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Abstract

Severe hypoxia leads to excess production of hydrogen sulfide in marine environments.
In this study we examine the effect of sulfide on growth of four facultative anaerobic marine
bacteria in minimal media under anaerobic conditions. The Gram-negative
chemolithoautotrophic Marinobacter sp. tolerated sulfide concentrations up to 0.60 mM, with
doubling and lag times increasing as a function of increasing sulfide concentration but with no
change in maximum culture yields; growth did not occur at 1.2 mM sulfide. Similar results were
obtained for the metabolically diverse Gram-negative denitrifying Pseudomonas stutzeri, except
that growth occurred at 1.2 mM and culture yields at 0.60 and 1.2 mM sulfide were approx. 10-
fold lower than at sulfide concentrations between 0 and 0.30 mM. Increases in doubling and lag
times accompanied by an overall 10-fold decrease in maximum culture yields were found for the
Gram-negative chemoheterotrophic Vibrio sp. at all sulfide concentrations tested. In contrast,
growth of a Gram-positive chemoheterotrophic Bacillus sp. was resistant to all sulfide
concentrations tested (0.15 to 1.2 mM). Our results highlight the variable responses of marine
bacteria to sulfide and provide some insight into shifts that may occur in microbial community
structure and diversity as a consequence of changes in sulfide levels that are the result of

hypoxia.
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Introduction

Dissolved oxygen concentrations in coastal, marine, and estuarine environments have
changed drastically over the past decades as a result of both human induced eutrophication and
global climate change (Diaz and Rosenberg 2008; Vaquer-Sunyer and Duarte 2008; Lavik et al.
2009; Levin et al. 2009; Vaquer-Sunyer and Duarte 2010) with hypoxia increasing exponentially
at a rate of 5.54% per year (Vaquer-Sunyer and Duarte 2008). As a consequence of naturally
occurring abiotic—e.g., volcanic, underground aquifer, mineral and geothermal spring activities
(Babich and Stotzky 1978; Kalciene and Cetkauskaite 2006; Lloyd 2006; Ghosh and Dam 2009;
Luther et al. 2011)—and biotic sulfide production, severe hypoxia and total lack of oxygen
(anoxia) can lead to excess production of hydrogen sulfide (Lavik et al. 2009; Levin et al. 2009;
Grote et al. 2012). Biotic production of sulfide includes the reduction of inorganic sulfate by
sulfate-reducing bacteria (e.g. Desulfovibrio and Desulfobacter spp.), the reduction of S°
(Desulfuromonas spp. and many hyperthermophilic Archaea) and the conversion of thiosulfate to
sulfide and sulfate (disproportionation) (e.g. some Desulfovibrio spp.) (Jorgensen and Bak 1991;
Lloyd 2006). Additionally, microbial decay of S-containing amino acids (cysteine and
homocysteine), sulfolipids, and sulfated polysaccharides by various microbial groups (Cooper
1983; Lloyd 2006) contributes to biological sulfide production.

Excess sulfide levels promote the growth of sulfide utilizing microorganisms, mostly
forming black mats in hypoxic and anoxic environments (Levin et al. 2009; Grote et al. 2012).

As a result of sulfide oxidation by microaerophilic or anaerobic (often denitrifying)
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chemolithoautotrophic bacteria (e.g., Beggiatoa, Thioploca, Thioalkalivibrio, Thiohalomonas,
Sulfurimonas, and Thiobacillus) and Archaea (e.g. Sulfolobales), and anaerobic
photolithoautotrophic bacteria (Chlorobi, Chromatiaceae, Rhodospirillum, Rhodovulum, and
Rhodopseudomonas), which use a variety of enzymes, pathways, and mechanisms for sulfide
oxidation (Lloyd 2006; Ghosh and Dam 2009; Luther et al. 2011), sulfide levels decrease in
these ecosystems. On the other hand, the net balance is shifted towards sulfide accumulation in
anaerobic aquatic ecosystems (Guidotti 1996; Kuster et al. 2005; Lloyd 2006; Ghosh and Dam
2009), where it exists mostly in the water-soluble form and can exceed 10 mM (Lloyd 2006).

In anaerobic environments sulfide is the most toxic form among all reduced sulfur
compounds (Brouwer and Murphy 1995) and its toxicity has been demonstrated on higher
organisms such as crustaceans (Powell et al. 1986; Kuster et al. 2005), plants (Koch et al. 1990,
Heijs et al. 2000), algae (Castenholz 1976; Kuster et al. 2005), fish (Reiffenstein et al. 1992;
Brouwer and Murphy 1995), and other vertebrates (Reiffenstein et al. 1992; Brouwer and
Murphy 1995; Lloyd 2006). Understanding the effect of sulfide on growth of microorganisms,
however, has been limited to examining its influence on the growth inhibition of methanogenic,
anammox, and sulfate-reducing bacteria (Mountfort and Asher 1979; Ronnow and Gunnarsson
1981; Cohen et al. 1986; Mathrani et al. 1988; Reis et al. 1992; Brouwer and Murphy 1995;
Kuster et al. 2005; Kalciene and Cetkauskaite 2006; Al-Zuhair et al. 2008; Jin et al. 2012). On
the other hand, the response of non-sulfide utilizing marine microorganisms to elevated sulfide
levels, which may be considered to be among the first indicators of environmental changes and

contamination, is poorly understood. A few studies have examined the toxicity of sulfide on
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microorganisms exclusively used in ecotoxicological biotests (e.g., Vibrio fischeri) (Brouwer and
Murphy 1995; Kuster et al. 2005; Kalciene and Cetkauskaite 2006). Median effective
concentration (ECso) values for total sulfide (at pH 7.5) were found to vary between 62 uM (Van
Leeuwen et al. 1985; Postma et al. 2002) to 276 uM (Kuster et al. 2005).

Sulfides occur naturally in one of three states—H>S, HS™ and S*—with H>S and HS the
predominant species at physiological pH (Kuster et al. 2005; Al-Zuhair et al. 2008). Therefore,
total soluble sulfide concentrations are determined in order to evaluate the effect of sulfide on
different organisms (Castenholz 1976; Kuster et al. 2005). As a consequence of its volatility,
sulfide concentrations will decrease with time and studies that examine its effect on microbial
growth demand that they are done under conditions where contact with oxygen is restricted and
sulfide oxidation is minimized.

The goal of the current study was to examine the influence of soluble sulfide on growth
of four different facultative anaerobic marine bacteria from the families Vibrionaceae,
Bacillaceae, Alteromonadaceae, and Pseudomonadaceae to determine its influence on their
growth. Representatives of all four are found throughout the water column in the marine
environment (Dash et al. 2013) and we use them as examples for studying the effect of sulfide on
growth under anaerobic conditions. Sulfide concentrations in the absence of bacteria were also
measured to account for assumed losses through volatilization and oxidation that were the result

of reactivity with components of the microbial growth media formulations.
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Materials and methods
Bacterial strains

Vibrio sp. strain OY15 (Bacteria, Proteobacteria; Gammaproteobacteria, Vibrionales,
Vibrionaceae) and Bacillus sp. strain S1 (Bacteria, Firmicutes; Bacilli; Bacillales; Bacillaceae)
isolated from seawater shellfish were a gift from Dr. Gary Wikfors, NOAA Northeast Fisheries
Science Center, Milford Laboratory, Milford, CT. DNA sequence analysis of OY15 and S1 16S
rRNA gene sequences indicated these isolates to be related to Vibrio sp. EX25 and Bacillus
cereus, respectively (Schreier, unpublished). Marinobacter sp. (Bacteria; Proteobacteria;
Gammaproteobacteria; Alteromonadales; Alteromonadacea) is a laboratory strain isolated from
a marine recirculating aquaculture system denitrification filter with a 16S rRNA gene sequence
that shares 100% identity with Marinobacter aquaeolei (Schreier, unpublished). Pseudomonas
stutzeri (Bacteria; Proteobacteria, Gammaproteobacteria, Pseudomonadales,
Pseudomonadaceae) was a gift from Dr. Russell Hill, University of Maryland Center for
Environmental Sciences. Laboratory cultures of all bacteria were maintained on marine agar

2216 (Difco) plates.

Media and growth

Vibrio sp. OY15 and Marinobacter sp. were grown at 25°C in a medium (Medium 1)
containing 400 mM NaCl, 10 mM KCI, 50 mM MgSO47H>O, 9 mM NH4Cl, 12.6 mM
CaCly6H20, 0.1% Casamino acids (Difco, Detroit, MI, USA), 40 mM glucose, 4 mM NaNO3

and 50 mM Tris-Cl (pH 8.0) (Proctor and Gunsalus 2000). P. stutzeri was grown at 25°C in a
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medium (Medium 2) containing 1 g yeast extract (Difco), 0.5 g (NH4)2POs, 1.14 g KH,PO4, 1.45
g KoHPOg4, 0.1 g MgSO47H20, 0.001g MoOs3, 0.001g FeSO4, 7.3 g KNO3 and 5.0 g glucose per
1 L of deionized water (Spangler and Gilmour 1966). Bacillus sp. S1 was grown at 37°C in a
medium (Medium 3) containing 1.0 g NH4C1, 0.45 g KH>PO4, 0.68g NaNO3z and 5 g yeast
extract (Difco Laboratories) per L of deionized water plus 10 ml of Wolfe salts (Wolin et al.
1963) amended with 0.4 g of NaxMoO42H>0 in 1 L as described previously (Gocke et al. 1989).

The modified Hungate technique (Miller and Wolin 1974) was used to prepare media for
the growth of cultures under anaerobic conditions. Media was sparged with 99.998% (zero
grade) N> gas and dispensed anaerobically into 20 ml septum-stoppered Hungate tubes while
simultaneously flushing the headspace with N2. Resazurin (1 mg L) was added to visually
estimate anaerobic conditions. The tubes were then sealed with crimp-sealed aluminum caps and
autoclaved. Sodium sulfide (1000 mg L) stock solution was made anaerobically and sterilized
separately.

Triplicate samples were inoculated using 0.8 ml of anaerobically grown mid-exponential
phase cultures and supplemented with sodium sulfide at concentrations of 0.15 mM, 0.30 mM,
0.60 mM, and 1.2 mM in a final volume of 15 ml. Cultures and sodium sulfide were added
aseptically through the septum of each tube using an No-flushed syringe.

To control for the loss of sulfide from sealed Hungate tubes, duplicates of abiotic controls
were prepared in the same manner as inoculated samples except that microorganisms were

omitted. In this manner, the loss/oxidation rate of sulfide over time was estimated.
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Microbial growth was evaluated spectrophotometrically at a wavelength of 600 nm using
a Spectronic 20 Colorimeter. Periodically, 0.5 ml of sample was removed for each sample for

the determination of pH and sulfide concentrations.

Analytical methods

Microbial growth yields were determined by plating 0.1 mL of appropriate dilutions onto
solid medium (either Minimal Salt Media 2216 or Luria-Bertani agar) for colony counting.
Viable cell numbers per mL of culture were calculated as a function of sample ODgoo. Indicator
paper was used to estimate culture pH, and total soluble sulfide concentrations were determined
using an LS-146AGSCM micro sulfide ion electrode (Lazar research Laboratories, Inc., Los
Angeles, CA) calibrated with sulfide standards ranging from 0.15 mM to 1.2 mM prepared under

anaerobic conditions.
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Results

Effect of growth medium on sulfide concentration under anaerobic conditions

To determine the effect of sulfide on bacterial growth, sulfide concentrations were first
measured in each growth medium as a function of time in the absence of bacteria to assess
abiotic oxidation due to media components. NaS was added to each medium in sealed
anaerobic culture tubes through septa at concentrations of 0.15, 0.30, 0.60 and 1.2 mM and total
soluble sulfide was monitored as described in Materials and Methods. Sulfide concentrations
remaining as a function of time for each medium are shown graphically in Figure 1. While pH
changes will influence the HS/H>S equilibrium (Kuster et al. 2005; Luther et al. 2011), no
significant change in pH was detected throughout the duration of the experiments, which
remained at 8.0 for Medium 1 and 7.0 for Medium 2 and Medium 3 (data not shown).

In general, a reduction in sulfide concentration was observed in all media regardless of
initial levels, although the rate of decrease varied for each medium. For Medium 1, sulfide loss
occurred gradually over time with 50% of the initial amount remaining after approximately 120 h
for the 0.15 mM sulfide sample and between 30 to 60 h for the other samples; from 1 to 20%
sulfide remained after almost 230 h. In Medium 2, on the other hand, sulfide concentrations
dropped dramatically after addition with 70 to 90% depletion observed within 16 h at all sulfide
concentrations; sulfide was barely detectable (<1.0%) after 34 h in the 0.15 and 0.30 mM
samples and were below 6% after 169 h in the 0.60 and 1.20 mM samples. While sulfide levels

were unchanged during the first 34 h of incubation in Medium 3, they subsequently decreased in
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a manner similar to those observed for Medium 2, with 50% of the initial concentration
remaining after 60 to 70 h. The variation in sulfide oxidation rates for the three media—
estimated sulfide half-lives for Medium 2 ranged from 2 to 9 h, depending on initial
concentrations, and between 40 and 97 h for Medium 1 and 3—Ilikely reflect differences in
oxidizing metal [e.g. iron and manganese (Yao and Millero 1995)] concentrations and are
consistent with those reported for anoxic sulfide oxidation (Almgren and Hagstrom 1974; Luther
et al. 2011). While we cannot rule out contributions due to the presence of trace amounts of O,
sulfide oxidation rates under all conditions were significantly slower than those reported for O»-

facilitated processes (Almgren and Hagstrom 1974; Luther et al. 2011).

Effect of sulfide on bacterial growth under anaerobic conditions

Mid-exponential cultures of each marine bacterium grown in the absence of sulfide were
used to inoculate media containing different concentrations of sulfide under anaerobic conditions
and growth was monitored as described in Materials and Methods. Results are shown in Figure
2. In general, sulfide’s influence on lag phase, doubling time, and maximum growth yields (as
measured by maximum cell numbers) (Table 1) ranged from negligible to severe depending on
the bacterium.

Marine gammaproteobacterial Marinobacter sp. was capable of tolerating initial sulfide
concentrations up to 0.60 mM, although some perturbations in growth characteristics were

detected. Doubling times in the presence of 0.15 mM, 0.30 mM, and 0.60 mM sulfide increased
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from 18 to 25 h (Table 1, Fig. 2A) and lag phase times increased more than two-fold compared
to the absence of sulfide (Table 1, Fig. 2A). Growth yields for 0.15, 0.30 and 0.60 mM sulfide
concentrations (between 2.4 x 10° and 4.2 x 10° CFU mL"!) were not significantly different from
those obtained in the absence of sulfide (Table 1). Growth was not observed in the presence of
1.2 mM sulfide.

Growth yields for the denitrifying marine bacterium, P. stutzeri, in the presence of 0.15
and 0.30 mM sulfide (1.1 x 10'° CFU mL™!) were similar to those observed in the absence of
sulfide, although doubling times increased 2.6- to 3.4-fold at the 0.15 and 0.30 mM sulfide
concentrations (Table 1). While an appreciable lag was not observed for the 0.15 mM sulfide
culture, sulfide levels greater than 0.30 mM displayed a lag phase time of approx. 84 min. At
sulfide concentrations greater than 0.60 mM, cultures ceased growing after reaching a maximal
yield that was 10-fold lower than growth in the 0, 0.15, or 0.30 mM sulfide cultures (Table 1,
Fig. 2 B), although doubling times were not significantly different from the lower sulfide
treatments.

Both doubling times and growth yields were affected for Vibrio sp. OY 15 at all sulfide
concentrations (Table 1 and Fig. 2C). In the absence of sulfide, OY15 grew with a doubling time
of approx. 5 h; doubling times increased with increasing sulfide concentrations to almost 12-fold
in the presence of 0.60 mM sulfide. Growth yield, on the other hand, decreased as a function of
sulfide concentration, with more than a 10-fold reduction at the 1.2 mM sulfide concentration.

At 1.2 mM sulfide, growth ceased prior to one doubling, at approx. 6 h after inoculation.

11
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Growth of Bacillus sp. S1 was least affected by sulfide compared to the other marine
bacteria, exhibiting a negligible lag phase and achieving stationary phase between 8 to 14 h
(Table 1 and Fig. 2D) after inoculation in all treatments. In the presence of all sulfide
concentrations, doubling times were not significantly different compared to control cultures,
ranging between 6 to 10 h (Table 1). Cultures grown with sulfide concentrations of 0.15, 0.30,
and 0.60 mM yielded between 7.0-7.2 x 10’ CFU mL"!, which was similar to the growth yield
obtained in the absence of sulfide (7.8 x 10’ CFU mL™). In the presence of 1.2 mM sulfide, the

maximal growth yield increased approx. 1.5-fold compared to the control culture (Table 1).
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Discussion

Naturally and anthropologically driven sulfide concentrations measured in various marine
habitats range from barely detectable in deep coastal basins, to several hundred uM at
hydrothermal vents and several mM in sediment pore water in salt marshes and sewage outfalls
(Bagarinao 1992). Gradients in sulfide concentrations change with depth into the sediment and
the water column, or with the distance from the contamination point (Bagarinao 1992), which
determines the composition and function of the local ecosystem. The expansion of
anoxic/hypoxic environments, caused by the combined effects of eutrophication and climate-
change (Vaquer-Sunyer and Duarte 2008; Lavik et al. 2009) is an additional source of
abnormally high sulfide levels in marine, costal, and estuarine settings. This increase in natural
sulfide levels magnifies the potential risk of toxic sulfide on native flora and fauna, and sulfide-
induced animal mass mortalities are well documented in several environments (Grieshaber and
Volkel 1998). Elevated sulfide levels were also shown to severely affect the biodiversity of
higher organisms (Knezovich et al. 1996; Hogslund et al. 2008).

Effects of sulfide on microorganisms, however, have been explored predominantly for
those whose metabolism involves some aspect of sulfur cycling, such as sulfate-reducing and
sulfate-oxidizing microorganisms, methanogens that participate in interspecies hydrogen transfer
with sulfate-reducing microbiota (Al-Zuhair et al. 2008; Luther et al. 2011), as well as
communities associated with the anammox process (Jin et al. 2012). A consortium of sulfate-
reducing microorganisms was completely inhibited by a sulfide concentration of 16.1 mM (Reis

et al. 1992), while pure cultures exhibited ICso (concentrations yielding 50% inhibition) for

13
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sulfide ranging between 250 mg L! (~8 mM) to 926 mg L' (~29 mM) (Okabe et al. 1995;
O'Flaherty et al. 1998). On the other hand, methanogens were found to be more sensitive to
sulfide, with an ICso varying between 175 mg L' (~5 mM) and 363 mg L! (~11 mM), depending
on species (O'Flaherty et al. 1998). While anammox is functional below sulfide levels of 8 mg
L' (0.23 mM), the ICso of sulfide was found to be 264 mg L™! (~8 mM) (Jin et al. 2012); 1.2 mM
sulfide—the upper range for our study—showed only a 17% decrease in nitrogen removal rates
(Jin et al. 2012). Aside from the anammox studies, we believe that our study is the first to
examine the effect of sulfide on growth of marine bacteria that are not characteristically sulfide
utilizers.

Microorganisms possess versatile and distinct metabolic strategies for coping with
different environmental conditions and stressors (Storz and Hengge 2011), which is consistent
with the varied response to sulfide levels observed for the four marine bacteria that we examined.
For Marinobacter sp., P. stutzeri, and Vibrio sp. OY15, elevated sulfide concentrations were
found to delay growth, influence doubling times, and decrease maximal growth yields. Growth
of Marinobacter sp. occurred under all conditions except in the presence of 1.2 mM sulfide,
which was toxic to the bacterium. At concentrations up to 0.6 mM, however, doubling times and
growth yields, for the most part, were comparable to those observed in the absence of sulfide,
with greater than 0.60 mM sulfide resulting in decreased growth yields. At 0.15, 0.30, and 0.60
mM sulfide, Marinobacter exhibited extended lag times (~two-fold) when compared to growth
in the absence of sulfide, which likely represented the time required to produce protective

cellular components necessary for adapting to sulfide (see below). The ability for Marinobacter
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to commence growth after 15 to 20 h under these conditions cannot be explained by the
disappearance of sulfide due to chemical oxidation since even at 34 h, 90%, 53%, and 52%
sulfide remained in the 0.15, 0.30, and 0.60 mM sulfide-containing cultures, respectively (Fig.
1A).

Like Marinobacter sp., P. stutzeri growth yields for the 0.15 and 0.30 mM sulfide-
containing cultures were comparable to cultures grown in the absence of sulfide. Doubling
times, on the other hand, increased under both conditions and the 0.30 mM culture exhibited a
nearly 100 h lag period, which was also observed for the 0.60 and 1.2 mM cultures. While
sulfide levels in the P. stutzeri medium after 34 h were <5% of the initial dose at all
concentrations (Fig. 1B), it is likely that the long adjustment period for 0.30, 0.60, and 1.20 mM
cultures reflect direct inhibition of the P. stutzeri denitrification system by the original dose of
sulfide. Partial and full inhibition of NO and N>O reduction, respectively, by 0.30 mM sulfide
has been reported (Serensen et al. 1980) with a consequence of decreased energy yields and
increased lag times (Miyahara et al. 2010). An accumulation of nitrite due to incomplete
denitrification as well as sulfite generated by abiotic sulfide oxidation (Luther III et al. 1991)
may also explain the behavior of the 0.60 and 1.2 mM cultures after ~110 h, which ceased
growth after two to three doublings, resulting in a 6- to 10-fold decrease in maximum cell
numbers compared to the control (no sulfide) culture. Nitrite and sulfite have been suggested as
playing a role in restricting P. stutzeri growth in a synergistic manner (Mahmood et al. 2009).
Whether the growth characteristics of P. stutzeri at 0.6 and 1.2 mM are a result of nitrite and

sulfite toxicity is yet to be determined.
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Unlike Marinobacter sp. and P. stutzeri, Vibrio sp. OY 15 appeared to be least capable of
adapting to sulfide, with delays in growth occurring for the 0.60 and 1.2 mM cultures along with
increased doubling times and decreased growth yields. The effect of sulfide on OY15 growth
was detected within 10 to 30 h after inoculation, before any significant decreases in sulfide
concentrations due to abiotic activities of Medium 1 components (Fig. 1A). The response of
OY15 to sulfide is similar to that reported for Vibrio fischeri, which was found to display sulfide
toxicity that varied between 62 uM total sulfide (Van Leeuwen et al. 1985; Postma et al. 2002)
and 276 uM of total sulfide (Kuster et al. 2005).

In contrast to the other bacteria, Bacillus sp. S1 was resistant to as much as 1.2 mM
sulfide, with cell yields and doubling times under all conditions similar to growth without sulfide
addition; the minimum concentration of sulfide that could perturb growth was not determined.
Reduction of sulfide in the Bacillus growth medium (Medium 3) due to abiotic activities were
negligible during the 8 to 10 h period of growth as no losses were measurable after 34 h (Fig.
1C). Sulfide tolerance by Bacillus sp. S1 is likely due to the presence of a hydrogen sulfide
oxidase activity found in other Bacillus sp. (Nakada and Ohta 1999), which is similar to
activities identified in sulfide autotrophs like Thiobacillus ferroxidans.

In general, sulfide readily permeates the cell membrane and denatures proteins by
disrupting disulfide cross-links between polypeptide chains (Koster et al. 1986; Percheron et al.
1997). The main effect of sulfide on bacteria, however, has been attributed to its inhibitory
effects on cytochrome oxidase and other metalloenzymes (Guidotti 1996) by competitive

inhibition and subsequent reduction or elimination of redox activity. This could explain the
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inhibition observed for Vibrio and Marinobacter spp., which utilize cytochrome oxidases as part
of the electron transport chain necessary for dissimilatory nitrate reduction (Rehr and Klemme
1986; Singer et al. 2011). Similarly, inhibition of cytochrome oxidase and other metalloenzyme
activities would interfere with the ability for P. stutzeri denitrification (Lalucat et al. 2006).

A bacterial response to any damage caused by sulfide may include induction of general
systems that counteract oxidative stress such as soxRS and oxyR regulons (Lushchak 2011).
While soxRS responds to stress induced by superoxide anion and oxyR is activated by hydrogen
peroxide, both rely on sensors that act via sulfur chemistry and involve specific cysteine proteins
of key regulators (Lushchak 2011). Furthermore, sulfide has been shown to stimulate activities
of both catalase and superoxide dismutase (Shatalin et al. 2011), which are both controlled by the
oxidative stress regulons. Thus, the growth after an extended lag period that was observed in the
presence of sulfide for Marinobacter sp., P. stutzeri, and Vibrio sp. OY 15 may be explained, in
part, by the induction of these or other stress-related systems.

The strain of Marinobacter used in this study is closely related to M. aquaeolei, a marine
chemolithoautotroph that can be found throughout the water column but was originally isolated
from offshore oil wells, which often contain small, but ubiquitous, amounts of sulfides due to
activities of sulfate-reducing bacteria (Nemati et al. 2001). As a consequence, these bacteria
have likely evolved mechanisms for coping with sulfides, which would explain its tolerance to
sulfide concentrations between 0.15 and 0.60 mM. While Marinobacter sp. has not been shown
to be capable of oxidizing sulfide (Handley et al. 2009), it has been observed to grow in

association with sulfate-reducing bacteria (Sigalevich and Cohen 2000) at sulfide concentrations
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approaching 0.30 mM, which is consistent with our results. Furthermore, Marinobacter sp. has
been shown to possess soxB (Perreault et al. 2008), a gene involved in thiosulfate oxidation in
many Proteobacteria. Whether soxB is involved in protecting Marinobacter from sulfide toxicity
remains to be determined.

Our results demonstrate that there are several strategies utilized by marine bacteria for
coping with wide sulfide ranges in anoxic environments. On a global scale, the non-linearity and
unpredictability of the microbial growth patterns observed by our study suggests a potential shift
in microbial community structure and diversity in aquatic environments correlated with sulfide
concentration (in temporal and spatial gradients). At the lowest sulfide levels (less than 0.30
mM), microbial ecosystem stability may not be compromised and very few changes in microbial
community structure and function over time would be detected. However, while inducing
smaller changes in the short-term, non-lethal high sulfide levels (between 0.60 and 1.2 mM),
may, after longer periods of time, result in large community deviations that are driven by
selective pressure of sulfide and could eventually lead to a sulfide-tolerant or sulfide—resistant
population—a phenomenon characteristic of microbial communities associated with increasing
inputs of numerous contaminants (Baath et al. 1998; Konopka et al. 1999; Hunter et al. 2006). In
addition to the dominance of sulfide-oxidizing microorganisms (Lavik et al. 2009) and
disappearance of sulfide-sensitive species, highly sulfidic conditions will promote the growth of
species, e.g. Bacillus sp. S1, which can tolerate sulfide levels up to 1.2 mM. Thus, sulfide levels
that are inhibitory to some bacteria but not others will lead to disappearance of important

ecosystem links and the likely rearrangement of entire microbial community structures.

18



348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

Predicting the effect of sulfide on an entire ecosystem on a large scale is a challenging
task and must be approached with caution. Besides direct involvement of microbial communities
in sulfide removal, the consequences of excess sulfide production in the water column can be
further complicated as a result of abiotic sulfide oxidation by oxidized metals such as Fe(IIl) and
Mn(III, IV) (Diaz and Rosenberg 2008; Luther et al. 2011) as co-reactants or in a catalytic
capacity, as noted above. Moreover, each of the numerous sulfide oxidation products (both
biotic and abiotic), e.g. sulfite, thiosulfate, tetrathionate, and polysulfides, may also support or
suppress both the metabolism of different microbial species and the rates of abiotic processes,
contributing to the spider-web like network of interactions and connections (Sievert et al. 2007;
Lavik et al. 2009).

Our results highlight the variable responses of marine bacteria to sulfide and may be
useful in providing some insight into shifts that may occur in microbial community structure and

diversity as a consequence of changes in sulfide levels that are the result of hypoxia.

Acknowledgement

We wish to thank Dr. Gary Wikfors and Dr. Russell Hill for providing strains and Dr.
Kevin Sowers for guidance on anaerobic culture techniques. This work was supported, in part,
by a grant from the U.S. Israel Binational Agriculture Reseach and Development Fund (MB-

8720-08).

19



368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

References

Al-Zuhair S, El-Naas MH, Al-Hassani H (2008) Sulfate inhibition effect on sulfate reducing
bacteria. J Biocheml Technol 1:39-44

Almgren T, Hagstrom I (1974) The oxidation rate of sulphide in sea water. Water Research
8:395-400

Baath E, Diaz-Ravina M, Frostegard S, Campbell CD (1998) Effect of metal-rich sludge
amendments on the soil microbial community. Appl Environ Microbiol 64:238-245

Babich H, Stotzky G (1978) Atmospheric sulfur compounds and microbes. Environ Res 15:513-
531

Bagarinao T (1992) Sulfide as an environmental factor and toxicant: tolerance and adaptations in
aquatic organisms. Aquatic Toxicol 24:21-62

Brouwer H, Murphy T (1995) Volatile sulfides and their toxicity in freshwater sediments.
Environ Toxicol Chem 14:203-208

Castenholz RW (1976) The effect of sulfide on the bluegreen algae of hot springs. I. New
Zealand and Iceland. Journal of Phycology 12:54-68

Cohen Y, Jorgensen BB, Revsbech NP, Poplawski R (1986) Adaptation to hydrogen sulfide of
oxygenic and anoxygenic Photosynthesis among Cyanobacteria. Appl Environ Microbiol
51:398-407

Cooper AJ (1983) Biochemistry of sulfur-containing amino acids. Ann Rev Biochem 52:187-222

Dash HR, Mangwani N, Chakraborty J, Kumari S, Das S (2013) Marine bacteria: potential

candidates for enhanced bioremediation. Appl Microbiol Biotechnol 97:561-571

20



389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

408

409

Diaz RJ, Rosenberg R (2008) Spreading dead zones and consequences for marine ecosystems.
Science 321:926-929 doi: 10.1126/science.1156401

Ghosh W, Dam B (2009) Biochemistry and molecular biology of lithotrophic sulfur oxidation by
taxonomically and ecologically diverse bacteria and archaeca. FEMS Microbiol Rev
33:999-1043 doi: 10.1111/5.1574-6976.2009.00187.x

Gocke N, Hollocher TC, Bazylinski DA, Jannasch AW (1989) Thermophilic Bacillus sp. that
shows the denitrification phenotype of Pseudomonas aeruginosa. J Bacteriol 55:1023-
1025

Grieshaber MK, Voélkel S (1998) Animal adaptations for tolerance and exploitation of poisonous
sulfide. Ann Rev Physiol 60:33-53

Grote J, Schott T, Bruckner CG, Glockner FO, Jost G, Teeling H, Labrenz M, Jurgens K (2012)
Genome and physiology of a model Epsilonproteobacterium responsible for sulfide
detoxification in marine oxygen depletion =zones. PNAS 109:506-510 doi:
10.1073/pnas.1111262109

Guidotti TL (1996) Hydrogen sulfide. Occupational Medicine 46:367-371

Handley KM, Héry M, Lloyd JR (2009) Marinobacter santoriniensis sp. nov., an arsenate-
respiring and arsenite-oxidizing bacterium isolated from hydrothermal sediment. Int J
Evol Microbiol 59:886-892

Heijs SK, Axxoni R, Giordani G, JOnkers HM, Nizzoli D, Viaroli P, van Gemerden H (2000)
Sulfide-induced release of phosphate from sediments of coastal lagoons and the possible

relation to the disappearance of Ruppia sp. Aquat Microb Ecol 23:85-95

21



410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

Hegslund S, Revsbech NP, Cedhagen T, Nielsen LP, Gallardo VA (2008) Denitrification, nitrate
turnover, and aerobic respiration by benthic foraminiferans in the oxygen minimum zone
off Chile. J Exp Marine Biolog Ecolog 359:85-91

Hunter EM, Mills HJ, Kostka JE (2006) Microbial community diversity associated with carbon
and nitrogen cycling in permeable shelf sediments. Appl Environ Microbiol 72:5689-
5701 doi: 10.1128/AEM.03007-05

Jin R-C, Yang G-F, Zhang Q-Q, Ma C, Yu J-J, Xing B-S (2012) The effect of sulfide inhibition
on the ANAMMOX process. Water Research 47:1459-1469

Jorgensen BB, Bak F (1991) Pathways and microbiology of thiosulfate transformations and
sulfate reduction in a marine sediment (Kattegat, denmark). Appl Environ Microbiol
57:847-856

Kalciene V, Cetkauskaite A (2006) Effects of elemental sulfur and metal sulfides on Vibrio
fischeri bacteria. Biologija 2:42-46

Knezovich J, Steichen D, Jelinski J, Anderson S (1996) Sulfide tolerance of four marine species
used to evaluate sediment and pore-water toxicity. Bull Environ Contam Toxicol 57:450-
457

Koch MS, Mendelssohn 1A, McKee KL (1990) Mechanism for the hydrogen sulfide-induced
growth limitation in wetland macrophytes. Limnol Oceanogr 35:399-408

Konopka A, Zakharova T, Bischoff M, Oliver L, Nakatsu C, Turco RF (1999) Microbial biomass

and activity in lead-contaminated soil. Appl Environ Microbiol 65:2256-2259

22



430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

Koster I, Rinzema A, De Vegt A, Lettinga G (1986) Sulfide inhibition of the methanogenic
activity of granular sludge at various pH-levels. Water Research 20:1561-1567

Kuster E, Dorusch F, Altenburger R (2005) Effects of hydrogen sulfide to Vibrio fischeri,
Scenedesmu svacuolatus, and Daphnia magna. Environ Toxicol Chemistry 24:2621-2629

Lalucat J, Bennasar A, Bosch R, Garcia-Valdes E, Palleroni NJ (2006) Biology of Pseudomonas
stutzeri. Microbiol Mol Biol Rev 70:510-547

Lavik G, Stuhrmann T, Bruchert V, Van der Plas A, Mohrholz V, Lam P, Mussmann M, Fuchs
BM, Amann R, Lass U, Kuypers MM (2009) Detoxification of sulphidic African shelf
waters by blooming chemolithotrophs. Nature 457:581-584 doi: 10.1038/nature07588

Levin LA, Ekau W, Gooday AlJ, Jorissen F, Middelburg JJ, Naqvi W, Neira C, Rabalais NN,
Zhang J. (2009) Effects of natural and human-induced hypoxia on coastal benthos.
Biogeosciences Discuss. 6:3563-3654 doi: 10.5194/bgd-6-3563-2009

Lloyd D (2006) Hydrogen sulfide: clandestine microbial messenger? Trends Microbiol 14:456-
462 doi: 10.1016/5.tim.2006.08.003

Lushchak VI (2011) Adaptive response to oxidative stress: Bacteria, fungi, plants and animals.
Comparative Biochemistry and Physiology Part C: Toxicology & Pharmacology
153:175-190

Luther GW, 3rd Findlay AJ, Macdonald DJ, Owings SM, Hanson TE, Beinart RA, Girguis PR
(2011) Thermodynamics and kinetics of sulfide oxidation by oxygen: a look at
inorganically controlled reactions and biologically mediated processes in the

environment. Front Microbiol 2:62 doi: 10.3389/fmicb.2011.00062

23



451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

Luther III GW, Church TM, Powell D (1991) Sulfur speciation and sulfide oxidation in the water
column of the Black Sea. Deep Sea Research Part A. Oceanographic Research Papers
38:S1121-S1137

Mahmood Q, Zheng P, Hu B, Jilani G, Azim MR, Wu D, Liu D (2009) Isolation and
characterization of Pseudomonas stutzeri QZ1 from an anoxic sulfide-oxidizing
bioreactor. Anaerobe 15:108-115

Mathrani IM, Boone DR, Mah RA, Fox GE, Lau PP (1988) Methanohalophilus zhilinae sp. nov.,
an alkaliphilic, halophilic, methylotrophic methanogen. Int J Syst Bacteriol 38:139-142

Miller TL, Wolin MJ (1974) A serum bottle modification of the Hungate technique for
cultivating obligate anaerobes. Appl Microbiol 27:985-987

Miyahara M, Kim SW, Fushinobu S, Takaki K, Yamada T, Watanabe A, Miyauchi K, Endo G,
Wakagi T, Shoun H (2010) Potential of aerobic denitrification by Pseudomonas stutzeri
TR2 to reduce nitrous oxide emissions from wastewater treatment plants. Appl Environ
Microbiol 76:4619-4625

Mountfort DO, Asher RA (1979) Effect of inorganic sulfide on the growth and metabolism of
Methanosarcina barkeri strain DM. Appl Environ Microbiol 37:670-675

Nakada Y, Ohta Y (1999) Purification and properties of hydrogen sulfide oxidase from Bacillus
sp. BN53-1. Journal Bioscience Bioengineering 87:452-455

Nemati M, Jenneman G, Voordouw G (2001) Mechanistic study of microbial control of
hydrogen sulfide production in oil reservoirs. Biotechnology and bioengineering 74:424-

434

24



472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

O'Flaherty V, Mahony T, O'Kennedy R, Colleran E (1998) Effect of pH on growth kinetics and
sulphide toxicity thresholds of a range of methanogenic, syntrophic and sulphate-
reducing bacteria. Process Biochemistry 33:555-569

Okabe S, Nielsen P, Jones W, Characklis W (1995) Sulfide product inhibition of Desulfovibrio
desulfuricans in batch and continuous cultures. Water Research 29:571-578

Percheron G, Bernet N, Moletta R (1997) Start-up of anaerobic digestion of sulfate wastewater.
Bioresource Technology 61:21-27

Perreault NN, Greer, CW, Andersen, DT, Tille, S, Lacrampe-Couloume, G, Lollar, BS, Whyte,
LG (2008) Heterotrophic and autotrophic microbial populations in cold perennial springs
of the high Arctic. Appl Environ Microbiol 74:6898-6907

Postma JF, De Valk, S, Dubbeldam, M, Maas, JL, Tonkes, M, Schipper, CA, Kater, BJ (2002)
Confounding factors in bioassays with freshwater and marine organisms. Ecotoxicol
Environ Saf 53:226-237

Powell EN, Bright TJ, Brooks JM (1986) The effect of sulfide and an increased food supply on
the meiofauna and macrofauna at the East Flower Garden brine seep. Helgoland Marine
Research 40:57-82

Proctor LM, Gunsalus RP (2000) Anaerobic respiratory growth of Vibrio harveyi, Vibrio fischeri
and Photobacterium leiognathi with trimethylamine N-oxide, nitrate and fumarate:
ecological implications. Environ Microbiol 2:399-406

Rehr B, Klemme J-H (1986) Metabolic role and properties of nitrite reductase of nitrate-

ammonifying marine Vibrio species. FEMS microbiology letters 35:325-328

25



493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

Reiffenstein RJ, Hulbert WC, Roth SH (1992) Toxicology of hydrogen sulfide. Annu Rev
Pharmacol Toxicol 32:109-134 doi: 10.1146/annurev.pa.32.040192.000545

Reis MA, Almeida JS, Lemos PC, Carrondo MJ (1992) Effect of hydrogen sulfide on growth of
sulfate reducing bacteria. Biotechnol Bioeng 40:593-600 doi: 10.1002/bit.260400506

Ronnow PH, Gunnarsson LA (1981) Sulfide-dependent methane production and growth of a
thermophilic methanogenic bacterium. Appl Environ Microbiol 42:580-584

Shatalin K, Shatalina E, Mironov A, Nudler E (2011) H»S: a universal defense against antibiotics
in bacteria. Science Signalling 334:986

Sievert SM, Kiene R, Schulz H (2007) The sulfur cycle. Oceanography 20:117-123

Sigalevich P, Cohen Y (2000) Oxygen-dependent growth of the sulfate-reducing bacterium
Desulfovibrio oxyclinae in coculture with Marinobacter sp. strain MB in an aerated
sulfate-depleted chemostat. Appl Environ Microbiol 66:5019-5023

Singer E, Webb, EA, Nelson, WC, Heidelberg, JF, Ivanova, N, Pati, A, & Edwards, KJ (2011)
Genomic potential of Marinobacter aquaeolei, a biogeochemical “opportunitroph”. Appl
Environ Microbiol 77:2763-2771

Serensen J, Tiedje J, Firestone R (1980) Inhibition by sulfide of nitric and nitrous oxide
reduction by denitrifying Pseudomonas fluorescens. Appl Environ Microbiol 39:105-108

Spangler WJ, Gilmour CM (1966) Biochemistry of nitrate respiration in Pseudomonas stutzeri. 1.
Aerobic and nitrate respiration routes of carbohydrate catabolism. J Bacteriol 91:245-250

Storz G, Hengge R (2011) Bacterial stress responses. ASM press.

26



513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

Van Leeuwen CJ, Maas-Diepeveen JL, Niebeek G, Vergouw WHA, Griffioen PS, Luijken MW
(1985) Aquatic toxicological aspects of dithiocarbamates and related compounds. I.
Short-term toxicity tests. Aquatic Toxicol 7:145-164 doi: 10.1016/s0166-445x(85)80002-
3

Vaquer-Sunyer R, Duarte CM (2008) Thresholds of hypoxia for marine biodiversity. PNAS
105:15452-15457 doi: 10.1073/pnas.0803833105

Vaquer-Sunyer R, Duarte CM (2010) Sulfide exposure accelerates hypoxia-driven mortality.
Limnology and Oceanography 55:1075-1082

Wolin EA, Wolin MJ, Wolfe RS (1963) Formation of Methane by Bacterial Extracts. J Biol
Chem 238:2882-2886

Yao W, Millero FH (1995) Oxidation of hydrogen sulfide by Mn (IV) and Fe (III)(hydr) oxides
in seawater. In: Vairavamurthy, MA, Schoonen MAA, Eglinton, TI, Luther, GW and
Manowitz, B (ed) Geochemical transformations of sedimentary sulfur. ACS Publications,

pp. 260-279 doi: 10.1021/bk-1995-0612.ch014

27



529  Figure Legends
530

531  Fig. 1. Effect of medium composition on total sulfide concentration. Percent sulfide (mean =+
532  standard deviation of duplicates) remaining in (A) Medium 1, (B) Medium 2, and (C) Medium 3,
533  was calculated based on an initial Na;S concentration of 0.15 mM (@), 0.30 mM (A), 0.60 mM
534 (D and 1.2 mM (M),

535  Fig. 2. Growth in the presence of varying concentrations of sulfide. (A) Marinobacter sp., (B)
536  P. stutzeri, (C) Vibrio sp. OY15, and (D) Bacillus sp. S1. Sulfide was added to freshly diluted

537  cultures at 0 (@), 0.15 mM (@), 0.30 mM ('V¥), 0.60 mM () and 1.2 mM (M) and growth was

538 monitored as described in Materials and Methods. Data represent mean + standard deviation.
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