular
sensors to the field, with a single hydration upon arrival

Integration of data normalization algorithms into the low-cost spectrometer
improve usability and consistency of output.

Standard additions of arsenic to the water sample could be used as a quality
control measure by helping to quantify “matrix effects”.

Contributions to the field:

New, single step hydration protocol to measure As content in water.
Design and plans to a portable spectrometer.

Complete arsenic testing solution capable of measuring both As(III) and As(V) at
levels relevant to the World Health Organization drinking water guidelines.

The following manuscript contains confidential information that must be revised by
uOttawa Innovation Support Services before submission for publication.
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4.1 ABSTRACT

Arsenic is a naturally occurring carcinogen affecting the food and drinking waters of
millions of people worldwide. Rapid and reliable detection of arsenic species directly
in the field is critical to support evidence-based decision-making in choosing irrigation
or drinking water sources. Current cost-effective colourimetric techniques are
associated with poor accuracy, health risks and unacceptable levels of false
negatives. Microbial biosensors offer a safe and affordable alternative but often
require costly/fragile instruments to measure the signal produced by the biosensor.
In this study, we report on the design and testing of a small, low-cost portable
fluorometer/densitometer to measure As concentrations in water samples directly in
the field. Using lyophilized biosensor cultures, we were able to accurately detect
arsenic concentrations at nM levels, relevant to the World Health Organization
guidelines. We hope this tool will contribute to education campaigns that encourage
uptake by individuals who need it the most. For instance, farmers requiring the need
to make rapid decisions about the quality of irrigation waters; thus, building local

capacity and addressing a crippling, global problem of access to clean water.

Keywords: arsenic; field measurement; fluorometer; spectrometer; water
quality

N.B. Supplementary Materials (Annex C) are appended at the end of this chapter.
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4.2 Introduction

Arsenic (As) is classified as a group 1 carcinogen (7) and ranks among the World
Health Organization’s (WHO) ten chemicals of major public health concern (14).
Regional distribution of As in groundwater is tightly associated to As content in
bedrock (1). These tendencies, however, translate poorly to local scale predictions of
As content in tube wells (35). This challenge stems from complex biogeochemical
processes that change with seasons, land use (e.g., groundwater pumping),
groundwater flow/age, well depth, and availability of labile organic carbon fuelling
microbial mediated As release (6). Despite these complex groundwater flow paths,
high-As zones can be fairly restrained and near low-As zones. Mitigation strategies
therefore involve choosing alternative nearby wells for water consumption (26). Yet,
fundamental to effective water management is knowledge of its occurrence. Over the
past two decades, a number of in situ detection solutions have been proposed, yet
very little have reached the market due to a number of technical, collaborative, and
socio-geopolitical barriers. These include:

i) Usability/reliability. Effective As monitoring is costly as it requires
sample preservation care, and qualified staff for operation and maintenance of the
instruments (34). In contrast, colourimetric field kits present cost-effective solutions
yet are heavily criticized for their poor accuracy, health risks, and unacceptable levels
of false negatives (13). Despite these limitations, the cost and convenience of

“Gutzeit”-based colourimetric field kits make that it’'s often the most common method
applied in the field (13).

i) Engagement. Once developed, the sensing performance must meet real-
world detection requirements. One option is to engage with the end user directly by
way of citizen science (3). An important barrier preventing a community-based
environmental monitoring is operational ease and cost of current field-ready
solutions. This requires a major overhaul of currently accepted user interfaces, which
is met with robust readouts, unlikely to fall victim of user error nor risk for the health

of the user. Here, production of a field-ready instrument capable of numerically
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quantifying As concentration in drinking water is essential for regulators, risk

management, and citizen-based science.

Microbes, having lived alongside As for several billion years (24), has driven
microbes to evolve a plethora of genetic machinery that grants them the abilities to
access (18, 19), to remobilize (6) and to transform (11) As into a wide array of redox-
sensitive chemical species (41). By utilizing the genes involved in these resistance
pathways, a number of As-specific, whole-cell biosensors, have been developed and
deployed through microfluidic chips (20), spores (4), lyophilization in vials (26, 27),

immobilization in agar (10) and even attached to fibre-optic cables (8).

Whole cell As-specific biosensors offer cost-effective and scalable solutions.
These microbes are specially designed to produce a quantifiable signal, proportional
to the concentration of As in water (Figure 4.1). The use of biosensors in the field is
a solution assessed over 15 years ago (33), yet faced technological and biological
hurdles that encumbered advancement of field-ready bioanalytics. Over the past
several years, advancements in the affordability of 3D printers, microcircuit printing,
photodiodes, energy storage, drones for remote sensing, and the open sourcing of

microcontrollers has stimulated a new area in environmental monitoring.
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Figure 4.1 | Use of environmental genes in the design of As biosensors. The pMPO1 high
copy biosensor plasmid uses two wild-type As(III) sensory gene (arsR) (left), upstream from
a reporter gene (mCherry) (right). Detection of As(V) requires cytoplasmic reduction to
As(III) before binding and decoupling of the ArsR transcriptional repressor.

Logistics and regulations surrounding the culturing and storing of level-1
microbes such as derivatives of E. coli K12 have been well established through large-
scale infrastructure involved in food processing, and in alcohol production. Despite
these advantages, As-biosensors have been criticized for inconsistent signal outputs,
lack of lower limit sensitivity, and for relying on short-lived bioluminescent signals

(e.g., arsR-lux) during As quantification. Moreover, most As-specific biosensors, even
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those of recent studies (2, 36), produce little to no signal when exposed to As(V),
the dominant inorganic As species found in oxygenated waters such as lakes, rivers
and streams (7). In a previous study (15), we described a highly sensitive biosensor
assays capable of identifying and quantifying the concentrations of both As(III) and
of As(V), even within a mixture of both species. Regarding biosafety, the level 1,
non-pathogenic, non-regulated bacterial host, was in part chosen for its auxotrophy
[A(ara-leu)] to three essential amino acids (leucine, isoleucine and valine), making
life outside of the provided medium, difficult. With a whole cell biosensor assay
optimized to meet WHO guidelines, the challenge laid in designing a new interface,
one capable of measuring the signal produced by these biosensors in the field at an

affordable cost.

The first scalable solution at this redesign was recently made possible by the
use of microfluidic chips with immobilized bacterial sensors (36). Despite previous
efforts (20), this design does not require commercialization of a dedicated instrument
to measure biosensor output since it enables the end user to visually assess the level
of As toxicity using cellphone cameras. This promising technology presents a great
leap as it adapts well known and globally distributed “smart devices” as new
interfaces to determine As concentration in water. It, however, relies heavily on the
user’s manual adjustment of camera settings, mounting adapters, and on the user’s
visual interpretation of bacterial response. Overall, the technology involved in using
of cellphone cameras to solve this problematic requires maturation before it can

overcome usability and engagement issues when working at larger scale.

The focus of this study was to design a dedicated instrument that is affordable,
buildable by the end users, and tailored for the measurement of biosensor signal in
a numeric form. Once calibrated, a numeric readout would allow for precise
qguantification of As content in water so that it can be directly compared to established
safety guidelines. Our goal throughout conception and design of this instrument was

to simplify and minimize end-user interactions. Achieving a single step As monitoring
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solution required breaking down fundamentals of As uptake pathways,
electromagnetism, and stabilization of sensors a system in a state capable of
supporting long-term storage. We found that the use of lyophilized fluorescent
biosensor cells, in combination with the portable spectrometer capable of measuring
fluorescence and absorbance, enabled accurate detection of inorganic As species in

natural surface waters at nanomolar levels.

4.3 Materials and methods

4.3.1 Culturing.
All media and reagents used in this study were prepared and kept in sterilized, acid
washed, Fisherbrand (FB800100) glass bottles. Water purification (Milli-Q),
preparation of 10 mM As standards, Lysogeny Broth (LB) medium, and construction
of the pMP01 biosensor have been previously described (15). The redesigned FBMS
(field biosensor mixed salts) medium used in this study provides 30 mM pyruvate
rather than 30 mM glycerol to improve drying/immobilization of the sensor cells
during lyophilization. We also increased the buffering capacity (20 to 50 mM MOPS),
amended with fumarate and iron, and modified the trace elements to facilitate the
application of the biosensor in both oxic and anoxic conditions (30) should oxygen
levels fluctuate in water samples or during the assay. Medium component

concentrations are presented in SI Table C1.1.

Bacterial colonies were grown from cryostock (-80°C) onto LB + 120 pg/mL
ampicillin plates and kept for a maximum of one week. Fresh biosensor cultures were
initiated by transferring a single colony into a culture tube with 5 mL of FBMS medium
+ 100 pg/mL ampicillin then incubated at 37°C and 200 RPM overnight until they
reached an ODeoo (optical density at 600 nm) of 1.1 to 1.2. In this study, we enhanced
doubling time of the pMP0O1 biosensor in the new FBMS medium through a series of
1-day acclimations. Further details regarding this culturing technique can be found in

our previous study (15).
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4.3.2 Lyophilization.
Previous successful field deployments of arsR-lux biosensors was shown possible
through using a lyophilization process (26, 27). This dehydration process immobilizes

the sensor cells and prolongs shelf life by removing water from the biosensor cultures

through a solid to gas sublimation process. We used 150 mM (~5% %) sucrose as

the lyoprotectant (29) to prevent damaging the sensor cells during flash freezing.
Preparation of 50 mL cryoprotectant solution consists of: 15 mL of FBMS medium (2x
concentrated), 7.5 mL of 1 M sucrose (Fisher Chemical S5-500), 15.8 mL of Milli-Q
water, 400 uL of 10 mM Ethylenediaminetetraacetic acid (EDTA), and 9.5 mL of
unwashed FBMS grown biosensor culture. Lyophilization involves addition of 3 mL of
cyroprotectant solution to an 8 mL Kimble'™ glass scintillation vials (DWK
K608101760) before flash freezing at -80°C for 30 minutes. The flasks were then
transferred to a Labconco FreeZone 2.5 L benchtop freeze dryer set to 0.470 mbar
and -500°C for 22 h. Vacuum intensity was then increased to 0.100 mbar for 2 h and
cycled back to 0.470 mbar for another 22 h without change to the temperature.
Finally, aluminum lined caps were used to seal the vials following replacement of
headspace with nitrogen gas. Lyophilized cultures were stored at 4°C. Stabilizers
such as polyvinylpyrrolidone (PVP) were omitted from our recipe as these were found
to prevent proper drying of the cultures. We used cultures that were lyophilized for
up to two weeks and we are currently testing longer preservation times (i.e., months

to years).

4.3.3 Cell exposure to As and signal quantification.
Detection of As by the biosensor is enabled once the lyophilized cells are rehydrated
in the lab or in the field. Converting biosensor signal to an As concentration requires
determining the slope and intercept of a calibration curve. We typically concentrate
our exposure medium two-fold so that we can account for dilution factors when
introducing reagents (15, 16). In this study, we minimized dilution bias of our

protocol by concentrating the FBMS medium prior to dehydration. We estimate a 95%
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loss in water content leaving 5% residual material in the vials once lyophilization is
complete. Although minimal, upon rehydration, this residue does dilute the samples
that are being analyzed. Because the cultures used for the calibration curves also
contain this residue, any dilution is accounted for and therefore no further
adjustments are necessary. Environmental samples that exceed [As]=600 nM,
typically fall beyond the linear range of the calibration curve and should be diluted

and reprocessed if accurate quantification is required.

4.3.4 Spectrometer design and construction.

Overall, the construction of the portable fluorometer/densitometer consisted of
commercially available microelectronics, purpose-built circuits and 3D printed parts
(SI Fig. C2.1, SI Fig. C2.2). An Arduino Uno R3 microcontroller was used as the
interface and main controller of this instrument. Standard size 12V barrel adapters,
3S 18650 lithium ion 3.7V batteries, and commercially available battery management
system (BMS) were used to power and charge the unit. We surface mounted a
purpose-built power board to reduce instrument size and to separate the photo-
detection circuits from power sources. This board included amplifiers, step up/down
converters, and tunable pots to facilitate modularity of the instrument by controlling
output current. Parts such as the circuit boards that required fine-tuned precision
were designed using Fusion 360 by Autodesk. Most of the FB fluorometer parts,
including the hinges, vial holder, battery compartment, and the main assembly were
designed using Tinkercad, a free browser-based 3D modelling software by Autodesk.
These parts were designed with an offset that matches the expansion profile of
polylactic acid (PLA) plastic (approx. 0.8 mm) when extruded at 210°C using a Cel
Robox 3D printer.

4.3.5 Fluorescence detection.
Like most fluorophores, the red fluorescent proteins produced by the biosensor cells

passively absorb and re-emit light in a specific emission spectrum (25). Crucial in the
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detection of biofluorescence is to ensure that the signal output is free from photons
belonging to other sources of electromagnetic radiation or of light (e.g., excitation
source). This is typically achieved using short bandpass filters that isolate emission
spectra. Reaching high gain amplification of the biosensor’s fluorescent signal
required lowering the signal-to-noise ratio by shielding the circuits from local
electromagnetic (EM) interferences. This was achieved by integrating an
ultrasensitive photodetection unit onto miniaturized circuit boards with large

grounding plates (SI Fig. C2.1).

We found high impedance amplification with minimal noise interference required
a customized solution that could not be achieved using “off-the-shelf” components.
We started by mounting a dual voltage LT 1792 transimpedance amplifier (TIA) onto
a custom printed circuit board with grounding plane starting at input pin. Gain
regulation could then be achieved by combining this a low bias, low signal TIA, with
a 24-bit ARD LTC 2499 analogue to digital converter (ADC) with on-board voltage

reference.

We used a Jolooyo 50 mW 532 nm 3.7 V laser diode, to excite the microbial
fluorophores and isolated the emitted light using a 590 to 640 nm optical band-pass
fiter (SI Fig. C2.3). Going forward, a higher quality laser is recommended
considering we could only achieve a power output of 7 mW before burning out the
inexpensive laser. We then characterized spectral components of the light crossing
the bandpass filter using a ThorLabs CCS200 compact charged-coupled device
spectrometer with 200-1000 nm wavelength range. We found proper isolation of the
bacterial signal was achieved and free from 532 nm (excitation sourced) photons (SI
Fig. C2.3). Finally, a filter-based BioTek Synergy HTX multimode plate reader was
used as a lab-based independent instrument to cross-calibrate fluorescent output and

culture yield (ODeoo) of the FB portable fluorometer/densitometer.
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4.3.6 Preliminary field verification.
We first tested a prototype of the instrument using well water collected in the regions
surrounding Phnom Penh, Cambodia in May 2017. Freeze-dried biosensor cells were
shipped to Cambodia by express mail ahead of time and were kept in the dark in a
fridge until they were used for the experiment. Our preliminary tests confirmed that
cells could be revived after a period of a few weeks (SI Fig. C2.4). Water samples
were collected using plastic containers by students at International University in
Phnom Penh and were immediately analyzed by the biosensors in the laboratory at
International University. Aliquots of the samples were acidified and shipped to Ottawa
(Canada) for HPLC-ICP-MS speciation and analyses. We found the biosensor
performed well when compared with ICP-MS measurements in measuring As(III) and
total inorganic As in all but one of the collected samples (SI Fig. C2.5, sample 6).
Indeed, for one of the samples, there was an overestimation of the As concentration
which we attributed to excessive growth of the cells in the natural water sample.
Upon visual inspection of the vials, it was clear that the cells had grown as evidenced
by the turbidity of this anomalous sample. Because background fluorescence
increases with the growth of the microbes, it is likely that the false positive generated
by this sample was a result of the increased background fluorescence generated by
the enhanced bacterial growth observed in this culture. Based on this first
deployment of the instrument in the field, we deemed important to include the ability

to measure absorbance for all samples, in addition to fluorescence.

4.3.7 Absorbance measurement.

A 350 mA 610~615 nm led diode (Cree Inc. XPEBRO-L1-R250-00B02CT-ND) was
placed in the direct path of the photodiode diode, on the opposite side of the cuvette
(SI Fig. C2.2¢e). Through a series of light burst, this instrument can accurately
measure the optical density of a sample by quantifying the decrease in the

transmittance of the sample when compared to its blank. The following formula used
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to determine ODsoo is based on the Beer-Lambert law to witch we applied a 1.4x

instrument conversion factor to align with plate reader measurements (12) (eqn i):

dsample
dsample)
dblank

(eqni) ODsoo = —log(

Here, ®sample is the radiant flux transmitted by the sample following a 10 us
light burst. The ®blank readout is captured upon first boot up when the user is
instructed to calibrate the instrument by inserting a blank vial filled with 1 mL of the
water sample to be tested. It represents the maximum transmittance of that medium,

absent of biosensors.

4.3.8 Onboard algorithms.

We needed a complete solution, one where the software and hardware are specially
tuned to detect and normalize microbial signals. Regarding hardware, we reduced
electromagnetic interferences by combining i) a low-fluctuation and purpose-built
power supply, ii) gain control, iii) a shielded dual voltage TIA, and iv) a high-end

photodiode.

Regarding software, first, we included a short delay between the laser’s on/off
time and the photodiode’s response time to further reduce possible interferences.
Improving accuracy and consistency of calculated output meant standardizing the
output through a series of laser burst then calculating the average. Calculating the
delays also involved timing the laser bursts with the fluorescent decay time of the
biosensor’s fluorophore (mCherry). Here, the number of burst and laser intensity
were also important to consider as these could increase likelihood of photobleaching
(32). Second, we remove autofluorescence of the sample after each measurement to
decrease likelihood of false positives (Chapter 3, Figure 3.2). This step also reduces
background signal and improves accuracy of the instrument. Finally, we normalize

each fluorescent output to the optical density of the sample (Chapter 3, Figure 3.2).
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Integration of (eqn i) into the onboard algorithms of this instrument provides us
with the option of capturing and quantifying a change in the optical density of the
sample at a wavelength representative of bacterial growth (12). Through a single
click, these algorithms compute an analogue to digital conversion that captures signal
output of the microbes into a normalized relative fluorescent unit (RFU) that is then

displayed on the screen of the FB spectrometer.

4.3.9 Sample collection.
Samples presented in Figure 4.4 were all collected in the summer of 2019 in
southern Ontario, Canada. Coordinates of the environmental samples are presented
in SI Table C1.2, while the precise coordinates of the tap water, groundwater and
surface pond samples were omitted for privacy reasons. The data table instead
presents the general location of the municipalities. We used 15 mL polypropylene
conical centrifuge tubes (Corning 352196) to collect the water samples. Tubes were
capped under water to ensure no air bubbles were present. Lyophilized biosensor
cultures were then exposed in the laboratory to the raw water samples without any
filtration steps. All further steps involved in incubation and collection of culture

readouts are described above.

4.4 Results

4.4.1 Process.
The use of bacterial sensors in the field has been limited. One reason is the lack of
suitable field-ready instruments capable of amplifying and quantifying the signals
produced by biosensor cells. This study focused on developing a low-cost (ca. $150
USD) and lightweight (680 g) portable fluorometer/spectrometer that can be used to
measure signal output of As-specific bacterial sensors in the field. Our approach

involved: i) dehydration of the cells for field transport, ii) rehydration using natural
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water samples, iii) incubation, and iv) measurement of biosensor signals using the

portable spectrometer (Figure 4.2).
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Figure 4.2 | Illustration of the single-step analysis of arsenic concentration in water using
lyophilized biosensors and the Field Biosensor (FB) spectrometer. In a single measurement,
the FB spectrometer removes the sample’s baseline signal from the biosensor’s fluorescent
output (RFU) and displays a value that is normalized to the optical density (OD) of that culture.
This digitization process (orange boxes) was compared to the analogue to digital conversion
process of a BioTek microplate reader (cyan boxes). The resulting values of 5 individually
lyophilized and rehydrated biosensor cultures (points), and the group’s quartiles (boxes),
are displayed.
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4.4.2 Data analysis.

Current microplate readers, such as the one used in this study (BioTek Synergy HTX),
are multimode instruments that produce excellent results and set the standards for
measuring a sample’s fluorescence and optical density. To enable detection of
fluorescence at a cost and convenience applicable for large-scale deployment meant
simplifying and specializing instrument design. By purpose building an instrument
and integrating onboard algorithms (i.e., a computer connected to the instrument is
not required), we managed to greatly reduce the steps involved in data collection
and data analysis (Figure 4.2). We analyzed the same samples using the FB
spectrometer and the multimode plate reader. Here, each box represents the
response of 5 individually lyophilized pMP0O1 biosensor cultures to 100 nM of As(III)
and As(V). We found the response of lyophilized biosensor cultures to As, at
concentrations representative of WHO guidelines, could be clearly distinguished from
the baseline (no As added). Moreover, no significant difference between the readouts
of both instruments for cultures exposed to As(III) (p=0.172) nor for cultures
exposed to As(V) (p=0.869). Regardless of the instrument used, we did not,
however, expect to find a significant difference in the response of the biosensors to
As(III) and As(V) when exposed at the same total As concentrations (p=0.0013)
(Figure 4.2).

This was surprising to us because, using fresh biosensor cell cultures, we have
consistently observed non-significant differences in the biosensor signal output
whether the cells were exposed to As(III) or As(V). To do so, we modified the
exposure medium to conditions that i) minimize possible As species uptake
interference, and ii) favour the intracellular reduction of As(V) to As(III) (15). This
was achieved by removing glucose and inorganic phosphates from the growth and
exposure media (15). The species-specific outputs that are observed in this study led

us to question whether constituents of the cryoprotectant solution were interfering
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with As(III)/As(V) uptake kinetics, as was previously shown with glucose and

inorganic phosphate (15).

Both trehalose and sucrose are common lyoprotectants used in the lyophilization
of bacteria (17, 26). Because both sugar dimers contain glucose, we were interested
in testing whether their use in the cryoprotectant solution could account for the
difference in As(III) and As(V) detection. Since the primary As(III) uptake facilitator
channel genes (g/pF) are sensitive to catabolite repression (15, 23, 37), noticeable
impact on As(III) uptake would presumably require intracellular transport, sensing
and hydrolysis of sucrose, into a preferred carbon source (e.g., glucose). We first
tested whether the DH10B biosensor chassis carried the scr and csc gene clusters
required for sucrose catabolism (22) using the KEGG genomic database (KEGG entry
T00666) (9); it did not. Next, we attempted to grow the DH10B biosensor chassis in
an FBMS medium supplemented with sucrose as the sole carbon source (absent
pyruvate). Cells grew poorly and did not reach the exponential phase even after a
48-hour incubation at 37°C in neither aerobic nor fermentative conditions (data not
shown). These experimental findings supported genomic analysis suggesting that
DH10B was incapable of metabolizing sucrose which would lead to the presence of
glucose in the media. We therefore find it unlikely that supplementation of sucrose
to FBMS medium would interfere with As(III) uptake, thus be responsible for the
species-specific response observed in Figure 4.2. It is possible that the difference in
As(III) and As(V) detection resulted from differences in As uptake kinetics and this

is what we tested in a subsequent series of experiments.

4.4.3 Data analysis.
Practical use of biosensors requires calibrating bacterial response at known
contaminant concentrations. Whether automated or not, numeric quantification of
toxic metal(oid)s are often achieved using calibration curves. Like many biosensor
assays, its fluorescent response is dynamic and tends to increase throughout the

incubation period until a “plateau” is reached (ca. 18 to 20 h following exposure) (15,
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16). In response to As, we have found the endpoint fluorescence of pMP0O1 biosensor
cultures is maintained over prolonged periods (~48 h at 37°C) (data not shown).
mCherry’s highly stable nature (25), has allowed us to build reliable datasets using
calibration curves that only consider culture fluorescence at a single time point,
typically soon after reaching the “plateau” phase (Chapter 3, Figure 3.2).
Unfortunately, incubation of the biosensors in the new FBMS medium provides a
reduced growth rate when compared to our original MGP medium (SI Table Al1.1).
How and if this translates to changes in the time required for the signal to stabilize
remains unclear. It is also possible that a reduced doubling time could be affecting
As uptake kinetics and therefore causing the species-specific differences observed in
Figure 4.2. In a follow-up series of experiments, we were interested in assessing

the effect of incubation time on the detection of As species (Figure 4.3).
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Figure 4.3 | Numeric conversion of biosensor signal to arsenic concentration involves
capturing endpoint fluorescence at a specified time point. Fluorescent output (RFU) and optical
density (OD) of the biosensor cultures were captured every 10 minutes using a BioTek plate
reader. The normalized output signal (y-axis) is the same used throughout the study and
includes 75x instrument conversion factor that is elsewhere used to align plate reader
measurements with those of the FB spectrometer. Data points are then collected at specific
incubation times (x-axis) (a) and plotted over known arsenic concentration (b). The linear
range of the bacterial response to As(III) and As(V) (c) is determined using measured outputs
at the 18 h time point. Current WHO and Canadian drinking water guidelines (cyan star) are
set at 10 pg/L (or 133 nM) arsenic (38). The mean and standard deviation of triplicate
exposures are presented. In panel b, error bars are smaller than the symbol size. Linear
regressions (y~x) are presented by the lines and 95% confidence intervals by the shadings.
In panel ¢, boxplot-present median response and quartile deviation of biological triplicates.

To test As species uptake kinetics, we exposed the pMP0O1 biosensor cultures to
various As(III) and As(V) concentrations and extracted/plotted fluorescent output
across various time points (Figure 4.3). We used a BioTek plate reader to capture
biosensor output every 10 minutes (Figure 4.3a), filtered the dataset to 3 time

points (6 h, 12 h and 18 h), and then plotted the normalized fluorescent response

113



— Chapter 4 -

over the spiked As concentration (Figure 4.3b,c). Using regression analysis, we
found the most pronounced differences between As(III) and As(V) regression slopes
to be at [As] <300 nM (Figure 4.3a), and for exposure times <12 hours (Figure

4.3b).

Here, the nature of As uptake pathways may be responsible for these
differences. For instance, As(V) is thought to enter the cells through active Pi
transporters (21, 39) rather than by osmotic gradient as shown for As(III) (40).
Under our exposure conditions, bacterial cells were deprived of inorganic phosphates
and of a carbon source favouring g/pF induction (i.e., glycerol). It is possible that the
difference between As(III) and As(V) uptake were caused by i) upregulation of Pi
transport systems (As(V) transport), ii) the absence of GIpF inducers (As(III)
transport) in the exposure media, iii) activation of As resistance pathways (e.g., arsB
efflux pump) (28, 31), or iv) to the differential interactions of As(III) and As(V) with
yet unidentified cell wall components that may contribute to differential availability
of As species over time. Because the fluorescent response tends to eventually
stabilize to similar values, the marked differences in the first hours are therefore

likely a result of differential uptake kinetics.

Recognizing that additional research is required to understand the mechanisms
involved in the differential uptake kinetics of As(III) and As(V), we have found, in
practice, that these differences were not affecting the accuracy of the measurements
especially at ca. 18-20 hours following exposure. Using the FBMS minimal medium,
the pMPO0O1 fluorescent biosensor (arsR-arsR-mCherry) offered a broad linear
detection range from 25 nM to 600 nM (or ~1.9-45 ug/L), that fully covers current
WHO and Canadian drinking water guidelines (133 nM or 10 pg/L) (Figure 4.3c).

4.4.4 Environmental monitoring.
In this study, we highlight four ways environmental matrices could alter biosensor

response, thereby affecting output consistency. These include changes to i) host
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fitness/physiology, ii) baseline (background) signal, iii) As uptake kinetics, and iv) As
bioavailability. It is important to highlight the implications of this last point since the
control measures presented until now do not mitigate the potential impact of the
sample’s matrix on the bioavailability of As in these waters. Here, As transporter
expression/availability, As complexation/exchange with ligands and the impact of
ions on the outer membrane porosity/charge of the host chassis are just a few ways
environmental waters could influence As bioavailability. How and if these factors
combine to enhance or suppresses the analytical response, is better known as the

“matrix effect” and is typically quantified through standard additions.

In analytical chemistry, standard additions are frequently used to eliminate
rotational (A slope) but not translational matrix effects (A baseline or background)
(5). In the context of environmental As biomonitoring, this calibration technique could
be used as a quality control measure by allowing the user to assess the impact of the
sample’s matrix on the biosensor’s performance. Take for instance a sample where
the biosensor’s response to the added As was 60% lower than the measured response
in the external control. It would then be reasonable to expect a proportional decrease
in the biosensor’s response to the nominal (or historical) As content in those samples.
Surprisingly, this was not the case when analyzing the waters of historically
contaminated lakes in Northern Canada (15). Those findings are suggesting that
rotational matrices (A slope) are only representative of the biosensor’s response to
newly added As. In a final series of experiments, we tested whether newly added
As(III) and As(V) standards can be used as a quality control measure to eliminate

rotational matrix effects in As biosensing (Figure 4.4).
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Figure 4.4 | Using As standard additions to characterize biosensor response in environmental
matrices. The FB spectrometer’s digitization process (orange) is compared to the analogue
to digital conversion process of a BioTek microplate reader (cyan). Displayed are the average
output (points) and standard deviation of 3 individually lyophilizes and rehydrated biosensor
cultures as determined by both instruments using the same normalization algorithms. Plate
reader measurements include a 75x instrument conversion factor to match FB spectrometer
scale (y-axis). The slope and intercept of the linear regressions (y~x) (b) were used to predict
the added As content (a). The dotted line is the expected response of the biosensors to the
spiked arsenic.

Our sampling sites include water samples collected from a swamp, two marshes,
surface water from Charleston Lake Provincial Park, a groundwater fed pond located
in Chelsea, QC, groundwater from a private well in Ottawa, ON, and tap water from
the city of Tottenham, ON (Figure 4.4). Using the slope (m=1.76) and intercept
(b=-8) of the external calibration curve (in FBMS medium only), we can convert
bacterial response into a numeric As concentration. Using ICP-MS, we found all
samples contained very low naturally occurring As levels (<1 upg/L or <12 nM) (SI
Table C1.2). Since these concentrations are below the biosensor’s limit of detection,

we cannot cross-validate this response to the nominal As content of the samples. We
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can, however, confirm an almost complete recovery of the newly added As content

(Figure 4.4a) despite large differences in response curves (Figure 4.4b slopes).

Biosensors are analytical instruments that are sensitive to environmental factors
that would typically not affect traditional analytical instruments. If the water samples
were to impact the bioavailability of As, we expect the effect would manifest as a
muted slope. This is because physiological and translational matrix effects are mostly
accounted for in the normalized steps, and because this exposure medium was
derived from a control platform with an estimated As bioavailability of ca. >94% (15).
When wusing standard additions to predict nominal [As] concentration in

environmental waters, it is vital to achieve a highly linear response curve (5).

The trade-off to using standard additions is the tripling of the samples required
to test a sample. But this calibration technique does offer valuable insights into the
validity of the readout. In the Surface Pond sample, the biosensor’s response did not
correspond to the of the nominal [As] added, nor the value obtained by the ICP-MS
(SI Table C1.2). When biosensors exhibit a non-linear recovery of the added As
standards, extrapolation of the calibration curve to zero should not be attempted as
this could produce a false reading. Our recommendations are to reprocess any sample
that i) does not meet the linearity criteria (R2>0.9), and ii) presents a rotational
matrix effect that exceeds a 60% difference relative to the external calibration slope.
We recognize this process works over the small sample size presented here, and that

a larger sampling effort is required to validate this mitigation procedure.

4.5 Conclusion

Achieving a single step As monitoring solution required breaking down the
fundamentals of As redox chemistry, environmental ligand exchanges, and biological
transport pathways. The hardware/software integration of the presented instrument

drastically improved consistency of outcomes when measuring fluorescence. We then
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simplified transportation of the bacterial sensors through a dehydration process. Our
instrument, in combination with freeze-dried biosensors, was shown to accurately
quantify As at concentrations that fully cover the WHO set guidelines for safe water
consumption. The lyophilized biosensor cells produce a detectable signal at 100 nM
As(III) and As(V) roughly 18-21 hours following rehydration. Although this time-
sensitive constraint is not ideal, collection of a water sample with an overnight
turnaround to measure it's As content does not seem prohibitive to its use. Moreover,
our system does not produce toxic waste nor potentially expose the user to toxic

chemicals.

We found the highest level of uncertainty increases as the concentration of
naturally occurring As levels approach the biosensor’s limit of detection. That said,
there are a number of tests that can be performed to determine if such an event has
occurred. These include standard additions, normalized for background fluorescence,
autofluorescence, and optical density before converting to As concentration. Although
standard addition may help assess the validity of the calculated [As], this calibration
technique does triple the nhumber of tests required by the user, and requires a more
advanced understanding of its limitations. Going forward, implementation and
automation of quality control measures such as this one into the core algorithms of
portable instruments could make it fairly easy for users to predict the likelihood of
producing false readings. Finally, we are hopeful that a speciation protocol described

in our previous publication will be compatible with this instrument in the near future.
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4.9 Abbreviations

ADC, analog to digital converter; As(III), arsenite; As(V), arsenate; BMS, battery
management system; DOM, dissolved organic matter; EDTA, Ethylenediamine-
tetraacetic acid; EM, Electromagnetic; FBMS, field biosensor mixed salts; HPLC,
high-performance liquid chromatography; ICP-MS, inductively coupled mass
spectroscopy; LB, lysogeny broth; MGP, mops glycerophosphate; MIP, mops
inorganic phosphate; PCB, polychlorinated biphenyl; PLA, polylactic acid; pMPO1,
Arsenic biosensor; RFU, relative fluorescent units; TIA, transimpedance amplifier;

WHO, World Health Organization.
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Supplementary table

SI Table C1.1 | Constituent concentration in the FBMS medium.

[Constituents] in [Constituents] in [Constituents]

Reagents Salt stock solution FBMS medium upon biosensor
(M) (M) exposure (M)
C,H,,NO,S (acid 0.352
H1NOLS (acid) 0.0350 0.0315
C,H,,NNaO,S (base) 0.348
Field buffer KCl 0.300 0.0150 0.0135
(pH=7.150) (NH,).SO, 0.640 0.0320 0.0290
EDTA 1x10°5 5.00 x1077 4.50 x1077
FeCl, - 4H,0 1x10°5 5.00 x1077 4.50 x1077
MEEEE I MgSO, 2.0 1.25x10°3 1.40x10-4
sulphate
Pyruvate CH3;COCONa 0.100 0.030 0.0150
Fumarate NaOOCCH=CHCOONa 1.000 0.030 0.0110
- (HOCH;),CHOP(O) o
glycerophosphate (ONa), - H,0 0.400 0.001 9.00x10
L-Leucine 0.075 2.28x1074 2.05x1074
Amino acids L-Isoleucine 0.075 2.28x1074 2.05x1074
Valine 0.075 2.28x1074 2.05x1074
NiCl, - 6H,0 6.25x107°3 1.25x10°5 1.25x10°¢
Trace ilclaments CoCl, - 6H,0 3.25x1073 6.50x107° 6.50x1077
(0.1M H,SO,) ZnS0O, 5.00x1074 1.00x10°® 1.00x10°7
MnSO, 1.00x10°2 2.00x10°5 2.00x107¢
-3 - -6
T e HsBOs 5.00x10 1.00x10°5 1.00x10
#2 Na,SeO, 1.50x10°3 3.00x10°° 3.00x1077
(@) Welol) Na;MoO, - 2H,0 6.50x10°4 1.30x107 1.30x1077
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SI Table C1.2 | Chemical profiles and coordinates of the water samples collected in
Figure 4.4.

As As As
(Bio")  (Bio?) (ICP?)

Sample ID (M) (M) (M) (uglt)  (pgll)  (Mgll)  (wgll)  (uglt)  (ugll) (wgll) (ugll)  Lat Long (DD*)

Fe Cu Mn Ca Mg Na K P Coordinates

Surface pond 90 15 1.32 2.7 21 0.25 36.4 2.1 3.1 099 <0.000  Chelsea, QC

Municipal tap 50 53 462 1.6 1457 216 14.7 7.8 18.1 0.63  <0.000 Tottenham, ON
Well water 52 43 1.13 1.7 26.7 2.04 35.6 23 216 1.35  <0.000 Ottawa, ON

Lake 42 43 340 26 09 0.25 79 3.1 2.1 017  <0.000 44.517,-76.028
Marsh (clear) 47 48 5.94 18.0 24 0.30 35.5 109 1947 180  0.001 44.393,-76.018
Marsh (turbid) 64 33 11.61 5.7 22 0.50 40.7 9.0 23.0 200 0079 44.394,-75.922
Swamp 101 96 254  146.8 25 0.83 13.9 3.0 22 124 0133 44.516,-76.018

1 Biosensor predictions for As concentrations in water.
2 Corrected biosensor predictions using a bioavailability correction factor.
3 As concentrations as calculated using ICP-MS

4 DD = decimal degrees coordinates.
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Annex C2 Supplementary figures

SI Fig. C2.1 | Construction of the FB spectrometer required integration of components onto
custom printed microcircuit boards to reduce EM interference.
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SI Fig. C2.2 | Concept and design of the FB spectrometer. Final assembly parts include a)
main case/outer shell, b) case lid with integrated hinges, ¢) hinged battery compartment
access door, d) vial/photodiode holder, e) battery compartment cover, f) Arduino LCD shield
cover, and e) LCD shield button cover. All assembly parts were designed using Tinkercad and
printed using PLA plastic with exception of part g that was printed using flexible thermoplastic
polyurethane.
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SI Fig. C2.3 | Removal of excitation wavelengths using a 590-640 nm optical density filter.
Emission spectrum of a smartphone’s rear facing light emitting diode is presented before (a)
and after (b) the optical bandpass filter.
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SI Fig. C2.4 | Comparison of lyophilized biosensor culture response to 0 and 400 nM As(V).
Each lyophilized biosensor vials were hydrated then divided into three separate wells and
cultured using a microplate reader. The group’s quartiles and median are displayed (boxes).
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SI Fig. C2.5 | Field validation of a prototype version of the FB spectrometer using lyophilized
biosensor cultures. Naturally occurring As concentration were determined using HPLC-ICP-MS
(grey bars). The response of a single lyophilized biosensor culture is presented with (+)
inorganic phosphate (orange bars) and without (-) inorganic phosphate (blue bars).
Addition of 10 mM phosphate to the cultures produces a biosensor response that is
proportional to As(III) concentration in the sample (Chapter 2). Raw RFU values are presented
(y-axis) that has not been corrected for background fluorescence, background noise nor for
culture yield.
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Chapter 5 — Research synthesis

5.1 Summary of research contributions

The goal of my thesis research was to develop, validate and test a new bioanalytical
instrument and associated protocol to assess the bioavailability of inorganic As
species in the environment. At its core, my thesis research achieved a simple As
monitoring solution using dehydrated bacterial sensors and a compact spectrometer.
With it, I established a platform that allowed me to answer knowledge gaps in the

fields of biology and engineering in the context of As biogeochemistry.

5.1.1 In the field of Biology
In Chapter 2, I addressed the inconsistencies among arsR-based biosensors that have
prevented their widespread use. These included i) improving lower limit sensing
performance, ii) addressing biosafety concerns, and iii) determining whether the
heterogeneity among As biosensor exposure conditions were responsible for the
variability in As(V) detection reported so far. I tested the hypothesis that inorganic
phosphate controls cytoplasmic As(V) concentration. I also tested whether the

presence of glucose in exposure media limited uptake of As(III) into the cytoplasm.

I developed a biological exposure assay that, for the first time, is capable of
detecting As(V) at the same concentration and signal intensity as As(III). I further
tested the hypothesis by reintroducing competing agents (10 mM Pi salts) in the
medium and found drastic decrease in biosensor response to As(V) even within a

mixture of As(III) and As(V). I used a combination of wildtype and mutant biosensors
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to determine what constituents of environmental waters can interfere with As uptake
by monitoring for changes in biosensor signalling. Overall, this assay offers a control
platform on which I also gained insights into: i) the role of central carbon metabolism
on As(III) uptake, ii) the importance of ars-independent reduction pathways in
detection of As(V) by ArsR, and iii) the bioavailability of legacy As contamination in

environmental samples where DOC was highlighted as a possible driver.

In Chapter 3, I was interested in identifying potential drivers of As bioavailability
in environmental waters. Here, I tested the hypothesis that DOM controls both As(III)
and As(V) bioavailability. More specifically, this study was the first to explore the
nature of As-DOM interactions through cation amendments and photoirradiation
experiments. It established an environmentally relevant baseline and identified
conditions that dictated As-DOM bond strength and provided insights into DOM'’s

photoreactive nature and its influence on As(III) redox in solution.

Studying this topic required that I develop an As biosensor exposure assay and
a series of algorithms that normalizes and isolates biosensor response to As within
the complex environmental matrices. Using R programming language, I
conceptualized a data normalization framework that i) extracts pertinent information
directly from a Tecan F200 Pro plate reader datasheet, ii) compiles datasets from
multiple assays, and iii) standardizes biosensor output in a format that best
represents bacterial response to As, with minimal influence from the sample’s matrix.
Each step encoded by these algorithms have been illustrated in Figure 3.2, of

Chapter 3.

5.1.2 In the field of Engineering
In Chapter 4, I was interested in building a compact, easy-to-use, and customizable
instrument to enable deployment of the bioassay outside of the laboratory. For this
last research objective, I assembled a multidisciplinary team of experts in the fields

of physics, mechanical engineering, programming and microcircuit design. The initial
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objective was to miniaturize expensive and fragile plate reader hardware into a robust
and inexpensive casing, made of open source microelectronics and 3D printed parts.
Once built, I quickly realized that integration of the normalization algorithms into the
core processes of the portable fluorometer was necessary and essential to overcome

the constraints that have historically hindered market reach of biosensor solutions.

Through a lengthy development process, I amended the fluorescent detection
components with hardware and software that now adds the ability to normalize
fluorescent signals to culture vyield (ODsoo). This inexpensive and portable
spectrometer can now also account for translational and physiological matrix effects
on biosensor signalling. In this study, I also presented a possible way we could use
standard additions to account for rotational matrix effects, but a larger sample
collection effort will be required to validate this approach. Although these findings
are promising, achieving a market-ready solution will require a commercialization
push that goes beyond my expertise and the scope of this thesis. I am therefore
actively looking for partnership opportunities so that all code and plans of this

instrument can be used to produce this technology.

5.2 Applications

As described in Section 1.2.2, microbes can greatly affect mineral stability and
therefore the concentration and speciation of As in water. Microbes used as sensory
probes (biosensors) offer a practical and cost-effective alternative to current

analytical methods.

5.2.1 Development of a field-ready As speciation technique
In-situ quantification of bioavailable As species is key in determining immobilization
methods and mitigating health risks. Currently, the use of traditional As speciation

techniques are costly, not easily portable, and require tedious sample preservation
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steps that are inconsistent among studies. Thus, speciation is rarely undertaken

unless required by risk management.

Use of biosensors as As monitoring probes is a solution that has lacked suitable
instruments capable of measuring the signals produced by these biosensors outside
of the laboratory environment. There is now an increasing push for connected devices
to support citizen science. The bioassay and associated hardware technology
presented here now present a safe, cost-effective and scalable solution that could be
used to support critical, evidence-based decision-making on choosing irrigation and
drinking water sources. Through a scaled commercialization effort, this instrument
could be used to assess and to monitor water quality of those affected by historical

mining activities, or farmers in choosing irrigation water sources.

5.2.2 Fluorescence detection beyond biosensors
Until now, I have developed hardware and software technology to measure biological
signals that originate from the whole cell As biosensing systems. Portable technology
development for the sensitive detection of biological signals is a booming field. With
its small footprint, this compact spectrometer provides a portable interface that can
be adapted for applications outside of As biosensing. Now at the end of my doctoral
research, I am in the process of adapting this technology for the detection of nano-
sized DNA aptamers. One possible application is to support deployment of
aptasensors as ultrasensitive and rapid diagnostic test for COVID-19. Achieving this
goal will require collaboration with industrial partner(s) well-versed in plastic injection
molding, low-cost photonics, i0S/android app design, and microcircuit

manufacturing.

5.2.3 Uncovering fundamentals of As biogeochemical cycling
Through a number of collaborations, I have used these biosensors to quantify the
bioavailable fraction of As in the interstitial waters of sea- and fresh-water sediments

(Figure 5.1). It has also been used for paleo-ecotoxicology purposes (collaboration
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with C. Cheney and J. Blais), and as a means to study seasonal fluctuations of As
release in historically contaminated lake sediments (collaboration with M. Palmer and
J. Chetelat). I also cloned the biosensor plasmid into a halotolerant E. coli strain (NEB
5a) to evaluate As bioavailability in the pore waters of a sediment core collected in
the Mediterranean Sea (unpublished). Finally, in a collaboration Prof. Reid at Cornell
University, we are using the biosensor together with synchrotron-based X-ray

absorption spectroscopy technique to further explore how the structure of DOM affect

its reactivity with As (in progress).

[] Bioavailable [As] B Total [As]
Paleoecotox Seasonal Seawater

Sediment-water interface

Sediment core depth (cm)

Q Q Q O 0O O O L OTPHL H L O
[As] (nM)

Figure 5.1 | Use of biosensors to study the drivers of As bioavailability between groundwater
and sediments. The biosensor signal (X-axis) can be cross analyzed with a number of
instruments all along the sediment core (Y-axis). Possible study sites include freshwater and

seawater. Current collaborations include paleoecotoxicology, seasonal drivers, and marine
drivers in sediment porewaters.
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The use of bacterial sensors in this work has revealed that a large fraction of
geogenic As is labile and is bioavailable fraction comprised of both unbound As, and
As that is weakly complexed to DOM. This fraction was found to be sensitive to i)
complexation time (age), ii) [As]/[DOM] ratio, iii) As-DOM bond strength, and iv)
ionic competitive desorption. This ubiquitous sorbent of As is also photoreactive and
seems to evoke a protective effect on maintaining As(III) speciation during
photoirradiation. Overall, these findings have challenged the notion of DOM-bound

metal(oid)s being inaccessible to microbes.

The role that DOM plays on the bioavailability of As to microbes is often invoked
but had remained untested experimentally. In addition to organic carbon, I have also
found inorganic phosphate cations to be major drivers of environmental As
bioavailability. Going forward, there are many more environmentally relevant
guestions that have yet to be answered. An interesting follow-up study would be to
test the hypothesis that microbes can indirectly affect As-DOM bond strength. An
idea would be to add spent culture supernatant to an As-DOM solution. Here, I predict
that the microbes’ growth conditions (e.g., Pi or Fe starvation) would influence the
extent of As release through external cell controls (e.g., siderophores, extracellular

e- transfer, etc.).

5.3 Limitations

One of the more challenging aspects of environmental As biogeochemical cycling is
determining the contributions of each environmental variable within the complex
environmental matrix. By isolating and individually testing environmental variables,
I managed to derive a number of insights regarding how these can impact As
bioavailability under defined and simplified exposure conditions. But the environment
presents a far more complex system with a nhumber of synergies among variables
that equal to an effect that can be much larger than the sum of its parts (i.e., its

emergent properties). When exposed directly to environmental waters, whole-cell
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biosensors do present a biologically relevant signal. That being said, it is important
to note that the research presented in this thesis was mostly performed under
controlled laboratory conditions using a bacterial chassis that underwent numerous
genetic modifications. While the reasons for choosing this model organism were
detailed in each chapter, they mostly revolve around high output signalling, biosafety,

and well-defined genetic determinants.

Going forward, it would be important to adapt this bioassay for conditions that
best represent the environment where microbially-mediated mineral dissolution
mostly occurs. Future work should therefore consider working under strict anaerobic
conditions and also consider using a more environmentally relevant biosensor chassis
(e.g., Shewanella sp.). It would also be important to expand the field monitoring
effort to include a wider range of environmental waters and drinking water sources.
The insights presented in this work serve as a baseline and are important for guiding

future investigations into the environmental drivers of As bioavailability.
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