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Abstract

Microbial sulfate reduction (MSR) utilizes sulfate as an electron acceptor and produces sulfide that is
depleted in heavy isotopes of sulfur relative to starting sulfate. The fractionation of S-isotopes is
commonly used to trace the biogeochemical cycling of sulfur in nature, but a mechanistic understanding
of factors that control the range of isotope fractionation is still lacking. This thesis investigates links
between the physiology of sulfate reducing bacteria in pure cultures and multiple sulfur isotope (**S, *°S,
S, and *°S) fractionation during MSR in batch and continuous culture experiments. Experiments address
the influence of nutrient and electron donor conditions, including organic carbon, nitrogen, and iron, in
cultures of a newly isolated marine sulfate reducing bacterium (DMSS-1). An actively growing culture of
DMSS-1 produced sulfide depleted in **S by 6 to 66%o, depending on the availability and chemistry of
organic electron donors. The magnitude of isotope effect correlated well with the cell specific sulfate
reduction rate (csSRR), and the largest isotope effects occurred when cultures grew slowly on glucose, a
recalcitrant organic substrate. These findings bridge the long-standing discrepancy between the upper
limit for S-isotope effect in laboratory cultures and the corresponding observations in nature and indicate
that the large (>46 %o) fractionation of S-isotopes does not unambiguously record the oxidative sulfur-
recycling. When the availability of iron was limited, the increase in S-isotope fractionation was
accompanied by a decrease in the cytochrome ¢ content as well as csSRR. In contrast, growth in nitrogen-
limited cultures increased both csSRR and S-isotope fractionation. The influence of individual enzymes
and electron carriers involved in sulfate respiration on the fractionation of S-isotopes was also
investigated in cultures of mutant strains of Desulfovibrio vulgaris Hildenborough. The mutant lacking
Type 1 tetraheme cytochrome c; fractionated **S/*’S ratio 50% greater relative to the wild type. The
increasing S-isotope fractionation accompanied the evolution of H, in the headspace and the decreasing
csSRR. These results further demonstrate that the flow of electrons to terminal reductases imparts the
primary control on the magnitude of the fractionation of S-isotopes, suggested by culture experiments
using DMSS-1.
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1. Introduction

Microbial sulfate reduction (MSR) is the principal anaerobic metabolism in marine environments that
remineralizes organic compounds, using sulfate as an electron donor, and producing sulfide. This process
produces significant isotope effects, where the product sulfide is depleted in heavy isotopes, S, *'S, and
368 with respect to the starting sulfate. Consequently, the isotopic composition of various sulfur species is
used to qualitatively probe microbial sulfur metabolism in nature (Canfield and Teske, 1996; Lyons,
1997; Wortmann et al., 2001; Zerkle et al., 2010). While sulfate reducing microbes (SRM) utilize light
S-isotopes faster, the magnitude of fractionation varies spatially and temporally from 0 to 77%o in nature
(Fry et al., 1995; Canfield and Teske, 1996; Rudnicki et al., 2001). On the other hand, laboratory culture
studies of MSR have not reported sulfur isotope effects larger than 47%o under chemically and
biologically defined reproducible conditions (Canfield and Teske, 1996). Although laboratory studies
over the past five decades have provided essential insights into biological sulfur isotope effects (Kaplan
and Rittenberg, 1964; Chambers ef al., 1975; Canfield, 2001; Detmers ef al., 2001; Johnston et al., 2005;
Hoek e al., 2006), mechanisms behind the wide range of fractionation and the discrepancy between those

observed in laboratory cultures and nature are not fully understood.

So far, because terminal electron donors and acceptors are two major players in any respiration
process, most studies have focused on their impacts on S-isotope fractionation. Habicht er al. (2002 and
2005) demonstrated fhe influence of sulfate concentration on the magnitude of S-isotope fractionation
during MSR, which decreases as sulfate concentrations fall below 200 uM. On the other hand, when
limited by the low concentration of electron donors, MSR produced greater fractionations (Chambers et
al., 1975; Hoek et al., 2006). Since SRM are metabolically versatile and capable of utilizing a wide range
of electron donors (Rabus et al., 2006), not only the availability of electron donors but also their
chemistry likely affects the magnitude of S-isotope fractionation during MSR in nature. Yet, few
previous iotopic studies cultured a single strain with different electrons donors, and could not draw clear
conclusions with respect to the effect of different electron donors on S-isotope fractionation (Kaplan and

Rittenberg, 1964; Kemp and Thode, 1968; Kleikemper ef al., 2004).

SRM do not translocate electrons from the organic substrate directly to the terminal electron acceptor,
sulfate. Instead, the rates of electron transfer depend on many enzymes and electron carriers, containing
various metal cofactors in their active sites (Rabus et al., 2006; Keller and Wall, 2011; Pereira ef al.,
2011). Moreover, the cellular energy and redox budgets change if some of the reducing equivalents

generated by the oxidation of organic substrates can be diverted toward metabolic processes such as



carbon and nitrogen fixation. Hence, a wide range of nutrient limitations, such as iron and nitrogen, can
alter the coupling between the electron donor and sulfate, ultimately influencing the magnitude of S-
isotope fractionation. To the best of our knowledge, none of the previous studies investigated the effect

of nutrients other than electron donors and acceptors on S-isotope fractionation during MSR.

In terms of experimental strategy, cultivation of specific SRM under different growth conditions helps
resolve the effects of individual environmental factors on the magnitude of isotope fractionation, but it
provides little information about intracellular processes. Only a few studies have attempted to address
intracellular mechanisms and enzymatic activities dictating the measured fractionation of S-isotopes.
Specifically, Mangalo er al. (2008) used excess nitrite to impair the activity of dissimilatory sulfite
reductase and measured the overall isotope effect during MSR. Fortunately, recent advances in molecular
biology have enabled investigations of intracellular processes by mutant analyses (Dolla et al., 2000;
Pohorelic et al., 2002; Caffrey et al., 2007; Keller et al., 2009; Walker et al., 2009; Zane et al., 2010).
These analyses probe the contribution of individual enzymes to MSR and the resulting S-isotope effects,

providing complementary information to classical culture studies that often treat the cell as a black box.

This thesis presents the results of series of batch and flow-trough culture experiments with a newly-
isolated marine sulfate reducing bacterium, DMSS-1, and the genetically modified strains of
Desulfovibrio vulgaris Hildenborough, and proposes the links between the physiology of sulfate reducing
microbes and multiple S-isotope (**S, *’S, **S, and *°S) fractionations. In Chapter 2, I describe the
relationship between the growth of a newly isolated marine sulfate reducing bacterium, DMSS-1 and the
fractionation of sulfur isotopes as a function of seven different organic electron donors in batch cultures,
and as a function of the dilution rate in lactate-limited continuous cultures. Depending on the availability
and chemistry of organic electron donors, an actively growing culture of DMSS-1 produced sulfide
depleted in **S by up to 66%o, which is much larger than 46%o that has served as a boundary
discriminating oxidative recycling of sulfur from sulfate reduction (Canfield and Teske, 1996). The
geological and environmental significance of those extreme fractionations is discussed in Chapter 3.
Other than organic substrates, the influence of iron and nitrogen on S-isotope fractionation was also
examined using DMSS-1. Chapter 4 asks how the availability of iron and reduced nitrogen influences
multiple-S isotope fractionation during MSR and finds that the availability of iron controls S-isotope
fractionation in a manner similar to that of the organic electron donor, but nitrogen limitation produces
smaller, but distinct isotopic signatures. Chapter 5 explores intracellular processes relevant to the
fractionation of sulfur isotopes by using mutant strains of Desulfovibrio vulgaris Hildenborough, lacking

cytochromes and hydrogenases, and confirms a link between the flow of electrons and the fractionation of

10



S-isotopes at the enzymatic level. Finally, Chapter 6 describes two future experiments: one that would
address the relative significance of organic electron donors and other nutrients to S-isotope fractionation
in nature, and the other, which would focus on the fate of intermediate sulfur species and the associated

isotope effect.

References

Caffrey SM, Park H-S, Voordouw JK, He Z, Zhou J, Voordouw G. 2007. Function of periplasmic
hydrogenases in the sulfate-reducing bacterium Desulfovibrio vulgaris Hildenborough. J. Bacteriol. 189:
6159-6167.

Canfield DE. 2001. Isotope fractionation by natural populations of sulfate-reducing bacteria. Geochim.
Cosmochim. Acta 65: 1117-1124.

Canfield DE, Teske A. 1996. Late Proterozoic rise in atmospheric oxygen concentration inferred from
phylogenetic and sulphur-isotope studies. Nature 382: 127-132.

Chambers LA, Trudinger PA, Smith JW, Bums MS. 1975. Fractionation of sulfur isotopes by continuous
cultures of Desulfovibrio desulfuricans. Can. J. Microbiol. 21: 1602-1607.

Detmers J, Bruchert V, Habicht K, Kuever J. 2001. Diversity of sulfur isotope fractionations by sulfate
reducing prokaryotes. Appl. Environ. Microbiol. 67: 888-894.

Dolla A, Pohorelic KJ, Voordouw KIJ, Voordouw G. 2000. Deletion of the hmc-operon of Desulfovibrio
vulgaris subsp. vulgaris Hildenborough hampers hydrogen metabolism and low-redox potential niche
establishment. Arch. Microbiol. 174: 143-151.

Fry B, Giblin A, Dornblaser M, Peterson B. 1995. Stable sulfur isotopic compositions of chromium-
reducible sulfur in lake sediments. In Geochemical Transformation of Sedimentary Sulfur (eds.
Vairavamurthy MA, Schoonen MAA), ACS Symposium Series 612. American Chemical Society,
Washington, DC, pp. 397-410.

Habicht KS, Gabe M, Thamdrup B, Berg P, Canfield DE. 2002. Calibration of sulfate levels in the
Archean ocean. Science 298: 2372-2374.

Habicht KS, Salling L, Thamdrup B, Canfield DE. 2005. Effect of low sulfate concentrations on lactate
oxidation and isotope fractionation during sulfate reduction by Archaeoglobus fulgidus Strain Z. Appl.
Environ. Microbiol. 71: 3770-3777.

Hoek J, Reysenbach A, Habicht KS, Canfield DE. 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.

Johnston DT, Farquhar J, Wing BA, Kaufman AJ, Canfield DE, Habicht KS. 2005. Multiple sulfur
isotope fractionations in biological systems: A case study with sulfate reducers and sulfur
disproportionators. Am. J. Sci. 305: 645-660.

Kaplan IR, Rittenberg SC. 1964. Microbiological fractionation of sulphur isotopes. J. Gen Microbiol. 34:
195-212.

Keller KL, Bender KS, Wall JD. 2009. Development of a markerless genetic exchange system for
Desulfovibrio vulgaris Hildenborough and its use in generating a strain with increased transformation
efficiency. Appl. Environ. Microbiol. 75: 7682-7691.

Keller KL, Wall JD. 2011. Genetics and molecular biology of the electron flow for sulfate respiration in
Desulfovibrio. Front. Microbio. 2:135.

Kemp ALW, Thode HG. 1968. The mechanism of bacterial reduction of sulphate and of sulphite from
isotope fractionation studies. Geochim. Cosmochim. Acta 32: 71-91.

Kleikemper J, Schroth MH, Bernasconi SM, Brunner B, Zeyer J. 2004. Sulfur isotope fractionation
during growth of sulfate reducing bacteria on various carbon sources. Geochim. Cosmochim. Acta 68:
4891-4904.

11



Lyons TW. 1997. Sulfur isotopic trends and pathways of iron sulfide formation in upper Holocene
sediments of the anoxic Black Sea. Geochim. Cosmochim. Acta 61: 3367-3382.

Mangalo M, Einsiedl F, Meckenstock RU, Stichler W. 2008. Influence of the enzyme dissimilatory sulfite
reductase on stable isotope fractionation during sulfate reduction. Geochim. Cosmochim. Acta 71:
4161-4171.

Pereira IAC, Ramos AR, Grein F, Marques MC, Marques da Silva S, Venceslau SS. 2011. A
comparative genomic analysis of energy metabolism in sulfate reducing bacteria and archaea. Front.
Microbio. 2: 69.

Pohorelic BK, Voordouw JK, Lojou E, Dolla A, Harder J, Voordouw G. 2002. Effect of deletion of genes
encoding Fe-only hydrogenase of Desulfovibrio vulgaris Hildenborough on hydrogen and lactate
metabolism. J. Bacteriol. 184: 679-686.

Rabus R, Hansen TA, Widdel F. 2006. Dissimilatory sulfate- and sulfur- reducing prokaryotes. In The
Prokaryotes (eds. Dworkin M, Falkow S, Rosenberg E, Schleifer KH, Stackbrandt E). Springer-Verlag,
New York.

Rudnicki MD, Elderfield H, Spiro B. 2001. Fractionation of sulfur isotopes during bacterial sulfate
reduction in deep ocean sediments at elevated temperatures. Geochim. Cosmochim. Acta 65: 777-789.
Walker CB, He Z, Yang ZK, Ringbauer JA, He Q, Zhou J, Voordouw G, Wall JD, Arkin AP, Hazen TC,
Stolyar S, Stahl DA. 2009. The electron transfer system of syntrophically grown Desulfovibrio vulgaris.

J. Bacterol. 191: 5793-5801.

Wortmann UG, Bernasconi SM, Bottcher ME. 2001. Hypersulfidic deep biosphere indicates extreme
sulfur isotope fractionation during single-step microbial sulfate reduction. Geology 29: 647-650.

Zane GM, Bill Yen H, Wall JD. 2010. Effect of the deletion of qmoABC and the promoter-distal gene
encoding a hypothetical protein on sulfate reduction in Desulfovibrio vulgaris Hildenborough. Appl.
Environ. Microbiol. 76: 5500-5509.

Zerkle AL, Kamyshny A, Kump LR, Farquhar J, Oduro H, Arthur MA. 2010. Sulfur cycling in a
stratified euxinic lake with moderately high sulfate: Constraints from quadruple S isotopes. Geochim.
Cosmochim. Acta 74: 4953-4970.

12



2. Effect of Electron Donors on the Fractionation of Sulfur Isotopes

by a Marine Desulfovibrio sp.

2.1. Abstract

Sulfur isotope effects produced by microbial dissimilatory sulfate reduction are used to reconstruct the
coupled cycling of carbon and sulfur through geologic time, to constrain the evolution of sulfur-based
metabolisms, and to track the oxygenation of Earth’s surface. In this study, we investigate how the
coupling of carbon and sulfur metabolisms in batch and continuous cultures of a recently isolated marine

sulfate reducing bacterium DMSS-1, a Desulfovibrio sp., influences the fractionation of sulfur isotopes.

DMSS-1 grown in batch culture on seven different electron donors (ethanol, glycerol, fructose,
glucose, lactate, malate and pyruvate) fractionates 38/%28 ratio from 6 to 44%o, demonstrating that the
fractionations by an actively growing culture of a single incomplete oxidizing sulfate reducing microbe
can span almost the entire range of previously reported values in defined cultures. The magnitude of
isotope effect correlates well with cell specific sulfate reduction rates (from 0.7 to 26.1 fmol/cell/day).
DMSS-1 grown on lactate in continuous culture produces a larger isotope effect (21-37%o) than the
lactate-grown batch culture (6 %o), indicating that the isotope effect also depends on the supply rate of the
electron donor and microbial growth rate. The largest isotope effect in continuous culture is accompanied
by measurable changes in cell length and cellular yield that suggest starvation. The use of multiple sulfur
isotopes in the model of metabolic fluxes of sulfur shows that the loss of sulfate from the cell and the
intracellular reoxidation of reduced sulfur species contribute to the increase in isotope effects in a
correlated manner. Isotope fractionations produced during sulfate reduction in the pure culture of DMSS-
1 expand the previously reported range of triple sulfur isotope effects (*’8, s, and **S) by marine sulfate
reducing bacteria, implying that microbial sulfur disproportionation may have a smaller **S isotopic

fingerprint than previously thought.
2.2. Introduction

Microbial sulfate reduction (MSR) remineralizes organic compounds in anaerobic environments,
controlling biogeochemical budgets of organic carbon and sulfur (e.g., Garrels and Lerman, 1981; Berner,
1989; Canfield, 2004; Wortmann and Chernyavsky, 2007). This process produces significant sulfur
isotope effects, where the product sulfide (H,S) is depleted in heavy isotopes, 33, s, and *°S with
respect to the starting sulfate. The isotopic signatures of MSR can be recognized in dissolved sulfur

species and sedimentary sulfides in nature (Fry, 1991; Canfield and Teske, 1996; Strauss, 1997,

13



Wortmann et al., 2001; Canfield and Farquhar, 2009). Over the past five decades, laboratory studies of
pure and enrichment cultures of sulfate reducing microbes (SRM) have provided essential insights into
biological sulfur isotope effects (e.g., Harrison and Thode, 1958; Kemp and Thode, 1968; Chambers et
al., 1975; Canfield and Teske, 1996; Habicht and Canfield 1997; Bolliger et al., 2001; Canfield, 2001;
Detmers et al., 2001; Kleikemper et al., 2004; Hoek et al., 2006; Davidson et al., 2009). In spite of this, a
mechanistic understanding of factors that control the range of isotope fractionation in pure cultures and in

nature is still lacking.

To date, a number of studies of the S-isotope effect in pure cultures have used Desulfovibrio
desulfuricans. This bacterium generally produces the larger isotope effects at the lower cell specific
sulfate reduction rates (csSRR, mole SO, reduced/cell/time, Kaplan and Rittenberg, 1964; Chambers et
al., 1975). The csSRR is thus widely used as a parameter against which to compare isotope enrichment
factors (**¢, defined in section 2.4) produced by various sulfate reducing microbes (Harrison and Thode,
1958; Kemp and Thode, 1968; Chambers et al., 1975; Chambers and Trudinger, 1979; Habicht and
Canfield, 1997; Bottcher et al.,, 1999; Hoek et al., 2006; Mangalo et al., 2007). Rees (1973) and Brunner
and Bernasconi (2005) proposed metabolic flux models of sulfur, relating the overall isotope effect
produced during sulfate reduction (**¢) to the ratios of backward to forward flows (or reversibilities)
between various sulfur reservoirs. Together, experimental observations and Rees’s model suggested the
existence of functional relationships among csSRR, reversibility and the magnitude of ¢ values. Recent
studies using oxygen (‘'O and '*0) and/or sulfur isotopes (S, **S, and %8) explored this relationship in
pure cultures (Johnston et al., 2007; Mangalo et al., 2007, 2008) and in natural population (Wortmann et
al., 2007; Farquhar et al., 2008), but the basis for the correlation between microbial growth conditions,
csSRR and **e remains unclear. Multiple studies thus questioned the adequacy of csSRR as a predictor for
the magnitude of 3¢ both in culture and in nature (Bolliger et al., 2001; Bruchert et al., 2001; Detmers et
al., 2001; Kleikemper et al., 2004; Mangalo et al., 2007).

The magnitude of *¢ in nature and culture may depend on the availability and nature of organic matter
(e.g., Bolliger et al., 2001; Bruchert et al., 2001; Canfield 2001; Kleikemper, 2004; Zerkle et al., 2010),
but only a few studies of pure cultures systematically explored this relationship. Kaplan and Rittenberg
(1964) found that D. desulfuricans produced a larger S-isotope effect when it used ethanol or lactate as an
electron donor, than when it used molecular hydrogen (~15%o). In contrast, Thermodesulfatator indicus
can deplete **S/*’S by an appreciable 37%o in hydrogen-limited fed-batch cultures (Hoek et al., 2006). The
dependence of the sulfur isotope effect on the substrate is also pronounced in the cultures of PRTOL1, a

sulfate reducer that fractionates **S/*>S by 47%o when it oxidizes toluene (Bolliger et al., 2001), but
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produces a relatively small range of S-isotope effects (~ 33%o) when it uses acetate, pyruvate, benzoate or
3-phenylpropionate (Kleikemper et al., 2004). Generally, MSR limited by the low concentration of the
electron donor yields higher fractionations than MSR that occurs in the presence of abundant electron
donor (Canfield, 2001), but relationships between the type of electron donor and the fractionation of

sulfur isotopes are poorly understood.

The magnitude of **¢ in nature is also hypothesized to reflect biochemical differences among species
(the “species effect”, e.g., Bruchert et al., 2001). 3¢ values smaller than 18%o are thus tentatively
attributed to MSR by sulfate reducing microbes that cannot oxidize acetate to CO, and those larger than
18%0 as produced by microbes that oxidize acetate to CO, (Detmers et al., 2001). However, D.
desulfuricans, an incompletely oxidizing organism, fractionates 345/°2S by anywhere from < 10%o to as
much as 46%o when its dense resting suspensions are limited by the electron donor (Kaplan and
Rittenberg, 1964). Even though it is questionable whether the upper end of this range (46%0) was
produced under physiologically relevant conditions (Bruchert et al, 2001), the wide range of
fractionations produced by D. desulfuricans underscores the importance of growth conditions to the

magnitude of sulfur isotope effect even in incompletely oxidizing sulfate reducers.

Here, we investigate the relationship between the growth of a newly isolated marine sulfate reducing
bacterium (Desulfovibrio sp., DMSS-1) on seven different electron donors and the resulting fractionation
of sulfur isotopes. Focusing both on the nature of the electron donor, as well as on the rate at which this
donor is supplied to the organism, we examine the S-isotope (s, **S, and *S) effect produced in batch
cultures and in lactate-limited continuous cultures. Metabolic flux modeling with multiple sulfur isotopes
allows us to examine the effect of electron donors on the magnitude of isotope fractionation in terms of
the ratio of forward and backward fluxes in MSR pathway. Finally, we compare and contrast the S-
isotope signatures produced by DMSS-1 to the previous studies of sulfur isotope systematics from

modern and ancient environments.
2.3. Methods
2.3.1. Sampling and Isolation

Marine sulfate reducing microbes were enriched and isolated from upper 20 cm of surface sediment
from a salt marsh in Cape Cod, Massachusetts, USA. A previous study reported the fractionation between
sulfate and sulfide of 50.4%o at this site (Peterson et al., 1986). Enrichment cultures were initially

established in Postgate C medium (Postgate, 1984) as follows. Sediment was prepared as slurry in the
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seawater from the same location. 5 ml of the slurry were inoculated into glass bottles containing 100 ml
of medium with N, in the headspace, incubated at room temperature in the dark and transferred into a
chemically-defined medium consisting of (per liter): NaHCOs;, 9g; Na,SO,, 3g; KH,PO4, 0.2g; NH4Cl,
0.3g; NaCl, 21g; MgCl,-6H,0, 3g; KCl, 0.5g; CaCl,-2H,0, 0.15g; resazurin, 1 mg, as well as 1 ml of
trace element solution SL-10 (Widdel et al., 1983), 10 ml of vitamin solution described as a part of
DSMZ medium 141 (DSMZ, Braunschweig, Germany: Catalogue of strains 1993), and 1 ml of selenium
stock solution (0.4mg of Na,SeO; per 200 ml of 0.01N NaOH). Sodium ascorbate (1.5 g per liter) was
added as a reducing agent. Lactate (20 mM) was used both as an electron donor and as a carbon source.

The medium was titrated to pH 7.5 and prepared anaerobically under 80% N,/20% CO,.

Liquid SRM cultures established in the defined medium were used to inoculate deep agar shake tubes
and obtain single colonies of SRM (Widdel and Bak, 1992). Defined medium with 2% agar was prepared
as described above and dispensed into sterile Hungate tubes. Liquid enrichment culture was serially
diluted into a series of Hungate tubes (deep agar shake tubes), the agar was allowed to solidify, and the
tubes were incubated at room temperature in the dark for a week. A single sulfide-producing colony was
picked from the agar by a sterile Pasteur pipette and inoculated into the liquid medium. This liquid culture
was used as the inoculum for another set of serial dilutions in deep agar shake tubes to ensure the
purification and the isolation of a single colony. The subsequent growth of this colony in the liquid
medium yielded a culture of vibrio-shaped cells that do not form spores under our experimental

conditions.

The purity of the isolate was confirmed by the amplification of the 16s rRNA gene with general
bacterial primers 27F-1492R (Lane, 1991) using genomic DNA extracted from the liquid culture as a
template. The amplification conditions were as previously described (Newberry et al., 2004; Webster et
al., 2006) and yielded a 1450 base pair long product (Accession number JF968436) that was sequenced
and found to be 90% similar to Desulfovibrio sp. To confirm that the amplification of the 16s rRNA gene
yielded a single product, the product of the initial amplification was re-amplified by nested PCR with
primers 357-518R by adding a GC-clamp to the 5’ end of the forward primers (Muyzer et al., 1993) as
previously described (Webster et al., 2006) and analyzed by denaturing gradient gel electrophoresis
(DGGE) using previously described conditions (Webster et al., 2006) (data not shown). To test whether
any Archaea were present, the 16s rRNA gene from the genomic DNA isolated from the liquid culture
was amplified separately with general archeal primers 109F-958R. This amplification did not yield any
products, confirming that the culture did not contain any Archaea. Dissimilatory sulfite reductase gene

(dsrAB) of the isolate was amplified using the genomic DNA as the template and primers DsrlF (ACS
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CAC TGG AAG CAC G) and DsrdR (GTG TAG CAG TTA CCG CA) (Wagner et al., 1998) to
determine its similarity to the dsrAB genes of other sulfate reducing microbes. The resulting sequence
(Accession number JF968437) was 767 bp long and 97% similar (with a query coverage of 100%) to a
Desulfovibrio desulfuricans subsp. desulfuricans (Accession number AF334592). We proceed to call this

isolate DMSS-1 (see Electronic annex).
2.3.2. Culture Experiments
Batch Cultures

DMSS-1 was incubated in batch cultures to test the effect of seven different electron donors on the
fractionation of sulfur isotope ratios. Each of these cultures contained basal medium buffered by
bicarbonate and one of the following: lactate (20 mM), malate (17 mM), ethanol (20 mM), glycerol (10
mM), pyruvate (30 mM), fructose (8.5 mM), and glucose (8.5 mM). These organic compounds served
both as electron donors and as carbon sources. A set of 10-ml vials containing each electron donor was
inoculated with 5% v/v of mid- to late-exponential phase cells of DMSS-1 from a culture that had been
grown on the same electron donor. All vials were incubated at room temperature (20 °C). Growth (optical
density and cell counts) and hydrogen sulfide concentration were monitored by sacrificing a vial. Sulfide
concentration was measured in 200 pL culture samples by fixing H,S by 1 ml of 0.05 M Zn-acetate
solution and using a modified methylene blue assay (Cline, 1969). Growth was monitored by measuring
the optical density at 630 nm (using the Synergy2 Biotek microplate reader, BioTek, VT, USA) and by
microscopic counts of cells stained by SYTOX-Green nucleic acid stain (Invitrogen $7020, Paisley, UK)
using a Zeiss Axio Imager M1 epifluorescence microscope (Carl Zeiss, Thornwood, NY, USA). The
onset of the exponential phase during growth on each electron donor was determined from growth curves
(Fig. 2.1, Table 2.Al). The onset was the first time point after which cell densities increased
exponentially (day 1). Growth rates on each substrate were determined before isotope sampling
experiments to ensure the appropriate frequency of sampling. Because cellular yield (i.e., the synthesis of
cellular biomass) varies with varying cell sizes, the length of vibrio-shaped cells was determined from the
same images by approximating a curve with several straight lines. The size of cells varied demonstrably
only during growth at the lowest dilution rate in the continuous culture (Table 2.1). After the
subsampling, 2 ml of 1 M Zn-acetate were added to terminate microbial activity in each 10 ml vial and to
precipitate dissolved sulfide as zinc sulfide (Detmers et al., 2001). These samples were stored at 4°C until

the extraction of sulfur and the subsequent isotope analysis.
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Continuous Cultures

A flow-through culture was established to examine the effect of limitation by the electron donor on
isotope fractionation. The reactor was continuously flushed by 80% N5/20% CO; to buffer the pH and to
strip the sulfide. Sulfide was sampled by bubbling through a 0.18 M zinc acetate solution. Basal defined
medium containing 3.5 mM lactate and 21 mM sulfate was prepared as described above and pumped into
and out of a 500 ml reactor by a peristaltic pump. The 500 ml reactor was inoculated by the addition of
200 ml of early stationary phase cells (~ 10% cells/ml) from a culture grown on lactate. The flow was
started after the cell density increased by more than 20%. Cell density was monitored daily until it

stopped changing for at least three successive days, indicating a steady state.
2.3.3. Isotope Analysis

Sulfide from batch cultures was extracted by acidifying the culture medium with 6N HCI at 80°C
under nitrogen gas for two hours. H,S(g) produced during this distillation was precipitated as ZnS in a
Zn-acetate solution (0.18 M). After the extraction of sulfide, the samples were purged by nitrogen gas for
an additional hour to ensure the removal of sulfide. Sulfate in the remaining medium was reduced to
sulfide by reacting with 30 ml of the reducing agent (mixture of HI, H;PO, and HCI, Thode et al., 1961).
The samples were boiled and purged by N, gas. After the volatile products were passed through a
condenser and a trap containing distilled water, the H,S(g) was collected in the Zn-acetate trap. H,S(g)
from continuous cultures was collected directly by passing the effluent gas through a sulfide trap
containing a 0.18 M Zn-acetate solution. Sulfate was extracted from a 2-3 ml sample of the effluent as

described above.

ZnS produced in the trap was converted to Ag,S by the addition of AgNOs and the incubation at 70 °C
for one day. Ag,S was centrifuged, washed with distilled water three times and dried at 70 °C. For isotope
measurements, Ag,S samples were reacted with an excess of fluorine gas for more than 5 hours at 300°C,
and the produced SFs was purified by gas chromatography. The purified SF¢ was transferred into an
isotope-ratio mass spectrometer for multiple sulfur isotope measurements in dual inlet mode (Ono et al.,
2006). The analytical reproducibility of measurements using the fluorination method, as determined by

repeated analyses of international reference material, is £0.1%o, £0.2%o, and 0.01%. (20) for 6%s, §%'S,

and 6%8-0.515-6°*S, respectively.
2.3.4. Data Processing

Specific growth rates (day™) of exponentially growing cells in batch cultures were calculated as:
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_In(c,)-In(c,)
Tt -t

k 1

where ¢, and , are the start of exponential growth and the time of sampling (in days), respectively, and C,
and C, are cell densities (number of cells/ml) at time #; and t,, respectively. The exponential growth of
DMSS-1 started within 24 hours after the inoculation (Fig. 2.1), so the first day after the inoculation (day
1) was set as t, (Table 2.1). Growth yield (number of cells/mol of reduced SO,*) during the same interval
was calculated as the ratio of the increase in the number of cells and of the sulfate consumed (sulfide

produced, in moles) (Table 2.1):

__ GG
[H,S], ~[H,S],

2

The average cell-specific sulfate reduction rates (csSRR) were calculated from the specific growth rate

and the growth yield:

¢sSRR = —k— = In(c,) ~In(c,) . [HZS]X —[H,S],

3
Y t, —t, ¢, -c, )

In previous studies, csSRR was calculated by assuming a linear increase in cell density with time (e.g.,
Detmers et al., 2001). Equations 1 and 3 assume a more realistic exponential increase of cell numbers
during the exponential growth phase. The two equations yield similar values of csSRR when t,-t; is small,

but the linear approximation yields lower values when applied to the entire exponential growth phase.
Sulfur isotopic compositions are reported using conventional delta notation
R
5"S=1000- (""" -1) (4)
reference

where *R are the isotopic ratios (*S/*2S, where x = 33, 34) of sample and reference materials. In this study,

the isotopic ratios are reported with respect to the laboratory working reference SFs.

The isotope fractionation factor (a) in the batch culture experiment was calculated based on the

Rayleigh distillation equation, assuming the isotope mass balance between sulfate and sulfide during
MSR (Hoek et al., 2006; Johnston et al., 2007).
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Figure 2.1. Growth of DMSS-1 on various electron donors in batch cultures. Upper panels show the cell

density. Lower panels show the concentration of sulfide and isotope compositions of the sulfur species.

The time scale of growth and sulfide production differs among individual electron donors. The time scales

are identical for the upper and the lower panels corresponding to the same electron donor. Cell density is

subject to a +15% error, and the analytical uncertainty of the measurement of sulfide concentrations is

+5%.
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Table 2.1. Growth parameters and isotopic data from batch and continuous cultures. Errors (excluding the measurements of cell length) were
propagated from analytic uncertainties of cell density, sulfide, and isotope measurements. Errors of cell length are reported as standard
deviation (n>70). Growth rate, yield, csSRR, 34, 33E, and 33X, are accumulative (i.e., calculated up to the day of sampling). Isotope
composition of the initial sulfide (day=0) was measured in the inoculum, and 5 % of the inoculum was added to inoculate the fresh medium

(v/v).
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where f; is the fraction of the remaining sulfate, and &, and 8,, are sulfur isotope compositions (**S or )
of the sulfate remaining at the time of sampling (t,) and the sulfide produced between the day of
inoculation (day 0) and the day of sampling (t), respectively (Table 2.1). The value of §,, was derived
using isotope mass-balance using the concentration and &S of sulfide in the inoculum (5% v/v
inoculum/fresh medium) and the corresponding measurements from the culture medium at the time of
sampling (Table 2.1). When the value of £, is larger than 0.5, this equation more accurately calculates
fractionation than that using only sulfate isotope compositions. Because of the initial lag phase in growth
(day 0 - day 1), growth parameters were estimated from day 1 to t,. The values of a, however, were
calculated using the isotope measurements from day O because sulfide concentrations on day 1 were
usually too low to allow precise isotopic measurements (Table 2.1). In a strict sense, Eq. 5 assumes a
constant a value between two time points. Therefore, when a changes over the course of experiment (e.g.,
fructose), this equation estimates the a value averaged over time, resulting in the observed net

fractionation.

Isotope fractionation factors in continuous cultures at the steady state were calculated according to:

. 5"S,5+1000
a=—_MH——— ()
&S50, +1000

where, x is 33 or 34.

The isotope enrichment factor is defined as:
*e=1000-("a) (7)
In this definition, positive values represent the depletion of heavy isotopes in the product.
To characterize the mass-dependent fractionation for sulfate reduction, *A values are defined as:

33, _ In(®a)
In(*a)

(8

and **E values are calculated as:
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33E — 1 000.(33a_34a0.515) (9)

According to the above definition, >°E values are negative when the product is enriched in **S with respect

to the canonical mass-dependence. This convention was previously used by Johnston et al. (2007)

To estimate errors for batch cultures, **e, *A, and *E values, errors from isotope analysis (0.1%o for
6%S, 0.2%o for 6*S, and 0.01%o for 6°$-0.515-6*'S) and sulfide concentration measurement (+5%) were

propagated according to the methods described by Bevington and Robinson (2002).
2.4. Results
2.4.1 Growth Kinetics and Yields

The isolated strain, DMSS-1, reduced sulfate to sulfide using various organic compounds or hydrogen
as electron donors (Table 2.2). Its growth rates varied by an order of magnitude, with a maximum during
the growth on pyruvate (1.78 day™') and a minimum during the growth on glucose (0.12 day™') (Fig. 2.1
and Table 2.1). After the inoculation, the exponential growth started within 24 hours and continued until
DMSS-1 depleted the electron donor, as predicted by the stoichiometry of the reactions for cultures
limited by various electron donors (Fig. 2.1 and Table 2.3). The cell yield varied from 21 to 219 x 10°
cells/umole SO, depending on the electron donor (Table 2.1). The csSRRs ranged from 0.7 fmol/cell/day
to 26.1 fmol/cell/day with the lowest csSRRs observed during the growth on hexose sugars (fructose and
glucose) (Table 2.1).

The concentration of lactate in the continuous culture was always lower than 300 pM (the detection
limit is less than 5uM). Due to the vigorous bubbling with 80% N»/20% CO,, the concentration of sulfide
in the reactor was lower than 60 pM throughout the incubation (the detection limit is 50 pM). Lactate-
limited chemostat experiments yielded a steady-state csSRR that increased with the increasing dilution
rate (flow rate divided by the volume of reactor) and ranged from 1.7 to 7.4 fmol/cell/day (Table 2.1). The
growth yields in continuous cultures were between 39 and 65 x 10° cells/mole SO, (Table 2.1). At higher
dilution rates (0.48 and 0.12 day), the growth yields in the continuous culture exceeded the yield in
batch cultures grown on lactate (31 x 10° cells/mole). The average length of DMSS-1 cells at the highest
dilution rate (2.35 * 0.42 um, N=109) was comparable to that in batch culture (2.34 £ 0.47 um, N=111),
but the cells were shorter at the lowest dilution rate (1.8 £ 0.22 pm, N=85) (p < 0.05, t-test) (Table 2.2).
Thus, less biomass (dry weight) was synthesized at the lowest dilution rate than in batch culture even

though the two cultures contained the same number of cells per ml.
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substrate growth
acetate -
ascorbate -
ethanol +
fructose +
glucose +
glycerol ++
hydrogen/acetate +
lactate ++
malate +
pyruvate ++
succinate -
sucrose -

Table 2.2. Growth of DMSS-1 on various organic and inorganic substrates. ++, cell density more than

doubled in one week; +, cell density doubled at least in two weeks

s T

no growth [cell density either

decreased or remained unchanged within the limit of experimental error (15%) over the course of one

month.
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electron donor reaction AGo' (KJ/reaction) AG (KJ/reaction)

ethanol 2ethanol + SO, — 2acetate’ + HS + H* + 2H,0 -131.6 -136.4
fructose fructose + SO,> — 2acetate” + 2HCO; + HS™ + 3H" -360.1 -393.5
glucose glucose + SO,* — 2acetate’ + 2HCO; + HS™ + 3H" -358.3 -391.6
glycerol 4/3glycerol + SO,* + — 4/3acetate” + 4/3HCO; + HS + 5/3H" + 4/3H,0 -264.9 -280.9
lactate 2lactate” + SO,> — 2acetate” + 2HCO; + HS™ + H' -160.1 176.3
malate 2malate? + SO42 + 2H,0 — 2acetate” + 4HCO3 + HS- + H* -204.9 -233.2
pyruvate 4pyruvate + SO,* + 4H,0 — 4acetate’ + 4HCO; + HS + 3H" -340.7 -375.8

Table 2.3. Free energy released by the incomplete oxidation of electron donors used in this study coupled with the reduction of sulfate. The
calculations assume standard conditions [AGo’; pH = 7, T = 298.15 K, aqueous concentration of reactants and products (except for H+) = 1 M]
or actual conditions (AG). The stoichiometry of individual reactions is based on previous studies of incompletely oxidizing strains (Cord-
Ruwisch et al., 1986; Kremer and Hansen, 1987; Kremer et al., 1989; Fareleira et al., 1997; Detmers et al., 2001). Standard free energy values
from Thauer et al. (1977).
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2.4.2 Fractionation of Sulfur Isotopes

The calculated enrichment factors (**e) varied from 6.1%o in lactate-grown cultures to 44.1%o in
glucose-grown cultures (Fig. 2.2). ¢ values calculated at various time points during the exponential
growth phase varied by less than 1.8%o for all electron donors other than fructose (Table 2.1). In contrast,
the **& value for fructose batch culture decreased by ~10%o over the course of experiment (Table 2.1).
Currently, the reasons behind this decrease in **e values are unknown, but this trend was reproduced in
two subsequent experiments. The isotope enrichment factor (**¢) in lactate-limited continuous cultures
increased from 21.0%o at dilution rate 0.48/day to a maximum of 37.4%. at dilution rate 0.07/day (Fig.
2.2). In both batch and continuous cultures, the magnitude of isotope fractionation (**€) produced by
DMSS-1 was inversely related to csSRR (Fig. 2.3).

DMSS-1 mass-dependently fractionated *S/**S/*S triple isotope ratios, here presented as “E from -
0.009%o to -0.123%o (Fig. 2.2). In general, the values of *’E linearly decreased with an increasing *'e and

attained a plateau at **¢ larger than 20%.
2.5. Discussion
2.5.1. Effect of Electron Donors on the Magnitude of Isotope Fractionation

The isotope enrichment factor (**¢) produced by DMSS-1 in this study ranges from 6.1 to
44.1%0 and spans nearly the entire range of fractionation factors reported by previous laboratory
studies of defined cultures under controlled conditions (Kaplan and Rittenberg, 1964; Chambers
et al., 1975; Bolliger et al., 2001; Detmers et al., 2001; Hoek et al., 2006; Johnston et al., 2007,
Mangalo et al., 2007; Davidson et al, 2009). Therefore, our study demonstrates that the
variations in isotope fractionation produced by a single SRM grown on different organic
substrates can be as large as the interspecies variations. The highest previously reported
fractionations were observed in the pure cultures of completely oxidizing strains that grew on
aromatic substrates such as toluene (Bolliger et al., 2001; Detmers et al., 2001), or in very dense
resting suspensions of an incompletely oxidizing strain, D. desulfuricans that coupled very low
sulfate reduction rates with the oxidation of ethanol (Kaplan and Rittenberg, 1964). Bruchert et
al. (2001) questioned whether the latter experiments by Kaplan and Rittenberg (1964) reflected
physiologically relevant and unstressed conditions. Our results demonstrate that an incompletely
oxidizing strain can deplete **S by ~ 44%o during active growth. DMSS-1 produces the highest
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Figure 2.2. & vs. “E produced by DMSS-1 growing on different electron donors in batch cultures or
growing at different rates in the lactate-limited continuous culture. In batch cultures, multiple data points

for one electron donor indicate different stages of exponential growth phase.
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3¢ values in cultures grown on hexose sugars, suggesting that some of the high values of ¥¢ in
nature may be due to the degradation of similar substrates, including sugary matrices of natural
biofilms (Jeanloz, 1967; Vu et al., 2009) by SRM. To the best of our knowledge, this is the first

report of fractionations during MSR coupled with the oxidation of glucose and fructose.

Our experiments highlight the difference between S-isotope effects produced in batch and
continuous cultures. This difference was also observed in some previous studies (Chambers et
al., 1975; Canfield, 2001; Hoek et al., 2006; Davidson et al., 2009). When SRMs grow in batch
cultures, the concentrations of the electron donor and sulfate decrease and those of sulfide and
excreted organics increase. Consequently, isotope effects in batch cultures are averaged over an
array of changing culture conditions that include very large and environmentally unrealistic
concentrations of organic substrates. In contrast, growth in continuous culture is a better
representation of open natural systems and allows one to examine the fractionation by the same
microbe as a function of very low growth rates and high growth rates, respectively. Growth of
DMSS-1 in lactate-limited continuous culture thus results in > 15%o larger fractionations relative
to those produced in lactate-limited batch cultures (Fig. 2.2 and Table 2.1). The increasing
fractionation in continuous lactate-limited cultures at decreasing dilution rates shows that SRM
produce a larger S-isotope effect when their growth rates and csSRR are limited by the supply
rates of electron donor (Tables 2.2). These observations are consistent with previous culture
measurements (Chambers et al., 1975) and with the predictions of model studies for the
relationship between the magnitude of S-isotope effect and the limitation of organic substrates
(Rees, 1973; Brunner and Bernasconi, 2005). The relatively large S-isotope effects produced in
the lactate-limited chemostat are also associated with observable changes in growth physiology:
a 40% decrease in the cellular yield and a 25% decrease in the cell length at the lowest dilution
rate (Table 2.1). The reduced cell length and cellular yield indicate that less cellular biomass is
synthesized per mole of reduced sulfate, possibly as a result of starvation (Okabe et al., 1992;
Matz and Jurgens, 2005). These starvation-related physiological changes may be responsible for
the upper range of sulfur isotope effects in natural settings, because the largest isotope effects
(Rudnicki et al., 2001) are reported in areas that receive very little organic matter (Barber, 1968;
Goldhaber and Kaplan, 1975). This relationship between cell physiology at low dilution rates

and large isotope effects merits further exploration.
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Although the concentration of the electron donor can greatly influence the fractionation, the
concentrations of different electron donors in batch cultures does not limit growth until the very
end of the exponential phase (Fig. 2.1). Yet, when oxidizing sugars (glucose and fructose),
DMSS-1 fractionates *S/**S by > 12%0 more than when oxidizing alcohols (glycerol and
ethanol) or organic acids (lactate, pyruvate, and malate). These differences in the magnitude of
S-isotope effect among batch cultures show that the exact nature of electron donors can be as
important as their concentrations in determining the magnitude of fractionation. The increase in
isotope fractionation correlates well with the decrease in ¢sSRR (Fig. 2.3), suggesting that the
type of electron donor affects the isotope fractionation by controlling the metabolic fluxes in
MSR pathway (as discussed later in Section 2.4.2). This may occur because the rate of carbon
catabolism (uptake, activation, and oxidation of electron donor) dictates the rate at which
electrons are supplied to the sulfate reducing pathway (Fig. 2.4). Therefore, refractory organic
substrates (“slow food”) would yield lower csSSR and results in larger isotope fractionations.
Larger fractionations associated with “slow food” may explain why laboratory culture studies
using simple organic acids or hydrogen have not approached large isotope fractionations
observed in natural habitats where sulfate reducers are known to degrade more complex organic
substances including long-chain saturated fatty acids and hydrocarbons, aromatic compounds,
and sugars (Jergensen, 1982; Reichenbecher and Schink, 1997; Widdel and Rabus, 2001; Rabus
et al., 2000).

2.5.2. Analysis of Metabolic Sulfur Fluxes by Multiple Sulfur Isotopes

Initially developed by Rees (1973) and modified by Brunner and Bernasconi (2005), the
model predicts **e as a function of the ratio of forward and backward fluxes (reversibility) at
several biochemical steps and confirmed intermediate species (e.g., Rabus et al. 2006) (Fig. 2.4).
Recent studies using labeled oxygen isotopes ("0 and '®0) provided independent tests for the
Rees’s model by demonstrating the relationship between the degrees of oxidative backward flux
and the magnitude of e (Mangalo et al., 2007, 2008; Farquhar et al., 2008). Here, we use the
metabolic sulfur flux model (Farquhar et al., 2007; Johnston et al., 2007) to investigate how the
availability and the nature of the organic substrate alter the fluxes along each step of sulfate

reduction and to predict the isotopic composition of intracellular sulfur species. In addition to
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Figure 2.4. Schematic of biochemical pathways thought to influence the fractionation of sulfur isotopes
during mSR. Grey box represents the cell wall, APS is adenosine-5'-phosphosulfate. Forward and
backward mass flows among the reservoirs are shown as f; and b; (in e.g., moles/time), a represent isotope
fractionation factors of enzymatic reactions thought to produce isotope fractionations. Reducing
equivalents flow from the electron donor to sulfur through a series of carriers and enzymes (Rabus et al.,
2006). The first enzymatic step in mSR is the transport of SO,” into the cell, thought to involve only a
small isotope effect (Rees, 1973). In the second step, ATP sulfurylase (Atps) activates SO, by
consuming ATP (adenosine 5'-triphosphate) to form APS (e.g., Peck and LeGall, 1982; Akagi and
Campbell 1962). APS is then reduced to sulfite by APS reductase (Apr) (Peck and LeGall, 1982) in a
reaction that fractionates sulfur isotopes (Rees, 1973) and is thought to be reversible (Cypionka, 1995).
Sulfite may be directly reduced to sulfide by dissimilatory sulfite reductase (Dsr). Alternatively, this
reduction may proceed through trithionate (8:04”) and thiosulfate (S,0;>) (Drake and Akagi, 1977; Fitz
and Cypionka, 1990) or other sulfur intermediates (Cypionka et al., 1998). The actual importance of these

intermediates and the biochemistry of their production remain debated (e.g., Rabus et al., 2006).
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348/%2S ratios, minor isotope fractionations can provide additional constraints on the reversibility
of MSR (Farquhar et al., 2003; Ono et al., 2006; Johnston et al., 2007) because the mixing of
different sulfur pools within the cell follows a linear relationship but the mass-dependent isotope
fractionation of each step is defined by a power law (Young et al., 2002). Following Rees-
Farquhar model (Rees, 1973; Farquhar et al., 2003; Farquhar et al., 2007), the field of steady
state solutions for the overall sulfur isotope effect is constructed by assuming reversible fluxes at
two branching points: the uptake of sulfate (with ¢, = fi/b;) and the reduction of sulfate to sulfite
(with @3 = f3/bs), respectively (Figs. 2.4 and 2.5A) (See details in Appendix A).

During growth on lactate in batch culture, the coupling of csSRR and the isotopic data
predicts that the intracellular pools of sulfate and sulfite pools are enriched in **S (i.e., positive
8°*S values, Fig. 2.5B). This reflects the isotope mass-balance principle when the export of H,S
slightly depleted in **S compared to the initial sulfate exceeds the loss of intracellular SO,*
enriched in **S. Due to the enrichment of intracellular **S, the overall isotope fractionation is
small (6.4%o). A considerably more reversible uptake and reduction of sulfate should occur
during the growth on hexose sugars (Fig. 2.5B). During growth on glucose, the suifate inside the
cell should be only slightly (3.5%o) enriched in S relative to sulfate in the medium because of
the significant backflow of sulfate across the cell membrane (99%) (Fig. 2.5B). Furthermore,
about half of the sulfite should be reoxidized to sulfate (Fig. 2.5B). Notably, maximum g¢;
calculated for our experimental conditions (50%, Fig. 2.5C) is considerably lower than the
theoretical maximum of ~100%, when maximum isotope effects are expected to occur (Brunner
and Bernasconi, 2005; Wortmann et al. 2007). This discrepancy between the theoretical maxima
and observations indicates that even more reversible sulfate reduction is possible, although it has
not been attained in pure culture. The consistency of slope between ¢, and ¢; (Fig. 2.5C) for
most data points suggests that the nature of the electron donor regulates both branching points in
a correlated manner. This applies to growth on almost all substrates and to both batch and

continuous cultures.

The current metabolic model of MSR, which assumes a single step reduction between sulfite
and sulfide, can accommodate most of the (**¢, *>E) measurements in this study (Fig. 2.5A).
However, the inclusion of one more intermediate sulfur redox species in the model (Fig. 2.5D)

expands the solution field to accommodate all (**¢, **E) measurements. These intermediate steps
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Figure 2.5. Plot of *e vs. *E and the application of metabolic flux model to sulfur isotope effects
produced by DMSS-1. (A) Solution field of the model compared to the experimental data from this study.
The model is used to estimate the reversibility at two crucial steps in microbial sulfate reduction pathway:
&, the reversibility of sulfate uptake, and ¢;, the reversibility of the reduction of sulfate to sulfite. Black
arrows show the model calculation for three electron donors and sampling dates for the flux calculation,
shown in (B). (B) Fluxes of sulfur along each step of sulfate reduction (fmol/cell/day) and steady state
5*'S values of each sulfur pool (normalized to sulfate in the medium). The results are shown for three
representative electron donors. (C) Reversibilities of sulfate uptake (¢,) and the reduction of sulfate to
sulfite (¢;) associated with data points shown in (A) (except for two data points out of the solution field).
Solid lines represent ‘e as a function of both reversibilities. Note that even the largest isotope
fractionations measured in this study are associated with values of ¢; only about a half of the theoretical
maximum. (D) **e and E plotted in the solution field of the model of MSR with three reversible steps
(e.g., Brunners and Bernasconi, 2005). This model assumes that the reduction of sulfite to an
undetermined species and the reduction of this species to sulfide fractionate equally (24%o). Solid lines
represent the solution to the model with two reversible steps, broken lines show the expanded solution
network with three reversible steps.
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in sulfate reduction should be more important when the intracellular redox potential is high (Seki
and Ishimoto, 1979). This may occur when microbial growth is limited by the supply rate of
organic electron donor (i.e., slow dilution rate, Matin and Gottschal, 1976), but biochemical
mechanisms that control the reversibility of individual steps during MSR remain poorly

understood.
2.5.3. Correlation of csSRR to the Magnitude of S-isotope Effect

Since Harrison and Thode (1958) reported the correlation between **e and the rate of sulfate
reduction per unit biomass, many studies of MSR have attempted to correlate **¢ and csSRR.
Early studies growing D. desulfuricans on organic electron donors identified the inverse
relationship between csSRR and A (Kaplan and Rittenberg, 1964; Chambers et al., 1975), but
recent studies questioned this correlation both in single species grown under different conditions,
and across different species (Detmers et al., 2001; Canfield et al., 2006; Johnston et al., 2007;
Mangalo et al. 2007). Detmers et al. (2001) proposed a test by comparing the fractionations
produced by a single strain grown on different substrates. Kleikemper et al. (2004) found the
inverse relation between csSRR and **¢ for a complete oxidizer, PRTOLI, grown on 5 different
organic substrates, but questioned its statistical significance (p=0.05) (Fig. 2.6). Our results
clearly demonstrate that **¢ decreases with the increasing csSRR both during the growth of
DMSS-1 on seven different organic electron donors (Figs. 2.3 and 2.6), and when its growth rate
is regulated by the supply of a single electron donor. The latter results are consistent with those
reported from Desulfovibrio desulfuricans (Chambers et al., 1975) and Thermodesulfatator
indicus (Hoek et al., 2006) (Fig. 2.6). The comparison of the relationship between ‘¢ and csSRR
in different species shows that each of these species occupies the different region in the
Me/csSRR diagram. Thus, the “species effect” may be most obvious in the slope of the

relationship between csSRR and *¢.

Not omly do our measurements and modeling results show a correlation between ¢ and
csSRR, but they also show that even the individual steps in the MSR model (¢; and @3,
respectively) correlate with csSRR (Fig. 2.7), accounting for the apparent correlation between
csSRR and **¢. This correlation is not readily apparent from metabolic modeling studies, which

suggest that the magnitude of isotope fractionation inherently depends on the ratio of forward
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Figure 2.6. Variations in **e and csSRR induced by either the availability or the nature of the electron

donor, reported in this study and previously published data from actively growing cultures (Chambers et

al., 1975; Kleikemper et al., 2004; Hoek et al., 2006).

35



12

0.8 = R2=0.80

reversibility
|

0 =
= (P]
‘ P,
-04 ] L LI lllll L} LI lll‘l | | LI BB
0.1 10 100

1
csSRR (fmol/cell/day)

Figure 2.7. Correlation of the estimated reversibilities of the sulfate uptake (¢,) and the reduction of

sulfate to sulfite (¢3) to csSRR.

36



and backward reactions of each step in MSR (reversibility) rather than the net forward flow
(csSRR) (Fig. 2.4, Rees, 1973, Brunner and Bernasconi, 2005). How these correlations change

with varying temperature, species, and the concentration of sulfate remains to be evaluated.
2.5.4. Fractionation of ¥*S/*’S as a Unique Tracer of S-disproportionation

Recent studies have suggested that the minor isotope fractionation factor (*E or **)) can be
used to distinguish between the isotopic signatures of MSR and microbial S-disproportionation
(MSD) in modern (Zerkle et al., 2010) and ancient environments (Johnston et al, 2005b). These
suggestions are grounded in the distinct ranges of 33\, values produced by MSR and MSD in pure
culture studies (Farquhar et al., 2003; Johnston et al., 2005a; Johnston et al., 2007): from 0.5077
to 0.5125 for MSR, and from 0.5145 to 0.5187 for MSD, respectively. DMSS-1 produces 50
values from 0.5086 to 0.5141, which expands the range of 33\ for MSR toward that for MSD
(Fig. 2.8), although 33), values associated with **¢ values larger than 44%o from pure cultures of
SRM remain to be determined. The range of (348, 3 3)») measured in DMSS-1 cultures is also in
agreement with the values produced by natural populations of microbes incubated in chemically
undefined mud, where MSD is assumed not to play a large role (Farquhar et al., 2008). The
expanded range of minor isotope fractionations from our study is comparable to some natural
33S-isotope signatures. For example, sulfur isotope fractionations between dissolved sulfate and
sulfide in modern euxinic environments (Green Lake, Lago di Cadagno, and Cariaco Basin)
yield high **¢ values (> 30%o) and associated 33)\ values from 0.5112 to 0.5136 (Canfield et al.,
2010; Li et al., 2010; Zerkle et al., 2010). These natural values exceed the range of isotope
fractionations previously reported for pure cultures of sulfate reducing microbes, but overlap
with the range of **¢ and 33\ measured in this study and do not overlap with the range of MSD

alone (Fig. 2.8).

Models of global S-cycling based on the distinct ranges of 3¢ and **\ values for MSR and
MSD are also used to track the relative contribution of these two microbial processes through the
geologic time (Johnston et al., 2005b). In the absence of oxidative recycling of sulfur, the model
that includes an expanded range of 34¢ and **\ values for MSR (Fig. 2.9) accommodates almost
50% of all sedimentary sulfate data points from the Proterozoic to the Cambrian (Johnston et al.,

2005b). The insights from the DMSS-1 cultures are thus able to account for 25% more isotopic
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Figure 2.8. Comparison of e and A values produced by DMSS-1 with those reported by previous
studies (Johnston et al., 2005b; Johnston et al., 2007; Farquhar et al., 2008) and those derived from the
reported measurements of dissolved sulfide and sulfate in modern euxinic environments (Green Lake,

Lago di Cadagno, and Cariaco Basin) (Canfield et al., 2010; Li et al., 2010; Zerkle et al., 2010).
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(A) Steady state solutions calculated for the isotope fractionations previously reported from MSR

(Johnston et al., 2005a). (B) Extended solution field with data presented in this study.
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data points than previously thought. MSD and oxidative recycling of sulfur can account for the
remaining data points. However, an apparent positive relationship between 3%¢ and ’\ in our
study (Fig. 2.8) suggests that natural MSR producing extremely large 34 (Wortmann et al., 2001)
may be associated with A values that are indistinguishable from those currently attributed to
MSD, possibly accommodating all sedimentary sulfate data. This study thus increases the range
of sulfur isotope effects attributable to MSR alone and reduces the range unambiguously

indicative of MSD in both modern and ancient environments.
2.6. Conclusions

DMSS-1, a recently isolated marine sulfate reducing bacterium, degrades various organic
compounds to acetate and CO, and yields **¢ values ranging from 6.1 to 44.1 per mil. These e
values, produced during active growth in the presence of non-limiting sulfate, span almost the
entire range of S-isotope fractionations previously reported in pure culture experiments. This
result demonstrates that the availability and the nature of the electron donor may influence the
range of >*¢ in culture and in nature as much or more than the presence or absence of completely
oxidizing strains. Sulfur isotope fractionation is larger in the presence of refractory organic
compounds that support only slow growth rates (e.g., glucose and fructose) and at the very low
supply rate of the electron donor. Increasing **e values exhibit a positive correlation with
declining csSRR, confirming observations by previous researchers. DMSS-1 fractionates minor
sulfur isotopes, producing *’E values ranging from -0.009 %o to -0.125 %o. The use of multiple
sulfur isotopes in the model of metabolic fluxes of sulfur shows that the loss of sulfate from the
cell and the intracellular reoxidation of reduced sulfur species contribute unequally, but in a
correlated manner, to the increase in isotope effects. When MSR produces sulfides that are not
very depleted, the model of metabolic fluxes predicts the presence of intracellular sulfate and
sulfite that are enriched in **S. During the production of the largest S-isotope effects, the flow of
sulfate out of the cell should be almost as large as the intake of sulfate and about 50% of sulfite
should be reoxidized intracellularly, but **S of the internal sulfate and sulfite should not be very
enriched. DMSS-1 produces large **e coupled with moderate 33E under conditions that preclude
extracellular disproportionation of sulfur. These (**¢, *°E) values significantly expand the range
of isotope effects produced by MSR alone and reduce the range that is thought to unambiguously

indicate MSD in ancient and modern sediments.
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Appendix A. Multiple Sulfur Isotope Modeling

Initially developed by Rees (1973), the isotope fractionation model predicted a maximum fractionation
of ~ 46%., but later modifications (Brunner and Bernasconi, 2005) predicted even larger (up to ~ 70%o)
fractionations during MSR. According to these models, the overall fractionation factor between sulfide
and sulfate (yerai) depends not only on the magnitude of isotope effects that are intrinsic to each
enzymatic reaction (a,, as, and a4) but also on the relative rates of forward (fi, 5, and f3) and backward

(b1, by, and bs) mass flows associated with each reaction (Fig. 2.4) (e.g., Northrop, 1975; Hayes, 2001).

Following the Rees-Farquhar model (Rees, 1973; Farquhar et al., 2003), the steady state solution for
the overall sulfur isotope effect (Qyeran) during MSR with two branching points is described by Farquhar
et al., (2007):

aaLa,
ol (1-a,) +a,(1-aj3)l+asa,

(04 (10

overall —
where, a is the fractionation factors (**S/? 2S)pa,hw,y/(”S/”S)‘,o(,., @, is b)/f| and ¢s is bs/f;. In this model, one
branching point describes the competition between the flow of sulfate into the cell (f}) and the flows of
sulfate and sulfide out of the cell (b, and f;). The other branching point describes the competition
between the oxidative and reductive flows in the cell: f3, f;, and b; (Farquhar et al., 2003). Hence, ¢,
represents the reversibility of sulfate uptake and ¢;represents the reversibility of the reduction of sulfate
to sulfide. The parameter o; corresponds to the kinetic isotope effects intrinsic to each enzymatic reaction.
This equation predicts that an overall isotope effect is determined by the reversibility of each step, which
is a ratio between backward and forward flows in each step, rather than csSRR which is a net forward
flow. Eq. 10 can be solved by assigning values to a;, o, and a;. Only f; and f; (Fig. 2.4) are thought to
produce significant isotope effects (> 20 per mil) of the magnitude a; and ay, respectively (Rees, 1973).
Rees (1973) assﬁmed a small inverse isotope effect for sulfate uptake (a; = 1.003). However, the reverse
reactions (i.e., by and b,) are generally assumed not to produce any isotope effects (Rees, 1973; Farquhar
et al., 2003; Johnston et al., 2007). The values of a; and a, are constrained by the experimental results

and/or thermodynamic estimates of equilibrium fractionation factor (Rees, 1973; Brunner and Bernasconi,
2005; Johnston et al., 2007).

In addition to **S/**S ratios, a multiple isotope system approach, initially proposed by Northrop (1975),
can provide additional constraints on both ¢, and ¢ (Farquhar et al., 2003; Ono et al., 2006; Johnston et
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al., 2007) because the mixing of different sulfur pools within the cell follows a linear relationship but the
mass-dependent isotope fractionation of each step is defined by a power law (Young et al., 2002). The
value of the exponent is set to 0.5147 for the low temperature equilibrium isotope fractionation between

sulfate and sulfide (Farquhar et al., 2003).

33 34 05147

= q, an

We solved Egs. 7, 9, 10 and 11 for both reversibilities (¢, and ¢5;) associated with the growth of
DMSS-1 on various electron donors, assuming values for intrinsic fractionation factors a; and a4 of
0.9756 and 0.9520, respectively, and assuming the absence of isotope effects associated with the reverse
reactions (i.e., b; and b,). These values for a ; and a 4 represent equilibrium isotope effects at 20°C
between sulfate and sulfide, and sulfite and sulfide, respectively (Farquhar et al., 2003). Plotted in the
solution field of Eq. 10 and 11, our data (**e and *’E) can be semi-quantitatively interpreted in the light of
fluxes of sulfate in and out of the cell and the oxidative fluxes of sulfur species in the cell (Fig. 2.5A)
(Farquhar et al., 2007).

Supplementary Material. Sequence Information of Desulfovibrio sp. clone DMSS-1

Sequences were deposited in GENbank, and accession numbers are JF968436 for 16S rRNA gene and
JF968437 for dsrB subunit (dissimilatory sulfite reductase, subunit beta).

16S rRNA gene, partial sequence of Desulfovibrio sp. clone DMSS-1

LOCUS  Seql 1419bp DNA linear
DEFINITION clone DMSS-1.
SOURCE  Desulfovibrio sp.
ORGANISM Desulfovibrio sp.
Bacteria; Proteobacteria; Deltaproteobacteria; Desulfovibrionales;
Desulfovibrionaceae; Desulfovibrio.
REFERENCE 1 (bases 1to 1419)
AUTHORS Sim,M.S., Donovan,K., Templer,S.P., Ono,S. and Bosak,T.
TITLE Effect of electron donors on the fractionation of sulfur isotopes

JOURNAL Unpublished
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REFERENCE 2 (bases 1to 1419)
AUTHORS Templer,S.P., Bosak,T., Sim,M.S., Ono,S. and Donovan,K.
TITLE Direct Submission
JOURNAL Submitted (11-APR-2011) Earth, Atmospheric and Planetary Sciences,
Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, MA 02139, USA
COMMENT Bankit Comment: bankit1447291.
Bankit Comment: Banklt 1D:1447291.
Bankit Comment: LocallD:Seq]1.
FEATURES Location/Qualifiers
source 1..1419
/organism="Desulfovibrio sp."
/mol_type="genomic DNA"
/isolation_source="surface sediment from a tidal flat"
/db_xref="taxon:885"
/clone="DMSS-1"
/environmental _sample
/country="Cape Cod, Massachusetts, USA"
/note="[enrichment culture bacterial source]"
rRNA <1.>1419
/product="16S ribosomal RNA"
BASE COUNT 287a 444c 342g 346t
ORIGIN
1 ggeggetgee ccccaaaggg ttggetcace gacgtegggt agaaccgact ticgtggtgt
61 gacgggcggt gtgtacaagg cccgggaacg tattcaccct ggeatgetga tccaggatta
121 ctagcgattc caacttcatg cagtcgagtt gcagactgea atccggactg ggaggggctt
181 tttgggattg gettggecte geggegtage tgeectttgt acceeccatt gtagtacgtg
241 tgtagccctg ggcgtaaggg ccatgatgac ttgacgtegt cccecacctte cteceggttg
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301 acccgggeag tctcgecaga gtgeccacca ttatgtgatg geaactgaca ataagggttg
361 cgetegttge gggacttaac ccaacacctc acggeacgag ctgacgacag ccatgeagea
421 cctgteactt ggttcccega agggeactcet cctatctcta ggagattcca aggatgteaa
481 acccaggtaa ggttcttcge gttgeatcga attaaaccac atactccace gettgtgegg
541 gecccecgtea aftectttga gtttcagect tgegacegta ctecccagge gggatgetta
601 atgcgttaac tgeggeaccg aaggtgaate ccecegacac ctageateca tegtttacag
661 cgtggactac cagggtatct aatcctgttt getececacg ctttegtace tcagegteag
721 tacctgtcca gatggeegec ttegecaccg gtgtteetee tgatatctac ggatttcact
781 cctacaccag gaattccgcec atccteteca ggactcaage cigtcagtat caagtgeaat
841 tccteggttg agecgagggc tticacacct gacttaacag geagectacg cacgctttac
901 geccagtgat tecgattaac gettgeacca tecgtattac cgeggetget ggeacggatt
961 tagceggtge ticctctgaa ggtaccgtca aacatatgeg ctattaacac atatacattt
1021 ctteccttct gacagaggtt tacaacccga aagecttctt cectcacgag gegtegetge
1081 gtcagggttt cccccattge geaatattee ccactgetge ctecegtagg agtetgggec
1141 gtgtttcagt cccagtgtgg ctggteatee tetcaaacca getacteate gttgeettgg
1201 taggccgtta ccctaccaac aagctaatga gacgegggec catccagacg cggatgeata
1261 gtttagaggc accctttcaa tcaaaataaa ttgattcgta tacggtatta gcageegtit
1321 ccaactgtta tcccgategt ctgggeaggt ageccacgeg ttactcacce gtacgeeget
1381 ctactaggct cccgaaggaa ctittctcge acgactgea

1

Dissimilatory sulfite reductase, subunit A and B (dsr4B) of Desulfovibrio sp. clone DMSS-1

LOCUS Seq2 767bp DNA linear
DEFINITION Desulfovibrio sp. clone DMSS-1, dissimilatory sulfite reductase
alpha subunit (dsrA) and dissimilatory sulfite reductase beta

subunit (dsrB) genes, partial cds.
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SOURCE  Desulfovibrio sp.
ORGANISM Desulfovibrio sp.
Bacteria; Proteobacteria; Deltaproteobacteria; Desulfovibrionales;
Desulfovibrionaceae; Desulfovibrio.
REFERENCE 1 (bases 1to 767)
AUTHORS Templer,S.P., Sim,M.S., Donovan,K., Ono,S. and Bosak,T.
TITLE Effect of electron donors on the fractionation of sulfur isotopes
JOURNAL Unpublished
REFERENCE 2 (bases 1 to 767)
AUTHORS Templer,S.P., Sim,M.S., Donovan,K., Ono,S. and Bosak,T.
TITLE Direct Submission
JOURNAL Submitted (11-APR-2011) Earth, Atmospheric and Planetary Sciences,
Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, MA 02139, USA
COMMENT  Bankit Comment: bankit1447386.
Bankit Comment: Banklt ID:1447386.
Bankit Comment: LocallD:Seq]1.
FEATURES Location/Qualifiers
source 1..767
/organism="Desulfovibrio sp."
/mol_type="genomic DNA"
fisolation_source="surface sediment from a tidal flat"
/db_xref="taxon:885"
/clone="DMSS-1"
/environmental_sample
/country="Cape Cod, Massachusetts, USA"
/note="[enrichment culture bacterial source]"

gene 1..767
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/gene="dsrA"
BASE COUNT 16la 192c 243g 171t
ORIGIN
1 cttctegeceg ttcagttega cettggtggg acgaatggeg geggtgggec aggeagegac

61 ggccagagga atttcgeaca ggttgtccag aacagegtgg tecticatgg geggettacg
121 gtgaatgccc aggaaggcega tgteggagea gtgaaccgeg ccgeacatgt tcaggeagea
181 agccatggat acgcgcaacg gagegggceag atccattttg ccgaagtggt cgaacageac
241 gtccataacg gecttaacgg taccggagge gtecgttgea ggegtatgge agtgeaceca
301 accctgggtg tggacgatgt tegtgatgga ggegeeggtt cegecgatgg ggaacttgta
361 ggagccgecg gggaacttge gggacageag atcttcttic agaggageca ctttgtectt
421 gcetgtecace atgaactega ggtigttacg agtggtgaag cgeaggtage catcgeagta
481 cttgtcggeg atgtccataa cttcacgeat cagggtaacg gacatcagge gggeagttge
541 acaacggatg gtgtacactt cagegeeget ticagecacg tgeageagaa tgecgggcte
601 cacgatttcg tggtatttce atttaccgaa gitttccttg atgaccgggg gaagaaactg
661 atcgtatttc tigggcccga tatcggaaat ccggtictee atgggtttag cgggattgta
721 tectgtggag ataaatgeca tggtatataa ceteccgtaa atttggg

1
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3. Large sulfur isotope fractionation does not require

disproportionation

3.1 Abstract

The composition of sulfur isotopes in sedimentary sulfides and sulfates traces the sulfur cycle
throughout Earth history. In particular, depletions of **S in sulfide larger than 47%o often serve as a proxy
for the disproportionation of intermediate sulfur species in addition to sulfate reduction. Here, we
demonstrate that a pure, actively growing culture of a marine sulfate reducing bacterium can deplete *'S
by up to 66%o during sulfate reduction alone and in the absence of an extracellular oxidative sulfur cycle.
Therefore, similar magnitudes of sulfur isotope fractionation in sedimentary rocks do not unambiguously
record the presence of other sulfur-based metabolisms or the stepwise oxygenation of Earth’s surface

environment during the Proterozoic.
3.2 Results and Discussion

Dissimilatory microbial sulfate reduction (MSR) utilizes sulfate (SO,>) as an electron acceptor and
simple organic compounds or hydrogen as electron donors, producing sulfide that is depleted in heavy
isotopes of sulfur (*’S, *S, and *S) relative to the starting sulfate. For more than 2.5 billion years of Earth
history, this biological process has controlled the partitioning of sulfur isotopes between sedimentary
sulfides and sulfates, leaving a sedimentary S-isotope record that is commonly used to track the
geochemical cycling of sulfur, the oceanic budgets of oxidants, the evolution of microbial metabolisms

and the levels of atmospheric oxygen through geologic history (/, 2, 3).

All interpretations of this geobiological record have drawn heavily on more than five decades of
systematic studies of sulfur isotope effect produced by MSR under controlled laboratory conditions.
Although previous environmental studies and models suspected that MSR alone could produce a sulfur
isotope offset between sulfides and sulfates (6**S uiue-sufide » 4) as large as ~ 75%o (3, 6, 7, 8), growth and
chemical conditions that lead toward such large offsets remain poorly understood. On the other hand,
laboratory culture studies of MSR have not reported sulfur isotope effects larger than 47%o under
chemically and biologically defined reproducible conditions (Fig. 3.1). Large 8Ssuue-suifice Values
commonly measured in nature (Fig. 3.1) were thus attributed to a combination of MSR, extracellular
oxidative recycling of sulfur by abiotic or microbial processes, and microbial sulfur disproportionation

(MSD) (2, 9). This oxidative recycling model, applied to the temporal record of §*Suifute-suifice values, is
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Figure 3.1. Fractionations of *'S reported by studies of environmental samples (8**Sqyfae.sufiqe OF >'€) and
pure cultures of 44 different sulfate reducing microbes (*'e). Isotope fractionations in environmental
samples were estimated using dissolved sulfate and sedimentary or dissolved sulfide, or calculated from
the concentration and the isotope composition of pore water sulfate. Each point in culture studies
represents a different growth condition. Dashed black lines indicate the expanded range of *'S
fractionations by MSR (this study). Gray box outlines the equilibrium isotope effects between sulfate and
sulfide with varying temperatures (0 ~ 40°C). Complete lists of references, data and criteria are available
in Tables 3.S1 and 3.S2.
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used to track the evolution of more oxidized conditions and the progressive oxygenation of Earth’s
surface environment (2, 10, 11, 12, 13).

We isolated a sulfate reducing d-Proteobacterium (Desulfovibrio sp., DMSS-1) from marine coastal
sediments from Cape Cod, MA (/4), where ™S itute-sulfide €Xceeds 50%o (15). This microbe couples the
reduction of sulfate with the incomplete oxidation of various organic substrates including fructose and
glucose (/4), producing a wide range of isotope enrichment factors (*¢) from 6.1%o to 65.6%o (Fig. 3.1).
Fractionations by DMSS-1 expand the range of **e and *A (4) values produced by MSR, accommodating
most S-isotope fractionations observed in modern environments (Table 3.1, Fig. 3.1 and Fig. 3.2). Very
slow growth of DMSS-1 in batch cultures grown on glucose as an electron donor and carbon source
produces **¢ values larger than 47%o [Table 3.1, (16)): the *'¢ values during the early exponential growth
exceed 60%o, decreasing down to 44%. at the very end of experiment (Table 3.1). Decreasing *‘e values
are accompanied by an increasing growth rate and cell yields, and a different reaction stoichiometry (/6).
Because DMSS-1 can ferment glucose in the absence of sulfate, different stoichiometries during the early
and the late exponential growth suggest that DMSS-1 ferments some glucose during the early exponential
growth (16). Conditions producing large and constant **g (>47%o) values can be maintained indefinitely in
continuous-flow cultures, where sulfate and glucose are the only available oxidant and reductant,
respectively (Table 3.1). The production of large **¢ values cannot be attributed to MSD coupled with the
extracellular oxidation of sulfide to intermediate sulfur species (e.g., thiosulfate, sulfur, or sulfide),
because other potential oxidants are absent from the defined culture medium (/6). By proving that MSR
alone can generate sulfides extremely depleted in **S even in the absence of extracellular oxidative
recycling, our findings bridge the long-standing discrepancy between the ranges of sulfur isotope effects

observed in laboratory cultures and geologic environments (Fig. 3.1).

One may ask whether large sulfur isotope effects produced by a single sedimentary microbe are truly
representative of the natural environment. However, it is similarly unclear whether previous culture
studies of MSR are representative of conditions conducive to large isotope fractionations in the
environment, because most of these studies investigated MSR during growth on simple organic acids
(e.g., lactate) and hydrogen and only rarely attained very slow growth rates and cell-specific sulfate
reduction rates (csSRR) (/6). Here, slow growth rates and csSRR are attained by growing DMSS-1 on
glucose. This is not a conventional substrate for sulfate reducing microbes but is a common building
block in biofilms (/7) and storage polymers in some sulfate reducers (/8), and a common monosaccharide

in the ocean (/9).
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i ; + 33 33.
experiments f Hesr EsR Ask

0.99  62.640.3 32.7+0.1  0.5135£0.0002
10 mM glucose / 21 mM sulfate 0.99 65.6+0. 34.3+0.1  0.5142+0.0002
0.99  65. 34.1£0.1  0.51440.0002

0.91 58.5£03 30.5:0.1  0.5137+0.0003

8.5 mM glucose / 21 mM sulfate 0.93  59.7£0.4 31.1+0.2  0.5138+0.0002

0.87 57.6£0.4 30.0£0.2  0.5135+0.0002
4 27.6£0.2  0.5135+0.0003
¥ 22.9+0.2% 0.5130+0.0003*

batch

cultures FETioee
10 mM glucose /21 mM sulfate  0.96 ~ 55.9£0.4  29.1+0.2  0.51330.0004
(+ amino acids) 0.93 62:_1:_&;0.'3 32.4+£0.1  0.5144+0.0002
1 mM glucose / 21 mM sulfate 0.99  58.4+0.3 30.4+0.1  0.5131+0.0003
10 mM glucose / 2 mM sulfate 0.85 61.1£0.4 31.9+0.2  0.5133+0.0002
1 mM glucose / 2 mM sulfate 0.90 ‘ 23.84¢0.2  0.5131+0.0003

chemostat e
(0.08 day™) 10 mM glucose / 21 mM sulfate 52.6+0.3 27.440.1  0.5134+0.0005

Table 3.1. Sulfur isotope effects during the growth of DMSS-1 on glucose. f'is the fraction of remaining
sulfate. Solid horizontal lines indicate separate experiments. Individual numbers within solid lines
represent cultures inoculated at the same time and grown simultaneously in identical growth media, but in
separate bottles. Calculated *'¢ values vary depending on the growth stage. The largest and the smallest*
¢ values were always found during the early and the late exponential growth, respectively. Errors were
propagated from analytic uncertainties of isotope analysis and sulfide concentration measurement. *, data

from (14).
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Figure 3.2. (A) Comparison of *'e and %), values in this study to the values reported by previous culture
studies (23, 34) and to the range (*'e, *A) from coexisting dissolved sulfide and sulfate in modern euxinic
environments (Green Lake, Lago di Cadagno, and Cariaco Basin) (8, 27, 35). (B) &S and APS (4) of
seawater sulfate proxies (round symbols) from 2 to 0.2 Ga standardized to the Vienna Canyon Diablo
Troilite (11, 32). Predicted range of 6S and A™S values of seawater sulfate based on the steady-state
global sulfur cycle model including only MSR without MSD, constrained by the previous range of H¢ and

), values for MSR (71) (dashed line) or the expanded range reported in this study (solid line).
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Sulfate reducing microbes accomplish the eight-electron reduction of sulfate to sulfide in a stepwise
and reversible manner (7, 20). The overall isotope effects between sulfate and sulfide thus depend both on
the ratio between forward and backward fluxes at each intermediate step and on the isotope effect
intrinsic to each transfer flux (20, 21). The largest isotope effect is expected when sulfate reduction
pathway operates in a highly reversible manner, leading to near equilibrium conditions (7). Accordingly,
the largest **e values produced by MSR should approach the equilibrium isotope effect between dissolved
sulfate and sulfide, calculated to 68+2%o. at 20°C (22). This upper boundary is also supported by the
relationship among multiple isotopes of sulfur. As *¢ approaches the equilibrium value, so does **A
(Figure 3.2A), whereas smaller **¢ are associated with smaller **A, as expected for the kinetic isotope
effects in multiple isotope systems (23). Our estimate for the largest **e is close to the apparent upper
boundary for the values of ™S qulfate-sulfide iN NAtUre (Fig. 3.1). In contrast, models that include oxidative

recycling do not necessarily limit the values of 8**Squgae-suifice to the equilibrium value [Fig. 2 in (9)].

Models of S-isotope effects produced by a combination of MSR and MSD predict that the largest
8>S quiate-sutfice Should occur in areas of intense sulfur redox cycling and significant MSD. Although these
processes demonstrably occur in modern coastal environments (9, 24), large (> 47%o) 8**Suifate-sulfide Values
are not reported frequently in these settings (Fig. 3.1). Large 834Sw1fa,e,su|ﬁde values are instead commonly
reported from deep-sea sediments, where the extremely slow microbial metabolisms are attributed to the
limited availability and the poor reactivity of organic substrates (23, 26). The diversity of microbes and
growth conditions that generate natural 8**Sgge-susice values larger than 47 %o remains to be determined,
but the overall scarcity of sulfides exhibiting 8%S uitate-sutfide > 47%o0 over geologic history (2) thus might be
simply related to the lack of preservation of deep-sea sediments. Euxinic basins also exhibit a wide range
of 8**Suatesulfide values that commonly exceed 47%o and 3), values larger than those previously attributed
to MSR (Fig. 3.2A). These 5*Sqmesuicze and A values have been used as an indication of the
contribution of MSD to the cycling of sulfur in modem euxinic environments (27). However, the
combined isotopic signatures of **s and A produced by DMSS-1 can explain nearly all observations from
modern euxinic settings (Fig. 3.2A) and demonstrate that neither **¢. nor >\ unambiguously indicates

MSD in modern environments.

The earliest values of 634Ssu[fate.su|ﬁde larger than 50%o occur in a 1.2 Ga old non-marine environment
(13), and may have become more widespread in marine environments after ~ 700 Ma (28) or even later
(10, 12). Grounded in the assumption that *‘¢ values larger than 47%o do not occur during MSR alone, this
temporal trend was attributed to various mechanisms including: the growth of the marine sulfate reservoir

(29), the increasing importance of disproportionation (1), the progressive oxygenation of the oceans (2),
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and the advent of bioturbating organisms close to the Precambrian/Cambrian boundary (30). However,
given that DMSS-1 in the presence of just 2 mM sulfate produces **e values of 61.1%o, i.e., outside the
limit previously attributed to MSR alone (2, /1), MSR alone could have produced similar S-isotope
signatures after a moderate increase in the size of marine sulfate reservoir (2 mM) during the mid-

Mesoproterozoic (3/).

In addition to *S (2), **S record has been used to show significant contribution of MSD to the global
sulfur cycle as early as 1300 Ma (/1, 32). This constraint is based on model estimates for sulfur isotope
compositions (8**S and A*S) of proxies for seawater sulfate (Fig. 3.2B). However, the input parameters
for this model include the relatively small ranges of **¢ and **A values from previous laboratory
experiments (/7). When the same box model is solved with new expanded ranges of **e and ** values
produced by DMSS-1, all but one sample of Phanerozoic and Proterozoic sedimentary sulfates (11, 32)
are consistent with the global sulfur cycle including only MSR without MSD (Fig. 3.2B). Therefore, **S
isotope signatures in sedimentary records do not clearly indicate sulfur disproportionation in the ancient
oceans (2, 9, 11).

Because the fractionation of sulfur isotopes between sulfate and sulfide can exceed 50%o even if
sulfide is not reoxidized outside of the cell and at an environmental scale, more Proterozoic samples
exhibiting a large S, ifate-sulfide may be found. Any temporal changes in the sulfur isotope record during
this time could reflect the changing nature of organic material that fueled sulfate reduction, rather than
measure the extent of oxygenated areas in oceans. The relative contributions of MSR alone and of the
environmental-scale oxidative recycling toward large present and past natural fractionations of S-isotope

ratios now remain to be evaluated.
3.3. Supporting Materials

3.3.1. Literature Data Used to Construct Figure 3.1
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environment

location

material and

isotope

ref.

58

method fractionation (%o)
E Bahamian blue holes sulfate/sulfide 47 ~ 49 49
f Canadian River alluvium porewater sulfate 23 50
Dogger geothermal aquifer sulfate/sulfide 35~41 51
; Edwards aquifer sulfate/sulfide 38 52
5 Floridan ground water sulfate/sulfide 65 52
: Fuhrberger Field sulfate/sulfide 10 53
(S};aound water around Dead sulfate/sulfide 30 54
1 b i

g § ?gﬁ?:ﬁ;ﬁﬂ?: ater, porewater sulfate 6~11 55
3 2 Lincolnshire Aquifer sulfate/sulfide 30~ 60 56
g 3 MSL15 sulfate/sulfide 16 57
e S MSL17 sulfate/sulfide 14 57
: Murray Basin porewater sulfate 24 58
g;t;gg};nx;:;:?aigmfer m porewater sulfate 20 ~23 59
: Owens Dry Lake sulfate/sulfide 24 ~53 60
; phenol contaminated sulfate/sulfide 61

.: aquifer 9
| south-central Canada porewater sulfate 16 62
: TSL porewater sulfate 25 63
; - Everglades sulfate/sulfide 39~51 64
8 New Jersey Pinelands porewater sulfate 3 65
; ’u;) New Jersey Pinelands sulfate/sulfide 27 65
E Okefenokee swamp sulfate/sulfide 11~33 64
§ Adirondack Mountains sulfate/sulfide 10~22 66
= Canadice lake sulfate/sulfide 19 67
s Cliff lake sulfate/sulfide 12 67
£ 9 Crystal lake sulfate/sulfide 9 67
L = Dart lake sulfate/sulfide 3 67
; % ELA lake 240 sulfate/sulfide 4 67
'E Lake Chany sulfate/sulfide 11~23 68
5 _g Lake Hufeisensce sulfate/sulfide 8~ 14 69
<= Lake Ontario sulfate/sulfide 30 70
Lake Steisslingen sulfate/sulfide 18 71
Linsley pond sulfate/sulfide 8~ 11 72
Mares lake sulfate/sulfide 13 67
Mountain lake sulfate/sulfide 12 67
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MT.Tom Pond sulfate/sulfide 9 72
Queechy lake sulfate/sulfide 5 72
Trout Bsain 2 sulfate/sulfide 11 67
Trout North sulfate/sulfide 6 67
Bird lake sulfate/sulfide 5 67
Black Kirchier sulfate/sulfide 10 73
Conesus lake sulfate/sulfide 18 67
Great Kirchier sulfate/sulfide 2 73
Green lake sulfate/sulfide 56 ~ 59 72
Green lake sulfate/sulfide 55~58 74
2 Green lake sulfate/sulfide 49 ~ 57 27
= Gull lake sulfate/sulfide 5 67
% Heart lake sulfate/sulfide 0 67
‘g Jellyfish lake sulfate/sulfide 22 ~ 41 75
g Lago di Cadagno sulfate/sulfide 31 ~45 8
g Lake Mogil'noe sulfate/sulfide 56 ~62 76
Lake Mogil'noe sulfate/sulfide 32~47 77
Lake Vanda sulfate/sulfide 30 78
Lake Vanda sulfate/sulfide 35 79
Mahoney Lake (salty) sulfate/sulfide 52~53 80
Sakovo sulfate/sulfide 27 73
Trout Basin 3 sulfate/sulfide 5 67
S{:;fg:;:gjgn Salt sulfate/sulfide 50 15
Jade Bay sulfate/sulfide 26~54 81
Logten Lagoon sulfate/sulfide 37 82
8 Newport Marsh sulfate/sulfide 32~45 83
8 Orinoco Delta sulfate/sulfide 8~ 15 84
: Saint Lucia, Lesser sulfate/sulfide 42 ~ 54 85

3= Antilles
5 Sapelo Island sulfate/sulfide 30~ 50 86
g Shark Bay sulfate/sulfide 33~44 87
Q § Solar Lake sulfate/sulfide 40 82
5 o Solar Lake sulfate/sulfide 37~46 88
g Spencer Gulf sulfate/sulfide 30~ 48 89
g’ atson and Callaway sulfate/sulfide 40 ~ 46 90

ayou
Weddewarden sulfate/sulfide 32~33 88
Aarhus Bay sulfate/sulfide 52 ~ 61 88
continental Baltic Sea sulfate/sulfide 14 ~33 91
| shelf | gmk Hole, Long Island sulfate/sulfide 9
ound 41

Black sea sulfate/sulfide 65~71 88



Brandford Bay sulfate/sulfide 42 ~ 43 72
Captian Key sulfate/sulfide 41 ~46 92
Friends of Anoxic Mud,
Long Island Sound sulfate/sulfide 49 ?
Long Island Sound sulfate/sulfide 33~34 72
Makirina Bay sulfate/sulfide 49~ 53 93
Marina Del Rey Harbor sulfate/sulfide 33 94
E{);gvéf;,ijomml’ Long sulfate/sulfide 58 9
Oregon Shelf porewater sulfate 7 95
Sachem, Long Island sulfate/sulfide 9
Sound 34
Western Svalbard sulfate/sulfide 45~ 55 96
Aleutian Trench porewater sulfate 10~72 95
Astoria Fan porewater sulfate 58 95
Bahama Ridge porewater sulfate 38 97
Bermuda Rise porewater sulfate 39 97
Blake Ridge porewater sulfate 12~62 97
Blake Ridge porewater sulfate 11 98
Caribbean porewater sulfate 33 95
Carmen Basin porewater sulfate 60 99
Cascadia Basin porewater sulfate 77 5
Central Altantic porewater sulfate 27 95
E. Caroline Basin porewater sulfate 55 97
East Cortez Basin sulfate/sulfide 57 94
Eastern Equatorial Pacific porewater sulfate 14~ 40 100
Eastern Mediterranean porewater sulfate 47 ~ 64 101
Gulf of Mexico porewater sulfate 9~26 102
< hyper sulfidic deep sulfate/sulfide 65~72 6
] biosphere
S Japan Sea porewater sulfate 28 ~ 41 97
3 " Juan de Fuca Ridge porewater sulfate 44 ~ 50 97
Long Basin, California sulfate/sulfide 68 94
North Atlantic Ridge sulfate/sulfide 9~ 64 103
North Pacific porewater sulfate 41 ~ 56 95
North Pacific porewater sulfate 17 ~29 97
northeastern Arabian Sea sulfate/sulfide 47 ~ 66 104
Ontong Java porewater sulfate 19 97
Oregon Slope porewater sulfate 22 95
Peru Margin porewater sulfate 18~23 100
Peru margin sulfate/sulfide 27~55 105
Peru Slope porewater sulfate 11 97
Peru Trench porewater sulfate 32 97
Pescadero Basin sulfate/sulfide 49 ~ 60 99
San Diego Trough sulfate/sulfide 16 ~ 54 83
Santa Barbara Basin sulfate/sulfide 0~44 83
Santa Catalina Basin sulfate/sulfide 33~55 83
Santa Monica Basin sulfate/sulfide 7~36 83
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E Southwest Pacific porewater sulfate 9~ 48 106
5 Southwest Pacific sulfate/sulfide 11~75 106
Western Atlantic sulfate/sulfide 57~68 . 107
: i Western Mediterranean porewater sulfate 25~ 108
i Western Pacific sulfate/sulfide 25~57 109
: Baltic Sea sulfate/sulfide 24 ~ 46 91
§ Black Sea sulfate/sulfide 43~ 58 110
Black Sea sulfate/sulfide 57~ 61 111

Black sea sulfate/sulfide 58 ~ 66 88
= Black sea sulfate/sulfide 62 112

8 Cariaco Basin porewater sulfate 17 95
é Cariaco Basin sulfate/sulfide 50~ 65 113
g Cariaco Basin sulfate/sulfide 52 112

5 Cariaco Basin sulfate/sulfide 52 ~55 35
; i Framvaren Fjord sulfate/sulfide 36 ~47 114
; i Gotland Deep sulfate/sulfide 46 ~ 50 115
‘ i Kiel Bay, Baltic Sea sulfate/sulfide 52 ~61 116
Mariager Fjord sulfate/sulfide 30~42 117

Table 3.S1. S-isotope fractionation in modern environments. Isotope fractionations were estimated using
dissolved sulfate and sedimentary or dissolved sulfide, or calculated from the concentration and the
isotope composition of pore water sulfate. Wetland: swamps, bogs, and peats. Coastal environments: salt
marshes, tidal flats, deltas, and lagoons. Continental slope denotes the boundary of continental shelf.
Localities beyond the continental shelf are classified as deep sea. This table does not include isotope data
from hydrothermal or acidic environments, where abiotic processes can be as significant as microbial

processes.
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strain 3¢ (%0)  electron donor references

A. fulgidus Strain Z 14 ~ 25 lactate 118,119
14 ~ 21 acetate 118, 120
ASv20 8 lactate 120
ASv26 20 ~ 21 acetate 120
. 18 acetate 118
D. acetoxidans 24 formate 121
D. arctica 6 lactate 118
D. autotrophicum 161~436 butl);rzate 341, 11818
D. baarsii 23 butyrate 118
D. baculatum 13 lactate 118
D. balticum 23 butyrate 118
24 dextrose 122
8§ ~46 ethanol 122, 123
24 glucosamine 122
D. desulfuricans 3~14 H, 122,123
-3~35 lactate 47,121, 122, 123, 124, 125, 126, 127
19 mannose 122
19 ~20 mucin 122
D. elongatus 6 propionate 118
D. geothermicum 13 lactate 118
D. gibsoniae 28 butyrate 118
D. halophila 8 pyruvate 118
D. halophilus 2 lactate 118
5 acetate 121
D. hydrogenovorans 6 formate 118
D. joergensenii 26 pyruvate 118
D. lacustre 19 ethanol 118
D. magnum 42 benzoate 118
D. marinus 7 propionate 118
D. nigrificans 5~18 lactate 125, 128
D. oceanense 22 acetate 118
D. orientis 4~11 lactate 118
D. oxyclinge 5 lactate 118
D. phenolica 37 benzoate 118
D. profundus 4 lactate 118
D. psychrophila 4 lactate 118
D. putei 10~ 21 lactate 129
D. redbaense 11 lactate 118
D. salexigens 5~11 lactate 125
D. sapovorans 17 lactate 118
D. thermocisternum 15 lactate 118
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D. toluolica 29 benzoate 118

18~ 43 toluene 130, 131

D. variabilis 15 benzoate 118
D. vulgaris 8~ 10 lactate 125
Desulfococcus sp. 16 pyruvate 118
Desulfovibrio sp. strain X 5 lactate 118
14~16 ethanol 14
30~39 fructose 14

44 ~ 66 glucose this study, 14
DMSS-1 9~10 glycerol 14
6~37 lactate 14
16~18 malate 14
7~8 pyruvate 14
LSv514 6 lactate 120
LSv54 6~ 10 lactate 120
32 acetate 132
30 benzoate 132
PRTOL1 33 phenylpropionate 132
36 pyruvate 132
32 ~47 toluene 130
T. commune 5 lactate 118
T indicus 4~32 H, 133
T. yellowstonii 17 lactate 118
TRMI 40 toluene 121

Table 3.S2. S-isotope fractionations in pure cultures of sulfate reducing microbes utilizing different

electron donors.
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3.3.2. Materials and Methods

3.3.2.1. Culture Experiments

DMSS-1 was enriched and isolated from marine coastal sediments in Cape Cod, Massachusetts, USA
(14).The isolated bacterium, DMSS-1, reduces sulfate to sulfide using various organic compounds or
hydrogen as electron donors, ferments glucose, and disproportionates thiosulfate (Table 3.S3). The
growth of DMSS-1 was determined either by measuring the optical density at 660 nm (OD660) or by

microscopic counts of cells stained by SYTOX-Green nucleic acid stain (Invitrogen $7020, Paisley, UK).

DMSS-1 was grown in a chemically defined medium consisting of (per liter): NaHCO;, 9g; Na,SOy,
3g (for 21 mM sulfate) or 0.3g (for 2 mM sulfate); KH,PO,, 0.2g; NH,4Cl, 0.3g; NaCl 21g; MgCl,-6H,0,
3g; KCl, 0.5g; CaCl,-2H,0, 0.15g; resazurin 1 mg, 1 ml of trace element solution SL-10 (36), 10 ml of
vitamin solution described as a part of DSMZ medium 141 (DSMZ, Braunschweig, Germany: Catalogue
of strains 1993), and 1 ml of selenium stock solution (0.4mg of Na,SeO; per 200 ml of 0.01N NaOH).
Sodium ascorbate (1.5 g per liter) was added as the reducing agent. Glucose was used both as an electron
donor and as a carbon source. The medium was titrated to pH 7.5 and prepared anaerobically under 80%
N»/20% CO,. Amino acid mix (37) was added to some cultures to test the effect of recycled nitrogen and
carbon on S-isotope effects. The ability of DMSS-1 to disproportionate thiosulfate was tested in the same
basal medium containing 10 mM thiosulfate and 3 mM acetate, in the absence of other organic electron
donors. The ability of DMSS-1 to disproportionate elemental sulfur was tested in the medium modified

after Finster et al. (38).

The flow-through culture was continuously gassed by 80% N,/20% CO, to buffer the pH and to strip
the sulfide. Sulfide was sampled by bubbling through a 0.18 M zinc acetate solution. The basal medium
containing 10 mM glucose and 21 mM sulfate was prepared as described above and pumped into and out
of a 500 ml reactor by a peristaltic pump at a rate of 38 ml/day. Sulfide and effluent from the flow-
through culture were sampled after one month and the steady state was confirmed by measuring the cell

density, sulfide production rate, and the isotope composition of the sulfide produced in the reactor.
3.3.2.2. Measurements of Cell Densities and Chemical Concentrations

Sulfide concentration was measured by a modified methylene blue assay (39). Cell growth was
monitored by measuring the optical density at 630 nm and by microscopic counts of cells stained by
SYTOX-Green nucleic acid stain (Invitrogen S7020, Paisley, UK) using a Zeiss Axio Imager M1

epifluorescence microscope (Carl Zeiss, Thornwood, NY, USA). The concentration of glucose was
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metabolism substrate growth

acetate -
acetylglucosamine -

ascorbate -
ethanol +
fructose +
galactose -
glucose +
glucuronic acid -
sulfate respiration glycerol ++
hydrogen/acetate +
lactate ++
malate +
maltose -
mannose -
pyruvate ++
succinate -
sucrose -

elemental sulfur -

disproportionation
prop thiosulfate +

fermentation glucose +

Table 3.S3. Growth of DMSS-1 on various organic and inorganic substrates. ++, cell density more than
doubled in one week; +, cell density at least doubled in two weeks; -, no growth [cell density either
decreased or remained unchanged within the limit of experimental error (15 %) over the course of one

month].
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determined by a colorimetric glucose assay kit (Sigma, GAHK20-KT, MO, USA). The concentration of
acetate was determined in the anion form by an ion chromatograph (DXS500, Dionex, Sunnyvale, CA). All
colorimetric and optical density measurements were performed using a Synergy2 microplate reader
(BioTek U.S., Winooski, VT).

3.3.2.3. Measurements of S-isotopes

Sulfide from batch cultures was extracted by acidifying the culture medium with 6 N HCI at 80°C
under nitrogen gas for two hours. Sulfide produced during the distillation was precipitated as ZnS in a Zn-
acetate solution (0.18 M). After the extraction of sulfide, sulfate in the remaining medium was reduced to
sulfide in the reaction with 30 ml of the reducing agent (mixture of HI, H;PO, and HCl, 40). Samples
were boiled and purged by N, gas for two hours. After volatile products were passed through a condenser
and a trap containing distilled water, sulfide was collected in the Zn-acetate trap. Sulfide from continuous
culture was collected directly by passing the effluent gas through a sulfide trap containing a 0.18 M Zn-
acetate solution, Sulfate was extracted from a 2-3 ml sample of the effluent as described above. ZnS was
converted to Ag,S by the addition of AgNO; and the incubation at 70 °C for one day. Ag,S was
centrifuged, washed with distilled water three times and dried at 70 °C. The Ag,S samples were allowed
to react with an excess of fluorine gas for more than 5 hours at 300°C, and the produced SF¢ was purified
by gas chromatography. The purified SF¢ was transferred into an isotope-ratio mass spectrometer for

multiple sulfur isotope measurements in the dual inlet mode (47).
3.3.2.4. Data Processing

Specific growth rates of DMSS-1 (day™) during the late or the early exponential growth phase were
calculated as the slopes of linear regression of natural log of cell density. Growth yield (number of
cells/mol of reduced SO,*) during the same interval was calculated as the ratio of the increase in the
number of cells and of the sulfate consumed (that equals to sulfide produced). The average cell-specific

sulfate reduction rates (csSRR) were calculated from the specific growth rate and the growth yield:

specific growth rate (time™")

¢sSRR (mole - cell™ - time™) = ¢
growth yield (cell - mole™)

M

Isotope fractionation factors (@) for batch culture experiments are calculated using the Rayleigh

distillation equation:
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a:——i—l 1+(1_f’)5"”+1000
In £, /. 6,+1000

where, f; is the fraction of the remaining reactant, 8y, is the sulfur isotope composition (S or **S) of
sulfide produced during the incubation, and 3, is the sulfur isotope composition of sulfate at the end of
incubation. Inocula were degassed and washed three times by centrifugation and resuspension in sterile
fresh medium to remove the carry-over of sulfide. This was done in all but one set of experiments (second
set with 8.5 mM glucose/21 mM sulfate, Table 3.84). Isotopic compositions and the concentrations of the
sulfide carry-over in these experiments were measured in the inocula and the isotope mass-balance was

used to derive da,.

Isotope fractionation factors in continuous cultures at the steady state were calculated according to:

g 8" Sus +1000

- 3
5*Sgo, +1000 ©)

where, x is 33 or 34.

Isotope enrichment factor is defined as:
*¢=1000(1-"a) (4)

) values, used to characterize the mass-dependent fractionation during sulfate reduction, are defined

as:

ina)

33
1=
InC'a)

(5)

To estimate errors for **¢ and ’A values, errors from isotope analysis (0.1%o for 8*°S, 0.2%o for 8**S,
and 0.01%o for 8°S—0.515-8'S) and sulfide concentration measurement (+5%) were propagated

according to the methods described by Bevington and Robinson (42).

3.3.3. Growth of DMSS-1 on Glucose

To determine how DMSS-1 reduces sulfate and grows on glucose, we conducted control
experiments. DMSS-1 does not grow when glucose is omitted from the medium, indicating that DMSS-1

does not couple the reduction of sulfate with the oxidation of some alternative electron donor in the basal
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experiment ¢ sulfide sulfide remaining sulfate
Xperiments (mM) 833S 8348 633S 8348

099 02 3274 -62.68  0.09 0.26
10 mM glucose /21 mM 0.99 02  -3424 -6545  0.20 0.45

sulfate 099 02 3413 6523 012 028

0.91 1.9 -30.01  -57.59 1.95 3.76

8.5 mM glucose / 21 mM .00 0.1  -30.01" -57.59"
sulfate 0.93 1.5 -30.75 -58.95  1.51 2.93
0.87 28 2872 -55.17  3.50 6.76
0.81 41 2554  -49.13  5.19 10.06
0.70*  6.3*  -19.96* -38.56*  7.48*  14.48*

batch
cultures

10 mM glucose / 21 mM 0.96 0.9 -28.62  -54.95 1.10 2.18
sulfate (+ amino acids) 0.93 1.5 -31.42  -60.18 2.25 4.34
1 mM glucose/ 21 mM sulfate  0.99 0.2 -29.90  -57.39 0.67 1.36
10 mM glucose / 2 mM sulfate  0.85 0.3 -28.94  -55.59 5.68 11.03
1 mM glucose /2 mM sulfate  0.90 0.2 -22.79  -43.94 2.32 4.49

continuous 10 mM glucose / 21 mM 2725 -52.26

(0.08 day™) sulfate -28.54  -34.65
' -27.81  -53.41 -0.45 -0.83

Table 3.S4. Isotopic compositions of sulfide produced during the growth of DMSS-1 and of sulfate
remaining in the medium. Measured isotope compositions are presented as 6*S values normalized to
VCDT (Vienna-Canyon Diablo Troilite). f is the fraction of remaining sulfate. *, data from (74). ’
Isotope composition and concentration of the initial sulfide was measured in the inoculum, The carry-over
of sulfide only occurred in the set of experiments with 8.5 mM glucose/21 mM sulfate. Cell inocula used

in all other experiments were washed in sterile medium.
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medium. In turn, the concentration of glucose in sterile, uninoculated medium remains constant for more
than two months (Fig. 3.S1), showing that the breakdown of this sugar requires the presence of DMSS-1
cells. These control experiments confirm that DMSS-1 grows on glucose, and not on other components of
the basal medium, or on some products of the abiotic breakdown of glucose. DMSS-1 does not grow on
glucose derivatives acetylglucosamine and glucuronic acid, but can grow by coupling the reduction of

sulfate with the oxidation of fructose.

Main products of the oxidation of monosaccharide coupled with sulfate reduction in some
Desulfobulbus, Desulfotomaculum, and Desulfovibro species are acetate and CO, (43, 44, 45). The ratios
of glucose consumed to sulfide produced and of glucose consumed to acetate produced during the growth

of these microbes on glucose are 1 and ', respectively.
C¢H,,06 + SO,* — 2CH,COO +2CO, + H,S + 2H,0  (6)

The measured ratio of glucose to sulfide is 2.8 = 0.2 in the early exponential phase in batch cultures,
and 5.6 £ 0.3 in continuous cultures of DMSS-1 (Table 3.S5). This differs from the ratio of 1, predicted
by Eq. 6. This discrepancy suggests that some electrons derived by the oxidation of glucose are not
directed to the sulfate reduction system but are transferred into the production of other organic products or
hydrogen. This is consistent with the ability of DMSS-1 to ferment glucose (Table 3.S3) and the reports
of similar decoupling between carbon and sulfur metabolisms in other glucose-utilizing sulfate reducing
bacteria (45, 46). In turn, the stoichiometry of the reaction integrated over the late vegetative growth in
batch culture [1.1£0.1 for glucose/sulfide, and 1.9+0.1 for acetate/sulfide (Table 3.S5)] is consistent with
Eq. 6 and suggests that any intermediate products of glucose oxidation are fully oxidized to acetate and
CO, during late growth stage. The metabolic and stoichiometric differences between early and later
exponential growth in batch culture are accompanied by lower cell yields (per sulfate reduced) and higher
¢sSRR during early exponential growth (Table 3.S5). The stoichiometry, growth rates and growth yields
during the growth of DMSS-1 in continuous culture are similar to those during early exponential growth
in batch culture (Table 3.S5). These conditions can be maintained indefinitely in continuous culture,

because the initial metabolic products are continuously diluted or degassed.

The physiological differences during growth in batch culture are accompanied by a change in
isotope enrichment factor (*¢). This factor exceeds 60%o during the initial stages of growth on glucose

but decreases to 44%o at the end of experiment (Table. 3.1).

Overall, DMSS-1 grows and reduces sulfate more slowly when it oxidizes glucose than during the

oxidation of other organic substrates (/4). Only one previous study (47) reports isotope fractionation at
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Figure 3.S1. Concentration of glucose in sterile medium (grey diamonds) and medium containing DMSS-

1 (black diamonds). Error bars indicate the analytic uncertainty of the measurement of glucose
concentrations (£4%).
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growthyield — opp (fmole HS

. -1 6
experiments growth rate (day ™) (10 cellsé |‘,Lm01e Joell/day) glucose/sulfide acetate/sulfide
S047)
early growth 0.08+0.01 73£12 1.1+£0.2 2.8+0.2 5.3+0.3
batCh CUITUIES = - === m oo m e m oo oo oo oo e e oo o oo STsoSooSSsSsossooooooosoosooosoooosoos
entire growth 0.12+0.00* 160+25%* 0.7+0.1* 1.1£0.1 1.9£0.1
continuous cultures 0.08 51+8 1.6+£0.2 5.6£0.4 -

Table 3.S5. Growth rates, yields and the stoichiometry of glucose, acetate, and sulfide in cultures of DMSS-1 grown on glucose. *, data from
(14).
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comparable growth rates and csSRRs. The same study reported the largest isotope fractionation (35%o)
among other eight studies using the same strain (Desulfovibrio desulfuricans) and substrate (lactate)
(Table 3.S2). However, much slower csSRRs are estimated for natural environments, ranging from 4x107
~ 9x10™ fmol/cell/day in deep sea sediments (25) to 8x10> ~ 8x10? fmol/cell/day in coastal sediments
(48).
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4. Effect of Iron and Nitrogen on S-isotope Fractionation during

Microbial Sulfate Reduction

4.1. Abstract

Microbial sulfate reduction utilizes sulfate as an electron acceptor and produces sulfide that is
depleted in heavy isotopes of sulfur relative to sulfate. This process controls much of the
distribution of sulfur isotopes in sedimentary sulfides and sulfates. Sulfur isotope fractionation is
commonly used to trace the biogeochemical cycling of sulfur and its coupling to other essential
elements such as carbon, nitrogen, and phosphorous. This study investigates the relationship
between the availability of iron and reduced nitrogen and the magnitude of S-isotope
fractionation during microbial sulfate reduction by DMSS-1, a marine sulfate reducing
bacterium. Iron limitation increases S-isotope fractionation by about 50% relative to iron-replete
cultures, whether grown on lactate or malate. This increase in S-isotope fractionation is
accompanied by a decrease in the cytochrome c content and csSRR, implying that iron may
affect S-isotope fractionation through enzymes that couple carbon and sulfur catabolism. Indeed,
iron deficiency and the varying availability or chemistry of an electron donor yield very similar
relationship between csSRR and 34e. In contrast to iron, nitrogen limitation increases both
csSRR and S-isotope fractionation. The energy and reducing power required for nitrogen fixation
may be responsible for this opposite trend. Nitrogen and iron limitation may lead to large
observed S-isotope effects in the water column of some euxinic lakes and seas, and anoxic

sediments under a highly productive photic zone.

4.2. Introduction

Microbial sulfate reduction (MSR) is an anaerobic respiration process that utilizes sulfate as an
electron acceptor. This process remineralizes organic carbon in anaerobic marine sediments and drives a
global biogeochemical sulfur cycle (Canfield and Raiswell, 1999; Bottrell and Newton, 2006). Among the
four stable isotopes of sulfur in nature (*’S, **S, *S, and **S), MSR preferentially utilizes lighter S-
isotopes, producing sulfide that is depleted in heavy isotopes relative to the reactant sulfate. This isotope
fractionation between sulfate and sulfide has been widely used to trace the biogeochemical cycling of
sulfur and carbon (Strauss, 1997; Canfield, 2001a). Numerous studies have characterized S-isotope

fractionation in pure and mixed cultures of sulfate-reducing microbes (Kaplan and Rittenberg, 1964;
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Chambers et al., 1975; Habicht and Canfield 1997; Bolliger et al., 2001; Canfield, 2001b; Detmers et al.,
2001; Hoek et al., 2006; Kleikemper et al., 2004; Johnston et al., 2005; Sim et al., 2011a; Sim et al,,
2011b) and demonstrated a correlation between sulfate reduction rates and the magnitude of S-isotope
fractionation (Kaplan and Rittenberg, 1964; Chambers et al., 1975; Hoek et al., 2006; Kleikemper et al.,
2004; Sim et al., 2011a). However, links between environmental variables and physiological mechanisms

that control sulfate reduction rates within cells deserve further attention.

Because all respiration processes use a terminal electron donor and acceptor, most studies have
focused on the influence of sulfate (electron acceptor) and organic substrates (electron donor) on S-
isotope fractionation. The magnitude of S-isotope fractionation during MSR decreases as sulfate
concentrations fall below 200 uM (Harrison and Thode, 1958; Canfield, 2001a; Habicht et al., 2002 and
2005). On the other hand, MSR yields higher fractionations when limited by the low concentration of
organic electron donors or coupled with the oxidation of refractory organic compounds (Kaplan and
Rittenberg, 1964; Chambers et al., 1975; Sim et al., 2011a and 2011b). Doubtless, both electron donor
and acceptor influence the magnitude of isotope fractionation, but it is unclear how this happens in the
cell because sulfate reducing microbes do not translocate electrons from the organic substrate directly to
the terminal electron acceptor, sulfate. Instead, the rates of electron transfer depend on a number of
enzymes and electron carriers (Keller and Wall, 2011; Pereira et al., 2011). Thus, any alterations in the
electron transfer chain may ultimately influence the magnitude of S-isotope fractionation by changing the

coupling between the electron donor and sulfate.

Alterations to the electron transfer chain may arise from environmental limitations. Iron is an important
cofactor in many enzymes and electron carriers in microbial electron transfer chains, including
hydrogenases, ferredoxin or cytochromes. Iron deficiency impacts The synthesis and function of these
enzymes and carriers in various microbes (Waring and Werkman, 1944; Hubbard et al., 1986; Cotter et
al.,, 1992), including sulfate-reducing bacteria (Postgate, 1965). Therefore, one of the likely consequences
of iron limitation is the reduction of respiratory energy conservation (Harder and Dijkhuizen, 1983). The
cellular energy and redox budgets also change if some of the reducing equivalents generated by the
oxidation of organic substrates are diverted toward metabolic processes such as nitrogen fixation, as
would be expected during nitrogen limitation. This limitation impacts general protein synthesis, and not
just the respiration machinery. To the best of our knowledge, previous studies have not investigated the

effect of iron and other nutrient limitations on S-isotope fractionation during MSR.

Here we report the effect of Fe- and N-limitation on the physiology of a marine sulfate reducing

bacterium, DMSS-1, and the resulting S-isotope fractionation. Though these two limitations likely
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impact different cellular processes, both influence S-isotope effects. The potential significance of both

limitations and their accompanying S-isotope fractionations are discussed in an environmental context.

4.3. Methods

Organism and growth medium. DMSS-1, a sulfate reducing bacterium isolated from marine coastal
sediments (Sim et al., 2011a), was grown in a chemically defined medium consisting of (per liter):
NaHCOs, 9 g; Na,S0,, 3 g; KH,PO,, 0.2 g; NaCl 21g; MgCly'6H,0, 3 g; KCI, 0.5 g; CaCl,'2H,0, 0.15 g;
resazurin 1 mg, 1 ml of trace element solution SL-10 omitting FeCl, (Widdel e al., 1983), 10 ml of
vitamin solution described as a part of DSMZ medium 141 (DSMZ, Braunschweig, Germany: Catalogue
of strains 1993), 1 ml of selenium stock solution (0.4 mg of Na,SeO; per 200 ml of 0.01N NaOH). The
concentrations of iron and ammonium in the basal medium before the addition of ammonium and iron
stock solutions were determined by ICP-OES (ActLab, Ontario, Canada) and a fluorometric method
(Holmes ef al., 1999), respectively (with 0.7 uM and 0.5 uM detection limits for iron and ammonium,
respectively). Regular (control) growth medium contained 10 ml of anaerobic NH,4Cl stock solution (3
g/100 ml water), and 1 ml of FeCl,4H,0 stock solution (150 mg FeCl,4H,0 in 100 ml of 0.25% HCI).
In limitation experiments, the ammonium and iron stock solutions were serially diluted by 10 times with
anaerobic water and 0.25% HCI, respectively, before the addition to the basal medium. Sodium ascorbate
(1 g per liter) was added as a reducing agent. Cultures contained either lactate or malate as electron
donors and carbon sources. The medium was titrated to pH 7.5 and sterilized anaerobically under 80%
N,/20% CO,.

Culture experiments. DMSS-1 was incubated in batch cultures containing different concentrations of
iron or ammonium. Culture bottles (165 mL) containing sterile media (100 ml) were inoculated with
washed cells. The cells were washed three times by anaerobic centrifugation and resuspension in a fresh
medium that lacked both iron and ammonium to eliminate carryover of sulfide, iron and ammonium.
Growth (optical density, cell counts, and protein) and sulfide concentrations were monitored every day for
lactate-grown cultures and every other day for malate-grown cultures. Sulfide concentration was
measured in 200 pL culture samples fixed by 1 ml of 0.05 M Zn-acetate solution by a modified
methylene blue assay (Cline, 1969). Growth was monitored by measuring the optical density at 630 nm
using the Synergy2 Biotek microplate reader, (BioTek, VT, USA) and by microscopic counts of cells
stained by SYTOX-Green nucleic acid stain (Invitrogen S7020, Paisley, UK) using a Zeiss Axio Imager
M1 epifluorescence microscope (Carl Zeiss, Thornwood, NY, USA). At the end of each incubation, 20

ml of 1 M Zn-acetate were added to terminate microbial activity and to precipitate dissolved sulfide as
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zinc sulfide. These samples were stored at 4°C until the extraction of sulfur and the subsequent isotope

analysis.

Nitrogenase activity. Nitrogenase activity was determined in actively-growing cultures of DMSS-1,
using a modified acetylene reduction technique (Dilworth, 1966). Acetylene gas (20+1 pmole) was
injected into a set of culture bottles containing 10 ml of ammonium-free medium, and the bottles were
subsequently inoculated with washed cells. One bottle was sacrificed every two days to monitor ethylene
production from acetylene. H,S was removed from the headspace by adding 1 ml of 1 M zinc acetate
solution, and 0.5 ml of the headspace gas was withdrawn using a gas-tight syringe. The gas sample was
analyzed by a gas chromatography (Shimadzu GC-2014) equipped with FID detector and a packed
column (Carboxene-1000, 60/80 mesh). Procedural and analytical reproducibility was 8%. Ethylene
production was monitored in parallel control sterile media and cultures, both containing 5.6 mM

ammonium.

Cytochrome spectra. Reduced and oxidized cytochrome spectra and the difference between the two
were obtained using the whole cell method (Hubbard et al., 1986; Johnston et al., 2008). Cells were
harvested from 45 ml of the culture by centrifugation at 3000 g for 15 min. The supernatant was
discarded and the cells were resuspended in 1 ml of phosphate buffered saline solution (PBS; 50mM
phosphate buffer, and 350 mM NaCl). Cell suspensions were transferred into 1.5 ml microcentrifuge
tubes and washed twice by centrifugation (13000 g, 3 min) and resuspension in PBS. Protein was
determined using a Pierce BCA protein assay kit (Pierce, Rockfold, IL) with albumin standard, and the
cells were resuspended in PBS at ~ 1.5mg protein/ml. The resuspended cultures were transferred into
flat-bottom 96-well plates (200 pL), and oxidized or reduced by the addition of 20 pL of 30% H,0, and
20 pL of freshly prepared 50 mg/ml sodium dithionite stock solution, respectively. After a 1-min
incubation, the cells were shaken in the Synergy2 microplate reader (BioTek, VT, USA) for 10 seconds

and optical absorptions measured in the 400 to 700 nm range at 2-nm intervals.

Isotope measurements. Sulfide and sulfate were extracted by acidifying the culture medium with 6 N
HCI at 80°C under a flow of nitrogen gas for two hours. Sulfide produced during the distillation was
precipitated as ZnS in a Zn-acetate solution (0.18 M). After the extraction of sulfide, sulfate in the
remaining medium was reduced to sulfide with 30 ml of the reducing agent (mixture of HI, H;PO, and
HCI, Thode et al., 1961). Samples were boiled and purged by N, gas for two hours. Volatile products
were passed through a condenser and a trap containing distilled water, and sulfide was subsequently
collected in a Zn-acetate trap. Sulfide from continuous culture was collected directly by passing the

effluent gas through a sulfide trap containing a 0.18 M Zn-acetate solution. Sulfate was extracted from a

79



2-3 ml sample of the effluent as described above. ZnS was converted to Ag,S by the addition of AgNO;
and the incubation at 70°C for one day. AgS was centrifuged, washed with distilled water three times
and dried at 70°C. The Ag,S samples reacted with an excess of fluorine gas for more than 5 hours at
300°C, and the produced SFs was purified by gas chromatography. Purified SFs was transferred into an
isotope-ratio mass spectrometer for multiple sulfur isotope measurements in the dual inlet mode (Ono er

al., 2006). Sulfur isotopic compositions are reported using the conventional delta notation.

Data processing. Cellular growth yield during the vegetative phase was calculated as the ratio of the
increase in the number of cells to the amount of sulfide produced. When not limited by iron or
ammonium, the cells grow exponentially until they become limited by organic carbon (sulfate was
supplied in excess). Cell-specific sulfate reduction rates (csSRR) during the exponential growth were

calculated as:

In(c,) - In(c,) [H,S], ~[H,S),
tx - tl cx - cl

csSRR = (1)

where ¢, and ¢, are the start of exponential growth and the time of sampling (in days), respectively, and C
and [H,S] are cell densities (number of cells/ml) and sulfide concentrations at the time of sampling,
respectively. When limited by iron and ammonium, DMSS-1 cells grew more slowly and not
exponentially. The csSRR in these cultures was calculated simply by dividing the sulfide production rate

by the time-weighted average of the cell density during the vegetative phase.

The isotope fractionation factor (*a) in the batch culture experiment was calculated using the modified

Rayleigh distillation equation as previously described (Sim ef al., 2011a):

ty e gafq, 0= 8, #1000
Inf f 5, +1000

r

where £, is the fraction of the remaining sulfate, 8; and J, are sulfur isotope compositions S or *S) of
sulfate remaining at the time of sampling (t,) and sulfide produced by the day of sampling (i),

respectively.

The isotope enrichment factor is defined as:

e=1000-(1-"a) (3)
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In this definition, positive values represent the depletion of heavy isotopes in the product. To characterize

the mass-dependent fractionation for sulfate reduction, 3E values are calculated as:
33E 21000 .(33a__34a0.515) (4)

For each calculation, errors from cell counts (£15%), sulfide concentration measurements (+5%), isotope
analyses (0.1%o for 8>S, 0.2%o for %S, and 0.01%o for 5°S—0.515-8*'S) were propagated according to
Bevington and Robinson (2002).

4.4. Results

DMSS-1 cultures limited by iron (< 1uM) and ammonium (< 0.3 mM) grew and produced sulfide
more slowly than iron- and ammonium-replete cultures (Fig. 4.1). These effects of iron and ammonium
limitation could be observed in cultures grown on malate or lactate (Figs. 4.1, 4.2). When cells grew on
lactate, limitations by iron and ammonium reduced the cellular yield to one half and one fourth,
respectively, relative to the control cultures (Fig. 4.2 and Table 4.1). The cell specific sulfate reduction
rates (csSRRs) were lower in iron-limited cultures, but higher in nitrogen-limited cultures, respectively,
relative to the control cultures (Fig. 4.2 and Table 4.1). When DMSS-1 coupled sulfate reduction with the
oxidation of malate, it attained higher cell densities but exhibited slower csSRRs than during sulfate
reduction coupled with the oxidation of lactate (Fig. 4.2 and Table 4.1). Iron limitation diminished both
growth yield and csSRR by half, compared to the malate-fed controls. Limitation by ammonium reduced
the growth yield to 20% of the control cultures, while accelerating the specific respiration rate (Fig. 4.2
and Table 4.1).

The growth of DMSS-1 in the absence of ammonium suggested that this organism could fix nitrogen
and use it in biosynthesis. Production of ethylene by acetylene reduction was measurable within the
micromole level in ammonium-limited cultures, but ethylene was not detected in ammonium-replete
cultures and sterile control, indicating DMSS-1 fixed N, only when grown in ammonium-deficient
medium (Fig. 4.3). Slower respiration by DMSS-1 in iron-limited cultures suggests that this metal may be
impairing the function of respiratory proteins, rather than limiting the overall biosynthesis. Therefore, we
examined how the iron limitation affected the content of cytochrome c, one of the essential proteins in
electron transfer chains. Reduced minus oxidized spectra of iron-replete cells showed predominant peaks
at 420-422, 523-524, and 552-553 nm, typical for c-type cytochromes (Fig. 4.4, Postgate and Cambell,
1966). These peaks were more than twice as large as in iron-replete cells relative to the iron-deficient
cells (Fig. 4.4), confirming a reduced abundance of cytochrome c¢ (per cell protein) in iron-limited

cultures.
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Figure 4.1. Effect of iron and nitrogen limitation on growth (left) and sulfide production (right) of DMSS-
1 grown on lactate (upper panels) and malate (lower panels). Results are shown as the average of
independent experiments carried out under the given condition, and the numbers in parentheses refer to

the number of experiments.
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Figure 4.2. Effect of Fe and N limitation on DMSS-1 growth yields and csSRR. Both limitations reduced
the growth yield. Iron deficiency decreased csSRR, while cells limited by ammonium respired faster than

control cultures.
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growth yield

DIBANC  NHLCI (M) FeCl, (1M) (loscgl(l;/;xmole (fm:f/fgﬁday) g (%) BE (%)
4

5.6 mM 8 20 + 5 282 + 45 68 + 02 0033 &+ 0011
5.6 8 34 0+ 5 251 + 4 70 + 02 0035 £ 0011

ctate 5.6 <1 15 £+ 2 187 + 3 118 £ 03 0032 % 0011
5.6 <1 18 + 3 200 + 32 103 £ 03 0040 £ 0011
<03 7 £ 1 624 + 99 84 = 03 0031 + 0011
<03 + 1 629 + 99 78 + 03 0033 = 0011
5.6 8 114 + 18 49 + 08 166 + 03 0077 + 0012
5.6 8 9 + 15 6 + 07 190 + 03 008 + 0012
5.6 8 9 + 16 57 + 1 186 + 03 0067 * 0012
56 2 1o+ 17 s & 06 175 + 03 0069 + 0012

malate 5.6 <1 63 + 10 29 + 05 251 + 03 0085 = 0013
5.6 <1 66 + 10 22 + 03 290 + 03 0101 = 0013
<0.1 8 19 & 3 68 + 09 220 + 03 0110 = 0012
<0.1 8 16 + 3 8§ + 12 230 + 03 008 + 0012
<0.1 8 19 + 3 85 + 13 231 + 03 0092 = 0012

Table 4.1. Growth parameters and isotope fractionations in batch cultures containing different
concentrations of iron and ammonium. Errors were propagated from analytic uncertainties of

cell density, sulfide, and isotope measurements.
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Figure 4.3. Production of ethylene by the reduction of acetylene in ammonium-limited medium (< 1 pM).
Ethylene was not detected (<10 nmole) in cultures that contain 5.6 mM ammonium. Error bars indicate

procedural and analytical reproducibility (= 5%).
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Figure 4.4. Reduced minus oxidized spectra of whole cells of DMSS-1 in 0.05M PBS. Three peaks
typical for the absorption by cytochrome ¢ were prominent in iron-replete cells, but small relative to the
total signal when DMSS-1 was grown in iron-deficient media. All samples contained similar amounts of

total protein.
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Analyses of S-isotope ratios of sulfates and sulfides in DMSS-1 cultures limited by iron or nitrogen
showed that both limitations increased the fractionation of S-isotopes (Table 4.1). The calculated
enrichment factor (**€) in control cultures grown on lactate was 6.9 + 0.2%o, as previously reported (Sim
et al., 2011). Iron-deficient cells grown on lactate fractionated S/%2S up to 12%o, while limitation by
ammonium increased the enrichment factors by only 1%o with respect to the control cultures (Fig. 4.5 and
Table 4.1). Overall larger fractionation factors associated with the growth on malate amplified the
isotopic effects of limitations by iron and ammonium. Malate-fed, iron- and ammonium-replete cultures
fractionated **S at 18+1%o, while limitations by ammonium and iron increased this enrichment factor to
23 and 29%o, respectively (Fig. 4.5 and Table 4.1). DMSS-1 fractionated triple isotope ratios (*’S/7°S/S)
in a mass-dependent manner, yielding 3E values that ranged from -0.031 to -0.040%o and from -0.067 to -
0.101%o for lactate- and malate-fed cultures, respectively (Fig 4.6 and Table 4.1). The values of E
decreased with the decreasing concentrations of iron and ammonium in malate-grown cells, but remained

rather constant in lactate-fed cultures.

4.5. Discussion

Iron limitation. Iron deficiency reduced the growth and sulfate reduction rates of DMSS-1, and led to
increasing fractionation factors. A similar inverse relationship between c¢sSRR and **¢ was previously
reported for DMSS-1 cultures, in which csSRR was a function of the electron donor and its concentration
(Sim et al., 2011a, Fig. 4.7). These correlated and similar results are consistent with important roles of
iron in MSR pathway. Although the mechanism of energy conservation by sulfate-reducing bacteria is
not fully understood, H, cycling between cytoplasm and periplasm is thought to be involved in this
process (Odom and Peck, 1981) (Fig. 4.8). In the Hy-cycling model, electrons generated by the oxidation
of organic compounds react with protons to form H, in reactions catalyzed by various Fe-containing
cytoplasmic hydrogenases. The resulting H, diffuses across the cytoplasmic membrane into the
periplasm, where it is split into protons and electrons by periplasmic hydrogenases. Electrons return to
the cytoplasm through cytochromes and transmembrane protein complexes, and are delivered to terminal
reductases and used to reduce sulfate. The remaining protons generate proton motive force. This model
requires both cytoplasmic and periplasmic hydrogenases, enzymes that invariably contain iron in their
active site (Pereira et al., 2011). The key electron carrier involved in Hp-cycling, a cytochrome c, is also a
metalloprotein containing a heme prosthetic group (Postgate, 1956). Increasing genetic and biochemical
evidence points to the presence of redundant electron transport chains, suggesting that hydrogen cycling
may not be essential for the energy conservation in sulfate reducing bacteria (Keller and Wall, 2011).

Nonetheless, because most of the redundant components involved in the electron transfer from lactate to
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Figure 4.5. Relationship between S-isotope fractionation and csSRR in cultures limited by iron and
nitrogen, respectively. Both limitations increased the magnitude of S-isotope fractionation, but the effect

of iron deficiency was larger than that of ammonium limitation.
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Figure 4.6. **¢ and *E produced by DMSS-1. Measured multiple S-isotope fractionations can be
accounted by the metabolic flux model for mass-dependent fractionation of S-isotopes during MSR (gray
line) (Rees, 1973; Farquhar ef al., 2003; Sim ef al., 2011). The model assumes branching points in the
pathway at the uptake of sulfate and the reduction of sulfate to sulfite, and enzymatic fractionation factors
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Figure 4.8. Schematic representation of electron flow during MSR in Gram-negative sulfate reducing
bacteria that oxidize lactate. Some reducing equivalents may flow from the electron donor to sulfur
through hydrogen cycling (Odom and Peck, 1981; Heidelberg et al., 2004). Many enzymes and electron
carriers involved from the cytoplasm to the periplasm in this process contain iron in their active sites
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Asr, APS reductase; Dsr, dissimilatory sulfite reductase; PPase, pyrophosphate phosphatase.
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sulfur contain iron (Pereira et al., 2011), iron limitation should slow down the electron flow and impart an
isotopic signature on sulfide. Our experiments strongly support that role of cytochrome ¢ in electron
transfer in DMSS-1 that reduces sulfate and oxidizes lactate or malate. In particular, the ratio of this
metalloprotein to total protein decreases in iron-starved DMSS-1 cells (Fig. 4.4). This decrease of iron-
dependent components of the respiratory chain likely impairs the flow of electrons from organic electron

donors to sulfur and slows down the respiration.

The reduced flow of electrons to the sulfate reducing system would affect S-isotope fractionation.
According to the reaction and isotope fractionation scheme for MSR initially developed by Rees (1973)
and further modified by Brunner and Bernasconi (2005) (referred to as the RBB model), the MSR
pathway consists of several enzymatic steps that are thought to be reversible. These steps include ATP
sulfurylation, reduction of APS, and reduction of sulfite. The RBB model explains the overall S-isotope
fractionation by considering both the ratios between forward and backward fluxes (reversibility) at each
step, and the intrinsic isotope effects of these enzymatic steps. Because isotope effects at individual
enzymatic steps depend on the difference between ground-state and transition-state structures in each
reaction (O’Leary, 1989), which is unlikely to be altered by the nutrient availability itself, MSR operating
in a more reversible manner should yield larger S-isotope effects. According to the RBB model, when
DMSS-1 is limited by iron, the sulfate reducing pathway operates under more reversible conditions.
Given that electrons are essential substrates for sulfate reduction, a slower flow of electrons to terminal
reductases could slow down the forward reactions, increase the reversibility, and in turn, increase the
overall fractionation. Our results show that this may be triggered by a deficiency in iron-dependent

components of the respiratory chain.

Interestingly, iron deficiency and the varying availability or chemistry of an electron donor yield very
similar relationship between csSRR and *'¢ (Fig. 4.7). This is consistent with the ability of both iron and
electron donors to dictate the rate at which electrons are released from the donor (Brunner and
Bernasconi, 2005; Sim ef al., 2011a and 2011b), whether at the very entry point, in the case of organic
electron donors, or further downstream, in the case of iron. Limitations by other metals may similarly
affect S-isotope fractionation during MSR: the ATP sulfurylase contains Co and Zn (Gavel et al., 1998),

and hydrogenases commonly contain Ni and Se, along with Fe at their active sites (Rabus et al., 2006).

Ammonium limitation. Acetylene reduction assay confirms the ability of DMSS-1 to fix nitrogen
when it grows in a nitrogen-limited medium (Fig. 4.3). This ability is also reported in other Desulfovibrio
species (Riederer-Henderson and Wilson, 1970). Nitrogen limitation diminishes the growth yield of
DMSS-1, while increasing the respiratory activity of each cell (Fig. 4.2). N, fixation is a metabolically
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expensive process requiring 8 electrons and 16 ATP molecules (Postgate, 1982) and requires that a larger
portion of energy generated by the respiratory activity be spent on nitrogen fixation rather than

biosynthesis. Consequently, this decreases the growth yield.

Unlike the limitation by iron or organic compounds, which decreased c¢sSRR and increased He,
nitrogen limitation increased both csSRR and ¢ in DMSS-1 cultures (Fig. 4.7). The RBB model
described above attributes the overall isotope fractionation during MSR to the reversibility and the
intrinsic isotope effect of each enzymatic step. In the steady state, csSRR is equal to the difference
between the forward and backward fluxes at any enzymatic steps. According to the RBB model, a faster
respiration accompanied by a larger isotope fractionation requires a greater reversibility of MSR and a
larger net forward flow. This requirement generates a testable hypothesis that links nitrogen fixation to
sulfate reduction through the expression levels or concentrations of respiratory enzymes. For each
enzymatic reaction in the MSR pathway, both forward and backward fluxes are proportional to the
concentration of the enzyme catalyzing that reaction. As a result, the net forward flow is proportional to
the concentration of respiratory enzymes, but the ratio between the two fluxes (reversibility) should not
depend on the enzyme concentration in the cell. Proteins involved in the central energy metabolism and
electron transport are upregulated during nitrogen fixation in the cynobacterium Nostoc sp. and the o-
proteobacterium Rhodopseudomonas palustris, reflecting a high metabolic demand for nitrogen fixation
(VerBerkmoes et al., 2006; Stensjo et al., 2007). We predict that nitrogen limitation similarly increases
the concentration of respiratory enzymes in DMSS-1, thereby increasing csSRR. At the same time, N,
fixation as an additional sink for reducing power, may reduce the electron flow to the MSR pathway,
resulting in a moderate increase in S-isotope fractionation. This hypothesis can be explored byproteomic

studies of nitrogen-replete and limited cultures of DMSS-1.

Environmental and geological significance. The effect of iron and nitrogen limitation on S-isotope
fractionation can influence interpretations of sulfur isotope data in modern and ancient environments.
The natural habitat of DMSS-1, a salt marsh, contains 10 - 60 pM of dissolved iron in the anoxic
porewaters (Giblin and Howarth, 1984), i.e., at least two orders of magnitude more iron than the
submicromolar levels limiting the growth of DMSS-1 under our experimental conditions. It is thus
unlikely that these bacteria are iron limited in their natural habitat. Iron concentrations of reducing
porewater are usually several to several tens of uM in the open ocean sediments (Klinkhammer, 1980;
Sawlan and Murray, 1983; Winters and Buckley, 1986; Béttcher ez al., 2006) and several tens to several
hundreds of uM in the coastal environments (King et al., 1982; Bottcher et al., 2000) and in the euxinic

Black Sea (Wijsman ef al., 2001). The relatively high concentrations of iron, produced by the reduction
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of iron oxides and liberation of soluble iron into porewater, suggest that iron is not the key factor
controlling the magnitude of microbial S-isotope fractionation in anoxic marine sediments. However, the
situation may be different in the water column, where iron concentrations are commonly smaller. For
example, iron concentration in the anoxic waters is lower than 0.3 pM in the Black Sea (Alkan and
Tufekci, 2009) and lower than 0.5 uM in the Cariaco Basin (Li ef al, 2011). In modern marine
environments, MSR is mostly restricted to anoxic sediments, but in some anoxic basins, sulfate reducing
microbes thrive in the water column. For example, in the Black Sea, 10 ~ 50% of pyrite burial is
attributed to sulfate reduction in the water column (Neretin et al., 2001). The sub-micromolar
concentrations of dissolved iron there may limit MSR and contribute to the production of sulfides
depleted up to 60%o (Sweeny and Kaplan, 1980; Fry ef al., 1991; Lyons, 1997). The same mechanism
may have been relevant in the past ocean, particularly during times of oceanic euxinia (Trude, 2012)
which would have expanded the habitat of sulfate reducing microbes from the sediments into the water
column. This expansion might have diminished the overall availability of iron for marine sulfate reducing
microbes, thereby increasing the magnitude of S-isotope fractionation. This hypothesis may explain some
of the > 20%o increase in S-isotopic difference between sedimentary sulfide and sulfate at the onset of the

Cretaceous Oceanic Anoxic Event 2 (Adams et al., 2010).

Ammonium ion liberated by the mineralization of organic matter provides a source of nitrogen to
microbes in zones of sulfate reduction (Volkov and Rozanov, 2006; Schrum et al., 2009), but sulfate
reducers are also reported to contribute to N, fixation in some highly productive environments, including
a wetland (Santruckova et al., 2010), an intertidal microbial mat (Steppe and Paerl, 2002), and a seagrass-
covered coastal lagoon (Welsh et al., 1996). All of these settings generally exhibit substantial rates of
both N, fixation and sulfate reduction (Hines ef al., 1989; Steppe and Paerl, 2002; Pester et al., 2010),
suggesting that larger S-isotope fractionations may accompany high rates of sulfate reduction if sulfate
reducers also fix N,. Lake Cadagno, a meromictic lake in Switzerland may be an environment that meets
the above conditions. In this lake, dense populations of anoxygenic phototrophic bacteria at the
chemocline enrich the underlying monimolimnion and sediments with organic compounds accessible to
sulfate reducing microbes (Del Don et al., 2001), and sulfate reducing 3-Proteobacteria fix N, (Halm et al.,
2009). Nitrogen fixation fueled by vigorous sulfate reduction may account for a part of the S-isotope
difference between dissolved sulfate and sulfide, which is often as large as 45%o (Canfield et al., 2010).
Nitrogen limitation may also contribute to the large S-isotope fractionation in areas characterized by low
productivity, such as deep sea sediments (e.g. Rudnicki e al., 2001). Organic compounds limit the

growth and MSR in these settings, but the nitrogen requirement of microbial communities in deep sea
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sediments may further increase ¢, depending on the C/N ratio of the substrates used for growth

(Anderson and Pondaven, 2003).

To the best of our knowledge, this is the first study to demonstrate the relationship between the
availability of iron and reduced nitrogen and the magnitude of S-isotope fractionation during MSR. The
marked effect of both nutrients on S-isotope fractionation underscores the need to better understand
nutrient and metal requirements of sulfate-reducing microbes in nature. Improved constraints on
microbial S-isotope fractionation will bring a stronger physiological perspective to the interpretation of S-
isotope signatures. The emerging constraints on the physiological coupling among S, C, Fe, N, and other
cycles show that controls on natural S-isotope signatures are complex, and may involve various

limitations that extend beyond the availability and quality of organic carbon.
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5. Fractionation of sulfur isotopes by Desulfovibrio vulgaris mutants

lacking periplasmic hydrogenases and cytochrome c;

5.1. Abstract

Sulfate reduction is the principal microbial process responsible for the anaerobic mineralization of
organic compounds, and the associated isotope fractionation has been widely used to trace the
biogeochemical cycling of sulfur and carbon. However, intracellular mechanisms behind the wide range
of fractionations observed in nature and cultures are not fully understood. In this study, we investigate the
influence of electron transport chains on the fractionation of sulfur isotopes by using Desulfovibrio

vulgaris Hildenborough mutants lacking periplasmic hydrogenases and cytochrome c;.

Mutants lacking Type I tetraheme cytochrome c3 (dcycA) fractionated the 34$/**S ratio approximately
50% more than the wild type, evolving H, in the headspace and exhibiting a lower cell specific respiration
rate. These observations imply that the reduced flow of electrons from organic acids to terminal
reductases increases the magnitude of S-isotope fractionation during microbial sulfate reduction. In
addition, the growth of dcycA on pyruvate relied largely on fermentation rather than sulfate reduction,
suggesting that simultaneous sulfate reduction and fermentation may be responsible for some of the large
naturally-occurring S isotope effects. The deletion of periplasmic [FeNiSe] hydrogenase increased S-
isotope fractionation by 2%o, while other periplasmic hydrogenase mutants fractionated 34S/%2S ratio to the
extent similar to their parent strains. This small, but distinct, effect may be due to the repression of non-Se
hydrogenases by Se present in the medium. Overall, our results demonstrate the link between electron
transfer chains and S-isotope effects, identifying a complex biochemical base for the interpretation of S-

isotope signatures.
5.2. Introduction

Microbial sulfate reduction (MSR) is the principal anaerobic metabolism that remineralizes organic
compounds. This process uses sulfate as an electron donor, produces sulfide and results in significant
isotope effects, where the product sulfide is depleted in heavy isotopes, 33, 8, and **S with respect to
the starting sulfate. Consequently, the isotopic composition of various sulfur species can be used to probe
the coupled cycling of S and C in nature (Canfield and Teske, 1996; Lyons, 1997; Wortmann er al., 2001;
Zerkle et al., 2010). While sulfate reducing microbes prefer lighter S isotopes, the magnitude of
fractionation varies spatially and temporally from 0 to 77%o in nature (Fry et al., 1995; Canfield and

Teske, 1996; Rudnicki ef al., 2001). To probe the origin these large variations and identify their potential
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environmental implications, a number of studies have investigated factors controlling S-isotope
fractionation in pure and mixed cultures of sulfate reducing microbes (Kaplan and Rittenberg, 1964;
Chambers ef al., 1975; Detmers ef al., 2001; Kleikemper et al., 2004; Johnston et al., 2005; Hoek et al.,
2006; Sim et al., 2011a).

To date, culture studies investigating the fractionation of S isotopes during MSR focused on the
influence of organic substrates (Chambers et al., 1975; Kleikemper et al., 2004; Sim ef al., 201 1a), sulfate
(Habicht et al., 2002, 2005), sulfide (Eckert ef al., 2011), iron (Sim et al., submitted), nitrogen (Simer al.,
submitted), and temperatures (Canfield er al., 2006; Mitchell et al., 2009). On one hand, these studies
revealed an apparent link between the physiology of sulfate reducing microbes and the magnitude of S-
isotope fractionation. On the other hand, only few of these studies attempted to directly address
intracellular mechanisms and enzymatic activities dictating the measured fractionation of S isotopes
(Mangalo ef al., 2008). Fortunately, recent advances in molecular biology have enabled investigation of
the biochemical basis of MSR by mutant analyses of D. vulgaris lacking cytoplasmic hydrogenases
(Stolyar et al., 2008; Walker et al., 2009), periplasmic hydrogenases (Poherlic ef al., 2002; Goenka et al.,
2005; Caffrey et al., 2007), cytochromes (Semkiw et al., 2010), and transmembrane complexes (Dolla et
al., 2000; Zane et al., 2010). These analyses can probe the contribution of individual enzymes to MSR,
providing the complementary information to classical culture studies that often treat the cell as a black

box.

MSR is a respiration process that is intrinsically linked to the oxidation of electron donors such as
organic substrates or H,. Thus, the flow of electrons to terminal reductases is suspected to regulate S-
isotope fractionation, in particular when MSR is limited by electron donors (Hoek ef al., 2006; Sim ef al.,
2011a) and iron (Sim et al., submitted). Currently, two electron transport pathways for the conservation of
energy are thought to operate in Desulfovibrio vulgaris (Noguera et al., 1998; Keller and Wall, 2011): a
hydrogen cycling pathway using hydrogen as an intermediate electron carrier (Fig. 5.1), and a pathway
bypassing hydrogen cycling and transferring electrons directly to the membrane-bound menaquinone
pool. Although the relative contribution of these pathways may vary in the wild type depending on the
environmental conditions (Noguera et al., 1998), mutations of specific components in each pathway can
modulate the flow of electrons at the enzymatic level. A hydrogen cycling pathway requires both
cytoplasmic and periplasmic hydrogenases for the formation of H, in cytoplasm and the subsequent
oxidation in periplasm. Cytochromes are also essential to that pathway, because they deliver electrons
from periplasmic hydrogenases to the transmembrane complexes that ultimately deliver electrons to

terminal reductases (Odom and Peck, 1981; Heidelberg et al., 2004). Consequently, the deletion of genes
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Figure 5.1. Schematic representation of electron flow suggested by the hydrogen cycling model (Odom
and Peck, 1981). Reducing equivalents are suggested to flow from the electron donor to sulfur through
hydrogen metabolism, which could be mediated by hydrogenases and other electron carriers, including
cytochromes (Heidelberg et al., 2004). Recent molecular biological studies suggest that hydrogen cycling
may contribute but is not essential to the energy conservation by sulfate reducing microbes (Keller and
Wall, 2011; Pereira et al., 2011). Abbreviations: LacP, lactate permease; Ldh, lactate dehydrogenase; Por,
pyruvate-ferrodoxin oxidoreductase; Hase, hydrogenase; Cyt. ¢, cytochrome ¢; Tme, transmembrane
redox complex; SulP, sulfate permease; Sat, ATP sulfurylase; Asr, APS reductase; Dsr, dissimilatory

sulfite reductase; PPase, pyrophosphate phosphatase.
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encoding any of these components can impair the hydrogen cycling pathway, altering the overall flow of

electrons (Stolyar et al., 2008; Walker et al., 2009; Semkiw et al., 2010).

Here we ask whether changes in the electron flow can affect S-isotope fractionation, as predicted by
previous culture studies (Hoek et al., 2006; Sim et al., 2011a; Sim et al., submitted). We use mutant
strains of Desulfovibrio vulgaris Hildenborough lacking cytochrome c; and hydrogenases, characterize
their growth and sulfate reduction rates, and measure the resulting S-isotope fractionation. To the best of
our knowledge, none of thes previous studies attempted to link mutant analyses of a sulfate reducing

microbe to the resulting S isotope effects.
5.3. Methods

5.3.1. Bacterial Strains and Growth Medium

Various mutant and corresponding parent strains of Desulfovibrio vulgaris Hildenborough (DvH) were
kindly provided by Dr. Judy Wall (University of Missouri, MO, USA) and Dr. Gerrit Voordouw
(University of Calgary, Alberta, Canada). The strains include: four periplasmic hydrogenase mutants
(AhydAB, AhynBA-1, AhynBA-2, and AhysBA), two cytoplasmic hydrogenase mutants (Aechd, Acool),
and one Type I tetraheme cytochrome ¢3(Tpl-c3) mutant (AcycA) (Table 5.1). All strains were cultured in
a chemically defined, phosphate-buffered medium containing (per 1 L): 3g Na,SO,, 7g NaCl, 0.3g Nas-
citrate:2H,0, 0.32g KH,PO,, 0.25g K,HPO,, 1g MgCl,:6H,0, 0.1g KCI, 0.1g CaCly2H;0, Img
resazurin, 1 ml of trace metal solution and 10 ml of vitamin solution. The trace metal solution contained
(per liter): 1g FeCl,4H,0, 0.5g MnCl,4H;0, 0.3g CoCl,"4H,0, 0.2g ZnCl,, 0.05g Na;Mo00,-4H,0, 0.02g
H;BO;, 0.1g NiSO46H,0, 2mg CuCl,2H,0, 6mg Na,SeOs 5H,0, and 8mg Na,WO42H;0). The vitamin
solution contained (per liter): 2mg biotin, 2mg folic acid, 10mg pyridoxine-HCI, 5mg thiamin-HCI, Smg
riboflavin, 5Smg nicotinic acid, Smg pantothenic acid, 5mg p-aminobenzoic acid, and 1 mg vitamin B),).
Titanium (IIT) citrate (0.1 mM) was added as a reducing agent (Zehnder and Wuhrmann, 1976; Louie and
Mohn, 1999). Cultures contained either lactate (20 mM) or pyruvate (40 mM) as electron donors and
carbon sources. The pH of the medium was adjusted to 7.5 using NaOH, flushed with N, gas, and
sterilized by autoclaving. Filter-sterilized anaerobic solutions of titanium citrate, vitamins, and Ca/Mg

were added to the medium after autoclaving. The final pH of the medium was between 7 and 7.5.
5.3.2. Culture Experiments

All strains were incubated in batch cultures at 37°C. Culture bottles containing sterile media (20 ml)

were inoculated with washed cells. The cells were washed three times by anaerobic centrifugation and
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Figure 5.2. Growth of wild type and mutant Desulfovibrio vulgaris cultures on lactate (A, B, C) and
pyruvate (D, E, F). Growth curves for mutants are displayed in parallel with their parent strains: wild-type
(A, D); JIW375 (B, E); JW710 (C, F). Cell densities are subject to a +£15% error.
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resuspension in sterile, fresh medium to reduce the carryover of sulfide. Cell growth and sulfide
concentration were monitored at least three times a day. Sulfide concentration was measured by a
modified methylene blue assay (Cline, 1969) in 200 uL culture samples that were mixed by 1 ml of 0.05
M Zn-acetate solution. Growth was monitored by measuring the optical density at 630 nm using the
Synergy2 Biotek microplate reader, (BioTek, VT, USA) and by microscopic counts of cells stained by
SYTOX-Green nucleic acid stain (Invitrogen S7020, Paisley, UK) using a Zeiss Axio Imager M1
epifluorescence microscope (Carl Zeiss, Thornwood, NY, USA). Gases in the headspace of early
stationary phase cultures were examined for hydrogen or carbon monoxide by withdrawing 300 pl of
headspace gas using a gas-tight syringe and analyzing the samples by a GC-TCD-methanizer-FID
(Shimadzu GC-2014) with a Carboxen-1000 packed column (60/80 mesh, 1/8” OD, length, Supelco)..
Procedural and analytical reproducibility was 8%. At the end of the incubation, 3 ml of 1 M Zn-acetate

were added to terminate microbial activity and to precipitate dissolved sulfide as zinc sulfide.

Cell-specific sulfate reduction rates (csSRRs) were compared to the magnitude of S-isotope
fractionation. The csSRR was calculated for exponentially growing cells using the change in

concentration of sulfide and cell density as previously described (Sim ef al., 2011a):

_In(c,)=1In(c,) [H,S], —[H,S],
- tx - tl cx ——cl

csSRR

M

where ¢, and , are the onset of growth and the time of sampling, respectively, and C and [HS] are cell

densities (number of cells/ml) and sulfide concentrations at the time of sampling, respectively.

5.3.3. Isotopic Measurements

S-isotope fractionation factors during MSR were calculated using the measured isotopic compositions
of the initial sulfate and the produced sulfide that is precipitated as zinc sulfide at the end of experiments.
Depending on the concentration of sulfide at the end of incubation, the proper volume of sample was
centrifuged so as to collect approximately 10 pmole of ZnS. The collected ZnS was resuspended in 400
pl of distilled water, mixed with 500 pl of AgNO; stock solution (1.7g of AgNOs in 100 ml of 0.1 M
HNO:s), and incubated at 65°C overnight. The resulting Ag,S was washed three times with distilled water
to eliminate the residual silver nitrate, and dried at 80°C for one day. Sulfate in the fresh medium (3 ml)
was reduced to sulfide by the reaction with 30 ml of the reducing agent (mixture of HI, Hs;PO, and HCI,
Thode et al., 1961). Samples were boiled and purged by N, gas for two hours. Volatile products were
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passed through a condenser and a trap containing distilled water, and the sulfide was collected in a Zn-
acetate trap. ZnS was converted to Ag,S as described above. The Ag,S samples were allowed to react
with an excess of fluorine gas for more than 5 hours at 300°C, and the produced SF¢ was purified by gas
chromatography. Purified SF was transferred into an isotope-ratio mass spectrometer for multiple sulfur

isotope measurements in the dual inlet mode (Ono et al., 2006).

Sulfur isotopic compositions are reported using the conventional delta notation.

53 =1000. (22 Roanpt -1) @)

reference

where R are the isotopic ratios (**S/**S) of sample and reference materials. Our study reports all isotopic
ratios with respect to the starting sulfate. The analytical uncertainty of sulfur isotope measurements is
0.2%.. The isotope fractionation factor (a) in this study was calculated using the Rayleigh distillation

equation (Mariotti ef al., 1981):

w1 5A,,+1000 ;
a—lnfln[l+(] 500 | @

r

where f, is the fraction of the remaining sulfate, 8, and 34, are sulfur isotope compositions of the initial
sulfate and sulfide produced during the incubation, respectively. The isotope enrichment factor is defined

as:
¥e=1000-(1-*a) (4)
According to this definition, positive values represent the depletion of heavy isotopes in the product.

5.4. Results

All tested mutants were capable of growth on lactate or pyruvate, respectively, as the sole carbon and
energy sources (Fig. 5.2). When grown on lactate, all tested strains reduced sulfate to sulfide (Table 5.2),
and most mutants grew at rates similar to their parent strains (Figs. 5.2A, 5.2B, 5.2C). An exception to
this was cyc4 mutant, which grew more slowly and to a lower cell density relative to the wild type (Fig.
5.2A), and exhibited slower csSRR than other strains (Fig. 5.3). Respiration in pyruvate-grown cultures
was slower, but all strains reached a higher cell density when growing on pyruvate than when growing on

lactate (Figs. 5.2, 5.3). With the exception of Acycd, parent and mutant strains grew at comparable rates
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csSRR produced  produced H, &’ *S suifide

electrondonor strain g collday)  HS (mM)  (umole) (%) “e(%0)
DvH 94.1 £ 155 9.2 <01 -7.6 102 = 04
1029 = 170 9.9 -7.1 100 £ 0.5
deycA 401 = 7.1 8.9 77.6 -12.5 16.5 = 0.5
AechA 1129 = 188 8.4 -7.8 10.1 = 04
JW375 913 £ 152 9.6 -8.9 122 £ 0.5
lactate Acool 1027 = 17.0 9.2 -9.4 127 £ 0.5
JW710 101.2 = 167 8.9 -7.1 94 £ 04
AhydAB 794 =+ 13.3 10.1 -6.7 95 £ 0.5
AhynBA-1 845 = 143 9.5 -7.3 10,0 £ 04
AhynBA-2 827 += 139 9.7 -6.6 9.1 = 04
AhysBA 86.7 + 145 9.6 -8.3 11.5 £ 05
DvH 276 + 4.6 6.3 0.2 -13.8 166 = 04
AdcycA 1.4 £ 02 0.9 100.7 -23.9 245 = 0.3
AechA 286 = 4.7 6.7 -13.2 161 = 04
JW375 33.9 + 55 6.0 -15.4 182 = 04
pyruvate AcooL 280 = 4.7 6.3 -16.5 19.8 = 0.4
JW710 273 * 45 6.9 -11.0 135 = 04
AhydAB 208 £+ 36 6.9 -11.5 14.1 * 0.4
AhynBA-1 249 = 42 6.1 -12.8 153 + 04
AhynBA-2 276 * 4.6 7.1 -11.1 13.7 £ 0.4
AhysBA 315 = 52 6.7 -13.0 158 £ 0.4

Table 5.2. Growth parameters and sulfur isotope effects estimated from the wild type and the mutant

strains of Desulfovibrio vulgaris.
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and attained the similar cell densities in stationary cultures (Figs. 5.2D, 5.2E, 5.2F). AcycA cells had a
lower growth rate, but attained the final cell density (7.2x10® cells/ml) comparable to that of the wild
type (8.4x10® cells/ml) (Fig. 5.2D). Sulfide concentration in the cultures of Acyc4 was as low as 0.9 mM
when the growth ceased (Table 5.2), resulting in much lower csSRR relative to other strains grown under

identical conditions (Fig. 5.3).

Because the deletion of cycd impaired the growth, we hypothesized that some of the reducing
equivalents may be released from the cell in the form of H, or CO, instead of being used to reduce sulfate
(Voordouw, 2002). We thus examined their concentrations in the headspace of cultures in early stationary
phase (Table 5.2). The wild type grown on lactate or pyruvate produced negligible amounts of hydrogen
(< 1 pmole). In contrast, AcycA produced 78 and 101 pmoles of hydrogen when grown on lactate and
pyruvate, respectively, i.e., more than 100-fold more H, than the wild type. Under our experimental

conditions, CO in the headspace of all early-stationary-phase cultures was not detected.

In keeping with the reduced growth and sulfate reduction rates by Acyc4, sulfide in the same cultures
was most depleted with respect to the heavy isotope (**S) (Table 5.2 and Fig. 5.3). AcycA grown on
lactate and pyruvate fractionated **S/*’S at 16.5%0 and 24.5%o, respectively, while the corresponding
values for the wild type were 10.1 and 16.6%o, respectively. Calculated enrichment factors (*e) in
cultures of mutants other than AcycA ranged from 9.1 to 12.7%o in lactate-grown cultures and from 13.5 to
20.0%o in pyruvate-grown cultures (Fig. 5.3). Variations within these ranges were largely driven by the
use of different parent strains in the construction of mutants (Table 5.1). In addition, mutant lacking
hysBA fractionated **S/*S ratio 2%o greater than its parent strain. This increase was smaller than that
associated with the deletion of cyc4 but larger than the analytical uncertainties (Table 5.2). All strains in
pyruvate-grown cultures fractionated 3S/%2S by 4%o more than when oxidizing lactate (Fig. 5.3). A
similar effect of pyruvate and lactate was previously reported in cultures of a different Desulfovibrio

species (Sim ef al., 2011a).
5.5. Discussion

Our experiments demonstrated the effect of disruptions in electron transfer chains on S-isotope
fractionation during MSR. This disruption was the largest in cells of DvH lacking a Type I tetraheme
cytochrome c; (Tpl-c3) (AcycA). Tpl-cs is proposed to shuttle electrons from periplasmic hydrogenases to
transmembrane complexes, which then transport electrons to cytoplasmic terminal reductases (Heidelberg
et al., 2004; Semkiw et al., 2010) (Fig. 5.1). Consequently, Tpl-c; is essential for the hydrogen cycling

pathway, but not required for the transfer of electrons to the membrane-bound menaquinone pool
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(Noguera et al., 1998; Keller and Wall, 2011). DvH mutants lacking AcycA exhibited lower csSRR,
suggesting an impaired flow of electrons from organic acids to sulfur. Two factors may contribute to this
“sluggish” electron transfer to the sulfate reducing pathway in Acyc4 mutant. First, the accumulation of
H, in the headspace of AcycA cultures indicates that some reducing equivalents escape from the electron
transfer chain. Second, the midpoint potential of menaquinone (-73mV) is relatively high compared to
SO5%/HS (-116 mV) (Thauer et al., 1977), while that of the cytochrome c; ranges from -125 to -325 mV
(Rabus et al., 2006), suggesting that cytochrome ¢; may be more favored as an electron donor. Our data
do not allow us to distinguish between these hypotheses, but identify some intracellular processes and

biochemical components that can influence the magnitude of S-isotope fractionation.

The MSR pathway consists of several enzymatic steps and operates in a reversible manner, and the
overall isotope effect during sulfate reduction depends on the ratio between forward and backward fluxes
at each enzymatic step (reversibility; Rees, 1973; Brunner and Bernasconi, 2005). According to this
model, a reduced flow of electrons should slow down the reductive reactions, increase the reversibility,
and in turn, increase the overall S-isotope fractionation during MSR. Such reduced flow is consistent
with both the slower growth rates of Acyc4 and an increased S-isotope effect produced by this mutant.
Larger S-isotope fractionation in the absence of Tpl-c; may also inform interpretations of sulfur isotope
data in modern and past environments. First, although the multiheme cytochromes ¢ are widespread
among sulfate reducing microbes (Postgate, 1956; Pereira et al., 2011), several species, including
Desulfotomaculum acetoxidans, Caldivirge maquilingensis, and Desulfotomaculum reducens, contain no
cytochromes ¢ (Pereira ef al., 2011). These organisms are unlikely to rely on hydrogen cycling for the
delivery of electrons during sulfate reduction. A sharp contrast in S-isotope fractionation between the
AcycA mutant and the wild type suggests that species lacking cytochromes ¢ and other components of the
classical hydrogen cycling pathway (Pereira et al., 2011) may produce larger fractionations than
organisms that cycle hydrogen. Moreover, intracellular levels of Tpl-c; can be altered by environmental
factors. For example, iron deficiency impairs the synthesis of cytochrome ¢ in sulfate reducing bacteria
(Postgate, 1956; Sim ef al. submitted), and increases S-isotope fractionation (Sim et al., submitted). Here,

we confirm this link more directly, by using cells that cannot synthesize Tp1-c;.

The largest S-isotope effect observed in this study was associated with the lowest concentrations of
sulfide produced at the end of exponential growth (Table 5.2). Acycd4 produced only 0.9 mM sulfide when
grown on pyruvate, but attained cell densities comparable to the wild type, pointing to comparable energy
yields relative to sulfate reduction. This apparent decoupling between growth and sulfate reduction is

consistent with the growth of Acycd supported by pyruvate fermentation as well as by pyruvate oxidation
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and transfer of electrons to sulfate. Simultaneous sulfate reduction and fermentation have been reported in
other sulfate reducing bacteria (Sass ef al., 2002; Sim et al., 2011b). As previously discussed, if electrons
are diverted away from the respiratory chain, the reversibility of the MSR pathway should increase,
resulting in larger S-isotope fractionation. According to the steady state model (Rees, 1973; Brunner and
Bernasconi, 2005), the maximum fractionation during MSR is expected when the backward fluxes equal
the forward fluxes. However, when the generation of ATP depends exclusively on sulfate respiration, a
minimum respiration rate is required to fulfill the maintenance energy requirement (Pirt, 1965), thereby
resulting in the S-isotope fractionation much smaller than the theoretical maximum. In contrast, when
sulfate reduction occurs simultaneously with fermentation, fermentation can provide some of the
maintenance energy, allowing slower csSRR that leads to larger 3¢ values. This hypothesis may explain
why AcycA grown on pyruvate yielded the largest enrichment factor obtained in this study. A similar
decoupling of carbon and sulfur metabolisms is reported during MSR associated with the production of
large S-isotope fractionation (Sim ef al., 2011b). Given that many sulfate reducing microbes are also
facultative fermenters (Rabus ef al., 2006), fermentation by SRMs in natural habitats and S isotope

signatures produced in such communities deserves further exploration.

DvH mutant lacking the [FeNiSe] hydrogenase (AhysBA) produced sulfide that was depleted by 2%
relative to sulfide produced in the cultures of parent strain of AhysBA. Due to the apparent redundancy of
four periplasmic hydrogenases (Caffrey et al., 2007), AhysBA mutant was not expected to produce a
larger fractionation than mutants lacking other periplasmic hydrogenases. This small, but distinct, effect
may be due to the presence of selenium in the medium (see Methods). If Se is present, [FeNiSe]
hydrogenase becomes the major periplasmic hydrogenase in DvH, and the synthesis of other
hydrogenases is repressed at a transcriptional level (Valente et al., 2006). Under these growth conditions,
the deletion of other minor hydrogenases might not significantly alter total hydrogenase activity in
periplasm. On the other hand, mutants lacking Ays genes should oxidize less cytoplasmically-produced

hydrogen, reduce the flow of electrons to MSR pathway, and consequently, increase the S-isotope effect.

To the best of our knowledge, this is the first study relating the fractionation of S-isotopes to the
absence of specific genes in sulfate reducing microbes. Our results reveal links between electron transfer
chains and S-isotope effect, and point to various biochemical components that can contribute to the
production of the observed S-isotope signatures in nature. Future studies can investigate S-isotope
fractionation by mutant strains of DVH lacking other key components of the electron transfer chain, such
as the Hmc and Qmo complexes (Dolla ef al., 2000; Zane et al., 2010) to provide better constraints on the

relationship between the flow of electrons and the fractionation of sulfur isotopes. This approach also
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should be expanded to different species of sulfate reducing bacteria (Rapp-Giles, 2000; Casalot et al.,
2002) and to other reactions contributing to MSR. For example, mutants lacking sulfate permeases and
enzymes containing various metal cofactors may help better constrain effects of sulfate concentrations

and trace metals on S-isotope fractionation.
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6. Conclusions and Future Work

6.1. Conclusions
6.1.1 Effect of Organic Electron Donor

The relationship between the growth of a newly isolated marine sulfate reducing bacterium, DMSS-1
and the fractionation of sulfur isotopes are examined as a function of seven different organic electron
donors in batch cultures, and as a function of the dilution rate in lactate-limited continuous cultures. An
actively growing culture of DMSS-1 produces sulfide depleted in *S by 6 to 66%o, depending on the
availability and chemistry of organic electron donors. The magnitude of the isotope effect correlates well
with the cell specific sulfate reduction rate (¢csSRR). The use of multiple sulfur isotopes in the model of
metabolic S fluxes shows that the availability and the nature of the organic electron donor alter the fluxes
along each step of sulfate reduction. The largest isotope effects occur when cultures grow slowly on
glucose, a recalcitrant organic substrate. These findings bridge the long-standing discrepancy between the
upper limit for sulfur isotope effect (**¢) in laboratory cultures and the corresponding observations in
nature and provide an alternative model for the large isotope fractionation, which has been thought to be
indicative of oxidative sulfur-recycling. Instead, the strong dependence of **¢ on the availability and
quality of natural organic matter suggests that temporal or spatial changes in sulfur isotope effects may
reflect the changing nature of organic material that fueled sulfate reduction. The relative contributions of
sulfate reduction alone and of the environmental-scale oxidative recycling toward large present and past

natural fractionations of S isotope ratios now remain to be evaluated.
6.1.2 Limitation of Nitrogen and Iron

The influence of ammonium and iron limitation on multiple-S isotope fractionation by DMSS-1 is
examined by reducing the concentrations of nitrogen and iron in a defined medium down to < 100 uM
and < 1 pM, respectively. The availability of iron controls S-isotope fractionation in a manner similar to
that of the organic electron donor. Nitrogen limitation produces smaller, but distinct isotopic signatures.
During iron limitation, the increase in S-isotope fractionation is accompanied by a decrease in the
cytochrome ¢ content as well as csSRR. Given that iron is present in many enzymes and electron carriers
linking the oxidation of organic electron donor to the reduction of sulfate, iron appears to affect the S-
isotope fractionation by influencing carbon and sulfur catabolism. Some areas where nitrogen and iron
limitation may lead to large observed S-isotope effects include highly productive benthic microbial mats

or euxinic solutions.
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6.1.3 Mutants Lacking the Enzymes Involved in Sulfate Respiration

A comparison between a wild-type organism and mutants lacking a specific enzyme allows one to
attribute the difference in S-isotope fractionation to one enzymatic step. The mutant strains of
Desulfovibrio vulgaris Hildenborough lacking cytochromes and hydrogenasese are cultured with lactate
or pyruvate as an electron donor, and the resulting S-isotope fractionations are examined. The mutant
lacking Type I tetraheme cytochrome c; fractionates 38228 ratio approximately 50% greater relative to
the wild type. The deletion of periplasmic [FeNiSe] hydrogenase also increases S-isotope fractionation by
2%o, while other periplasmic hydrogenase mutants fractionate #S/%28 ratio to the extent similar to their
parent strains. Overall, the inefficient delivery of electrons from organic acids to terminal reductases
increases S-isotope fractionation during MSR. These results confirm the link between the flow of
electrons and the fractionation of S-isotopes, which was suggested by the culture experiments using

DMSS-1.
6.2. Future Work

In this thesis, | have shown the relationships between the physiology of SRM grown in pure cultures
and the resulting S-isotope fractionations. The relative significance of these factors in an environmental
context remains to be determined. Further geochemical and microbiological studies of microbial S-
isotope fractionation in modern and ancient sediments should test feedbacks that link S-isotope signatures
and geochemical cycles of other essential elements. This research should have two major components: the
first would include field studies of different environments with distinct S-C-N-Fe cycles, whereas the
second would focus on the fate of intermediate sulfur species and the associated isotope effects that can

contribute to the sulfur isotope signatures in nature along with MSR.

6.2.1. Do Limitations by Organic Substrate and Other Nutrients Affect the S-isotope Effect

in Nature?

My recent findings suggest that substrates used by sulfate-reducing microbes can influence the
magnitude of S-isotope fractionation in nature. Although volatile fatty acids are commonly used as
growth substrates for SRMs, the contribution of these compounds to sulfate reduction can be as low as
20% in some environments (Finke et al., 2007). Instead, MSR appears to be fueled by other electron
donors, including sugars, aromatic compounds, and longer alcohols and fatty acids. The oxidation of
organic compounds coupled with MSR can be studied by radiotracer or molybdate inhibition

experiments. A good model system in which to examine the influence of organic matter on MSR is Lake
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McCarrons (MN). This low sulfate, permanently anoxic lake is characterized by large S-isotope
fractionations up to 50%o (Gomes and Hurtgen, in prep), although MSR is thought to produce little S-
isotope fractionation when sulfate is limiting (Habicht et al., 2002). Lake McCarrons is thus of great
interest, since other environmental factors, such as the composition of organic substrates, may outweigh

the effect of low sulfate levels.

More broadly, S-isotopic and chemical (sulfur, nitrogen, iron, and other trace metals) analyses should
be integrated with the characterization of organic matter in different environments, including estuarine
terrestrial sediments, grass-covered carbonate sediments, and hypersaline microbial mats. Each of these
environments is distinct in terms of electron donors and other nutrients. Given the difference in primary
production, not only the amount, but also the reactivity or C/N ratio of the organic compounds can vary
among ecosystems. For example, organic compounds in grass-covered carbonate sediments and
terrigenous sediments include organic matter released by higher plants, while those from microbial
sources are dominant in hypersaline ponds. Depending on the presence or absence of detrital input, levels
of iron can also contrast sharply. Therefore, integrated studies can evaluate the importance of the
parameters tested in the laboratory on isotopic fractionation in diverse natural environments. Ultimately,
these may be extrapolated to ancient S-isotope records. For example, Florida Bay consists almost entirely
of calcium carbonate derived from the skeletal debris of marine organisms that contain much less iron
than terrigenous materials (Berner, 1984). This shallow and oligotrophic lagoon is colonized by seagrass
beds dominated by Thalassia testudinum (Ruiz-Halpern et al., 2008). In addition, the carbonate sediment
system is of particular interest because the S-isotope signature of carbonate-associated sulfate (CAS),

along with pyrite, is a key proxy for the ancient sulfur cycle (Hurtgen ef al., 2002, 2005).
6.2.2. Multiple S-isotope Fractionation during Oxidative S Cycling

Prior to this study, none of pure culture studies have reported the sulfur isotope effects larger than
47%o that have been commonly observed in nature. Large S-isotope fractionation in nature were thus
attributed to a combination of MSR, extracellular oxidative recycling of sulfur by abiotic or microbial
processes, and microbial sulfur disproportionation (MSD) (Canfield and Thamdrup, 1994). Although our
study shows that MSD is not the only explanation for large S-isotope fractionations, a significant portion
of biogenic sulfide is recycled by microbial or chemical oxidation (Thamdrup er al., 1994). Recent studies
have utilized the multiple S-isotope model to track the biogeochemical cycling of sulfur (Li ef al., 2010;
Wu et al., 2010; Zerkle et al., 2010). Although these model estimates draw heavily on S-isotope
fractionation attributed to each process, the input parameters to these models are constrained by a

relatively small number of studies. In particular, there is only one study reporting the multiple S-isotope
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fractionations during MSD (Johnston et al., 2005). Johnston er al. (2005) reported the fractionation
between two products, sulfate and sulfide, but the S-isotope fractionations between reactant (intermediate
S species) and products (sulfate and sulfide) are as important as those between two products. Factors

controlling fractionation during MSD are not well understood.

For better constraints on the global S cycle, therefore, it is necessary to culture sulfur
disproportionating bacteria under different growth conditions and to measure multiple S-isotope
fractionation among the reactant, an intermediate sulfur species, and the products of disproportionation,
sulfide and sulfate. More than ten strains are known to couple the disproportionation of intermediate S
species to growth (Finster, 2008), but Desulfovibrio oxyclinae is of interest because of its versatility in
using sulfite, one of the important intermediate sulfur species as a substrate. Desulfovibrio oxyclinae can
reduce sulfite to sulfide, disproportionate sulfite to sulfate and sulfide, and even oxidize sulfite to sulfate,
depending on growth conditions (Krekeler et al., 1997). Experiments can be conducted to test the
magnitude of S-isotope fractionation during MSD by varying the level of substrate or other essential
nutrients such as nitrogen or trace metals. This versatile microbe may also provide an opportunity to
examine the S-isotope fractionation during both oxidative and reductive transformation of sulfite, which
probably uses the same machinery as MSD (Kramer and Cypionka, 1989). These experiments will
provide a physiological perspective to the fractionation of sulfur isotopes during oxidative S cycling.
Additional measurements of multiple S-isotope data produced by MSD under various growth conditions
also may clarify whether minor isotope fractionation factors can be used to distinguish between the

isotopic signatures of MSR and MSD (Johnston et al., 2005; Sim et al., 2011).
References

Berner RA. 1984. Sedimentary pyrite formation: an update. Geochim. Cosmochim. Acta 48: 605-615.

Canfield DE, Thamdrup B. 1994. The production of *'S-depleted sulfide during bacterial
disproportionation of elemental sulfur. Science 266: 1973-1975.

Finke N, Vandieken V, Jorgensen BB. 2007. Acetate, lactate, propionate, and isobutyrate as electron
donors for iron and sulfate reduction in arctic marine sediments, Svalbard. FEMS Microbiol. Ecol. 59:
10-22.

Finster K. 2008. Microbiological disproportionation of inorganic sulfur compounds. J. Sulfur Chem. 29:
281-292,

Gomes ML, Hurtgen MT. in preparation. Sulfur isotope systematics of a euxinic, low-sulfate lake: A
modern analogue to ancient ocean.

Habicht KS, Gabe M, Thamdrup B, Berg P, Canfield DE. 2002. Calibration of sulfate levels in the
Archean Ocean. Science 298: 2372-2374.

Hurtgen MT, Arthur MA, Halverson GP. 2005. Neoproterozoic sulfur isotopes, the evolution of microbial
sulfur species, and the burial efficiency of sulfide as sedimentary pyrite. Geology 33: 41-44.

118



Hurtgen MT, Arthur MA, Suits NS, Kaufman AJ. 2002. The sulfur isotopic composition of
Neoproterozoic seawater sulfate: implications for a snowball Earth? Earth Planet. Sc. Lett. 203: 413-
429.

Johnston DT, Farquhar J, Wing BA, Kaufman AlJ, Canfield DE, Habicht KS. 2005. Multiple sulfur
isotope fractionations in biological systems: A case study with sulfate reducers and sulfur
disproportionators. Am. J. Sci. 305: 645-660.

Kramer M, Cypionka H. 1989. Sulfate formation via ATP sulfurylase in thiosulfate- and sulfite-
disproportionating bacteria. Arch. Microbiol. 151: 232-237.

Krekeler D, Sigalevich P, Teske A, Cypionka H, Cohen Y. 1997. A sulfate-reducing bacterium from the
oxic layer of a microbial mat from Solar Lake (Sinai), Desulfovibrio oxyglinae sp. nov. Arch.
Microbiol. 167: 369-375.

Li X, Gilhooly WP, Zerkel AL, Lyons TW, Farquhar J, Werne JP, Varela R, Scranton MI. 2010. Stable
sulfur isotopes in the water column of the Cariaco Basin. Geochim. Cosmochim. Acta 74: 6764-6778.

Ruiz-Halpern S, Macko SA, Fourqurean JW. 2008. The effect of manipulation of sedimentary iron and
organic matter on sediment biogeochemistry and seagrasses in a subtropical carbonate environment.
Biogeochem. 87: 113-126.

Sim MS, Bosak T, Ono S. 2011. Large sulfur isotope fractionation does not require disproportionation.
Science 333: 74-77.

Thamdrup B, Fossing H, Jergensen BB. 1994. Manganese, iron, and sulfur cycling in a coastal marine
sediment, Aarhus Bay, Denmark. Geochim. Cosmochim. Acta 58: 5115-5129.

Wu N, Farquhar J, Strauss H, Kim ST, Canfield DE. 2010. Evaluating the S-isotope fractionation
associated with Phanerozoic pyrite burial. Geochim. Cosmochim. Acta 74: 2053-2071.

Zerkle AL, Kamyshny A, Kump LR, Farquhar J, Oduro H, Arthur MA. 2010. Sulfur cycling in a
stratified euxinic lake with moderately high sulfate: Constraints from quadruple S isotopes. Geochim.
Cosmochim. Acta 74: 4953-4970.

119



