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Abstract

Several enzymatic steps in microbial sulfate reduction (MSR) fractionate the isotope ratios of 33S/32S, 34S/32S and 18O/16O
in extracellular sulfate, but the effects of different intracellular processes on the isotopic composition of residual sulfate are still
not well quantified. We measured combined multiple sulfur (33S/32S, 34S/32S) and oxygen (18O/16O) isotope ratios of sulfate in
pure cultures of a marine sulfate reducing bacterium Desulfovibrio sp. DMSS-1 grown on different organic substrates. These
measurements are consistent with the previously reported correlations of oxygen and sulfur isotope fractionations with the
cell-specific rate of MSR: faster reduction rates produced smaller isotopic fractionations for all isotopes. Combined isotope
fractionation of oxygen and multiple sulfur isotopes are also consistent with the relationship between the rate limiting step
during microbial sulfate reduction and the availability of the DsrC subunit. These experiments help reconstruct and interpret
processes that operate in natural pore waters characterized by high 18O/16O and moderate 34S/32S ratios and suggest that some
multiple isotope signals in the environment cannot be explained by microbial sulfate reduction alone. Instead, these signals
support the presence of active, but slow sulfate reduction as well as the reoxidation of sulfide.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Microbial sulfate reduction (MSR) is key process in the
global carbon cycle, responsible for the oxidation of a sub-
stantial fraction of organic matter that reaches marine sed-
iments (Kasten and Jørgensen, 2000; Bowles et al., 2014).
The biochemical steps during MSR have been studied for
more than 60 years (e.g. Hilz and Lipmann, 1955; Pierik
et al., 1992; Oliveira et al., 2008; Santos et al., 2015). The
reduction of sulfate is thought to occur in five major meta-
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bolic steps (Fig. 1). During the first step, extracellular sul-
fate is transported into the cytoplasm by sulfate
permeases (Piłsyk and Paszewski, 2009). In the second step
(step 2), intracellular sulfate is activated with adenosine
triphosphate to form adenosine 50 phosphosulfate (APS)
(Hilz and Lipmann, 1955) by ATP sulfurylase (Michaels
et al., 1970). In the third step (step 3), the APS is reduced
to sulfite (SO3

2�). In the fourth step (step 4), sulfite reduced
to sulfide by dissimilatory sulfide reductase (Dsr) with two
key subunits (DsrAB and DsrC) but also can be reduced to
a variety of sulfur intermediates such as elemental sulfur
(S�), trithionate (S4O6

2�) and thiosulfate (S2O3
�2) (e.g.

Kobayashi et al., 1969; Fitz and Cypionka, 1990; Akagi,
1995; Bradley et al., 2011). It was recently shown that these
intermediates can form in vitro in the presence of excess
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Fig. 1. Schematic of the microbial sulfate reduction pathway. Steps of MSR and the presumed points of oxygen and sulfur isotope
fractionation. ij_j, a

34Si_j and a18Oi_j are the fluxes and the isotope fractionation factors for sulfur and oxygen, respectively, for the forward
(i = f) and backward (i = b) reactions j (j = 1. . .5). /k (k = 1, 2 and 4) is the ratio between the backward and forward fluxes. e18Oex is the
fractionation of oxygen isotopes between water and sulfur intermediates.

G. Antler et al. /Geochimica et Cosmochimica Acta 203 (2017) 364–380 365
sulfite and in the absence of the DsrC subunit. Under these
conditions, sulfite is reduced to an S2+ intermediate, which
is then converted to a DsrC trisulfide (Santos et al., 2015).
The DsrC trisulfide is then reduced to sulfide by the mem-
brane complex DsrMKJOP (Santos et al., 2015). Because
most (if not all) intracellular steps during MSR are reversi-
ble, understanding the dynamics among different steps, the
controls on their relative reversibilities, and the relationship
of these steps with the measurable cell-specific sulfate
reduction rate (often abbreviated as csSRR) is critical for
understanding the activity and rates of microbial sulfate
reduction in nature (Rees, 1973; Farquhar et al., 2003;
Brunner and Bernasconi, 2005; Canfield et al., 2006;
Eckert et al., 2011; Holler et al., 2011).

The use of isotope geochemistry, specifically the stable
sulfur (33S/32S and 34S/32S) and oxygen (18O/16O) isotope
ratios (see Appendix 1 for isotope notation), has given
insights into the intracellular steps during MSR. Given that
every step during MSR partitions each sulfur isotopologue
to a different degree and in a different manner, the isotope
partitioning of the major or minor sulfur or oxygen iso-
topes in the extracellular sulfate pool should reflect the rela-
tionship between different steps and their reversibilities
(assuming the first step is reversible). These are often called
‘branching points’ which refers to a point in the reaction
pathway where isotopic fractionation occurs (e.g.,
Farquhar et al., 2003). Most studies have employed the
ratio of 32S and 34S measured in sulfate, sulfide, or sulfur
intermediates to investigate MSR and its branching points
(e.g. Canfield, 2001b; Canfield et al., 2006; Canfield et al.,
2010; Zerkle et al., 2010; Kamyshny et al., 2011; Knossow
et al., 2015). Studies focusing on the fractionation of 34S
from 32S during MSR have found that most of the enzy-
matic steps during MSR prefer the 32S isotope, transferring
32S into the produced sulfide pool and leaving 34S behind in
a Rayleigh-type isotope distillation. The magnitude of sul-
fur isotope fractionation during MSR can be as high as
�70‰ for d34SSO4 (Wortmann et al., 2001; Canfield et al.,
2010; Sim et al., 2011a), and approaches the value expected
for sulfur isotopic equilibrium between sulfate and sulfide
(71‰ at 25 �C – Tudge and Thode, 1950; Wing and
Halevy, 2014).
More recently, studies have employed coupled 32S, 33S,
and 34S isotopes (e.g. Farquhar et al., 2003, 2008; Johnston
et al., 2005, 2007; Ono et al., 2006; Sim et al., 2011a,b,
2013; Leavitt et al., 2013, 2014, 2015; Pellerin et al., 2015a,
b) or 34S/32S and 18O/16O isotope ratios (Brunner et al.,
2005, 2012; Turchyn et al., 2006; Wortmann et al., 2007;
Farquhar et al., 2008; Knöller et al., 2006; Gilhooly et al.,
2016; Böttcher et al., 1998, 1999, 2006; Mangalo et al.,
2007, 2008; Antler et al., 2013, 2014). The coupled isotope
approaches are thought to provide information about up
to two branching points in the MSR pathway (Fig. 1). Dur-
ing strictly mass-dependent fractionation, the magnitude of
d33SSO4 is about half (0.5147 at 25 �C – Farquhar et al.,
2003) that of d34SSO4. Over the last 60 years, studies have
shown that the magnitude of the sulfur isotope fractionation
for either 34S/32S or 33S/32S is a function of microbial meta-
bolism and intracellular pathways which deliver electrons
to the sulfate reduction pathway (e.g. Sim et al., 2011b,
2012, 2013; Brüchert, 2004), the amount of sulfate available
(e.g. Habicht et al., 2002; Farquhar et al., 2003; Canfield,
2004; Bradley et al., 2016), the temperature (e.g. Canfield
et al., 2006; Hoek et al., 2006) and the rate of sulfate reduc-
tion (e.g., Chambers et al., 1975; Canfield, 2001a,b; Kaplan
and Rittenberg, 1963; Leavitt et al., 2013, 2015; Sim et al.,
2011a,b).

The 18O/16O ratio in dissolved sulfate (d18OSO4) also
increases as MSR progresses, but often reaches an apparent
isotopic equilibrium with water and ceases to increase (Fritz
et al., 1989; Böttcher et al., 1998, 1999; Turchyn et al., 2006,
2010; Wortmann et al., 2007; Aller et al., 2010; Zeebe,
2010). Pure culture studies have shown that oxygen atoms
from water are incorporated into sulfate during MSR
(Mizutani and Rafter 1973; Fritz et al., 1989; Brunner
et al., 2005; Mangalo et al., 2007, 2008) much more rapidly
than would be expected from the purely abiotic oxygen iso-
tope exchange between water and sulfate under normal sur-
face conditions (pH > 1, temperature < 100 �C) (Lloyd,
1968; Chiba and Sakai 1985; Rennie and Turchyn, 2014).
This rapid isotope exchange during MSR is attributed to
the intracellular exchange of oxygen atoms between water
and sulfur redox intermediate species such as sulfite
(Mizutani and Rafter, 1973; Fritz et al., 1989) and occurs
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within minutes (Betts and Voss, 1970; Horner and Connick,
2003; Wankel et al., 2014; Müller et al., 2013). If a portion
of intracellular sulfite is reoxidized back to sulfate and
added to the extracellular sulfate pool, the exchange of oxy-
gen isotopes between sulfite and water will be observed. The
observed (and modelled) oxygen isotope enrichment of sul-
fate relative to the isotopic composition of the water
(d18OSO4� d18OH2O) is between 20‰and 28‰, reflecting
this intracellular oxygen isotope exchange and subsequent
reoxidation (e.g. Böttcher et al., 1998, 1999; Turchyn
et al., 2006, 2010; Wortmann et al., 2007; Zeebe, 2010).

Some experiments with natural populations and obser-
vations in the environment show a linear trend between
d18OSO4 and d34SSO4, demonstrating that both oxygen and
sulfur isotopes undergo kinetic isotope fractionation and
that the aforementioned isotope equilibrium between sul-
fate and water is not always observed (e.g. Sivan et al.,
2014; Antler et al., 2015). The magnitude of this kinetic iso-
tope fractionation for d18OSO4 has been suggested to be
25% of the magnitude of d34SSO4 (Mizutani and Rafter,
1969; Mandernack et al., 2003). Therefore, the oxygen iso-
tope fractionation observed during MSR is thought to
result from a combination of the kinetic isotope effect asso-
ciated with enzymatic steps during MSR (similar to sulfur
isotopes), the equilibration of oxygen isotopes between sul-
fur species in intermediate valence state and water, and the
contribution of these sulfur species to the extracellular sul-
fate pool.

This study aims to: 1. Test whether the major and minor
isotopes of sulfur and the oxygen isotope system record
complementary information about intracellular processes;
and 2. Assess the magnitude of the equilibrium and kinetic
oxygen isotope effects. To do this, we experimentally
explore the respective evolution of three isotope ratios:
33S/32S, 34S/32S and 18O/16O during MSR in pure culture
batch experiments as a function of the csSRR and
d18OH2O. These measurements are then used to constrain
models of d34SSO4, d

33SSO4 and d18OSO4.

2. THE USE OF MODELS OF SULFUR AND OXYGEN

ISOTOPE FRACTIONATION DURING MICROBIAL

SULFATE REDUCTION

Numerical models of MSR use sulfur (33S/32S and
34S/32S) and oxygen (18O/16O) isotope ratios in dissolved
sulfate as experimental constraints, add assumptions about
electron flow and maximum isotope fractionations
imparted by individual enzymes (Fig. 1), and then solve
for the magnitudes of backward and forward fluxes associ-
ated with the modelled reactions. These models have been
used to reconstruct environmental processes and physiolog-
ical conditions from observed isotope fractionations (e.g.
Farquhar et al., 2003, 2008; Sim et al., 2011b; Brunner
et al., 2012). However, the problem is under-constrained,
as there are more variables than equations. Many studies
work around this limitation by merging several steps
together. Most notably, this is done by considering the
reduction of sulfite to sulfide in a single step. Brunner
et al. (2012) modelled the sulfur and oxygen isotope evolu-
tion during MSR, and in doing so determined that a single-
step sulfite reduction to sulfide (step 4 and 5— Fig. 1) is not
consistent with the isotope data. Combining multiple sulfur
and oxygen isotopes should help constrain the problem and
provide an equivalent number of variables (the flux ratios at
each step—/i in Fig. 1) and mass balance equation for each
isotope ratio. However, only a few studies have combined
multiple sulfur and oxygen isotopes (32S, 33S, 34S and 18O
and 16O) (e.g. Farquhar et al., 2008). The following section
summarizes past modeling efforts for sulfur and oxygen iso-
topes during MSR.

The overall sulfur isotope fractionation during MSR is
modelled as a superposition of the various forward and
backward fluxes at each step with any isotope partitioning
occurring at each step (Rees, 1973; Farquhar et al., 2003;
Brunner and Bernasconi, 2005; Sim et al., 2011b) and is
given mathematically by (after Brunner et al. 2012):

a3xStotal ¼

/1 � /2 � /3 � /4 � ð1� a3xSf 5Þ þ . . .

/1 � /2 � /3 � a3xSf 5 � ð1� a3xSf 4Þ þ . . .

/1 � /2 � a3xSf 5 � a3xSf 4 � ð1� a3xSf 3Þ
a3xSf 5 � a3xSf 4 � a3xSf 3ð1Þ þ 1

ð1Þ
where a3xStotal is the total expressed sulfur isotope fraction-
ation factor for isotope 3x (x = 3, 4), a3xSi_j is the sulfur
isotope fractionation during the forward (i = f) and back-
ward (i = b) reaction j (where j = 1. . .5) and /k (where
k = 1. . .4) is the ratio between the fluxes of the four intra-
cellular steps summarized in Fig. 1:

/k ¼
bk

fk
ð2Þ

Thus, models of MSR (Rees, 1973; Farquhar et al.,
2003; Brunner and Bernasconi, 2005; Johnston et al.,
2007; Sim et al., 2011b; Brunner et al., 2012) assign values
for sulfur isotope fractionation factors in the forward steps
1, 3, 4 and 5, respectively, and assume that all other steps
(and backward reactions) do not fractionate sulfur isotopes
– e.g., Rees (1973). Because the isotopic fractionation at
step 1 is very small, and there is no fractionation in step
3, all solutions are virtually symmetrical for both of these
steps. Therefore, using isotopic techniques, it is impossible
to distinguish one from the other.

For minor isotopes (such as 33S), the relationship
between the isotope fractionation for 33S/32S (compared
with 34S/32S) is commonly given as (e.g. Harrison and
Thode, 1958; Young et al., 2002; Farquhar et al., 2003)

lnða33SÞ ¼ 0� � lnða34SÞ ð3Þ
where 0* is the calculated temperature-dependent equilib-
rium isotope fractionation between sulfate and sulfide
(0.5147 – Farquhar et al., 2003). The deviation between
the calculated value for a33S and the expected mass-
dependent relationship between a33S and a34S is defined as:

E33S ¼ 1000 � a33S� a34S0:515
� � ð4Þ

The partitioning of 33S in every step during MSR does
not deviate from a mass-dependent fractionation with
respect to 34S (Eq. (2)), but the overall expressed isotope
fractionation can deviate from a purely mass-dependent
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relationship. The magnitude of this offset is a function of
the relative forward and backward fluxes of every step dur-
ing MSR and stems from the fact that the mixing between
two pools is linear, but the mass-dependent fractionation
obeys a power law (Farquhar et al., 2003, 2007; Ono
et al., 2006; Johnston et al., 2007). Mixing between two
pools with variable branching points is common in metabo-
lisms such as MSR, and it has been used in the past to cal-
culate the dynamics of the forward and backward fluxes of
each step during MSR (e.g., Farquhar et al., 2003; Sim
et al., 2011b; Johnston et al., 2007). Fig. 2a shows an exam-
ple of these calculations.

Oxygen isotopes in dissolved sulfate (d18OSO4 values) are
thought to record information complementary to that
revealed by sulfur isotopes. The relative change between
d18OSO4 and d34SSO4 has been used as a tracer of pyrite oxi-
dation (e.g. Balci et al., 2007; Brunner et al., 2008; Heidel
and Tichomirowa, 2011; Kohl and Bao, 2011), sulfur dis-
proportionation (e.g. Cypionka et al., 1998; Böttcher
et al., 2001; Böttcher and Thamdrup, 2001; Böttcher
et al., 2005; Poser et al., 2016), cryptic cycling of sulfur
(e.g., Mikucki et al., 2009; Aller et al., 2010; Riedinger
et al., 2010; Johnston et al., 2014) and sulfate-driven anaer-
obic oxidation of methane (e.g. Avrahamov et al., 2014;
Aharon and Fu, 2000, 2003; Antler et al., 2014, 2015;
Deusner et al., 2014; Sivan et al., 2014). Changes in the
reversibility of all steps during MSR (Fig. 1) change the
composition of oxygen and sulfur isotopes of extracellular
sulfate as MSR progresses. This is expressed mathemati-
cally as (after Brunner et al., 2012; Antler et al., 2013):

d18OSO4ðtÞ ¼
e18Ototal

e34Stotal
� d34SSO4ðtÞ �d34SSO4ð0Þ
� �þd18OSO4ð0Þ /1 �/2 �/3 ¼ 0

d18OSO4ðA:EÞ � exp �hO � d
34SSO4ðtÞ�d34SSO4ð0Þ

e34SStotal

� �
. . . 0</1 �/2 �/3 < 1

� d18OSO4ðA:EÞ �d18OSO4ð0Þ
� �

8>>><
>>>:

ð5Þ
Fig. 2. Model predictions of flux ratios that produce different E33S, e34S
diagram. The black and the gray meshes, respectively, in both panels are
sulfite to S2+—Fig. 1) is minimal (=0) and maximal (=1), respectively. The
in the diagrams. According to numerical models, if two of the three value
the black and the grey meshes and enables solving for the relative fluxes a
steps 3, 4 and 5 to be a34S = 0.975 (Brunner et al., 2012) and 0� ¼ 0:514
where e34Stotal and e18Ototal are the measured sulfur and
oxygen isotope fractionation, respectively, and d34SSO4(t),
d34SSO4(0), d

18OSO4(t) and d18OSO4(0) are the isotopic compo-
sitions of sulfur and oxygen in the residual sulfate at time t
and time 0, respectively. d18OSO4(A.E) is the isotopic compo-
sition of oxygen in the residual sulfate at apparent equilib-
rium, and hO is a parameter initially formulated by Brunner
et al. (2005). This parameter measures the ratio between the
apparent oxygen isotope exchange and sulfate reduction
rate (Brunner et al., 2012):

hO ¼ /1 � /2 � /3

1� /1 � /2 � /3

ð6Þ

Factorization of Eq. (5) suggests that there are two dis-
tinct stages on a cross-plot of d18OSO4 vs. d34SSO4 during
bacterial sulfate reduction:

(1) Apparent linear phase: The initial segment of the
d18OSO4 vs. d

34SSO4 cross-plot during MSR can be approx-
imated by a linear line. The mathematical term for this line
can be described by the first term of the Taylor series of Eq.
(5) around d34SSO4(0) and d18OSO4(0) (Antler et al., 2013).
The slope of this apparent linear (SALP) phase can there-
fore be written as:

SALP ¼ hO
d18OSO4ðA:EÞ � d18OSO4ð0Þ

e34Stotal

ð7Þ

The value of the SALP can vary between 0.25 to over 10
and depends on the sulfate reduction rate (Böttcher et al.,
1998, 1999; Aharon and Fu, 2000; Brunner et al., 2006;
Antler et al., 2013) and the type and supply rate of the elec-
tron donor (Antler et al., 2014; Antler et al., 2015).

(2) Apparent equilibrium phase: This is the last segment
on the d18OSO4 vs. d34SSO4 cross plot, where the d18OSO4

reaches a constant value while the d34SSO4 continues to
increase. In the natural environment, the d18OSO4 equilib-
rium value has been observed to be between 22‰ and
28‰ larger than the d18O value of the water (e.g. Knöller
total and hO values. (a) E33S vs. e34Stotal diagram. (b) hO vs. e34Stotal
the solutions where /4 (the ratio of fluxes in step 4, the reduction of
arrows show the direction by which each flux ratio (Fig. 1) changes
s of E33S, e34Stotal, and hO are measured, the result will plot within
t two steps during MSR. Here, we assume isotope fractionations at
7 (Farquhar et al., 2003).



Table 1
Combinations of electron donors (rows) and isotopic composition
of the water (d18OH2O – columns) used in experiments. ‘+’ marks
the explored combination.

�5‰ 35‰ 75‰

Lactate + + +
Malate + +
Ethanol + + +
Fructose + + +
Glucose + + +
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et al., 2006; Turchyn et al., 2006; Wortmann et al., 2007).
This large range of oxygen isotope equilibrium values
may reflect isotope exchange at different temperatures
(Fritz et al., 1989; Zeebe, 2010) or reflect the combined
effect of kinetic and equilibrium oxygen isotope fractiona-
tions (Wortmann et al., 2007; Turchyn et al., 2010). The lat-
ter is named apparent equilibrium (d18OSO4(A.E)). Several
sulfur intermediates have been suggested to exchange oxy-
gen isotopes with water; most notably APS (e.g. Mizutani
and Rafter, 1973; Fritz et al., 1989), sulfite (e.g. Müller
et al., 2013; Wankel et al., 2014) and when sulfite is bound
to adenosine mono-phosphate (e.g. Wortmann et al., 2007;
Wankel et al., 2014). Recent studies have ruled out the equi-
librium between APS and water (Brunner et al., 2012; Kohl
et al., 2012). Under cytoplasmic pH (6–7), sulfite reaches
isotopic equilibration in matters of minutes (Betts and
Voss, 1970; Wankel et al., 2014); the rapidity of the oxygen
isotope equilibrium implies that sulfite in the cell is fully
equilibrated with water. The value of apparent equilibrium,
including the effect of the kinetic oxygen isotope fractiona-
tion, is expressed mathematically as:

d18OSO4ðA:EÞ ¼ d18OH2O þ e18Oex þ e18Of 1

/1 � /2 � /3

þ e18Of 3

/3

ð8Þ
A useful way to study the mutual evolution of d18OSO4

and d34SSO4 with respect to the progress of MSR (e.g. the
decrease in sulfate concentration with time during MSR)
is to plot hO vs. e34Stotal (Fig. 2b). Previous studies have
used this cross-plot to investigate the mechanism of MSR
(Brunner et al., 2005, 2012; Knöller et al., 2006; Turchyn
et al., 2010; Antler et al., 2013) and sulfate-driven anaerobic
methane oxidation (Deusner et al., 2014). Because both
e34Stotal and hO are functions of the forward and backward
fluxes during MSR (Eqs. (1) and (6), respectively), this plot
can be used to relate sulfur and oxygen isotope measure-
ments to the intracellular MSR fluxes. This is because for
every set of given forward and backward fluxes, there are
specific values of hO and e34Stotal. However, because there
are more branching points in the framework of MSR than
the solution for hO and e34Stotal, the ratio of between the
forward and backward fluxes of every branching point can-
not be solved uniquely. Fig. 2b also demonstrates the rela-
tionship between hO vs. e34Stotal and the ratio of
intracellular fluxes.

The plot of hO vs. e34Stotal (Fig. 2b) has similarities to the
plot of E33S vs. e34Stotal (Fig. 2a), but typically only one of
these two is used. The central question asked by this study
is whether the use of combined hO vs. e34Stotal and E33S vs.
e34Stotal diagrams can enable the probing of different pro-
cesses and reaction rates during MSR. We hypothesize that
this combined isotope approach can explore a wider range
of steps in the modeled MSR network, not all of which may
be inferred by using hO vs. e34Stotal or E

33S vs. e34Stotal plots
alone.

3. METHODS

Pure cultures of marine sulfate reducing bacterium
Desulfovibrio sp. (strain DMSS-1—Sim et al., 2011b) were
incubated in batch at room temperature (22 �C) in the dark
(see Sim et al., 2011b for the medium recipe). DMSS-1 was
grown on five different organic substrates (lactate, malate,
ethanol, fructose and glucose at limiting concentrations)
that served as both the electron donors and carbon sources.
Each incubation experiment with different organic sub-
strates was repeated three times using isotopically enriched
water with different initial oxygen isotope compositions
(Table 1). The use of 18O-enriched water serves a way to
enhance the signal of the measured d18OSO4. Furthermore,
by comparing the change in d18OSO4 from experiments
using different d18OH2O we can distinguish the contribution
of oxygen exchange with water from other isotopic effects
(such as kinetic isotope fractionation).

The Achilles’ heel of batch culture experiments is that
the system is not in steady state. This might have a signifi-
cant influence on evolution of d18OSO4 and d 34SSO4. Never-
theless, Sim et al. (2011b) performed experiments under
similar conditions (using the same strain and the same elec-
tron donors) in both batch and flow-through reactors and
found that there were no significant differences between
the expressed sulfur fractionation between the two. Small
changes between the two conditions are still possible, but
would not be detected by the experimental design in our
studies or any comparable studies.

Bacteria were pre-cultured on the respective electron
donors before inoculation: about 1 ml of preculture was
spun down anaerobically, the pellet was washed with fresh
medium three times to remove sulfide and then transferred
to 100 ml of fresh medium. Then, this medium was trans-
ferred in 10-ml aliquots to seven or eight 15 ml vials. Each
of the vials was sacrificed at different time points during the
experiment by removing 1 ml for cell counts and sulfide
measurements and injecting 2 ml of 20% Zn acetate to
precipitate zinc sulfide. Most of this solution was used to
measure multiple sulfur isotopes. Two milliliters of the
Zn-treated culture were filtered. Half of the filtrate was used
to measure the sulfate concentration and the other half was
mixed with 1 ml of the saturated BaCl solution to precipi-
tate barite (BaSO4).

3.1. Analytical methods

Sulfate concentrations were measured by ion chro-
matography (IC, Dionex DX5000) with an error of 3%
between duplicates. Sulfide concentrations were measured
by spectrophotometer using a modified methylene blue
assay (Cline, 1969). Cell density was measured by epifluo-
rescence microscopic counts of cells stained by SYTOX�
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Green nucleic acid stain (Life Technologies, Grand Island,
NY, USA).

For the analysis of d18OSO4, barite was pyrolyzed at
1450 �C in a temperature conversion element analyzer
(TC/EA), producing carbon monoxide. Carbon monoxide
was measured by continuous helium flow in a GS-IRMS
(Thermo Finnegan Delta V Plus, at the Godwin Labora-
tory, University of Cambridge). To analyse the d34SSO4,
barite was combusted at 1030 �C in a flash element analyzer
(EA), and the resulting sulfur dioxide (SO2) was measured
by continuous helium flow on a GS-IRMS (Thermo Fin-
negan Delta V Plus Godwin Laboratory, University of
Cambridge). Analyses of d18OSO4 were conducted in repli-
cates (n = 3–5) and the standard deviation was determined
using the standard NBS 127 (�0.3‰ 1r). The error for
d34SSO4 was determined using the standard deviation of
standards run at the beginning and the end of each run
(�0.3‰ 1r). Measurements of d18OSO4 and d34SSO4 were
corrected to NBS 127 and IAEA-SO-6 (d18OSO4 of 8.6‰,
�11.35‰ and d34SSO4 of 20.3‰, �34.1‰, respectively).
d34SSO4 is reported with respect to Vienna Canyon Diablo
Troilite (VCDT) and d18OSO4 is reported relative to the
Vienna Standard Mean Ocean Water (VSMOW). Appendix
3 discusses the validation of measurements of exceptionally
high d18OSO4.

To conduct multiple sulfur isotope measurements (d33S
and d34S), Ag2S samples were reacted with an excess of flu-
orine gas at 300 �C, following the procedure described in
Ono et al. (2006). This produced SF6 gas, which was puri-
fied by gas chromatography and transferred into Thermo
Finnegan MAT 253 for multiple sulfur isotope measure-
ments. Sulfide generated during growth was extracted by
acidifying the zinc sulfide precipitate with 6 N HCl at 80 �
C under nitrogen gas for two hours. H2S(g) produced dur-
ing this distillation was re-precipitated as zinc sulfide in a
zinc–acetate solution (0.18 M). After the extraction of sul-
fide, the samples were purged by nitrogen gas for an addi-
tional hour to ensure the complete removal of sulfide.
Sulfate in the remaining medium was reduced to sulfide
by reacting with 30 ml of the reducing agent (mixture of
HI, H3PO2 and HCl, Thode et al., 1961). The samples were
boiled and purged by N2 gas. The volatile products were
passed through a condenser and a trap containing distilled
water and sulfide gas generated by sulfate reduction was
collected in the zinc–acetate trap. The analytical repro-
ducibility of measurements using the fluorination method,
as determined by repeated analyses of international refer-
ence material, is ±0.1‰ and ±0.2‰ for d33S and d34S,
respectively.

d18OH2O was measured by a Continuous Flow Gas
Source Isotopic Ratio Mass Spectrometer (CF-GS-IRMS
Thermo, at the Godwin Laboratory, University of Cam-
bridge) coupled to a Gas Bench II (GBII) interface. Vials
containing 0.5 ml of the sample were flushed with helium
and 0.4% CO2 gas-mixture and the samples were measured
after equilibrating with the gas mixture for 24 h. Samples
were corrected to three standards (�7.3, 0.2 and 11.2‰).
The error of the measurement was ±0.1‰. d18OH2O

reported versus Vienna Standard mean Ocean water
(VSMOW).
4. RESULTS

All results are tabulated in the supporting online mate-
rial. DMSS-1 grew and reduced sulfate under all tested con-
ditions. Fig. 3 is a composite figure showing sulfate
concentrations and d34SSO4 and d18OSO4 measured in exper-
iments with all different electron donors in experiments with
the d18OH2O of 72 ± 1‰. The results of the cultures grown
in water with different d18OH2O show very similar trends
and are presented in the Supplementary material. Sulfate
concentrations decreased with time, as expected during
MSR. Cell densities, and d34SSO4 and d18OSO4 increased
with time in all experiments. The largest and the smallest
decrease in sulfate concentration were observed in the
experiments with lactate and glucose, respectively. The
d34SSO4 and d18OSO4 showed the opposite trend, where sul-
fur and oxygen isotope ratios changed faster when DMSS-1
grew on glucose than when the bacterium grew on lactate
(Fig. 3).

To compare sulfur isotope enrichments among the
experiments, we plot the change in d34SSO4 from its initial
value (d34SSO4(t) � d34SSO4(0)) against the natural loga-
rithm of the ratio of the remaining sulfate (Fig. 4a); The
more rapidly the d34SSO4 changes with the decreasing sul-
fate concentration, the bigger the sulfur isotope enrichment
or fractionation. The growth on glucose resulted in the
highest sulfur isotope fractionation. Decreasing sulfur iso-
tope fractionation occurred in cultures grown on fructose,
malate, ethanol and lactate. The cross-plot of d18OSO4 vs.
d34SSO4 (Fig. 4b) demonstrates the relative changes of the
d18OSO4 and d34SSO4 in different experiments. The d18OSO4

exhibited the largest and smallest changes, respectively, rel-
ative to the changes in d34SSO4 during growth on glucose
and lactate, respectively.

5. DISCUSSION

5.1. Placing a limit on kinetic oxygen isotope fractionation

Studies on MSR use d18OSO4 mainly to target the reox-
idation of intracellular reduced sulfur species, although the
potential importance of kinetic oxygen isotope fractiona-
tion is becoming increasingly recognized (Brunner et al.,
2005, 2012; Turchyn et al., 2006; Wortmann et al., 2007;
Farquhar et al., 2008; Aller et al., 2010, 2013; Wankel
et al., 2014), because it can influence the d18OSO4 at ‘appar-
ent equilibrium’ (Wortmann et al., 2007; Turchyn et al.,
2010; Antler et al., 2013—see also Eq. (8)). Some studies
assume that kinetic oxygen isotopic fractionation does not
occur (Brunner et al., 2005, 2012), and some estimate an
overall kinetic oxygen isotope fractionation as high as
10‰ during MSR (Wankel et al., 2014). Turchyn et al.
(2010) suggested that the kinetic oxygen isotope fractiona-
tion could not exceed 4‰. All these assumptions lead to dif-
fering conclusions about cellular fluxes of sulfur and
electrons during MSR and complicate interpretations of
environmental data.

Kinetic fractionation of oxygen isotopes can only be
studied when the effect of water-isotope equilibrium on
the d18OSO4 is minimal. This is only valid as we assume that



Fig. 3. Sulfate (SO4
2�) and sulfide (H2S) concentrations (a) and d34SSO4 and d18OSO4 values (b) in DMSS-1 cultures grown on lactate (#.1),

malate (#.2), ethanol (#.3), fructose (#.4) and glucose (#.5) (where # indicates panels a and b). In all cultures, d18OH2O = �75‰. Results for
other examined d18OH2O can be found in Table S1 in the supplemental online material. The arrows indicate the range where csSRR was
calculated from.
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Fig. 4. Enrichments of oxygen and sulfur isotopes in sulfate. Sulfur isotope ratios vs. the natural logarithm of the residual sulfate fraction left
in the experiment after bacterial sulfate reduction (a), d18OSO4 vs. d

34SSO4 (b). The rightmost panel shows an enlargement of the middle panel
(c).
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the exchange between water (minutes in intracellular pH of
6–7—Wankel et al., 2014) is longer than the residence time
of sulfite in the cell. We explore this by plotting the slope of
the apparent linear phase (‘SALP’, Section 2, Eq. (7))
against the oxygen isotope composition of water for all
our studied cultures (Fig. 5a). Our experiments demonstrate
that the oxygen isotopic composition of water affects the
calculated SALP in all experiments, including conditions
that previously would have been interpreted as primarily
kinetically driven. Therefore, an equilibrium component
contributes to the total oxygen isotope fractionation
between sulfate and water under all tested conditions.

The experiment exhibiting the smallest influence of the
oxygen isotope equilibrium can place an upper limit on
the potential magnitude of the total kinetic oxygen isotope
fractionation. Fig. 5a shows that the kinetic isotope effect
has the largest contribution to the measured d18OSO4 in cul-
tures grown on lactate. This experiment, grown in water
with a d18OH2O of �5.3‰, yielded the smallest calculated
slope of the apparent linear phase (SALP, Fig. 3). This
Fig. 5. The slope of the apparent linear phase on the d18OSO4 vs. d
34SSO4 c

water used in the experiments (a). The apparent equilibrium value of d18O
sulfur isotopic fractionation e34Stotal in each experiment (b). The dashed
sulfate.
slope, 0.009 ± 0.03, suggests that the kinetic isotope frac-
tionation of oxygen isotopes relative to the fractionation
of sulfur isotopes is negligible at high cell specific sulfate
reduction rates. However, the variation in d18OSO4 in the
lactate experiment is very small (�1‰) and the error of
the analytical measurement of d18OSO4 values is high (about
0.4‰), requiring a more conservative calculation.
Therefore, we consider the experiment with malate, which
exhibited the second smallest experimental slope (Malate-
Fig. 5a). In this case, the slope was still smaller than 0.25,
which suggests that the magnitude of the kinetic oxygen
isotope fractionation cannot be larger than 25% of the
magnitude of the kinetic isotope fractionation for sulfur
isotopes. Overall, we suggest that the kinetic oxygen isotope
fractionation (e18Ototal) is between 0‰ and 5‰ (between
0% and 25% of the kinetic sulfur isotope fractionation
e34Stotal – 20‰ for the experiment with malate). This value
is in agreement with Brunner et al. (2005, 2012) and esti-
mates derived by Turchyn et al. (2010) in pure culture stud-
ies, but different from some environmental studies of sites
ross-plot (SALP) plotted against the oxygen isotopic composition of

SO4 (d
18OSO4(A.E)- d

18OH2O) in each experiment plotted against the
lines represent the rang of d18OSO4(A.E)- d

18OH2O from pore fluids
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where methane is highly abundant and sulfate reduction
rate are high, and linear correlations on the d18OSO4 vs.
d34SSO4 cross-plot have slopes between 0.34 and 0.5
(Sivan et al., 2014; Antler et al., 2015). These observations
indicate that: 1. MSR in nature can be associated with
kinetic oxygen isotope fractionations larger than 5‰ at
high rates of sulfate reduction or 2. processes other than
MSR control the observed oxygen isotope fractionation.

The calculated d18OSO4(A.E) (Fig. A.4, Appendix 2) for
each of our experiments are presented in Fig. 5b as a function
of the csSRR. There is an inverse correlation between the
d18OSO4(A.E) and the csSRR. Because our experiments were
conducted at the same temperature (�22 �C) and at the same
time, we can rule out temperature effects on these different iso-
tope equilibria. Instead, factors related to cell physiology and
growth conditions are likely to modify the value of
d18OSO4(A.E). This correlation validates the idea that MSR
can generate a range of apparent equilibrium values, rather
than a fixed value (Wortmann et al., 2007; Turchyn et al.,
2010; Wankel et al., 2014; Antler et al., 2013). This correla-
tion also demonstrates that the kinetic oxygen isotope
fractionation impacts the d18OSO4 much more than the equi-
librium fractionation under growth conditions that favour
high csSRRs. Eq. (8) predicts this, because at high csSRRs,
the uptake of sulfate and its reduction to sulfite are not rever-
sible and the d18OSO4 at equilibrium approaches infinity.

5.2. Tracing of intracellular sulfur metabolism during

microbial sulfate reduction

The sulfur isotope fractionation factor in our experi-
ments was calculated using Rayleigh-type distillation by
plotting the change in the isotopic composition of sulfur
against the natural log of the fraction of the remaining sul-
fate (Fig. 4a). Typically, studies report an inverse correla-
tion between e34Stotal and the sulfate reduction rate (e.g.
Chambers et al., 1975; Canfield, 2001a,b; Sim et al.,
2011a,b; Leavitt et al., 2013, 2015; Ono et al., 2014). Our
experiments used different organic donors to change the
csSRR and reproduced the same inverse relationship
between the csSRR and the magnitude of sulfur isotope
fractionation (Fig. 6a). This is consistent with previous cul-
ture studies of DMSS-1 (Sim et al., 2011a,b). Models attri-
bute small overall sulfur isotope fractionations to the lower
fluxes of intracellular sulfur intermediates that are being
oxidized back to the sulfate pool (e.g. Rees, 1973;
Farquhar et al., 2003; Brunner and Bernasconi, 2005;
Canfield et al., 2006; Wing and Halevy, 2014).

Minor sulfur isotopes (34S/32S and 33S/32S) provide
information about the mixing among different pools of
metabolites during MSR (see Fig. 2a). Fig. 6b plots the
E33S and e34Stotal values calculated from our experimental
results. Our results fall within the grey mesh of model space
for /4 = 1 (the flux ratio of step 4 – the reduction of sulfite
to polysulfide – Fig. 1). However, the plot of our data
together with previously published data using the same
strain and electron donors (DMSS-1 – Sim et al., 2011a,
b) shows that the E33S vs. e34Stotal data cannot be explain
solely by assuming /4 = 1 or /4 = 0 (since not all data fall
within the envelopes for the two end member solutions:
/4 = 0 and /4 = 1) and that additional information is
needed to solve the intracellular fluxes uniquely.

Changes in the oxygen isotope composition of sulfate
can provide some additional information about MSR.
Fig. 6c shows hO calculated from the data obtained in the
five different electron donor experiments (see Eq. (A.5),
Appendix 2) plotted against e34Stotal (similar to Fig. 2b).
The larger hO are associated with the larger e34Stotal. Nota-
bly, not all the data fall within the envelopes for the two
end member solutions (/4 = 0 and /4 = 1, black lines and
grey lines, respectively, Fig. 6c). The presence of some data
points outside the modelled space in E33S vs. e34S and hO
vs. e34Stotal plots (Fig. 6a–c) is consistent with observations
made by Sim et al. (2011b) and Brunner et al. (2012). In
practice, this indicates that previous models that account
for two branching points during MSR, as constrained by
stable isotopes of sulfur and csSRRs, do not adequately
explain all observations that have been made in pure cul-
ture and in the natural environment. Therefore, our model
considered three branching points instead of two, which is
in line with recent revision of the sulfate reduction pathway
(Santos et al., 2015). The sulfur isotope fractionation was
taken as a34S = 0.975 at each of the commonly-used
branching points (e.g. Brunner et al., 2012).

Our experiments with DMSS-1 grown on different elec-
tron donors probe csSRRs that vary over two orders of
magnitude. The increase in csSRR and the accompanying
variations in the stable sulfur (33S/32S and 34S/32S) and oxy-
gen (18O/16O) isotope ratios can be used to further explore
the dynamics of MSR and solve uniquely the fluxes at three
branching points within the cells. This flux ratio solution
(/1,/3 and /4) is shown in Fig. 6d as a function of the
csSRR; the ratios of fluxes at all assumed branching points
are inversely correlated with the csSRR.

Oliveira et al. (2008) suggested that a subunit of dissim-
ilatory sulfite reductase, DsrC, plays a key role in the reduc-
tion of S0 produced by DsrAB. More recently it was
confirmed that the csSRR is indeed determined at the cellu-
lar level by the DsrC subunit (Santos et al., 2015). Our cal-
culations (Fig. 6d) show that: (1) fluxes at all three modelled
branching points exhibit an inverse correlation with the
overall csSRR with similar slopes between the ratios of
fluxes and csSRR and (2) the first four branching points
or steps do not appear to limit the overall MSR process.
Given our model assumption that the MSR machinery con-
sists of three branching points, we therefore suggest that the
csSRR directly influences the reversibility at all branching
points under our experimental conditions. This implies that
the last step (step 5, the reduction of S2+ to sulfide—Fig. 1)
is the rate-limiting step. Our results therefore, are consistent
with the observation made by Santos et al. (2015). We sug-
gest the availability of the organic matter, and therefore
electrons, controls the availability of the DsrC subunit
which is directly linked to the expression of sulfur and oxy-
gen isotope fractionation during MSR.

5.3. Environmental implications

To what extent do results from pure culture experiments
such as ours explain the geochemical variability in the



Fig. 6. Isotopic fractionation. (a) Fractionation of 34S/32S as a function of the cell specific sulfate reduction rate in this study. Data from Sim
et al. (2011a,b) are plotted for comparison. e33S vs. e34Stotal (b) and the hO vs. e34Stotal (c) diagram; the black and the gray meshes, respectively,
in both panels are the solutions where /4 (the ratio of fluxes in step 4, the reduction of sulfite to S2+—Fig. 1) is minimal (=0) and maximal
(=1), respectively. The bottom right panel (d) is the calculated flux ratio of steps 1, 3 and 4 (Fig. 2.1—methods section) as a function of the cell
specific sulfate reduction rate.
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natural environment? This section addresses this question
by applying our insights from pure culture experiments to
d18OSO4 and d34SSO4 measured in sedimentary pore fluids.
In this discussion, the depth below the seafloor of total con-
sumption of sulfate is used to calculate the net sulfate
reduction rate with the observation that sulfate is often con-
sumed within three meters below the seafloor in environ-
ments with high sulfate reduction rates (on the order of
10�4–10�5 mol cm�3 year�1) such as estuaries and methane
seeps (Aharon and Fu, 2000, 2003). On the other hand, sul-
fate is consumed at depths between three and ten meters in
environments with moderate sulfate reduction rates (on the
order of 10�6 mol cm�3 year�1), including the continental
shelf and river deltas (Aller et al., 2010). When sulfate is
consumed deeper than ten meters below the seafloor, the
environment is considered to have low sulfate reduction
rates (lower than 10�7 mol cm�3 year�1). The latter envi-
ronments include organic-poor deep-sea sediments
(Turchyn et al., 2006; Wortmann et al., 2007).
Fig. 7 plots d18OSO4 and d34SSO4 of pore fluids for these
three types of sites (color coded), and overlays the curves
for the relative evolution of d18OSO4 vs. d34SSO4 based on
our experiments. Fig. 7 shows a number of notable features.
First, the overall variation in the data from pore fluids fol-
lows our findings, where at lower rates of microbial sulfate
reduction, the d18OSO4 increases rapidly relative to the
d34SSO4. Second, most of the pore fluid data fall above
our laboratory-derived estimate for kinetic oxygen isotope
fractionation. Lastly, data points from at least eleven field
sites with moderate to low sulfate reduction rates fall above
the curve of our experiment with the slowest csSRR (glu-
cose experiment) although this experiment is record the
highest oxygen isotope fractionation (ho) in sulfate mea-
sured in pure culture to date.

In an open system such as marine sediments, transport
(e.g. diffusion and advection through the pore fluids) should
modify the measured d18OSO4 and d34SSO4 (Jørgensen,
1979; Wortmann et al., 2007; Chernyavsky and



Fig. 7. d18OSO4 vs. d
34SSO4 data from pore fluids. (Data were taken from Böttcher et al., 1998, 1999, 2006; Antler et al., 2013; Aharon and Fu,

2000, 2003; Blake et al., 2006; Turchyn et al., 2006, 2016; Wortmann et al., 2007; Wortmann, 2008; Aller et al., 2010; Wehrmann et al., 2011;
Strauss et al., 2012). Broadly, the blue symbols (sulfate depletion above 3 m) are data from gas seeps sites and estuaries. The green symbols
(sulfate depletion between 3 and 10 m) are data from continental shelf. The red symbols (sulfate depletion below 10 m) are data from deep-sea
sediments. The area for ‘kinetic fractionation’ was calculated based on the fractionations of sulfur and oxygen in the lactate and malate
experiment (Section 6.1). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Wortmann, 2007). Therefore, if we want to compare results
from batch cultures (a closed system) to pore fluid data, it is
important to consider the variations of d18OSO4 and d34SSO4

in open systems that are modified by transport. Given that
the d18OSO4 vs. d34SSO4 relationship is always concave-
down (except the special case when it is linear), by defini-
tion, any mixing between two points on the plot will results
in a value lower than the original value. This means that the
effect of transport can only result in a more moderate
SALP. This effect was modelled by Antler et al. (2013).
Therefore, transport (diffusion and advection) by itself can-
not explain the discrepancy between our experiments and
the pore water results and most likely will exacerbate this
discrepancy.

Overall, pore fluids and pure culture experiments of
microbial sulfate reducers exhibit similar trends. Some gaps
between them can be explained by the much lower csSRR
relative to the batch experiments (e.g. Holmkvist et al.,
2011). However, some features, such as the high oxygen iso-
tope equilibrium (which can be more than 5‰ higher than
expected from our experiment—Fig. 7), with high apparent
SALP in pore fluids from sites with slow sulfate reduction
rates may not be explained only by MSR even if we con-
sider any potential temperature effect on the oxygen isotope
equilibrium between sulfur intermediates and water. There-
fore, we suggest that different processes control this rela-
tionship in those cases. For instance, in gas seeps, where
sulfate-driven anaerobic oxidation of methane is present,
the plot of d18OSO4 and d34SSO4 shows a linear correlation
with moderate slopes (Aharon and Fu, 2000, 2003;
Rubin-Blum et al., 2014) due to little reoxidation of
reduced sulfur species during net sulfate reduction (Antler
et al., 2015). In contrast, in organic-poor sediments where
the sulfate reduction rate is low and complex extracellular
cycling between sulfur and iron, sulfur and manganese
cycling or disproportionation is possible, the slopes of
d18OSO4 vs. d34SSO4 are much steeper as d18OSO4 increases
with minor changes in d34SSO4 (e.g. Böttcher and
Thamdrup, 2001; Böttcher et al., 2001, 2005; Blake et al.,
2006; Aller et al., 2010; Mills et al., 2016). From this per-
spective, oxygen isotopes in sulfate are a more reliable indi-
cator of extracellular reoxidation than sulfur isotopes. An
alternative speculation is that with extreme low availability
of organic carbon, DsrC is also much less available, which
might result in the formation of other intermediates includ-
ing trithionate (S4O6

2�) and thiosulfate (S2O3
�2) (Bradley

et al., 2011; Santos et al., 2015) which will ultimately will
alter the oxygen and sulfur isotope fractionation.

The next challenge will be to resolve the gap between the
pure cultures experiments and in situ pore fluid d34SSO4 and
d18OSO4. This might be enabled by the increasing the avail-
ability of coupled measurements of d34SSO4, d

33SSO4 and
d18OSO4 values together with csSRR. Studies of microbial
cultures at even lower csSRR may also yield even higher
d34SSO4, d

33SSO4 and d18OSO4 signals and expand the known
range of oxygen and sulfur isotope fractionations accessible
to MSR.

6. SUMMARY

This study presents measurements of 33S/32S, 34S/32S
and 18O/16O in pure cultures of Desulfovibrio sp. (strain
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DMSS-1). The cell-specific sulfate reduction rates vary over
three orders of magnitude in DMSS-1 cultures growing on
these different electron donors. The data show that isotopic
fractionations of sulfur and oxygen isotopes in dissolved
sulfate record different processes under controlled condi-
tions and depend on sulfate reduction rates. As previously
shown, the 34S/32S isotope fractionation varies between
7‰ and 61‰ and correlates with the cell specific sulfate
reduction rates. The combination of sulfur and oxygen iso-
tope data also demonstrates for that the values of oxygen
isotope fractionation at apparent equilibrium are a function
of the cell specific sulfate reduction rates. These results are
used to calculate the ratios of fluxes at each individual step
during microbial sulfate reduction.

Compared to the previously reported environmental
observations, the culture results cannot explain some com-
binations of sulfur and oxygen isotope fractionations in
nature. We propose that the gap between lab experiments
and the natural environment may arise from the much
lower availability of organic matter in nature than culture.
In addition, processes such as the oxidation of intermediate
sulfur redox species to sulfate, sulfur disproportionation
and sulfate-driven anaerobic methane oxidation likely
impact the isotopic correlation in the environment, but
not in pure cultures of sulfate reducing microbes. Experi-
ments with natural populations and sulfate reducers limited
by very low concentrations of organic matter can explore
the combined effects of processes that impart isotopic signa-
tures on sulfur and oxygen in dissolved sulfate.
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APPENDIX 1. NOTATIONS

Sulfur has four natural occurring isotopes (with relative
abundances shown in brackets); 32S (95.039%), 33S
(0.748%), 34S (4.197%) and 36S (0.014%). Oxygen has three
natural occurring isotopes; 16O (99.759%) 17O (0.037%) and
18O (0.204%). Stable isotope ratios (e.g. for 34S over 32S),
are commonly reported using d notation, give as:

d34S ¼ Rsample � RVCDT

RVCDT

� �
� 1000 ðA:1Þ

where Rsample and RCDT are the ratios between the heavier
and the lighter isotopes in a sample and an internationally
recognized standard (for sulfur the standard is Vienna Can-
yon Diablo Troilite—VCDT and for oxygen the standard is
Vienna Standard Mean Ocean Water—VSMOW). Delta
notation is used for reporting isotope ratios because the
variation in the ratio is largely in the ‘parts per thousand’
or permil (‰), range. The fractionation factor (a) between
the product (H2S) and substrate (SO4

2�) is therefore defined
as:

a34S ¼ RH2S

RSO4

ðA:2Þ

and the isotope fractionation (e), given in permil, defined
as:

e34S ¼ 1000 � lnða34SÞ ðA:3Þ
APPENDIX 2. DATA PROCESSING

2.1. Calculation of cell-specific sulfate reduction rate

Many previous studies have addressed the relationship
between the sulfate reduction rate (or more specifically
the cell specific sulfate reduction rate) and the magnitude
of sulfur isotope fractionation. The average cell-specific sul-
fate reduction rate (often abbreviated as csSRR) is calcu-
lated from the ratio between the specific growth rate and
the growth yield (after Sim et al., 2011a,b, who explain
why this is more appropriate than the assumption of linear
growth). The specific growth rate (K) was calculated based
on the slope on the plot between ln(cells) vs. time:

K ¼ dlnðcÞ
dt

ðA:4Þ

where c is the cell density (cells/ml) and t is time. The
growth yield (Y) was calculated based on the slope on the
plot between cells vs. sulfide:

Y ¼ dc

dSO2�
4

ðA:5Þ

csSRR is therefore equal to:

csSRR ¼ K
Y

ðA:6Þ
2.2. Sulfur isotope fractionation

The isotope fractionation (e) in the batch culture exper-
iment was calculated using the Rayleigh distillation
equation:

e3xS ¼ � 1

lnðf rÞ
ln

d3xS0
1000

þ 1
d3xS
1000

þ 1

 ! !
� 1000 ðA:7Þ

where fr is the fraction of the remaining sulfate, and d3xS0
and d3xS are sulfur isotope compositions (33S or 34S) of
the sulfate at time 0 and the sulfate remaining at the time
of sampling, respectively.

2.3. Calculating d18OSO4(A.E) and hO

Given that d18OSO4 does not always reach apparent
equilibrium within the frame of given experiment or in
the natural environment, the apparent equilibrium value
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(d18OSO4(A.E)) can be obtained from the correlation of
SALP and d18OSO4(A.E) (Eq. (7)); this correlation implies
that one can calculate d18OSO4(A.E) from the cross plot of
SALP vs. d18OH2O. At the intercept of a SALP vs.
d18OH2O line (d18OH2O = 0), the d18OSO4(A.E) is equal to:

d18OSO4ðA:EÞ ¼ SALPðd18OH2O¼0Þ
e34Stotal

hO
þ d18OSO4ðt¼0Þ ðA:8Þ

where SALP(d18OH2O = 0) is the slope of the apparent lin-
ear phase predicted at d18OH2O = 0 (and the intercept on
the SALP vs. d18OH2O plot) and d18OSO4(t=0) is the initial
d18OSO4 value (at time zero).

Similarly, a useful way to study the mutual evolution of
d18OSO4 and d34SSO4 with respect to the progress of reaction
(e.g. the decrease in sulfate concentration with time during
MSR) is to plot hO vs. e34Stotal (Fig. 2b). Previous studies
have used this cross-plot to investigate the mechanism of
MSR (Brunner et al., 2005, 2012; Knöller et al., 2006;
Turchyn et al., 2010; Antler et al., 2013) and sulfate-
driven anaerobic methane oxidation (Deusner et al.,
2014). Because both e34Stotal and hO are functions of the
forward and backward fluxes during MSR (Eqs. (6) and
(9), respectively), this plot can be used to relate sulfur and
oxygen isotope measurements to the intracellular MSR
fluxes. This is because for every set of given forward and
backward fluxes there are specific values of hO and e34Stotal.
However, because there are more branching points in the
framework of MSR than the solution for hO and e34Stotal,
the ratio of between the forward and backward fluxes of
every branching point cannot be solved uniquely. Fig. 2b
also demonstrates the relationship between hO vs. e34Stotal
and the ratio of intracellular fluxes.

Calculations of hO must assume a certain value of
d18OSO4(A.E) (e.g. Brunner et al., 2006; Knöller et al.,
2006—see also Eq. (5)). However, if the value of d18OSO4

does not reach equilibrium, there might be a big uncertainty
in estimating the value of d18OSO4(A.E). Alternatively, hO
can be estimated without assuming the d18OSO4(A.E) value;
here, we resolve this by noting that d18OSO4(A.E) is propor-
Fig. A1. Measured d18OH2O values (a) and d18OSO4 values (b) plotted vers
the fraction of the sample in the final mixture between the sample and th
tional to the d18OH2O (Eq. (8)), and their differentials are
equal: d(d18OSO4(A.E)) = d(d18OH2O), therefore they are
directly proportional. In addition, the slope of the apparent
linear phase (SALP) is proportional to d18OSO4(A.E) (Eq.
(7)). Hence, if we combine these two constrains, the SALP
is also proportional to d18OH2O:

SALP / d18OH2O ðA:9Þ
According to Eq. (7), the proportionality coefficient

should be equal to hO/e
34Stotal and is equal to the slope of

the SALP vs. d18OH2O. Then, e
34Stotal is easily calculated

from experimental measurements, and hO can be derived.

APPENDIX 3. d18O MEASUREMENT VALIDATION

Growth experiments used enriched 18O water (with
d18OH2O up to �78‰), which introduces several analytical
issues. First, it is not clear how linear the mass spectrome-
ters are for high values of d18OH2O and d18OSO4. A non-
linear response will result in error in the analysis since
our isotope measurements are often exceeding the calibra-
tion envelope. We resolved this by diluting the high samples
with a standard with low oxygen isotopic composition
(�7.3‰ and �11.35‰ for d18OH2O and d18OSO4, respec-
tively). An example is shown in Fig. A1. Both d18OH2O

and d18OSO4, are shown with the mixing line between the
high d18O sample and the low d18O standard. This exercise
demonstrates that there is no significant effect on the
d18OH2O and d18OSO4 measurements as far from the calibra-
tion envelope as our experiments were done.

An example is shown in Fig. A.2. Both d18OH2O and
d18OSO4, are shown with the mixing line between the high
d18O sample and the low d18O standard. This exercise
demonstrates that there is no significant effect on the
d18OH2O and d18OSO4 measurements as far from the calibra-
tion envelope as our experiments were done.

The second potential problem with using high d18OH2O

is the incorporation of water molecules into the barite crys-
tal lattice. In order to examine the effect of the 18O-enriched
us sample dilution with a low value standard. The sample fraction is
e low standard.



Fig. A2. The initial d18OSO4 of each experiment compared to the
ambient d18OH2O.
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water on the measurement, we compare the initial d18OSO4

from all our experiment versus the d18OH2O of the solution
(Fig. A.2). From this we show that the highest d18OSO4 we
measure are, ironically, in the lowest d18OH2O, in addition
there is no significant difference between d18OSO4 that was
measured with water that had a d18OH2O of �75‰ or
�35‰ (Fig. A.2). This suggests that, for this experimental
setup, there is virtually no effect of the oxygen isotopic com-
position of water on the oxygen isotopic composition of the
sulfate during laboratory handling. We suggest that the
high d18OSO4 value in the experiment with low d18OH2O is
most likely due to different batches of Na2SO4 salt that
were used, which is also supported by different initial
d34SSO4 (Supplementary) which is �1‰ in the experiments
with higher the d18OSO4.

APPENDIX B. SUPPLEMENTARY DATA

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.gca.2017.01.015.
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Cypionka H., Smock A. and Böttcher M. E. (1998) A combined
pathway of sulfur compound disproportionation in Desulfovib-

rio desulfuricans. FEMS Microbiol. Lett. 166, 181–186.
Deusner C., Holler T., Arnold G. L., Bernasconi S. M., Formolo

M. J. and Brunner B. (2014) Sulfur and oxygen isotope
fractionation during sulfate reduction coupled to anaerobic
oxidation of methane is dependent on methane concentration.
Earth Planet. Sci. Lett. 399, 61–73.

Eckert T., Brunner B., Edwards E. A. and Wortmann U. G. (2011)
Microbially mediated re-oxidation of sulfide during dissimila-
tory sulfate reduction by Desulfobacter latus. Geochim. Cos-

mochim. Acta 75, 3469–3485.
Farquhar J., Johnston D. T., Wing B. A., Habicht K. S., Canfield

D. E., Airieau S. and Thiemens M. H. (2003) Multiple sulphur
isotopic interpretations of biosynthetic pathways: implications
for biological signatures in the sulphur isotope record. Geobi-
ology 1, 27–36.
Farquhar J., Johnston D. T. and Wing B. A. (2007) Implications of
conservation of mass effects on mass-dependent isotope frac-
tionations: influence of network structure on sulfur isotope
phase space of dissimilatory sulfate reduction. Geochim. Cos-

mochim. Acta 71, 5862–5875.
Farquhar J., Canfield D. E., Masterson A., Bao H. and Johnston

D. (2008) Sulfur and oxygen isotope study of sulfate reduction
in experiments with natural populations from Fællestrand,
Denmark. Geochim. Cosmochim. Acta 72, 2805–2821.

Fitz R. M. and Cypionka H. (1990) Formation of thiosulfate and
trithionate during sulfite reduction by washed cells of Desul-

fovibrio desulfuricans. Arch. Microbiol. 154, 400–406.
Fritz P., Basharmal G. M., Drimmie R. J., Ibsen J. and Qureshi R.

M. (1989) Oxygen isotope exchange between sulfate and water
during bacterial reduction of sulfate. Chem. Geol. 79, 99–105.

Gilhooly W. P., Reinhard C. T. and Lyons T. W. (2016) A
comprehensive sulfur and oxygen isotope study of sulfur cycling
in a shallow, hyper-euxinic meromictic lake. Geochim. Cos-

mochim. Acta 189, 1–23.
Habicht K. S., Gade M., Thamdrup B., Berg P. and Canfield D. E.

(2002) Calibration of sulphate levels in the Archean Ocean.
Science 298, 2372–2374.

Harrison A. G. and Thode H. G. (1958) Mechanism of the
bacterial reduction of sulphate from isotope fractionation
studies. Trans. Faraday Soc. 53, 84–92.

Heidel C. and Tichomirowa M. (2011) The isotopic composition of
sulfate from anaerobic and low oxygen pyrite oxidation
experiments with ferric iron – new insights into oxidation
mechanisms. Chem. Geol. 281, 305–316.

Hilz H. and Lipmann F. (1955) The enzymatic activation of sulfate.
Proc. Natl. Acad. Sci. U.S.A. 41, 880.

Hoek J., Reysenbach A. L., Habicht K. S. and Canfield D. E.
(2006) Effect of hydrogen limitation and temperature on the
fractionation of sulfur isotopes by a deep-sea hydrothermal
vent sulfate-reducing bacterium. Geochim. Cosmochim. Acta 70,
5831–5841.

Holler T., Wegener G., Niemann H., Deusner C., Ferdelman T. G.,
Boetius A., Brunner B. and Widdel F. (2011) Carbon and sulfur
back flux during anaerobic microbial oxidation of methane and
coupled sulfate reduction. Proc. Natl. Acad. Sci. U.S.A. 108,
1484–1490.

Holmkvist L., Ferdelman T. G. and Jørgensen B. B. (2011) A
cryptic sulfur cycle driven by iron in the methane zone of
marine sediment (Aarhus Bay, Denmark). Geochim. Cos-

mochim. Acta 75, 3581–3599.
Horner D. A. and Connick R. E. (2003) Kinetics of oxygen

exchange between the two isomers of bisulfite ion, disulfite ion
(S2O5

2�), and water as studied by oxygen-17 nuclear magnetic
resonance spectroscopy. Inorg. Chem. 42, 1884–1894.

Johnston D. T., Wing B. A., Farquhar J., Kaufman A. J., Strauss
H., Lyons T. W. and Canfield D. E. (2005) Active microbial
sulfur disproportionation in the Mesoproterozoic. Science 310,
1477–1479.

Johnston D. T., Farquhar J. and Canfield D. E. (2007) Sulfur
isotope insights into microbial sulfate reduction: when microbes
meet model. Geochim. Cosmochim. Acta 71, 3929–3947.

Johnston D. T., Gill B., Masterson A., Beirne E., Casciotti K.,
Knapp A. and Berelson W. (2014) Placing an upper limit on
cryptic marine sulphur cycling. Nature 513, 530–533.

Jørgensen B. B. (1979) A theoretical model of the stable sulfur
isotope distribution in marine sediments. Geochim. Cosmochim.

Acta 43, 363–374.
Kamyshny A., Zerkle A. L., Mansaray Z. F., Ciglenečki I., Bura-
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