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Abstract

English

Dissimilatory sulfate reduction plays a significant role in shaping the sulfur
isotope composition of sedimentary sulfides. These, in turn, record the evolution of
Earth’s surface redox state. The fractionation produced by this microbial
metabolism is controlled by the flux of sulfur through the respiratory reaction
network and the isotopic effect associated with each component reaction. Although
the net isotope fractionations of this metabolism have been well studied, unraveling
the isotopic influence of each component of its pathway is still a challenge. The
sulfite to sulfide reduction step is a particularly complicated one. Its biochemistry is
not fully understood and the associated isotope effect is inferred from fractionations
associated with the entire metabolic pathway or from in-vitro experiments with cell-
free extracts. Here, two experiments, a batch and a continuous culture experiment,
were run using a mutant strain of the sulfate-reducing bacterium Desulfovibrio
vulgaris Hildenborough. This deletion mutant is missing its QmoABC protein
complex, a principal catalyst in the reduction of adenosine phosphosulfate (APS) to
sulfite. As APS is an intermediate metabolite between sulfate and sulfite in the
respiration pathway, this strain is incapable of using sulfate as a terminal electron
acceptor. By hindering APS reduction, this mutation also eliminates sulfite
disproportionation. As a consequence, analysis of the growth and biochemistry of
this bacterium provides a unique insight into the sulfite reduction step. In all
experiments, sulfite consumption was concomitant with sulfide and thiosulfate
production. However, thiosulfate production in the continuous culture experiment
was more than one order of magnitude smaller than in the batch experiment.
Thiosulfate can form inorganically from the reaction of aqueous sulfite and sulfide.
[t appears that the design of the batch experiment rendered the establishment of a
definite reaction network challenging. Although it was not excluded that thiosulfate
could be produced as a biochemical intermediate of sulfite reduction, the thiosulfate

pool that accumulated in both the batch and the chemostat experiments was found



to be mostly of inorganic origin. Because of this, a net fractionation factor could not
be extracted from the batch experiment. The chemostat experiment appeared to be
better defined isotopically, and thus a net fractionation between sulfite and sulfide
of -15.88 %o, at 10% maximum bacterial growth rate, was found. The implications of
such a large extent of inorganic thiosulfate production environmental settings and

laboratory experiments, both in vivo and in vitro, are discussed.

French

La réduction dissimilatoire du sulfate joue un réle important dans le
faconnage de la composition isotopique des sulfides sédimentaires. Ce signal
isotopique, a son tour, représente un archive important de 1'évolution de I'oxygéne
atmosphérique. Le fractionnement produit par ce métabolisme microbien est
controlé par le flux de soufre a travers du réseau de réactions et |'effet isotopique
associé a chaque réaction. Bien que le fractionnement isotopique général de ce
meétabolisme ait été bien étudié, il est important de comprendre l'influence de
chaque composante du réseau. La derniére étape, la reduction du sulfite en sulfide,
n’est pas encore entierement comprite. Les réactions qui la définent ne sont pas
cernées et I'effet isotopique associé est, jusqu’a date, déduit de fractionnements
associés a la voie métabolique dans son ensemble. Ici, deux expériences, la premiere
dans un systeme fermé, la deuxiéme dans un systéeme ouvert, ont été effectuées en
utilisant une souche mutante de Desulfovibrio vulgaris Hildenborough. Cette bactérie
ne possede pas son complexe QmoABC, un catalyseur principal de la réduction du
phosphosulfate d'adénosine (APS) au sulfite. Par conséquent, cette souche est
incapable d'utiliser le sulfate en tant qu’accepteur d'électrons. En entravant la
reduction de I’APS, cette mutation élimine également la dismutation du sulfite. En
conséquence, I'analyse de la croissance et de la biochimie de cette bactérie fourni un
apercu unique sur cette étape. Dans les deux expériences, la consommation du
sulfite et la production du sulfide et du thiosulfate eurent lieu simultanément.
Cependant, I'occurrence simultanée de réactions biologiques et non-biologiques, ces

dernieres formant de vastes quantités de thiosulfate a partir du sulfite et du sulfide,



arendu la mise en place d'un réseau de réaction précis difficile. Bien qu'il n'est pas
exclu que le thiosulfate pourrait étre produit en tant qu’'intermédiaire de la
réduction du sulfite, le thiosulfate accumulé dans les deux expériences a été jugé
d'origine essentiellement non-biologique. Pour cette raison, un facteur de
fractionnement n'a pas pu étre calculé. L'expérience de culture continue est mieux
définie isotopiquement et donc un fractionnement net entre le sulfite et le sulfide de
-15.88 par millions, a 10% la croissance maximale des bactéries, a été estimé. Les
consequences de la production non-biologique de thiosulfate dans des
environments naturels et durant des expériences de laboratoire, in vivo et in vitro,

sont discutées.
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Introduction

The sulfur isotope record is a powerful tool to reconstruct the evolution of
Earth’s surface environmental conditions in the past (Berner and Canfield, 1989;
Canfield et al, 2000; Canfield, 2001 and 2004). For instance, Farquhar et al (2000)
used isotopic signatures from sulfides and sulfates in Precambrian rocks to pinpoint
a major change in the sulfur cycle between 2090 and 2450 million years ago (Ma).
Prior to 2090 Ma, the sulfur isotopic signal was consistent with mass-independent
fractionations (which differ significantly from those expected from the relative mass
ratios of the sulfur isotopes), after 2090 Ma, the signal corresponded to mass-
fractination (which is given roughly by the relative mass ratios of the sulfur
isotopes). This difference was proposed to reflect significant changes in Earth’s
atmospheric oxygen abundances such that the Archean and earliest
Paleoproterozoic sulfur cycle would have been driven predominantly by
photochemical reactions. Later, increasing atmospheric oxygen abundances
promoted oxidative weathering, which homogenized the mass-independently
fractionated sulfur reservoirs and eliminated the peculiar photochemistry, giving

rise to a mass-dependent isotopic signal. Further evidence from photochemical



experiments (Farquhar et al, 2001) and atmospheric models (Pavlov and Kasting,
2002) supported this interpretation.

Although a number of processes are involved in the sulfur cycle (continental
weathering, volcanic outgassing, pyrite burial, evaporite deposition; Canfield, 2004),
much of it is driven by biogeochemical processes, of which sulfate-reducing bacteria
(SRB) are the central actors. Via their metabolism of dissimilatory sulfate reduction
(DSR), these microbes reduce environmental aqueous sulfate to aqueous sulfide,
therefore promoting the formation and burial of sedimentary pyrite (FeS;) (Garrels
and Lerman, 1981; Berner, 1982; Walker, 1986; Canfield, 2004; Johnston et al,
2009). This, in turn, has a direct effect on atmospheric oxygen abundances, since
about 2 moles of oxygen escape consumption through oxidation weathering for
every mole of pyrite buried in deep anoxic sediments (Berner and Canfield, 1989).

Sulfide produced via DSR is depleted in 34S relative to the starting sulfate.
Because of its dependence upon environmental factors, such as temperature, sulfate
and carbon source availability (Sim et al, 2011; Canfield et al, 2006; Habicht et al,
2006), this mass-dependent sulfur isotope fractionation has been used to infer the
environmental conditions in which the SRB’s dwell in the past (Strauss, 1993;
Strauss, 1997; Strauss, 1999; Canfield, 2001). Additionally, the specificity of this
“biosignature” allowed the origin of the DSR metabolism to be dated to >3.47 billion
years ago (Ga) (Shen and Buick, 2004). Laboratory experiments with SRB’s have
typically yielded maximum sulfur isotope fractionation factors of around -47 %o
(Kaplan and Rittenberg, 1964; Thode, 1991; Bolliger et al, 2001), which indicates
that the 34S-32S ratio in the product sulfide is about 47 parts per thousand smaller
than the 34S-32S ratio in the reactant sulfate, when normalized to the 34S-32S ratio in
the reactant sulfate. There is, however, a striking discrepancy between these values
and the range of fractionations found in natural environments, where sulfides are
depleted in 34S by -45 to -70 %o relative to seawater sulfate (Ohmoto et al, 1990).

When large fractionations between sulfate and sulfide have been observed at
the anoxic-oxic interface (such as the Black Sea, Neretin et al, 2003), they have been
explained via oxidative sulfur cycling inducing the large offset rather than via

bacterial sulfate reduction alone (Canfield, 2001; Sorensen and Canfield, 2004). In



some hypersulfidic environments, such as the porewaters in the Cariaco Basin
(Werne et al, 2003), the strong depletion observed in sulfides (-60 to -72 %o and -55
to -65 %o respectively) was explained similarly through the oxidation of sulfide
produced by DSR to elemental sulfur or thiosulfate, which was later
disproportionated to sulfide and sulfate (Canfield and Thamdrup, 1994; Jorgensen,
1990). However, sulfur and thiosulfate disproportionation are both inhibited by
high sulfide concentrations, and it is unclear whether hypersulfidic environments
have high enough levels of oxidative species to oxidize sulfide in the first place
(Brunner and Bernasconi, 2005).

Because of these issues, large fractionations have started to be interpreted as
arising purely from DSR. In pore waters from deep ocean sediments, strongly 34S
enriched aqueous sulfates have been observed (Rudnicki et al, 2001). This offset
was attributed the isotope effect of bacterial sulfate reduction only, with a model
derived fractionation of -77 %o. Similar results were obtained from the interstitial
waters in the Great Australian Bight (Wortmann et al, 2001). Claypool (2004)
analyzed sulfur isotope fractionations from a global database of porewater
sediments from the Deep Sea Drilling and the Ocean Drilling Programs with a
diffusion-advection model and determined that the average sulfur isotope
fractionations in marine sediments of -75 %o.

In short, in some natural settings, disproportionation and oxidative sulfur
cycling might not fully explain the sulfur isotopic signals observed, leaving only
bacterial sulfate reduction as a possible process. This, in turn, implies that the upper
fractionation of -47 per mil observed in laboratory settings might be in the lower
limit of possibilities.

Rees (1973) built a conceptual model to describe the fractionation occurring
during DSR. In this classic model the net fractionation of sulfur isotopes results from
the additive isotopic effects associated with each reaction of the biochemical
pathway. Three of the four steps in the reaction network are well understood,
however, the sulfite to sulfide reduction step, thought to bear the strongest isotopic
effect, is not fully characterized. Rees (1973) derived the isotopic effect associated

with this reaction mathematically, and his value of -25 %o spread throughout the
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literature (Farquhar et al, 2003; Brunner and Bernasconi, 2005). There is, however,
no direct experimental measurement of the sulfite to sulfide fractionation factor. If
this step produces a stronger than estimated isotope effect, then the higher
fractionations observed in natural environments could be, at least partly, explained.
It is therefore crucial to produce a reliable estimate of this fractionation factor, and
to fully understand the nature of the reaction and the factors influencing it.

In addition, the Rees model assumed a unidirectional, single step character of
sulfite reduction (Rees, 1973). However, the full biochemistry of this metabolic step
is not yet agreed upon. Evidence from growth experiments has shown that it could
occur as either a direct single step reduction (Chambers and Trudinger, 1975) or via
a multi-step reaction, known as the trithionate pathway, involving the production of
polythionate intermediates (mainly, trithionate and thiosulfate) that are ultimately
reduced to sulfide (Kobayashi et al, 1972; Kobayashi et al, 1974; Fitz and Cypionka,
1990; Sass et al, 1992). Understanding the reaction network of this step is vital
because of the additive nature of the isotopic effects contributing to the net
metabolic fractionation factor. Modeling studies have attempted to predict the
upper fractionation limit of the metabolism when the trithionate pathway is
incorporated into the overall metabolism (Brunner and Bernasconi, 2005; Farquhar
et al, 2007; Johnston et al, 2007). They have shown that such an expansion of the
sulfate reduction reaction pathway produced fractionations as large as the ones
observed in natural environments. It must be born in mind that the trithionate
pathway might not be ubiquitous to all sulfate reducers.

Addressing this issue thus requires for the sulfite reduction step to be fully
isolated from the rest of the metabolic network, and the isotopic offset between
sulfite and sulfide measured. It is not enough to just grow a sulfate reducing
bacterium in the presence of sulfite because: (1) the andenosine phosphosulfate
(APS) to sulfite reaction is reversible, and (2) sulfite can be disproportionated to
sulfide and APS (Frederikson and Finster, 2003). In the first scenario, the isotopic
signal measured would correspond to the additive effects of the sulfite to sulfide
step and the sulfite to APS back reaction. In the second scenario, the fractionation

measured would result from the disproportionation of sulfite only. In either
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situation, the biochemistry of the sulfite to sulfide step as it occurs in SRB would not
be resolved. Experiments on isolated enzymes known to catalyze this step would
allow the determination of the enzyme-specific fractionation factor. However, this
approach is technically challenging, and would still present the problem of scaling
up enzymatic processes to cellular ones.

Therefore, addressing this issue has been, to date, extremely difficult.
However, it is now possible to approach it thanks to the availability of a mutant
strain of Desulfovibrio vulgaris Hildenborough. This microbe is incapable of reducing
APS to sulfite, as it is missing the protein complex promoting this reaction (Zane et
al, 2010). Thus, sulfite reduction is completely isolated from the rest of the
metabolism, preventing back reactions to APS and sulfite disproportionation
(Pereira et al, 2011; Johnston et al, 2005). Analysis of the growth characteristics,
specific biochemistry and fractionation of sulfur isotopes by this bacterium provides
with a unique opportunity to understand the mechanisms behind this reaction and
allows producing, for the first time, an experimental value for the isotopic effect

associated with this step of bacterial sulfate reduction.

This thesis will present findings from a set of two experiments: a batch and a
continuous culture experiment. The batch experiment is closed to mass transport,
analogous to sedimentary porewaters with very limited exchange with the overlying
water column. The continuous culture experiment, on the other hand, is open to
mass transport, with fresh media constantly sweeping cells and spent media out of
the system. These conditions are somewhat analogous to environments such as
oceans, lakes and sediments actively exchanging with the water column. This
experimental design also allows easy exploration of the relationship between the
extent of fractionation of sulfur isotopes and the growth rate of the bacteria
(Chambers et al, 1975; Sim et al, 2011; Leavitt et al, 2013). Additionally, the results
of an abiotic experiment testing the formation of thiosulfate will be presented.
Sulfite has been shown to react with sulfide in aqueous solution (Heunisch, 1977),
hence, this experiment informs the contribution of abiotic reactions to the sulfite,

sulfide and thiosulfate pools.
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First, a detailed review of the biochemical pathways involved in dissimilatory
sulfate reduction will be provided, followed by a review of the isotope modeling
approaches most commonly used in the literature. Then, the specifics of the
experimental designs and the protocols of the various assays used will be given.
Finally, the results obtained during the two biotic experiments and the abiotic
experiment are reported and compared. This information is used to constrain the
biochemical network of this reaction and to determine the net fractionation factor
produced by sulfite reduction. The implications for the upper limit of fractionation
during microbial sulfate reduction and the impact on the sulfur isotopic signal found

in environmental sulfides will be discussed.

The sulfate reduction metabolism

Sulfate reducing bacteria (SRB) actively reduce environmental sulfate to
sulfide via their respiratory metabolism known as dissimilatory sulfate reduction
(Peck, 1960). The biochemistry of this pathway has been extensively studied
through culture experiments run under different physical and chemical conditions
(Peck, 1959 and 1961; Rees, 1973; Castro et al, 2000; Detmers et al, 2001; Canfield,
2001). The reaction chain consists of four main steps: (1) sulfate uptake; (2) sulfate
activation to APS; (3) APS reduction to sulfite; and (4) sulfite reduction to the final

product, sulfide.

Sulfate uptake

Extracellular sulfate is first actively imported by the cell via membrane
bound sulfate transporter proteins (Pereira et al, 2011). This process also imports
H* to maintain charge balance hence creating a proton gradient across the

cytoplasmic membrane.
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Sulfate activation

Sulfate activation proceeds by combining intracellular sulfate with adenosine
triphosphate (ATP) in a reaction catalyzed by the enzyme ATP sulfurylase (Sat),
therefore producing adenosine-5’-phosphosulfate (APS) and pyrophosphate
(Robbins and Lipmann, 1958a).

Although this reaction has an unfavourable equilibrium constant of 10-8
(Robbins and Lipmann, 1958b; Akagi and Campbell, 1962), the hydrolysis of
pyrophosphate by soluble inorganic pyrophosphatase allows for the reaction to be

pulled towards the production of APS (Akagi and Campbell, 1963).

APS reduction

The reduction of APS to adenosine monophosphate (AMP) and sulfite is
catalyzed by the enzyme APS reductase (Peck, 1961). During this reaction, APS
transfers its sulfite group to a reduced flavin adenine moiety of the enzyme APS
reductase (Peck, 1961; Ishimoto and Fujimoto, 1961). The latter becomes a sulfite
adduct that then dissociates into sulfite and oxidized APS reductase (Peck et al,
1982). Over the course of this reaction, AMP is produced and recycled back into the
ATP pool. Although this reaction is well understood, the mechanism by which

electrons are transferred to APS reductase is still debated (Pereira, 2008).

A number of studies suggested processes for transferring electrons to APS
reductase while conserving energy. Odom and Peck (1981) proposed a hydrogen
cycling mechanism: electrons produced from lactate oxidation are transferred to a
cytoplasmic hydrogenase, thereby producing Hz, which then diffuses to the
periplasm and is reoxidized. This generates electrons that are transported across
the membrane and are used in the cytoplasmic reduction of sulfate. This mechanism
leaves protons in the periplasm, effectively maintaining a proton gradient. Hydrogen
cycling is however unlikely to be the main energy conservation mechanism in

sulfate reducers because hydrogen formation from the oxidation of lactate is
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energetically unfavourable and genome analyses show that cytoplasmic
hydrogenases are absent in several sulfate reducing organisms (Pereira et al, 2008).

On the other hand, Voordouw (2002) and Heidelberg et al (2004) suggested
that the cycling of other reduced intermediates like carbon monoxide might
contribute to energy conservation in sulfate reducing microorganisms.
Nevertheless, further genome analysis showed that this mechanism is also not
shared by all species of sulfate reducers (Pereira et al, 2007; Pereira et al, 2008).
Wood (1978) and Lupton et al (1984) proposed a membrane bound transport chain
transferring protons to the periplasm. This mechanism is further supported by the
fact that electron-transport-driven proton translocation has been demonstrated for
several Desulfovibrio spp. (Fitz and Cypionka, 1991). Plus, additional studies showed
that transmembrane redox complexes are unique to sulfur reducing organisms
(Matias et al, 2005; Pereira et al, 2007).

The membrane-bound QmoABC complex, first described by Pires et al
(2003), has been suggested to be the main actor in the transfer of electrons to APS
reductase. It is composed of three subunits, two are soluble (qmoA and qmoB) and
one is membrane bound (qmoC). The role of this protein machinery in transferring
electrons from the quinone pool to the enzyme is supported by the facts that the
genes encoding for each subunit are found adjacent to the genes encoding for APS
reductase (Pereira, 2008) and the hemes in qmoC are reduced by menaquinol
analogs (Pires et al, 2003; Venceslau et al, 2010). It has also been shown that the
QmoABC complex is required for sulfate reduction but not for sulfite reduction in
Desulfovibrio vulgaris Hildenborough (Zane et al, 2010). Direct electron transfer has

been reported by Ramos et al (2012).

Sulfite reduction

It has been suggested that sulfite reduction occurs via either a single six
electron step reaction or as a multi-step mechanism producing a number of sulfur
intermediates. The production of intermediates, mainly thiosulfate, trithionate and

bisulfite, during sulfite reduction provides support for the multi-step mechanism
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(Findley and Akagi, 1969, 1970; Lee, 1971; Kobayashi et al, 1969, 1972; Vainshtein,
1980; Fitz and Cypionka, 1990 and Sass, 1992). For example, Findley and Akagi
(1969) and Kobayashi et al (1969, 1972) observed the formation of thiosulfate and
trithionate when enzyme extracts of Desulfovibrio vulgaris, under a hydrogen

atmosphere, were provided with bisulfite.

In the light of this evidence, Findley and Akagi (1970) postulated that sulfite
reduction occurs via three consecutive, enzyme catalyzed reactions, each involving

the transfer of two electrons:

35032 + 2e- = S306% + 2e- = 52032 + SO32-(recycled) + 2e- = §?- + SO32-(recycled)

Modern structural studies suggest that the enzymes DsrAB and DsrC catalyze
the reduction of sulfite to trithionate (Oliveira et al, 2008; Parey et al, 2010), which
is then reduced to thiosulfate by the enzyme trithionate reductase (Drake and Akagi,
1977; Peck et al, 1982). Thiosulfate is then reduced to sulfide by thiosulfate
reductase (Haschke and Campbell, 1971; Aketagawa et al, 1985; Hatchikian, 1975).
All the enzymes involved in this pathway however have been only partially
characterized in only a number of sulfate reducers (Ishimoto et al, 1955; Haschke

and Campbell, 1971; Hatchikian, 1975; Drake and Akagi, 1977; Akagi et al, 1995).

On the other hand, studies have provided evidence against the presence of a
trithionate pathway. Chambers and Trudinger (1975) examined the fate of 35S
during the metabolism of [3°S]sulfate, [3>S]thiosulfate, and [3>S]sulfate plus
unlabeled thiosulfate by washed cells of Desulfovibrio spp., and of [3>S]thiosulfate by
growing cells of D. desulfuricans. They observed that the sulfane (the innermost
sulfur) and sulfonate (the outermost sulfur) groups of thiosulfate were being
reduced to sulfide by both washed and growing cells at the same rate (see figure 19
for the molecular structure of sulfite and thiosulfate). If thiosulfate was an
intermediate of sulfate reduction, the sulfane group would be the immediate

precursor of sulfide production and thus this atom would be reduced at greater
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rates than the sulfonate group. The authors thus concluded that thiosulfate was not
an intermediate of sulfite reduction, but only a metabolic by-product. They also
noted that intact cells catalyzed the incorporation of 35S into extracellular
thiosulfate in the presence of labeled sulfate, which implies an active exchange
between intracellular and extracellular thiosulfate. These observations were
interpreted as evidence against the presence of a trithionate pathway during sulfate

reduction.

Some have pointed out that the presence of intermediates, or even genetic
material encoding for the enzymes involved in the trithionate pathway, does not
mean they play a significant role during sulfate reduction. Peck and Legall (1982)
argued against a functional trithionate pathway because the required enzymes are
not universal to all sulfate reducers, and it is not coupled with energy conservation.
They suggested that the only advantage to the production and reduction of
trithionate and thiosulfate was the recycling of sulfite. In addition, Broco et al
(2005) investigated the role of flavoredoxin, postulated to be involved in the
thiosulfate reduction step, via genetic deletion. They found that the absence of this
protein severely impaired thiosulfate reduction and limited bacterial growth on
sulfite. However, growth in the presence of sulfate was not inhibited. What’s more,
flavoredoxin is not conserved across sulfate reducing organisms (Pereira et al,
2011). This suggests that while thiosulfate might be produced as an intermediate, it

is not required for the overall metabolism of sulfate reduction.

Sulfur Isotopes

Theory and annotations

Sulfur is the tenth most abundant element on earth and has four main stable
isotopes: 32§, 34§, 335, and 3¢S, which contribute to 95.02, 4.22, 0.760 and 0.0136 %,

respectively, of the total sulfur on Earth.
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The isotopic composition of a given sulfur phase is expressed using the per
mil (%o0) difference in the phase’s isotopic ratio and the Cafién Diablo Troilite

Standard. For major sulfur isotopes:

34-5/
325
sample

[345 ]
32
S standard

5345 =

—1 | x 1000 (1)

While, for minor isotopes, the corresponding heavy to light ratios (36S/33S)

are used.

Relative isotopic abundances in different co-existing phases results from the
fact that lighter isotopes form bonds that acquire higher vibrational energy than
heavier isotopes, making them easier to break. The rate constant of reactants
bearing lighter sulfur isotopes is as a consequence higher than the rate constant of
those bearing heavier isotopes (Canfield, 2001). Thus, in irreversible reactions, this
difference in reaction rates will yield a net kinetic fractionation, effectively enriching
the product in light isotopes. Fractionations between two co-existing sulfur species
(for example, reactant A and product B) can be expressed as the ratio of their heavy
to light ratios (annotated as Ra and Rg for sulfur species A and B respectively). For

major isotopes:
oup-a) = (3*S/%%8)8/(3*S/%2S)a = Re/Ra (2)
While, for minor isotopes, the corresponding heavy to light ratios (33S/32S,
365/325) are used. This unit-less alpha value can be used to determine 34¢(g-a), with

units of %o:

34gp.a) = (3*oB-a) - 1) x 1000 (3)
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The 3%¢(g.a) value is nearly equivalent to the difference in isotopic

composition between two phases of interest:

34g(p-a) = 034Sp - 8345, (4)

High precision measurements of 340 g-a) and 33c-a) show that these values
are related by exponential factors that range between 0.500 and 0.52 as a function
of mass-balance, physical conditions (such as temperature) and the specific process
producing the fractionation (equilibrium, kinetic, gravitational) (Hulston and Thode,
1965; Craig et al, 1988; Mook, 2000; Young et al, 2002). These relationships can be

described by A notation:

531510-515
A33S = 833Sgpserved - 933Sexpected = 0335 — 1000 X [{1 + } - 1] (5)

1000

and

53457190
A36S = 836Sgpserved - 936Sexpected = 0365 — 1000 X [{1 + } - 1] (6)

1000

Where the above exponents (0.515 for 33S and 1.90 for 3¢S) are reference
values for single-step thermodynamic equilibrium isotope exchange effects at low
temperature (Hulston and Thode, 1965; Farquhar and Wing, 2003, 2005). The A
notation is typically used for a single phase while for a pair of phases related by
mass-dependent effects (Farquhar and Wing, 2003), exponents can be directly
calculated as (Miller, 2002):

53354 533sp
ln(l. 1000 )—ln(l. 1000 )

(7)
ln( } )—ln(l' )

1000 1000

33)\-observed =

and
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5365A 83653
ln(l. 1000 )—ln( ' 1000)

534-SA 534—53
ln(l. 1000 )—ln( ' 1000)

[N

(8)

36}\-observed =

[N

Open systems

In open systems, the isotopic composition of the sulfur species being
transformed is linearly related to the extent of the original compound remaining, as
shown in the figure below, from Canfield (2001), which describes the evolution of
the isotopic composition of sulfate and sulfide during sulfate reduction in open

system conditions.

650 _

50 /s’ljtfate o= 1.040
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In this system, the fractionation between the co-existing sulfate and sulfide

can be expressed as:

_ [6**Ssuifiae +1000]
aSulfide—Sulfate - [53455ulfate+1000] (9)
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The isotopic composition of the system at any given point in the extent of the

reaction can be determined using the following relationships:

fsoa + fuzs =1 (10)

83*Ssoafsoa + 6* Syasfizs = 6**Sspa0  (11)

Microbial metabolic models

General network model

The simplest way to understand the fractionation of sulfur isotopes during
microbial sulfate reduction is through reaction networks. In these, reactants
undergo a stepwise reduction, each reaction being characterized by a specific

isotopic effect. If we take the following simple network consisting of three steps:

Where A, B, C and D are sulfur compounds, A is the starting species, B and C
are intermediates and D the final product. Arrows 1 and 4, 2 and 5 and 3 represent
the forward and backward fluxes of sulfur material between pools at steps 1, 2 and
3 respectively. Each step in the network bears a characteristic isotopic effect (in
biological systems, these are kinetic and enzyme-catalyzed), which is expressed as
the difference in isotopic compositions between the pools of interest. Note that, as
explained earlier, fractionation occurs when bonds formed with sulfur isotopes (in
the case of sulfate reduction, sulfur-oxygen bonds) are broken. Therefore, in the

above reaction network, each step is assumed to involve the breaking of a sulfur
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bond. Reactions in which this does not happen present no isotopic effect. The degree
of flow between pools is defined as X1 and Xz, the ratios of backward to forward flux
at steps 1 and 2 respectively. Since step 3 is unidirectional, no backward flow occurs
and X3 is not defined.

The isotopic fractionation produced by the overall network equals the sum of

the step specific isotopic effects weighted by the backward to forward flow ratios:

034Stotal = 034Sg 1 + X1.034S¢ 2 + X1. X2. 0345k 3 (12)

Under thermodynamic equilibrium conditions, backward and forward flows
become equal (and their ratios approach unity), therefore, the total isotopic effect
corresponds to the sum of the isotopic effects alone. The same rationale applies to

minor isotopes.

Fractionation of sulfur isotopes in microbial sulfate reduction

As explained earlier, the metabolism of microbial sulfate reduction consists
of four main steps. The net fractionation produced by the overall reaction network
thus corresponds to the sum of the isotopic effect of each reaction. Harrison and
Thode (1958) observed a fractionation of +3 %o when they grew sulfate-reducers at
very low sulfate concentrations (10 uM). Habicht et al (2002), observed a range -5.9
to +4.5 %o associated with the uptake of sulfate when growing different freshwater
and marine natural populations at low sulfate concentrations. In his model, Rees
assigned a +3 %o value to the first step of the reaction pathway, and the value
spread in the literature is now widely used.

Reactions in which sulfur-oxygen bonds are not broken or that don’t affect
the oxidation state of sulfur have small to no isotopic effect. Therefore, the isotopic
effect associated with the activation of sulfate to APS is zero. Regarding the APS to
sulfite reduction step, Rees (1973) observed that most culture experiments

produced upper fractionations of -25 %o, with few exceptions presenting stronger
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fractionations of up to -47 %o (Harrison and Thode, 58; Kaplan and Rittenberg, 64;
Kemp and Thode, 68; Chambers et al, 76; Canfield, 2001). He considered the sulfite
to sulfide step to be fast and irreversible, suggesting a backward flux near zero.
Because of this, Rees (1973) assumed the sulfite to sulfide isotopic effect to be only
rarely expressed. Therefore, he assigned a value of -25 %o to the APS to sulfite
reduction step. Farquhar et al (2003) calculated the theoretical equilibrium sulfur
isotope fractionation between sulfate and sulfite and obtained a value of -25 %o,
hence further supporting Rees’s estimate for the APS to sulfite step. The sulfite to
sulfide step also contributes to the overall fractionation and a -25 %o value was
assigned to it, thus matching the observed larger fractionations. At thermodynamic
equilibrium, and using these isotopic effects, Rees estimated a net upper
fractionation limit of -47 %o.

However, Rees’ estimate of the sulfite to sulfide isotopic effect heavily relies
on the assumption about the unidirectionality of this reaction. In addition, there is
an extensive body of literature arguing for the manifestation of a trithionate
pathway. Brunner and Bernasconi (2005) proposed a revised Rees model that
mathematically incorporated this pathway. For this, the authors brought three
important modifications: (1) they allowed for the production of a k number of sulfur
intermediates; (2) they assumed the sulfite to sulfide reaction to be fully reversible,
which implies the reactions producing intermediates to be reversible as well; and
(3) they added an exchange flux between intracellular and extracellular sulfide.
Keeping the isotopic effect associated with the uptake and release of sulfate by the
cell at +3 and 0 %o respectively, the authors estimated the isotopic effect associated
with sulfite reduction as the difference between the equilibrium isotope
fractionation between sulfite and sulfide and the characteristic isotopic effect of the
backward sulfide to sulfite reaction (O’Leary, 1977; Brunner and Bernasconi, 2005).
The former was determined by Farquhar et al (2003) to be -48 %o, while the latter,
the abiotic sulfide to sulfite oxidation reaction, was found to be around -5 %o (Fry et
al, 1988). Given these two estimates, it was concluded that the sulfite to sulfide step
produced an isotopic effect of -53 %o. Taking this new estimate into account,

Brunner and Bernasconi (2005) estimated an upper fractionation limit for DSR of -
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70 %o. This estimate was further supported by Johnston et al (2007), who expanded
the reaction network to incorporate the production of sulfur intermediates and thus
added an extra flux term between sulfite and a pool consisting of said intermediates.
They predicted an upper net fractionation limit of -75 %o. These new estimates

showed the effect of larger internal fractionations on the net fractionation produced

by the overall metabolism.

JW9021

The bacterium used to address these questions is a mutant strain of
Desulfovibrio vulgaris Hildenborough. This microorganism, referred to as JW9021,
was provided by Dr. Grant Zane and Prof. Judy Wall, University of Missouri (Zane et
al, 2010).

JW9021 is a deletion mutant missing the gene encoding for the QmoABC
complex. This membrane-bound protein complex is argued to be responsible for the
transfer of electrons from the membrane menaquinone pool to the enzyme AprAB
(Pires et al, 2003; Venceslau et al, 2010; Pereira et al, 2008), which promotes the
reduction of APS into sulfite.

The gene encoding for this protein complex was deleted via marker exchange
mutagenesis. A plasmid (small strand of circular DNA) was first introduced in the
microorganism. This plasmid contained a marker gene (in this case, a kanamycin
resistance cassette) whose flanking sequences were identical to the ones flanking
the target gene. This sequence similarity caused a phenomenon known as
homologous recombination, in which the target gene is swapped off the bacterium’s
DNA and is effectively replaced by the marker gene (Zane et al, 2010).

Zane et al (2010) did not observe detectable growth (measured as changes in
optical density, whole-cell protein concentrations and sulfide concentrations) of
JW9021 in the presence of sulfate as electron acceptor. However, when the mutant
was grown in the presence of sulfite, whether the electron donor was lactate of

pyruvate, its growth was comparable to that of the wild-type strain (Zane et al,
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2010). In order to ensure that the observed effects resulted from the deletion of the
qmoABC genes, the authors performed a complementation experiment. A plasmid
containing the deleted genes was introduced into the bacterium. In the presence of
sulfate, growth rates comparable to the wild-type’s were observed. Growth with
sulfite as the only electron acceptor was not affected. These results were interpreted
as evidence that the QmoABC complex is the only protein machinery involved in the
reduction of APS to sulfite. Since growth on sulfate was not observed even after
extensive culturing (over 150 hours), no other protein complex, despite the
structural similarities, was able to restore sulfate reduction (Zane et al, 2010).

Thus, this bacterium is incapable of performing the APS reduction step. It
bears a modified metabolism in which sulfite reduction is completely isolated from
the rest of the pathway. The consequences of this modification go further: the
disproportionation of sulfite produces both sulfide and APS (Frederikson and
Finster, 2003). By impeding the APS to sulfite reaction, and thus the sulfite to APS
back reaction as well, this mutation prevents sulfite disproportionation from
occurring alongside sulfite reduction. Therefore, this bacterium’s metabolic reaction
network is well-suited to address the issues associated with the sulfite reduction

step in DSR.

Methods

Batch experiment

Growth medium

JW9021 was grown anaerobically at 24°C in a defined (MO) medium of the
following composition (Zane et al, 2010): 8mM MgCl;, 20 mM NH4Cl, 0.6 mM CaCly, 2
mM K;HPO4-NaH2P04, 6 mL/L trace metals, 30 mM Tris-HCI (pH: 7.4), 1 mL/L
Thauers vitamins (10X), 60 mM lactate, 80 mM Na»S03. Resazurin was added as an

oxygen indicator (150 uL of a 0.1 % solution per liter of media) while titanium
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citrate was used as reducing agent (5 mL per liter; pH was set at 7.2 via titration
with 5 M HCL.

Anaerobic conditions were reached by first mixing the components in a
bottle and subsequently performing a gas exchange in the headspace (N2, 5 psi).
Finally, the bottle was capped and autoclaved at 121°C for 30 min. Autoclaving
causes re-precipitation of titanium citrate and sulfite disproportionation, therefore
these two components had to be added via a 0.2 um sterile filter post-autoclaving.
Stock solutions of both of these components were kept in anaerobic conditions at all

times.

Experimental design

A total of 43 bottles containing 50 mL final medium volume were prepared
and inoculated at the same time (the inoculum represented 6 % v/v of the media
volume). At regular time intervals, three bottles were selected at random. From
each, two 1 mL sub-samples were taken for ODgoo measurements (measured in real
time) and two 1 mL sub-samples were taken for protein concentration estimates
(preserved at -80°C). Then, 5 mL of a 20% ZnCl: solution was added to fix all
sulfides in solution and arrest growth. A set of two 1mL sub-samples were taken for
the estimation of sulfite, sulfide, and thiosulfate concentrations and preserved at -
80°C. The remaining volume was preserved at -20°C for isotopic analysis. The
experiment was run for 115 hours. To account for background effects, two sets of

bottles at time zero were sampled, one before and one after inoculation.
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Chemostat experiment

Growth medium

The defined medium used for the chemostat experiment (CS medium) was
only of slightly different composition from the MO medium described above (per
liter of medium): 2.87 mM K;HPOg4, 5.67 mM ascorbic acid, 17.86 mM NaHCO3,
0.4081 mM CaClz-2H:0, 7.9976 mM MgCl2-6H20, 18.7 mM NH4Cl, 1mL of a 10X
vitamin solution, 10 mL of a 100X trace metal solution, 1 mL of a 100 X sodium
selenite solution, 20 mM sodium sulfite, 10 mM sodium lactate and 0.2 ug
kanamycin (final concentration: 200 ug/mL). The last nine components were added
via sterile syringe and filter post-autoclaving the media at 121°C for 30 minutes. The
pH was set to 7.2 by bubbling the media under N2:CO2 (90:10, 5 psi) and titration
with 6N HCI.

The kanamycin final concentration was chosen to be 200 ug/mL as it proved
effective at selecting JW9021 over the wild-type strain without hindering its growth
(Zane et al, 2010). Stock solutions of all constituents were kept anaerobic and
autoclave sterile at all times, except for the vitamins, the trace metals and the

sodium sulfite solutions. These were kept anaerobic and filter sterilized.

Experimental design

The continuous culture experiment was performed using a chemostat
(chemical environment in static). This design allows growing bacterial populations
at a specific growth rate for an indefinite period of time by imposing the rate of
delivery of a chosen limiting nutrient. Here, lactate was chosen: its concentration
was lowered to 10 mM, effectively limiting growth while yielding measureable
optical density levels (ODsoo).

The device included three inter-connected vessels. All surfaces consisted of

glass, polyether ether ketone (PEEK) or polytetrafluoroethylene, avoiding re-
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oxidation of biogenic sulfide (either in aqueous or gaseous form). The central vessel,
the reactor (six-port, 3-L working volume vessel, 1964-06660, Bellco Glass),
contained bacteria growing in a continuously homogenizing medium (final volume:
0.5L). Sterile medium with limiting lactate (10 mM) and excess sulfite (20 mM) was
fed into the reactor from a 10L batch. Outflowing medium was collected in a 2L
bottle containing 20 mL of 1% ZnCl: solution (liquid trap, L). Input and output
fluxes, set at the same rate, were imposed by pumps (Ismatec four-channel Reglo
analog peristaltic pump with Tygon HC F-4040-A tubing). Produced H»S (gas) was
collected as zinc sulfide in a bottle containing 50 mL 20% (wt/vol) zinc acetate,
buffered with glacial acetic acid (60 mL.L-1) (gas trap). The reactor’s pH was kept
constant (7.2 +/- 0.1) thanks to a pH-meter connected to an acid pump: when the pH
increased beyond the set value, the pump injected concentrated HCl into the vessel.
The entire apparatus was kept under positive pressures of N2:CO; gas (90:10, 5 psi),
maintaining the system anaerobic and ensuring the full transfer of H;S into the gas
trap. All components of the set up were autoclave sterilized before the start of the
experiment. Sterile medium for the reactor was prepared in a separate bottle
(according to the protocol explained earlier) and was transferred under N2:CO>
(90:10, 5 psi) via syringe and sterile filter. 30 mL of a mid-exponential culture,
grown in batch conditions and transferred at least 3 times to ensure adaptation to
the medium, was used as inoculum. It was allowed to grow in batch conditions (only
gas flux) and reach mid-log ODeoo levels before the liquid pumps were turned on.

A 10 % maximum growth rate experiment was run. Since the maximum
growth rate, in batch conditions, was found to be 3.6 per day, the specific dilution
rates were set at 0.36 per day. Keeping the final volume of the reactor at 0.5L, the

input flow (and thereby the output flow) becomes 0.18 L/d.
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Sampling

Samples were taken from the reactor, the reserve media batch, the liquid and
gas traps at regular time intervals for ODsoo measurements (measured in real time),
estimation of lactate, acetate, sulfite, sulfide and thiosulfate concentrations and
isotopic analysis. All samples were preserved at -20°C.

One sampling event consisted of the following steps.

(1) The liquid trap was changed with another 2 L bottle containing 20 mL of
1% ZnClz. The final volume collected over the given time interval was recorded in
order to determine outflow rates. Then, subsamples were taken for isotopic
analyses (two samples of 50 mL each), lactate and acetate measurements (1.0 mL
combined with 0.5 mL of a 600 mM formaldehyde solution), sulfide, sulfite and
thiosulfate concentration estimations (1.5 mL each).

(2) The gas trap was changed with another bottle containing 50 mL of 20%
zinc acetate solution. A 1.5 mL subsample was taken for estimation of sulfide levels,
the rest (48 mL) was preserved for isotopic analysis.

(3) A 10 mL sample was taken from the reactor. 1 mL was used right away
for ODsoo measurements while the rest was combined with 1 mL of anoxic 0.1%
ZnCl; (previously bubbled in N3) to fix the sulfides. Then, subsamples were taken for
the determination of lactate and acetate, sulfide, sulfite and thiosulfate
concentrations (volume and treatment were the same as for the liquid trap
subsamples). The remaining 6 mL were preserved for isotopic analyses. Any volume
taken from the reactor was replaced with the same volume of lactate-free CS
medium.

The reserve media batch was sampled every second sampling time for ODeoo,
sulfite, sulfide, thiosulfate, lactate and acetate estimates. Samples for isotopic

analyses were taken at the start and the end of the experiment.
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Abiotic experiment

Experimental design

The experimental design used to test the formation of thiosulfate in abiotic
conditions was identical to the one used for the biotic experiment. Sulfite and sulfide
were added via syringe and through a sterile 0.2 um filter to 20 bottles containing
MO media (pH and anoxic conditions identical to the biotic experiment ones). At
each sampling time, two bottles were selected at random. 0.2 mL of a 20 % zinc
chloride solution (previously bubbled under N2) was then added to each bottle,
thereby fixing the sulfides. 1 mL sub-samples were taken for the estimation of
sulfite, sulfide and thiosulfate levels and preserved at -20°C. The leftover liquid was
preserved at -20°C for isotopic analysis.

Four experiments combining different sulfite:sulfide ratios (in mM) were
run: 80:0 (control experiment), 80:5, 80:10 and 80:15. Sulfite was kept in far excess
relative to sulfide, whose range of concentrations (from 0 to 15 mM) was chosen to

match the ranges observed in the biotic experiment.

Assays

ODsoo

Optical densities were measured in real time at 600nm using a UV-light

spectrophotometer.

Fuschin (adapted from Grant, 1947)

Samples containing sulfite were diluted on ice using anoxic milli-q water

(bubbled with N; for at least 20 min) so that their final concentration fell in the 0 to

250 uM range of the calibration curve. Zinc sulfides and cells were removed either
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via centrifugation (12,000 g at 4°C for 15 min) or via filtration through sterile 0.2
um filters under No.

The standards used to build the calibration curve were prepared on ice by
diluting a 100 mM NaSO3 solution using anoxic milli-q water. In order to account for
the presence of extra Zn?* and Cl- in the samples, ZnCl; was added to the standards,
which were centrifuged/filtered in the same manner as the samples. Standards were
run alongside the samples every time.

0.1 mL sample or standard was then combined with 0.7 mL anoxic water and
0.1 mL of 0.04% (w/v) Pararosaniline HCl and 10% H2S04, mixed, and allowed to
react for 9 min. Next, 0.1 mL of 3.7% formaldehyde was added. The solution was
mixed and allowed to react for 9 min. Finally, 0.75 mL of the mixture was combined
with 0.75 mL anoxic milli-q water, the solution’s absorbance measured at 570 nm

and compared with the standard curve.

Cline (modified from Cline, 1969; reagents used were obtained from the

LaMotte Sulfide Test kit, catalogue number: 3654-01-SC)

Samples containing sulfide in the form of zinc sulfide were diluted on ice
using anoxic milli-q water (bubbled with N> for at least 20 min) until their final
concentration fell in the 0 to 250 uM range of the calibration curve.

Standards were prepared on ice by diluting a 100 mM sodium sulfide
solution (prepared by adding 0.24015 g sodium sulfide nonanhydrate to a 10 mL
solution of 150 mM zinc chloride under N2) down to the 0 to 250 uM range.
Standards were run alongside the samples every time the assay was run. The
reagent solution used for the assay consisted of 80 uL. N,N-dimethyl-p-
phenylenediamine sulfate and 25 uL ferric chloride, for a final volume of 105 uL.
645 uL anoxic milli-q water was combined with 105 uL reagent solution and 250 uL
of sample or standard. The mixture was then allowed to react in the dark for 20 min,
and the resulting absorbance measured at 670 nm and then compared with the

calibration curve.
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Cyanolysis (adapted from Sorbo, 1957; Kelly et al, 1969; Kelly and Wood, 1994)

Samples containing sulfides in the form of zinc sulfide were either
centrifuged (12,000 g at 4°C for 15 min) or filtered through a sterile 0.2 um filter
under N». Standards (ranging from 0 to 25 mM) were prepared on ice with anoxic
milli-q (bubbled with Nz) by diluting a 500 mM sodium thiosulfate solution down to
the 0 to 25 mM working range. Standards were run alongside the samples every
time the assay was made.

The assay itself consisted of the following steps:

(1) On ice, 1.6 mL of buffer solution (500 mL 0.2M NaH2P04*H20 and 330 mL
0.2M NaOH; pH set at 7.0) was combined with 0.1 mL standard or sample and 1.3
mL anoxic milli-q water. 2 mL of 0.1 M potassium cyanide was then added. The
solution was mixed and allowed to react on ice for 5 minutes. For samples with
lower amounts of thiosulfate, up to 0.5 mL was used; the volume of milli-q water
added in the first step was adjusted accordingly.

(2) 0.6 mL of a 0.1 M copper sulfate solution was added, the solution was
mixed and allowed to react on ice for 10 minutes.

(3) 1.2 mL of a ferric nitrate reagent (304 g iron (III) nitrate and 100 mL 65%
nitric acid, brought up to 500 mL with milli-q water) and 2.2 mL anoxic milli-q
water were added, the solution was mixed and allowed to react at room
temperature and in the dark for 25 minutes.

(4) Absorbance was measured at 460 nm and compared to the calibration

curve.
Anion chromatography
Lactate and acetate concentrations were determined on 0.45 um filtered
sampled suppressed anion chromatography with conductivity detection using an

eluent gradient method (ICS-2000, AS11 column, Dionex). First, 1 mM KOH was run

isocratically for 6 min followed by an initial linear ramp to 30 mM over 8 min and a
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final linear ramp to 60 mM over 4 min, allowing to re-equilibrate at 1 mM KOH

between samples (run in duplicates).

Sample preparation for isotopic analysis

Each sulfur pool of interest was separated and purified prior to isotopic
analysis. The procedure is similar to that described in Smock et al (1998).

Samples containing sulfide (in the form of zinc sulfide), aqueous sulfite and
thiosulfate were centrifuged at maximum speed for 15 minutes. The pellet (zinc
sulfide) was washed and centrifuged with milli-q twice before performing an Acid
Volatile Sulfur extraction (AVS extraction), allowing extraction of S?;, followed by a
Chromium Reducible Sulfur extraction (CRS extraction), retrieving zero valence
sulfur. The supernatant (containing sulfite and thiosulfate) was combined with a 0.3
M BaNOs solution (added in excess of sulfite) and allowed to react for at least 3
hours. The BaSO3 precipitate was recovered via filtration or centrifugation. It was
then oxidized to BaSO4 by combining it with excess 30% hydrogen peroxide. The
mixture was allowed to react overnight at 50°C. The sulfur in the resulting sulfate
(as BaS04) was then extracted via a thode extraction procedure.

Thiosulfate (found in the remaining liquid phase) was decomposed to Ag.S
(sulfane group) and BaSO4 (sulfonate group) (see figure 19 for a molecular structure
indicating these two groups) by first adding a 4 M solution of AgNO3 in excess of all
anions present in solution (including thiosulfate) followed by the 0.3 M BaNOs3 in
excess of thiosulfate (Smock et al, 1998). The resulting solution (containing a
precipitate composed of AgzS, BaSO4 and other silver and barium precipitates) was
allowed to react overnight in the dark at 50°C and filtered out. All sulfur was
extracted by first performing an AVS extraction (extracting Ag.S, thus the sulfane
group), followed by a thode extraction (extracting BaSO4, the sulfanate group) and a

CRS extraction (extracting any leftover elemental sulfur).

33



Equations

Kinetics of bacterial growth

Doubling times in batch cultures were determined using the definition

described in Lenski et al (1991):

ln(NZ/ N1)

d = In (2)

(13)

Where N; is the number of bacteria (or corresponding optical densities) at
the start of mid-log phase and Nz being the number of bacteria (or optical densities)
at the end of mid-log. This gives the number of doublings across the time interval of
mid-log phase, which can be extrapolated over 24 hours thus giving the number of

doublings per day.
Chemostat

The dilution rate (in units of day!) of the chemostat was calculated as

following:

rate of outflowing liquid

D =

(14)

reactor final volume

The rate of outflowing liquid is in L/day and the reactor final volume in L.
This means that the mean residence time of any particle in the reactor is equal to

1/D (in units of days).
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Mass balance

Mass balance in batch conditions was calculated by determining the total
moles of sulfur contributed by each species for each time point.

Sulfite and sulfide were considered to contribute only one mole of sulfur per
mole of sulfite or sulfide. Thiosulfate, on the other hand, was considered to

contribute two moles of sulfur per mole of thiosulfate.

Stotal = chlture[SOS%_]culture + chlture[HZS]culture + Zchlture[SZOS%_]culture (15)

Mass balance was considered to be closed if the total moles of sulfur in
culture was found to be constant, within error, and equal to the initial moles of

sulfur (sulfite only) throughout the course of the experiment.

In continuous culture, sulfur balance was determined by comparing the flow
of moles of sulfur entering the reactor and the flow of moles of sulfur leaving the
reactor. The flux of sulfur going into the reactor was calculated based on the sulfite
concentration of the batch media reservoir and the measured rate of media flowing
into the reactor.

Sin = VUin [SOP?_]in (16)
As for the flux of sulfur leaving the reactor, it was determined based on the

measured rate of media flowing out of the reactor and the concentration of sulfite

and thiosulfate measured in the liquid trap, and sulfide in the gas trap.

Sout = Vout [SOg_]liquid + Uout[HZS]gas + 2 Uout[SZOB%_]liquid (17)

Balance was reached when the rate of incoming sulfur equalized the rate of

outgoing sulfur.
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Error propagation

For equation 15:

2 5 2
O0Siotal — \/(chltureo_[sog‘]) + (chltureo-[sz‘]) + (chltureo_[szog‘]) (18)

For equation 16:

Osin = VinO[s03] (19)

For equation 17:

o= s )+ (o) + P ) 0

For the isotopic difference between two pools:

0'53453_5345A = \/(0'5345A)2 + (0'53453)2 (21)

For equation 7, the error propagation found in Johnston et al (2007) was

used.
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Results

Batch experiment

The batch experiment was run for over 114 hours. ODeoo levels increased
from 0.129 after inoculation (background ODeoo = 0.004) to 0.902.

Sulfite concentrations decreased regularly from 71.58 to 25.47 mM.
Concomitantly, sulfide concentrations increased from 0.07 mM to a peak of 13.97
mM and decreasing to 6.21 mM at the end of the experiment. Thiosulfate
concentrations increased from 0.59 to 18.55 mM. All reported values are averages
across triplicate experiments. Initial values correspond to concentrations after
medium inoculation, background levels were effectively zero. See figure 1 for the
evolution of the abundance of sulfite, sulfide and thiosulfate, and optical densities

over the course of the experiment.

The sulfite and sulfide phases did not show large changes in neither major
nor minor isotopic abundances. Sulfite’s 634S values evolved from an initial 0.073 %o
to a final value of -0.057 %o. Sulfide presented a slight increase from 634S values of -
9.13 to -8.13 %o. Thiosulfate presented a large site-specific isotopic offset that
increased over the course of the experiment. The sulfane’s 834S values decreased
from -4.86 to -7.19 %o while sulfonate increased from 12.33 to 21.19 %o. These
reported values are averages across triplicates. Tables 1, 2 and 3 show the major

and minor isotopic compositions of the individual triplicate lines.

Extracts were obtained from CRS extractions from only the sulfide phase.
These were depleted in 34S, and showed very little change in major and minor
isotopic compositions over the course of the experiment. Initial 334S values averaged
to -10.43 %o across triplicates. Final values averaged to -9.45 %o. Table 4 below
presents the major and minor isotopic abundances characterizing this extract in the

three triplicate lines.
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Chemostat experiment

The chemostat experiment was run for 485 hours. At 405 hours, all
measured variables became constant and were maintained for the following 80
hours. The reactor’s final volume was 0.5 L. The rate of outflowing medium from the
reactor averaged to 0.189 L/d. Optical densities and pH stabilized to 0.083 and
7.171 respectively (figure 2). Lactate concentrations in the reactor were effectively
zero. Conversely, acetate levels averaged to 7.89 mM (figure 3). Sulfite
concentrations of the inflowing medium, the reactor and the liquid trap were 20.51,
16.45 and 15.56 mM respectively. Most of the sulfide produced accumulated in the
gas trap, its concentrations to averaging 9.81 mM. The concentration of thiosulfate

in the reactor and the liquid trap were 0.51 and 0.38 mM (figures 4, 5 and 6).

Between 405 and 485 hours, the isotopic composition of sulfide, sulfite and
thiosulfate were constant. The sulfide and sulfite §34S values averaged to -15.17 and
0.67 %o respectively. Thiosulfate presented a large site-specific isotopic offset:
sulfane’s 034S averaged to -33.89 %o while sulfonate’s values were 7.38 %o. Table 5
below shows a summary of the major and minor isotopic composition of sulfide,
sulfite and thiosulfate.

No extract was obtained from CRS extractions of neither the sulfide nor the

thiosulfate phases.
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Abiotic experiment

In two of the four experiments, thiosulfate production was concomitant with
sulfide consumption. The highest levels of thiosulfate were observed with
intermediate initial sulfide concentrations: for initial sulfide concentrations of 6.59
and 11.95 mM, thiosulfate concentrations reached 6.59 and 5.32 mM. The other two
lines, in which initial sulfide concentrations were 0.06 and 17.89 mM, thiosulfate
production was limited: 0.09 and 1.51 mM respectively. Figures 7 and 8 show the
change in sulfide and thiosulfate concentrations over the course of the abiotic
experiment. The sulfite assay yielded highly variable results and no decreasing
trend as would be expected given the diminishing sulfide levels and corresponding

increasing thiosulfate levels.

Analysis

Batch experiment

Sulfur compounds: abundance and evolution over the course of the experiment

ODgoo levels, sulfite, sulfide and thiosulfate concentrations decreased and
cease to change to become steady 29.75 hours after inoculation of the medium,
indicating that the bacteria reached stationary phase and, subsequently, all lactate
available (present in limiting concentrations) had been consumed. The total sulfur
content was constant throughout the course of the experiment, averaging to 70.29

mM, effectively closing mass balance (figure 9).

The first question that needs addressing concerns the biochemistry of the
metabolic pathway of JW9021. This includes identifying the reactants, the products,

and their corresponding stoichiometry. The total moles of sulfite consumed and of
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sulfide and thiosulfate produced over the course of the exponential phase (between
0 and 29.75 hours) are summarized table 6. For sulfite, the moles consumed were
calculated by subtracting the total moles in solution at the end of exponential phase
to the total moles at the start of the phase. Conversely, for sulfide and thiosulfate,
the moles produced are determined by subtracting the total moles at the start of the
exponential phase (after medium inoculation) to the total moles at the end of the
phase. These are then used to determine the stoichiometric coefficients of the sulfur
compounds involved in the reduction of sulfite to sulfide (for each triplicate line, see
table 7). This was done by dividing the moles of sulfide or thiosulfate produced by
the moles of sulfite consumed.

Comparing this stoichiometry to the one observed in the chemostat
experiment will provide with a better understanding of the reaction sequence that is
taking place. To facilitate this comparison, only rates will be compared. The rates of
sulfite consumption and sulfide and thiosulfate production during exponential
phase were calculated by determining the slope of the decrease or increase of the
levels of each sulfur species as a function of time. These rates are summarized in the
table 8 (for all triplicate lines) in units of moles per hour.

The extract obtained during the CRS extraction performed on the sulfide
phase is postulated to correspond to a small pool of elemental sulfur that
accumulated in the medium. An AVS extraction was always performed on the zinc
sulfide precipitate, which was always present in amounts small enough to ensure
full reaction and subsequent extraction of the S?-. Therefore, it is improbable that

this extract corresponds to left-over sulfide.

Isotopic abundance

Figure 10, 11 and 12 (triplicates 1, 2 and 3 respectively) show the evolution
of the isotopic composition, expressed as 034S, in units of %o, of sulfite, sulfide and

the sulfane and sulfonate groups of thiosulfate as a sulfite is being consumed. The

latter is expressed as the fraction f of the total sulfur in solution that corresponds to
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sulfite. It will be noted that f does not decrease below 0.4, because, in this
experiment, lactate, and not sulfite, was limiting. Therefore, sulfite reduction did not
carry on until full sulfite depletion. All values correspond to samples taken over the
course of the exponential phase only. The isotopic composition of the CRS extract,
thereby referred to as elemental sulfur, is also shown. Figure 13 shows the data for
all triplicates. The small variation in isotopic composition of sulfite and sulfide as f
decreases is unexpected, especially given the large site-specific (sulfane and
sulfonate) isotopic offset in thiosulfate.

The value of A33S at each point is calculated using the reported 834S and §33S
and the equation depicted previously. See table 9 for a full summary of these values
across triplicate lines. The average A33S of each data point was plotted as a function
of its corresponding 834S. Both were weighed by the fraction of the total sulfur each
phase represents. These values were also modified so that the isotopic composition
of the initial sulfite fell at the (0, 0) coordinates. Figure 14 presents said plot for the
sulfide, sulfide, sulfonate and sulfane phases. A “mixing” component corresponding
to the sum in 634S and A33S of each phase was also included in the plot.

The “mixing” component falls within the vicinity of the initial sulfite’s
isotopic composition. The missing sulfur would potentially correspond to the
elemental sulfur found with the sulfide phase, for which no concentration data was
available, and thus was not included in the plot itself. The fraction of elemental
sulfur can be deduced using the following relationship, m corresponds to the total

moles of each particular sulfur pool:

Melemental

34 34 34 34 34
_ 6 SSO3imSO3i - (6 SSO3mSO3 + 6 SHZSmHZS + 6 Ssulfanemsulfane + 6 Ssulfonatemsulfonate)

34
6 Selemental

(22)
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The amount of elemental sulfur for each triplicate is summarized in table 10.
These, and the corresponding isotopic composition, are then treated in the same
manner as explained earlier and included into the analysis of isotopic balance. The
value bearing a negative sign was excluded from this analysis. The new “mixing”

component is shown to fall closer to the isotopic composition of the initial sulfite.

Chemostat experiment

Steady state

The maintenance of constant optical densities, pH, acetate, sulfite, sulfide and
thiosulfate concentrations, together with the absence of lactate in the reactor
confirm that steady state was maintained between 405 and 485 hours.

The average rates of sulfite consumption and sulfide and thiosulfate
production during steady state are summarized in table 11. Similarly to the
treatment given to the batch experiment’s rates of consumption and production,
these are used to determine the stoichiometric coefficients of each sulfur species
(see table 12). The reported rates are shown in more detail figure 15, which depicts
the rates of sulfite going into the reactor and sulfite, sulfide and thiosulfate leaving
the reactor per sampling point. The rates of total sulfur entering and leaving the
reactor are also shown. The rates of inflowing and outflowing medium were within
error of each other, effectively closing sulfur flow balance. This further supports the
fact that the system has reached steady state and allows performing isotopic

analyses on each sulfur species.

Isotopic analysis

The isotopic composition of sulfite, sulfide, sulfane and sulfonate was
constant during the time interval during which steady state was maintained, as
shown in figure 16, in which the isotopic abundance of the sulfur compounds is

expressed as 834S, in units of %o.
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The isotopic composition of the sulfur entering the reactor was compared to
the isotopic composition of the sulfur leaving it. This was done by comparing the
d34S of the inflowing sulfite weighed by the incoming flux and the sum of the §34S
weighed by the outgoing flux of each sulfur species (see figure 17). The isotopic
composition of inflowing and outflowing sulfur fell in close vicinity, therefore

closing isotopic flow balance.

Chemostat experiments mimic open systems and thus allow determining the
fractionation factor without having to apply Rayleigh distillation models. The
fractionation factor for both major (3*a) and minor (33a) isotopes between reactant
and product were therefore calculated using equation 9. Since both sulfide and
thiosulfate were identified as products of sulfite reduction, fractionation factors

using either sulfide or thiosulfate as first product are calculated and compared (see

table 13 and 14).

Abiotic experiment

Sulfide consumption was concomitant to thiosulfate production. Rates of
sulfide consumption and thiosulfate production were calculated by zooming into the
“exponential phase” of each curve (between 0 and 74 hours for all) and determining
the slope of the line obtained. The rate at which sulfide depleted equaled the rate at
which thiosulfate was produced but with opposite signs (see table 15).

This experiment was run with sulfide under the form of sodium sulfide
nonanhydrate. This compound is known to cause a significant pH shift when
dissolved. Indeed, the dissolution reaction of sodium sulfide nonanhydrate is as
following:

Na,S+ H,0 - HS™ + OH™ + 2Na*

43



In this experiment, thiosulfate production increased when the initial sulfide
concentration is raised from 0 to 6.59 mM. Further increase of the concentration of
sulfide was associated with lesser extents of thiosulfate production. Higher
concentrations of initial sulfide lead to a more extreme pH shift. This is consistent
with the results obtained by Heunisch (1977). In this study, the author observed an
important decrease in the amount of thiosulfate produced at pH’s higher than 7.50.

This pH shift would explain the unexpected lack of decreasing trend and high
noise observed in the sulfite concentration results. The fuschin assay relies on the
reaction of the complex composed of pararosaniline hydrochloride and sulfuric acid
with formaldehyde. The solution then further reacts with sulfite under the form of
bisulfite (Grant, 1947; Steigmann, 1942). Hence, this reaction is pH sensitive, and
any shifts from neutral pH’s compromise the reproducibility of the reaction.

Because of this, the sulfite concentration is deduced based on the
concentrations of sulfide and thiosulfate. The production of one mole of thiosulfate
requires one mole of sulfide and one mole of sulfite, as obvious in the rates of
thiosulfate production and sulfide consumption: they have equal absolute values but
are of opposite signs. Thus, for each mole of sulfide consumed, one mole of sulfite is

consumed as well. Therefore:

[S037]e1 = [SO57 1o — ([S* 7 Teo — [S*7 1) (23)

At to the sulfite concentration used corresponded to the levels measured in
the control line (averaged to 35.90 mM). The resulting sulfite concentrations for
each line are summarized in figure 18.

Comparing these rates of thiosulfate production and sulfite and sulfide
consumption with those observed in both the batch and chemostat experiments
allows estimating the contribution of this reaction to the overall thiosulfate pool. If
this inorganic reaction has a significant effect on the abundance of different sulfur
species, it might also have an effect on their isotopic composition. The contribution
of this reaction to the sulfur isotope abundances of sulfite, sulfide and thiosulfate

will also be analyzed and, if possible, quantified.
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Interpretation

Biochemistry

In both the batch and chemostat experiments, sulfite consumption was

concomitant with the production of thiosulfate and sulfide. These compounds have

been observed to accumulate during the reduction of sulfite by sulfate reducing

bacteria and enzyme extracts in previous studies supporting the trithionate

pathway, or a version of it (Findley and Akagi, 1969, 1970; Lee, 1971; Kobayashi et

al, 1969, 1972; Vainshtein, 1980; Fitz and Cypionka, 1990 and Sass, 1992).
Therefore, it would be logical to conclude that the reaction network of this
bacterium’s metabolism includes the production of thiosulfate as an intermediate,
ultimately reduced to sulfide.

However, the results from the abiotic experiment have shown that
thiosulfate can be produced from the inorganic reaction of sulfite and sulfide. It
follows that at least part of the thiosulfate observed in either batch or continuous
culture experiments (or both) is, at least in part, produced inorganically. It is
therefore crucial to be able to differentiate between the two thiosulfate-forming
processes (abiotic versus biotic) and understand their relative contribution to the

final thiosulfate pool.
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This can be done by analyzing the rates of sulfite consumption, and of sulfide
and thiosulfate production in both experiments. Net rates result from two fluxes: a

biotic and an abiotic flux. This is expressed in the following equations:

2_
% = Vabiotic +x (24)
d[S027] 1
d—: = —Ug— Evabiotic (25)
d[s?7] 1
Tdr = U — Evabiotic (26)

Where Vabiotic is the rate of consumption or production of sulfur species due
to abiotic effects. The abiotic experiment has shown that for each mole of sulfite and
each mole of sulfide reacting, one mole of thiosulfate is produced. Therefore, the
abiotic flux is, here, assumed to bear a positive sign for thiosulfate and be halved
and bear a negative sign for sulfite and sulfide. Conversely, vg is the rate of
consumption or production of sulfur compounds due to biological activity. Bacteria
consume sulfite and produce sulfide, which is why a negative sign was attributed to
the biotic effect in the sulfite equation, and a positive sign in the sulfide equation.
Since one mole of sulfide is produced for each mole of sulfide, the same rate was
given for both of them. Finally, the component “X” represents the net effect of biotic
processes on the thiosulfate levels observed. Because the role of thiosulfate in the
reduction of sulfite is, in this metabolism, unclear, it is assumed that the net biotic
process contributing to the thiosulfate pool is different from the biotic effect of
sulfite consumption and sulfide production. No assumption is made regarding the

sign of this term.
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From the rates measured in the batch experiment (all values are in units of

moles per hour):

d[S0%~
dlso57] _ —6.92x1075
dt
d[s?-
71 2.34x1075
dt
d[s,02-
M — 2_54x10—5
dt

Therefore, the above equations can be expressed as:

1
~Vp ~ 5 Vaviotic = —6.92x107°

1
Vs = 5 Vabiotic = 2.34x107°

Vabiotic + X = 2.54x107°
By adding the first two equations and solving for Vabiotic:
Vapiotic = 4.58x107>
And thus, the rate of biotic formation of thiosulfate becomes:
x = 2.54x107° — Vgpiptic

x = —2.04x107°
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If the same calculations are performed for the chemostat experiment, given

the rates observed, the following values are obtained:

Vabiotic — 3.33x10_6

x=0

The rate of inorganic thiosulfate formation is one order of magnitude higher
in the batch experiment than in the chemostat. The experimental design of the
chemostat involved the prompt removal of sulfide from the reactor (evident in the
low concentrations observed in both the reactor and the outflowing medium),
therefore limiting the extent of the inorganic reaction between sulfite and sulfide. In
batch, the net flux of thiosulfate due to biological effects is 45% of the abiotic flux.
Most importantly, it bears a negative sign. This means a net consumption of
inorganic thiosulfate by the bacteria as it is produced. The rate of net thiosulfate
production due to biological effects is estimated to be near zero in the chemostat.
This implies that all thiosulfate observed in this system is inorganic.

There is, as a consequence, only evidence for extracellular thiosulfate
accumulation resulting from the inorganic reaction between sulfite and sulfide. This
is further supported by the presence of elemental sulfur in the batch. Indeed, studies
by Barbieri and Majorca (1960) and Neiman et al (1952) have shown that the
inorganic reaction producing thiosulfate also produces elemental sulfur as an
intermediate. In their experiments, they followed the fate of 35S labeled sulfide and
observed the accumulation of labeled zero valence sulfur as the reaction proceeded.
This would explain the origin of the elemental sulfur observed in the batch
experiment, which bears a strikingly similar isotopic composition (in both the major
and the minor sulfur isotopes) to the sulfide phase. This is consistent with the fact
that sulfide reduction to zero valence sulfur bears little to no isotopic effect (Fry et

al, 1986; Habicht et al, 1998).
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It could be argued that thiosulfate arose from a parallel and independent
reaction. In this case, the direct reduction of sulfite to sulfide occurs in parallel to the
reduction of sulfite to thiosulfate. However, this would require a rate of sulfite
reduction three times larger than the rates of either sulfide or thiosulfate
production. These are not met in the current study.

Despite this conclusion, the potential for thiosulfate to be an intermediate of
sulfite reduction cannot be completely excluded. Both experiments were run under
excess sulfite conditions, which promote the accumulation of intracellular sulfur
intermediates. Resolving this issue requires either following the fate of sulfur as it
travels through the reaction pathway or measuring the intracellular levels of this
intermediate redox species, as well as the sulfur species produced by enzyme
extracts alone. Chambers and Trudinger (1975) used 35S labeled sulfate and
thiosulfate to show that the latter was not an intermediate species of sulfite
reduction. However, all that was shown indubitably was that the sulfane and
sulfonates groups were reduced at the same rate. Additionally, the authors showed
that thiosulfate is actively exchanged between the intracellular and the extracellular
environments. This supports the negative biotic flux of thiosulfate, postulated to
represent the utilization of this intermediate species by the bacteria. It follows that
the bacteria probably possess the protein machinery necessary for the reduction of
thiosulfate.

The fact that the bacteria were found to utilize inorganic thiosulfate in the
batch and not the chemostat would result from the extent of accumulation of this
species, which accumulated to higher levels in the batch than the chemostat.
Experiments using cell and enzyme extracts have shown that both trithionate and
thiosulfate are produced as a result of sulfite reduction (Findley and Akagi, 1969;
Kobayashi et al, 1969, 1972). More sophisticated enzyme experiments looking into
the species produced by purified enzyme extracts confirmed this (Oliveira et al,
2008; Parey et al, 2010; Drake and Akagi, 1977; Peck et al, 1982; Haschke and
Campbell, 1971; Aketagawa et al, 1985; Hatchikian, 1975). The most recent enzyme
experiment analyzing the reduction of sulfite by DsrAB (Leavitt et al, personal

communication) showed that the reduction of sulfite led to the production of
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thiosulfate and trithionate, but not sulfide. Fitz and Cypionka (1990) argued that
trithionate acts as a strong oxidizing agent and is therefore reduced immediately to
thiosulfate. This explains why it might not accumulate to detectable levels in
experiment using bacterial cultures. Therefore, the possibility for trithionate to also
be produced by this bacterium is not excluded either.

Although complementary, comparing bacterial and enzyme extract
experiments must be done with caution. The former allows exploring the effect of
specific factors on the overall metabolic machinery. The repercussions on the
bacterial community and hence the consequences of the metabolism’s influence on
the environment can be extrapolated. This is not possible in enzyme experiments,
which focus solely on the reaction catalyzed by a given enzyme. This approach, on
the other hand, allows exploring the mechanisms by which said reaction occurs and
the specific factors affecting. Plus, it enables eliminating the effect of other rate-

limiting steps, which is not possible in bacterial culture experiments.

Consequently, suggesting a metabolic pathway that is fully supported by the
results obtained in both the batch and chemostat experiments is challenging. A
number of models will, nevertheless, be proposed.

In the first case-scenario, sulfite is reduced directly to sulfide. Neither
thiosulfate nor elemental sulfur are intermediates of the metabolic pathway but
result from the inorganic reaction of sulfite and sulfide. The bacteria would
potentially utilize this inorganic thiosulfate. This model accounts for the analysis
and interpretation of the sulfur species levels observed but is not supported by the
literature cited earlier. In the second case-scenario, thiosulfate is an intermediate
species of sulfite reduction. Inorganic thiosulfate and elemental sulfur would still
accumulate in the medium and the bacteria would potentially utilize thiosulfate. In
the third case-scenario, trithionate and thiosulfate are intermediate species of the
metabolic pathway. Additional thiosulfate and elemental sulfur would be produced

inorganically. The bacteria would utilize this inorganic thiosulfate.

50



Fractionation factor

Despite net sulfite consumption and sulfide production, the corresponding
isotopic composition presented a very slight change over the course of the batch
experiment. This system'’s isotopic character is hence quite unique, as it does not
behave as a classical closed system where DSR is the only process fractionating
sulfur isotopes. If this were the case, there would be a net enrichment of both sulfite
and sulfide. The lack of change in either of them suggests that more than one
process is at play. Since this bacterium’s mutation hinders the possibility for sulfite
disproportionation (Zane et al, 2010; Johnston et al, 2007) and sulfide oxidation
likely does not occur (all precautions were taken to maintain the system as reducing
and anaerobic as possible), it follows that the inorganic production of thiosulfate
and/or its utilization by the bacteria were these additional processes. As a
consequence of this complicated reaction network a fractionation factor for just the
sulfite to sulfide step in the batch experiment cannot be estimated. The net
fractionation, however, was -8.26 %o and results from the combined isotopic effects
of each process weighed by the flux of sulfur between pools.

In the chemostat experiment, sulfite presented a similar extent of
enrichment as in the batch experiment. Sulfide, however, was far more depleted.
The extent of inorganic reactions occurred to a lesser extent than in the batch
experiment. Additionally, it was postulated that the bacteria likely did not consume
abiotically produced thiosulfate. As a result, the reaction network in this experiment
is simpler than in the batch. The net fractionation produced by the sulfite to sulfide
reduction by the bacteria can thus be estimated: -15.88 %o over the course of steady
state. Incorporating this into the Rees model gives an upper fractionation limit for

DSR of -37.88 %o.

The largest isotopic change, in both the batch and chemostat experiments,
was observed for the thiosulfate pool. In the batch experiment, the bulk composition
of thiosulfate averaged to 1.66 %o and presented a slight enrichment of 2.14 %o

over the course of the exponential phase. The site-specific isotopic composition of
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thiosulfate, however, presented a significant offset, averaging to 29.74 %o and
increasing by 13.43 %o by the end of the exponential phase. The sulfane and
sulfonate groups in the thiosulfate produced in the chemostat also presented a
significant isotopic offset of 41.27 %seo.

The small enrichment of the thiosulfate bulk isotopic composition,
combined with the large site-specific offset, was observed in previous studies.
Habicht et al (1998) measured the isotopic abundance of sulfide and thiosulfate
sulfane and sulfonate as D. salexigens reduced thiosulfate. The authors observed a
significant thiosulfate site-specific isotopic offset, although the sulfane group
became more enriched while, in the current study, this site became more depleted.
Also, D. salexigens was grown only in the presence of thiosulfate, without
coexistence of aqueous sulfite and sulfide, and thus any change in isotopic
composition of this phase resulted exclusively from bacterial growth. Cummins et al
(2013, in press) observed a similar offset in the site-specific isotopic composition of
thiosulfate when growing D. alaskensis (strain G-20) as either a sulfite or a
thiosulfate reducer. This study involved the co-existence of aqueous sulfide and
sulfite; part of the observed thiosulfate could thus be of inorganic origin as well.

The site-specific offset was found to increase over the course of the
experiment. In enzyme experiments (Leavitt et al, personal communication), the
thiosulfate produced during the reduction of sulfite by DsrAB also presented a large
site-specific isotopic offset. Because of the uniqueness of this mutant’s metabolic
pathway, it is difficult to make direct comparisons between the present study and
other experiments. However, the common observations between these experiments
points towards a common mechanism causing this general trend.

The large site-specific isotopic offset could be explained via the difference
in bonding environments of the sulfane and sulfonate groups. The former is reduced
while the latter is, conversely, oxidized. A large difference in their corresponding
isotopic composition would therefore be expected, but the mechanism causing this
(whether it is of biotic or abiotic origins) is unclear. Similar offsets were observed
by Chambers and Trudinger (1979), who observed a difference of 14 %o between

the sulfane and the sulfonate groups of thiosulfate resulting from the chemical
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reaction of aqueous sulfide and sulfite. The authors did not, however, suggest a
mechanism explaining this observation. In the current study, this offset was larger
in the chemostat than in the batch experiment. Therefore, at least for the
inorganically produced thiosulfate, the inherent differences between the two
experiments likely affected the degree of the site-specific isotopic offset. It is unclear
what specific factor (pH, concentration of aqueous sulfite and sulfide, the presence

of bacteria likely consuming thiosulfate) has the primary effect.

Because of the complicated chemistry occurring in the batch experiment, it is
suggested that additional rates (lower and higher than 10% maximum growth) have
to be analyzed in the chemostat in order to understand the behavior of 34¢ and 33A as

a function of growth rate.

Conclusion

The sulfite reduction step is the least understood reaction of the DSR
metabolic pathway. The most widely accepted model describing the fractionation of
sulfur isotopes, the Rees model (1973), heavily relies on the unidirectionality of this
reaction to assign it a theoretical isotopic effect of -25 %o. However, a vast array of
experiments has shown that the reduction of sulfite likely occurs in a multi-step
fashion (Findley and Akagi, 1969, 1970; Lee, 1971; Kobayashi et al, 1969, 1972;
Vainshtein, 1980; Fitz and Cypionka, 1990 and Sass, 1992) and that the assigned
isotopic effect might be in the lower limit of possibilities (Rees, 1973; Brunner and
Bernasconi, 2005; Johnston et al, 2007). Because of the reversibility of this reaction
and the capacity of SRB’s to disproportionate sulfite, this issue has, to date, not been
possible to address. The present study makes use of a strain of D. vulgaris
Hildenborough with a unique mutation that effectively isolates the sulfite reduction
step from the rest of the metabolism and hinders the possibility for

disproportionation.
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A definite model for the biochemistry of sulfite reduction in this bacterium
could not be proposed. Although both sulfide and thiosulfate were produced as
sulfite was consumed, the simultaneous occurrence of biotic and inorganic reactions
rendered the identification of fluxes between pools and thus the network’s structure
challenging. Additionally, in the batch experiment, the isotopic composition of every
sulfur pool did not behave as a classic closed system Rayleigh model (Canfield,
2001). Therefore, for this experiment, a specific net fractionation factor could not be
calculated for the closed system experiment. The chemostat experiment, on the
other hand, allowed estimating a net fractionation factor between sulfite and sulfide
of -15.88 %o. This value falls within the range of previously reported fractionation
factors measured when growing SRB’s on sulfite (Kemp and Thode, 1968), but is in
the lower limit of possibilities suggested by theoretical models (Rees, 1973; Brunner
and Bernasconi, 2005; Johnston et al, 2007). The resulting upper fractionation limit
for DSR fails to explain the large range of fractionations observed in natural settings
(Ohmoto et al, 1990; Brunner and Bernasconi, 2005; Wortmann et al, 2001;
Rudnicki et al, 2001; Claypool, 2004; Neretin et al, 2003). It must be stressed that
this chemostat experiment was run at 10% maximum growth rate. Consistent with
the rate-dependence of sulfur isotope fractionation by SRB’s, a wider range of
fractionations is expected as additional rates are explored (Chambers and
Trudinger, 1975; Sim et al, 2011; Leavitt et al, 2013).

The strong isotopic offset between the sulfane and sulfonate groups in
thiosulfate might, in this study, not necessarily derive from a biological effect. The
difference in oxidation states between the two sites indicates that the large isotopic
offset is not a striking observation, however, the mechanism by which this would
occur inorganically is unclear. The fact that the same trend was observed in past
abiotic (Chambers and Trudinger, 1979) and biotic in vivo and in vitro experiments
(Habicht et al, 1998; Cummins et al, 2013, in press; Leavitt et al, personal
communication) suggests a mechanism common to the inorganic and enzyme-
catalyzed reactions. It is crucial to fully understand the mechanisms of the inorganic

and enzyme-catalyzed thiosulfate forming reaction and differentiate between the
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two reactions. For this, a more exhaustive experiment analyzing the inorganic
reaction (rates of reaction and isotopic composition) and the factors affecting it
(such as pH and reagent concentration) must be run.

The extensive production of inorganic thiosulfate during both experiments
indicates that this reaction likely occurs in both laboratory and environmental
settings. In addition, it probably bears a specific isotopic effect. This calls for caution
when using sulfur species abundances and isotopic composition during sulfite
reduction experiments to establish metabolic networks and fractionation factors, as
this reaction most likely affects the reaction network and isotopic composition of

the sulfite, sulfide and thiosulfate pools.

The current study has provided with unique insight into the most debated
upon step of microbial sulfate reduction. The results, interpretation and comparison
of batch and chemostat experiments have arisen more questions than answers. The
conclusions that can be drawn with certainty include: (1) the fractionation factor of
sulfite reduction is likely around 16 %o for the rates and the environment of the
experiment described here; and (2) the thiosulfate that was found to accumulate in
the extracellular environment is likely inorganic and cannot be included in the
biochemistry and the isotopic analysis. Further analysis of this bacterium’s activity,
combined with analysis of the activity of the enzyme’s involved in this step and the
abiotic reaction forming thiosulfate, will provide with a clearer picture of sulfite
reduction, its mechanism, the factors affecting it and the implications for the upper

fractionation limit of DSR.
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Figures and Tables
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Figure 1: Optical densities (orange) and total moles in culture of sulfite (blue), sulfide
(red) and thiosulfate (green) as a function of time. Data for triplicates 1 (diamonds), 2
(squares) and 3 (triangles) are shown. Error bars shown correspond to 1 SD.
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Figure 2: Optical densities (blue diamonds) and pH levels (red squares) throughout the

chemostat run.
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Figure 3: Lactate (green diamonds) and acetate (blue squares) concentrations in the
reactor through the steady state time interval. Lactate and acetate concentrations in
the reservoir media batch (orange circles and red circles respectively) are shown as

reference. Error bars correspond to 1 SD.
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Figure 4: Sulfur budget in the reactor. Sulfite (blue diamonds), sulfide (green triangles)
and thiosulfate (orange squares) concentrations for the reactor are shown. Sulfite
concentrations for the 10L reserve batch media are shown (red circles) as a reference.
Error bars correspond to 1 SD.

59



25 9

T T
20 T t § i -
15 - * % 5

—_
(e}
w

Sulfite concentrations (mM)

vl
[UnN

[ [ | o
. &

NN
Sulfide and thiosulfate concentrations (mM)

0 T T T T T T T T
400 410 420 430 440 450 460 470 480 490

Time (hours since switching pumps)

1
[aN

Figure 5: Sulfur budget in the liquid trap. Sulfite (blue diamonds), sulfide (green
triangles) and thiosulfate (orange squares) concentrations for the reactor are shown.
Sulfite concentrations for the 10L reserve batch media (red circles) are shown as a
reference. Error bars correspond to 1 SD.
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Figure 6: Sulfur budget in the gas trap. Sulfide (green triangles) concentrations for the
gas trap are shown. Sulfite concentrations for the 10L reserve batch media (red

circles) are shown as a reference. Error bars correspond to 1 SD.
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Figure 7: Concentration of hydrogen sulfide (mM) in solution through the course of the
abiotic experiment for lines 1 (control line, blue diamonds), 2 (purple squares), 3 (red
triangles) and 4 (green circles). Error bars shown correspond to 1 SD.
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Figure 8: Concentration of thiosulfate (mM) in solution through the course of the
experiment for lines 1 (control line, blue diamonds), 2 (purple squares), 3 (red
triangles) and 4 (green circles). Error bars shown correspond to 1 SD.
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Figure 9: Total sulfur at each time point for each triplicate line (1: blue diamonds; 2:
orange triangles; 3: green squares). Error bars represent 1 SD.
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Figure 10: Evolution of the isotopic composition (84S, in %o) of sulfite (blue
diamonds), sulfide (red squares) and the sulfane (green triangles) and sulfonate
groups (orange triangles) of thiosulfate and elemental sulfur (purple circles) in

triplicate 1. Error bars correspond to 1 SD.
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Figure 11: Evolution of the isotopic composition (84S, in %o) of sulfite (blue
diamonds), sulfide (red squares) and the sulfane (green triangles) and sulfonate
groups (orange triangles) of thiosulfate and elemental sulfur (purple circles) in

triplicate 2. Error bars correspond to 1 SD.
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Figure 12: Evolution of the isotopic composition (84S, in %o) of sulfite (blue
diamonds), sulfide (red squares) and the sulfane (green triangles) and sulfonate
groups (orange triangles) of thiosulfate and elemental sulfur (purple circles) in

triplicate 3. Error bars correspond to 1 SD.
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Figure 13: Evolution of the isotopic composition (84S, in %o) of sulfite (blue

diamonds), sulfide (red squares) and the sulfane (green triangles) and sulfonate

groups (orange triangles) of thiosulfate and elemental sulfur (purple circles) of all

triplicates. Error bars correspond to 1 SD.
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triplicates.
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Figure 15: Rate (in moles per hour) of sulfite flowing in (blue diamonds) and out of the
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Figure 16: Isotopic composition (in 64, in units of %o) of sulfite (blue diamonds),
sulfide (red triangles), sulfonate (dark green squares) and sulfane (light green

squares) during steady state
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Figure 17: Isotopic composition of the total sulfur entering (blue diamonds) and
leaving (red squares) the reactor at each sampling point during steady state. Error
bars shown correspond to 1 SD.
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Figure 18: Sulfite levels deduced from sulfide and thiosulfate concentration data for
line 1 (no initial sulfide, blue diamonds), 2 (6.59 mM initial sulfide, red squares), 3 (12
mM initial sulfide, green triangles) and 4 (18 mM initial sulfide, orange circles)
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Figure 19: Molecular structure of the sulfite and the thiosulfate ions, the groups
(sulfane and sulfonate) of thiosulfate are indicated as well; red balls are oxygen atoms,
yellow ones correspond to sulfur atoms
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Tables

Table 1: Major isotope data (631S, in units of %o) of the sulfite, sulfide, sulfane and

8**S (%o0)

Triplicate 1 SO, H,S Sulfane Sulfonate
0 -1.272
0 -1.451
5 1.001 -7.837
15.317 -0.621 -6.260 -5.747 2.729
20.417 1.181 -7.426 -12.192 16.837
41.750 -0.057 -8.138 -14.042 21.185
Triplicate 2
0 -0.062
5 1.158
15.317 -0.464 -7.443 -11.712 15.732
25.250 1.222 -8.577 -12.819 19.922
29.750 0.342 -8.295 -13.631 8.521
Triplicate 3
0 1.732
5 1.022
9.883 -0.604 -9.133
15.317 -0.090 -7.628 -10.942 18.522
20.417 0.721 -8.228
29.750 1.085 -4.301

sulfonate phases in the closed system experiment
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8%°S (%o)
Triplicate 1 | SOs H,S Sulfane Sulfonate
0 -0.612
0 -0.707
5 0.515 -4.053
15.317 -0.268 -3.235 -2.974 1.423
20.417 0.636 -3.819 -6.271 8.645
41.750 -4.177 -7.193 10.878
Triplicate 2
0 -0.013
5
15.317 -3.810 -6.015 8.097
25.250 -4.394 -6.550 10.241
29.750 0.194 -4.283 -6.991 4.401
Triplicate 3
0 0.903
5
9.883 -0.266
15.317 -3.891 -5.592 9.511
20.417 0.391 -4.242
29.750 0.602 -2.181

Table 2: Minor isotope data (%3S, in units of %o) of the sulfite, sulfide, sulfane and

sulfonate phases in the closed system experiment
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8°°S (%o0)

Triplicate 1 SO, H,S Sulfane Sulfonate
0 -2.681
0 -2.793
5 1.945 -14.039
15.317 -0.213 -11.295 -10.534 5.639
20.417 2.287 -13.885 -22.924 32.217
41.750 -15.555 -27.085 40.032
Triplicate 2
0 -0.239
5
15.317 -14.258 -22.672 29.406
25.250 -16.520 -24.819 37.602
29.750 -0.275 -15.827 -25.268 15.896
Triplicate 3
0 3.000
5
9.883 -1.427
15.317 -15.057 -21.454 34.965
20.417 1.164 -15.784
29.750 1.707 -7.056

Table 3: Minor isotope data (%S, in units of %o) of the sulfite, sulfide, sulfane and

sulfonate phases in the closed system experiment
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CRS

Triplicate 1 | 8**S (%) 8*S (%o) 8°°S (%o)
0
0
5 -10.434 -5.347 -20.240
15.317 -8.076 -4.132 -15.781
20.417
41.750 -9.447 -4.824 -18.154
Triplicate 2
0
5
15.317 -8.364 -4.274 -15.801
25.250 -9.419 -4.811 -18.133
29.750 -9.701 -4.978 -18.173
Triplicate 3
0
5
9.883 -9.133 -4.703 -17.675
15.317 -10.278 -5.255 -19.906
20.417 -8.551 -4.372 -16.538
29.750 -3.820 -1.927 -5.963

extract in the closed system experiment

Table 4: Major and minor isotope data (5*S, §3S, and &°S, in units of %o) of the CRS
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Time Phase Sulfur species 8*'S (%0) | 8*S (%0) | 6°°S (%o)
405.010 | Gas H,S -15.178 -7.746 -27.982
Liquid SO3 1.003 0.527 1.594
429.792 | Gas H,S -14.928 -7.677 -28.185
Liquid Sulfane -34.531 -17.880 -63.990
Liquid Sulfonate 6.992 3.646 12.894
454.065 | Gas H,S -15.147 -7.808 -28.587
Liquid SO3 0.338 0.192 0.521
Liquid Sulfane -33.945 -17.570 -63.156
Liquid Sulfonate 5.252 2.736 8.719
474.391 | Gas H,S -15.450 -7.941 -29.209
Liquid SO3 0.856 0.467 1.526
485.068 | Gas H,S -14.947 -7.680 -28.151
Liquid SO3 0.477 0.264 0.749
Liquid Sulfane -31.738 -16.458 -60.299
Liquid Sulfonate 7.058 3.648 12.164
506.162 | Gas H,S -15.354 -7.898 -28.835
Liquid SO3 0.653 0.147 1.472
Liquid Sulfane -35.341 -18.325 -67.166
Liquid Sulfonate 10.210 5.241 18.395

Table 5: Major and minor isotope data (84S, 83S, and 3¢S, in units of %o) of the
sulfite, sulfide, sulfane and sulfonate phases in the chemostat experiment

2 3 | Average
Sulfite consumed
(moles) 1.563E-03 | 1.953E-03 | 1.626E-03 | 1.714E-03
Sulfide produced
(moles) 4.827E-04 | 6.297E-04 | 5.746E-04 | 5.797E-04
Thiosulfate produced
(moles) 5.939E-04 | 5.862E-04 | 7.077E-04 | 6.293E-04

Table 6: Total moles of consumed sulfite and produced sulfide and thiosulfate over the
course of exponential phase in the batch experiment
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1 2 3 | Average
Sulfite 1.00 1.00 1.00 1.00
Sulfide 0.31 0.32 0.35 0.34
Thiosulfate 0.38 0.30 0.44 0.37

Table 7: Stoichiometric coefficients of sulfite, sulfide and thiosulfate during sulfite
reduction over the course of the exponential phase in the batch experiment

1 2 3 | Average
Sulfite consumption
(moles/h) -6.316E-05 | -7.890E-05 | -6.568E-05 | -6.925E-05
Sulfide production
(moles/h) 1.950E-05 | 2.544E-05| 2.322E-05 | 2.342E-05
Thiosulfate production
(moles/h) 2.399E-05 | 2.369E-05 | 2.860E-05 | 2.543E-05

Table 8: Rates of sulfite consumption, sulfide and thiosulfate production (in moles per
hour) over the course of exponential phase in the batch experiment
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A®®S (%0)
Triplicate 1 | SO3 H,S Sulfane Sulfonate | Elemental sulfur
0 0.044
0 0.041
5 0.000 -0.010 0.040
15.317 0.052 -0.006 -0.010 0.019 0.035
20.417 0.028 0.012 0.027 0.009
41.750 0.023 0.063 0.023 0.052
Triplicate 2
0 0.019
5
15.317 0.031 0.034 0.026 0.042
25.250 0.032 0.072 0.030 0.050
29.750 0.018 -0.002 0.052 0.021 0.030
Triplicate 3
0 0.012
5
9.883 0.045 -0.007 -0.004 0.011
15.317 0.044 0.058 0.015 0.051
20.417 0.020 0.003 0.003 0.001 0.041
29.750 0.044 0.037 0.018 0.008 0.042

Table 9: A33S (in units of %o) of the sulfite, sulfide, sulfane, sulfonate and thiosulfate
phases across triplicates over the course of the exponential phase of the closed system
experiment
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Triplicate 1

Moles of "elemental sulfur"

0
0
5
15.317
20.417
41.750

3.037E-04

9.131E-04

Triplicate 2

0

5
15.317
25.250
29.750

-2.046E-04
-1.712E-06
-8.153E-04

Triplicate 3

0

5
9.883
15.317
20.417
29.750

-4.854E-04

Table 10: Moles of the “elemental sulfur” phase across triplicates over the course of the
exponential phase of the batch experiment

Rate of sulfite consumption

(moles/h) 4.159E-05
Rate of sulfide production

(moles/h) 3.829E-05
Rate of thiosulfate

production (moles/h) 3.320E-06

Table 11: Rates of sulfite consumption and sulfide and thiosulfate production (in moles

per hour) in the chemostat experiment while steady state was maintained
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Sulfite 1.00
Sulfide 0.92
Thiosulfate 0.08

Table 12: Stoichiometric coefficients of sulfite, sulfide and thiosulfate during the

reduction of sulfite while steady state was maintained in the chemostat experiment

o
Time SO3-H,S S03-5,03 S,03-H,S
405.010 0.9838
429.792
454.065 0.9845 0.9853 0.9992
474.391 0.9837
485.068 0.9846 0.9872 0.9974
506.162 0.9840 0.9868 0.9972

Table 13: o3* between sulfite and sulfide, between sulfite and thiosulfate and between
thiosulfate and sulfide while steady state was maintained in the chemostat experiment
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o>
Time SO3-H,S S03-5,03 $,03-H,S

405.010 0.9917

429.792

454.065 0.9920 0.9924 0.9996
474.391 0.9916

485.068 0.9921 0.9933 0.9987
506.162 0.9920 0.9933 0.9986

Table 14: o33 between sulfite and sulfide, between sulfite and thiosulfate and between
thiosulfate and sulfide while steady state was maintained in the chemostat experiment

Sulfide consumption Thiosulfate production
Line (moles/h) (moles/h)
1 3.00E-10 1.00E-09
2 -2.00E-07 2.00E-07
3 -2.00E-07 2.00E-07
4 2.00E-08 5.00E-08

Table 15: Rates of sulfide consumption and thiosulfate production (in units of mM per
hour) in each abiotic experiment

83



Acronym | Symbol Unit Full name
Ma Millions of years
SRB Sulfate Reducing Bacteria
DSR Dissimilatory Sulfate Reduction
Ga Billions of years
%o per mil
APS Adenosine 5'-PhosphoSulfate
ATP Adenosine TriPhosphate
Sat ATP sulfurylase
AMP Adenosine MonoPhosphate
Quinone-interacting Membrane-bound
QmoABC Oxidoreductase ABC complex
Quinone-interacting Membrane-bound
gmoA Oxidoreductase A
Quinone-interacting Membrane-bound
gmoB Oxidoreductase B
Quinone-interacting Membrane-bound
gmoC Oxidoreductase C
AprABC APS Reductase ABC
S05” Sulfite
$,05% Thiosulfate
S306” Trithionate
s* Sulfide
DsrAB Dissimilatory Sulfite Reductase AB
DsrC Dissimilatory Sulfite Reductase C
% per cent
Rx Heavy to light isotope ratio in species X
ODeoo Optical density at 600 nm
psi Pound per Square Inch
AVS Acid Volatile Sulfur
CRS Chromium Reducible Sulfur
f Fraction of reactant remaining
Rate of formation or consumption of
Vg moles per hour sulfite, sulfide or thiosulfate due to biotic effects
Rate of formation or consumption of
Vabio moles per hour sulfite, sulfide or thiosulfate due to abiotic effects
Rate of formation or consumption of thiosulfate due
X moles per hour to biotic effects

Table 16: List of symbols, acronyms and corresponding unit and name used, in order of

appearance
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