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Involvement of Intermediate Sulfur Species in Biological Reduction of
Elemental Sulfur under Acidic, Hydrothermal Conditions
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The thermoacidophile and obligate elemental sulfur (S;°)-reducing anaerobe Acidilobus sulfurireducens 18D70 does not associ-
ate with bulk solid-phase sulfur during S;’-dependent batch culture growth. Cyclic voltammetry indicated the production of
hydrogen sulfide (H,S) as well as polysulfides after 1 day of batch growth of the organism at pH 3.0 and 81°C. The production of
polysulfide is likely due to the abiotic reaction between S;° and the biologically produced H,$, as evinced by a rapid cessation of
polysulfide formation when the growth temperature was decreased, inhibiting the biological production of sulfide. After an ad-
ditional 5 days of growth, nanoparticulate S;° was detected in the cultivation medium, a result of the hydrolysis of polysulfides in
acidic medium. To examine whether soluble polysulfides and/or nanoparticulate S’ can serve as terminal electron acceptors
(TEA) supporting the growth of A. sulfurireducens, total sulfide concentration and cell density were monitored in batch cultures

with S° provided as a solid phase in the medium or with S,° sequestered in dialysis tubing. The rates of sulfide production in
7-day-old cultures with S° sequestered in dialysis tubing with pore sizes of 12 to 14 kDa and 6 to 8 kDa were 55% and 22%, re-
spectively, of that of cultures with S;° provided as a solid phase in the medium. These results indicate that the TEA existed in a
range of particle sizes that affected its ability to diffuse through dialysis tubing of different pore sizes. Dynamic light scattering
revealed that S;° particles generated through polysulfide rapidly grew in size, a rate which was influenced by the pH of the me-
dium and the presence of organic carbon. Thus, S,° particles formed through abiological hydrolysis of polysulfide under acidic
conditions appeared to serve as a growth-promoting TEA for A. sulfurireducens.

Terrestrial and hydrothermal spring source waters often con-
tain elevated concentrations of reduced iron, arsenic, and sul-
fur species (1-3). Upon discharge into less-reducing environ-
ments, these chemical species undergo oxidation by a variety of
possible biotic and/or abiotic mechanisms, often resulting in pre-
cipitation and accumulation as a solid phase (2, 4, 5). Sulfur is of
particular importance in hydrothermal environments, as it can
exist in a number of different forms in which oxidation states vary
between S(—2) and S(+6), polymerize with the formation of S-S
bonds, and interact with organic material. Elemental sulfur, S°,
exists primarily as an S¢° ring that then aggregates into nanocrys-
talline Sy and eventually to bulk mineral elemental sulfur. The
stable form of elemental sulfur at atmospheric T and P is a-Sg, but
it can exist in over 180 different allotropes and polymorphs (6).
Hydrogen sulfide (H,S) is a key sulfur species in hydrothermal
waters that upon oxidation with O, can form thiosulfate (S,05>"),
which disproportionates under acidic conditions to sulfite
(SO,*7) and elemental sulfur (Sg°) (7-9). The S¢° that is formed
from this process accumulates as a-Sg near the point of surface
discharge in hydrothermal springs due to its low solubility and
slow reactivity in water below 100°C (10). Since a wide array of
microorganisms are able to oxidize, reduce, and disproportionate
a-Sg (11-14), this represents an important substrate capable of
supporting microorganisms inhabiting these environments.
Since the first description of biological Sg” reduction in the
bacterium Desulfuromonas acetoxidans in 1976 (15), this meta-
bolic process has been identified in a variety of mesophilic and
thermophilic organisms distributed in both the bacterial and ar-
chaeal domains (13, 16-22). These organisms are typically hetero-
trophs that couple the oxidation of organic acids, carbohydrates,
and/or complex peptides to the reduction of Sy° (13, 16-21, 23),
although several autotrophic or mixotrophic species that couple
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H, oxidation with the reduction of S° have also been isolated
(24-26). The solubility of a-Sg (1 wg liter ™! at 25°C and 15 pg
liter ' at 80°C) (10) is likely too low to sustain the growth rates
and yields reported for a-Sg-reducing organisms characterized to
date (19, 27). Rather, it is likely that a-Sg is activated to more-
hydrophilic and/or -soluble forms (e.g., polysulfides) which sup-
port the growth of these microbial populations (22, 27).
Polysulfides (S,>”) are formed by nucleophilic cleavage of the
S-Sbond of S;° by strong nucleophiles, such as sulfide, resulting in
linear chains (typically containing 3 to 6 S atoms) of zero-valent S
terminated by sulthydryl groups (28, 29). Once polysulfide is
formed, it can also act as a nucleophile in opening the Sg° ring
structure (30). Polysulfides have been shown to serve as terminal
electron acceptors (TEA) for Wolinella succinogenes (31) and Py-
rococcus furiosus (22), and they have been proposed as the TEA
supporting the growth of other Sg°-reducing microorganisms in-
habiting circumneutral pH environments (19). However, the
amount of sulfur dissolved as polysulfide decreases dramatically
with decreasing pH due to the instability of S.>~ in the presence of
acid (19, 27, 32) according to the reaction 2 S.>~ + 4 H™ — «-S, +
2 H,S (reaction 1), suggesting that the polysulfides are unlikely to
support the growth of acidophilic sulfur-reducing populations
(reaction 1). Calculations of the concentrations of polysulfides in
aqueous solutions at pH 3.0 in equilibrium with excess a-Sg and 1
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mM H,S at 80°C indicate a maximum concentration of 10~*' M
(19, 27). This low-equilibrium concentration would presumably
place constraints on the utilization of polysulfides by microorgan-
isms inhabiting acidic environments and may suggest a role for
nanocrystalline Sg formed through polysulfide (reaction 1) to
serve as TEA for acidophiles. However, it is not known if polysul-
fides or nanocrystalline Sg can serve as TEA for thermoacidophilic
microorganisms.

The thermoacidophile Acidilobus sulfurireducens strain 18D70
is an obligately anaerobic elemental sulfur reducer that was orig-
inally isolated from Dragon Spring, Yellowstone National Park
(YNP), Wyoming (11). Recent molecular analyses indicate that A.
sulfurireducens (Crenarchaeota, Acidilobales) is a numerically
dominant organism in acidic, high-temperature YNP springs (11,
33), and closely related strains of Acidilobales have been detected
in acidic terrestrial geothermal environments around the world
(13,18, 34). Previous microscopic analyses of batch cultures of A.
sulfurireducens growing in pH 3.0 medium containing a-Sq as the
sole TEA indicated that the majority of cells were planktonic and
not associated with large elemental sulfur particles during sulfur-
dependent growth (35). This suggested that the growth of A. sul-
furireducens was supported by the reduction of a soluble form of
sulfur. Here, we use a combination of cyclic voltammetry (CV),
dynamic light scattering, and physiological experimentation to
better understand the chemistry of the sulfur compound(s) sup-
porting the growth of A. sulfurireducens.

MATERIALS AND METHODS

Culture conditions. Acidilobus sulfurireducens strain 18D70 was culti-
vated in peptone-elemental sulfur (PS) medium buffered to pH 3.0 with
trisodium citrate (10 mM final concentration) as previously described
(11). PS medium consisted of NH,CI (0.33 g liter '), KCI (0.33 g liter 1),
CaCl,-2H,0 (0.33 gliter '), MgSO,-7H, 0 (0.33 gliter "), KH,PO, (0.33
g liter "), peptone (0.025% [wt/vol]), Ss° (5 g liter '), Wolfe’s vitamins
(1 ml liter '), and SL-10 trace metals (1 ml liter !). Briefly, PS medium
was dispensed into 120-ml serum bottles and purged for 45 min with N,
gas, and the bottles were then capped with butyl rubber stoppers, followed
by sterilization by autoclaving for 30 min. Al N, gas utilized in the present
study was passed over H,-reduced heated copper shavings (210°C) in
order to remove residual O,. S° (Acros Organics, Geel, Belgium) was
placed in microcentrifuge or Falcon tubes and was heat treated to reduce
the possibility of contamination using three rounds of incubation (95°C)
for 2 h, followed by incubation at room temperature (~22°C) for 1 h.
Heat-treated Sy° was added to PS medium under a stream of sterile N, gas
to a final concentration of 5 g liter ', Filter-sterilized vitamins and trace
metals were also added following autoclave sterilization (11). PS medium
was brought to 81°C and held for 24 h, and the gas phase was again
exchanged with N, gas. PS medium preparation was completed by the
addition of filter-sterilized and O,-free sodium ascorbate (pH 3.0) to a
final concentration of 50 WM as a reductant. Ascorbate cannot serve as a
source of energy, carbon, or TEA for A. sulfurireducens (11). Cultures were
inoculated with a 1.0% (vol/vol) subsample of an actively growing culture
to achieve a starting cell density of roughly 1.0 X 10° cells ml™" to 2.0 X
10° cells ml™". The concentration of total sulfide and the production of
cells in batch cultures, compared to those of uninoculated controls, served
as metrics for describing the activity and growth of A. sulfurireducens,
respectively. Total sulfide and cell concentrations in batch cultures were
determined using the methylene blue assay and fluorescence microscopic
methods, respectively, as previously described (11). Importantly, A. sul-
furireducens is incapable of supporting growth via peptide fermentation in
the absence of Sg° (11). Thus, all growth can be attributed to Sg° reduction
when cultivated under these conditions.
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Growth of A. sulfurireducens with sequestered S°. S;° was enclosed
in dialysis tubing of various pore sizes in batch cultures in order to exam-
ine the requirement for physical contact between A. sulfurireducens and
the bulk solid-phase S,°. Spectra/Por 7 sulfur- and heavy-metal-free
membrane tubing (Spectrum Laboratories, Gardena, CA) with pore sizes
of 6 to 8 and 12 to 14 kDa (24-mm thickness) were cut in 3-inch lengths.
These membranes are stable in aqueous medium that ranges in pH from 2
to 12 and when incubated at temperatures of up to 121°C (http://www
.spectrumlabs.com/dialysis/rc.html). Membrane tubing was briefly
rinsed in deionized water to remove preservatives and metals and then
was incubated in sterile deionized water at 81°C for 24 h. This process was
repeated a second time in order to remove residual preservatives. Elemen-
tal sulfur was sterilized as described above and was then added to the
membrane tubing aseptically to a final concentration of 5 g liter " '. The
membrane tubes were sealed with Spectra/Por closures and then trans-
ferred to 1-liter wide-mouth medium bottles (Corning, Corning, NY)
containing 500 ml of PS medium that was prepared as described above.
The transfer of the membrane tubing with elemental sulfur was per-
formed under a constant stream of N, gas to minimize influx of atmo-
spheric O,. Bottles were sealed with butyl rubber stoppers, heated to 81°C,
and again purged with sterile N, gas to remove residual O,. Medium
preparation was completed with the addition of sodium ascorbate to a
final concentration of 50 WM. Cultivation experiments were performed in
triplicate, and a single uninoculated control was included. Experiments
in which cells and Sy° were present in the bulk medium were performed in
the presence of dialysis membranes (6 to 8 kDa) in order to account for the
potential interactions between the membranes and sulfur compounds.
Total sulfide production (dissolved and gaseous) was calculated using
gas-phase equilibrium calculations as outlined previously (11). The dif-
ferences in total sulfide production and cell counts between biological
replicates and uninoculated controls served as proxies for sulfur reduction
activity and cellular growth, respectively.

Synthesis of polysulfide. Sodium pentasulfide salts were synthesized
using methods adapted from Rosen and Tegman (36). Briefly, polysulfide
salts were prepared by reacting 0.95 g anhydrous sodium sulfide with 1.55
g crystalline elemental sulfur that had been dried in an oven at 80°C. All
preparation and handling of the polysulfide salts were done in a dry anoxic
glove box. Reagents were mixed together by grinding, placed in quartz
tubes, and sealed under an atmosphere of N, before evacuation on a
vacuum line and sealing of the quartz glass using an acetylene torch. Syn-
thesis took place through melting and reaction for 12 h at 210°C, followed
by an annealing step for about halfan hour at 350°C, removal and regrind-
ing of the product under an N, atmosphere, replacement of the mixture
into another glass tube, and a final melting and reaction step at 210°C for
10 h. The salts were then washed with hexane to remove residual elemental
sulfur impurities, resealed under vacuum, and kept at —20°C in the dark
until used for dynamic light-scattering experiments and as standards in
voltammetric analysis.

Cyclic voltammetry. Voltammetric signals are produced when redox-
active dissolved or nanoparticulate species interact with the surface of an
Au-amalgam (Au-Hg alloy) working electrode. Electron flow resulting
from redox half-reactions occurring at specific potentials at a 100-pm-
Au-amalgam-diameter working-electrode surface is registered as a cur-
rent that is proportional to concentration (37). A three-electrode system
consisting of a silver/silver chloride reference electrode, a platinum coun-
ter electrode, and an Au-amalgam working electrode was used in voltam-
metric analyses according to the method of Brendel and Luther (38).
Cyclic voltammetry was performed between —0.1 and —1.8 V (versus
Ag/AgCl) at a scan rate of 1,000 mV s~ ' with a 2-s conditioning step.
Aqueous and nanoparticulate sulfur species that are electroactive at the
Au-amalgam electrode surface of direct relevance to this study include
H,S, Sg, and polysulfides (e.g., H,Ss), in addition to key oxidized inter-
mediates, such as 52032_, HSO;™, and 54062_ (39, 40). Voltammetric
analyses were carried out with an Analytical Instrument Systems, Inc.,
DLK-60 potentiostat and computer controller. Briefly, 25-ml aliquots
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FIG 1 Cell and sulfide production in cultures of A. sulfurireducens grown in
the presence of Sy at 81°C and pH 3.0.

were removed from cultures at 1, 3, and 6 days postinoculation and were
immediately transferred to a sealed reactor containing the working and
reference electrodes that had been prepurged with O,-free N, gas. The
reactor was kept at 81°C using a heated water jacket (Princeton Applied
Research, Oak Ridge, TN). Analyses were carried out in sets of at least 10
sequential scans at each sampling point, with the first three scans dis-
carded (allowing the electrode response to stabilize). Standard additions
of sodium sulfide and sodium polysulfide were performed using PS me-
dium with the pH adjusted to both 3.0 and 4.0 (noting that polysulfide
signals disappear quickly per reaction 1) in order to estimate the concen-
trations of these species.

Dynamic light scattering. The size of S° particles and the rate of Sg°
particle growth during the hydrolysis of polysulfide were examined using
a model 90Plus particle size analyzer (Brookhaven Instruments, Holts-
ville, NY) at a scattering angle of 90° with the stage temperature held at
81°C. Two milliliters of anaerobic PS base salt medium, prepared as de-
scribed above, was injected into a 3-ml glass sample vial sealed with Teflon
caps under a stream of anoxic N, gas. S;° was not included in the PS
medium. In some applications, peptone was not included in PS medium.
The pH of PS medium was adjusted to pH 2.0, 3.0, and 4.0 by altering the
amount of added sodium citrate and citric acid to a final citrate concen-
tration of 10 mM. A 5 mM polysulfide solution (predominantly H,S,
[32]) was prepared by dissolving polysulfide salts in anaerobic deionized
water. Base salt solutions were allowed to equilibrate to the stage temper-
ature of 81°C, and the hydrolysis reaction was initiated by the syringe
injection of a 100-wl volume of polysulfide solution to achieve a final
concentration of 25 wM. The solution was quickly mixed, followed by
initiation of data collection. The average and standard deviation of parti-
cle size effective diameters were calculated from two replicate analyses.

RESULTS

The cell density and the concentration of total sulfide increased at
similar rates in cultures of A. sulfurireducens with a-Sg added as
the sole TEA (Fig. 1), indicating that the reduction of a-Sg to H,S
supports cell replication. The specific growth yield of A. sulfurire-
ducens cultivated under these conditions averaged 59 * 41 cells/
pmol H,S produced. The cultivation of A. sulfurireducens in batch
cultures with a-Sg sequestered in semipermeable dialysis tubing
provided the first direct evidence that physical contact with solid-
phase a-S; was not necessary for growth (Fig. 2). Relative to
growth in the presence of solid-phase a-S, rates of sulfide pro-
duction and cellular production decreased systematically with de-
creasing dialysis tubing pore sizes. The net sulfide production rate
decreased 78% and 45% when o-Sg was sequestered in dialysis
tubing with pore sizes of 6 to 8 kDa and 12 to 14 kDa, respectively.
Likewise, the final cell yield decreased by 62% and 44% when a-Sg
was sequestered in dialysis tubing with pore sizes of 6 to 8 kDa and
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FIG 2 Total sulfide production in cultures of A. sulfurireducens cultivated at
81°C and pH 3.0 in the presence of Sg” (control) or with Sg° sequestered in
dialysis membranes with pore sizes of 12 to 14 kDa and 6 to 8 kDa.

12 to 14 kDa, respectively (data not shown). The specific growth
yield of A. sulfurireducens when cultivated under these conditions
over the 70-h incubation period was 53 = 40, 96 =+ 30, or 54 = 39
cells/pmol H,S produced when sulfur was provided in the me-
dium, sequestered in 6- to 8-kDa dialysis membranes, or seques-
tered in 12- to 14-kDa dialysis membranes, respectively. Thus,
when solid a-Sy is physically separated from cells by a semiperme-
able membrane, smaller pore sizes limit the availability of reduc-
ible sulfur for A. sulfurireducens. The observation that smaller di-
alysis membrane pore sizes support lower levels of activity and
growth than larger dialysis membrane pore sizes indicates that the
biologically reducible sulfur compound exhibits a size distribu-
tion.

Cyclic voltammetry (CV) was used to detect and to quantify
soluble and electroactive compounds in batch cultures of A. sul-
furireducens, namely, polysulfides (primarily H,S; at acidic pH
[41]; pK1 for H,S; is 3.5 at 25°C, for example [42]), nanocrystal-
line S°, and hydrogen sulfide (H,S). Standard additions of Na,$S
and Na,S; solutions were performed in PS medium with the pH
adjusted to both 3.0 and 4.0. In PS medium with the pH adjusted
to 3.0, addition of H,S yielded a peak at —0.45 mV while addition
of H,S; yielded a peak at —0.59 mV, a separation of 0.14 mV (Fig.
3A). In PS medium with the pH adjusted to 4.0, addition of H,S
yielded a peak at —0.59 mV while addition of H,S; yielded a peak
at —0.73 mV, a separation of 0.14 mV (Fig. 3B). The addition of
H,S; to PS medium with a pH of 4.0 generated two additional
peaks with potentials of —1.00 and —1.20 mV that were barely
above the detection limit in the pH 3.0 medium (Fig. 3B), corre-
sponding to the polysulfide hydrolysis product, nanocrystalline
Sg%, and dissolved S,° that exhibit two size distributions (43). After
15 min of additional incubation, both the H,S; peak and nano-
crystalline Sg° peaks disappeared in the PS medium with the pH
adjusted to 4.0 (Fig. 3B), presumably due to rapid equilibration of
polysulfide with S;° and sulfide and coagulation of nanocrystalline
S? causing precipitation of a-Sg°. A peak attributable to nano-
crystalline or dissolved Sg° formed due to polysulfide reaction was
not able to be definitively assigned in PS medium with the pH
adjusted to 3.0 due to the high baseline current in this potential
range (—1.0 to 1.6 mV) attributable to proton reduction. In solu-
tions with pH 3.0 and with excess sulfur and 1 mM sulfide (far
more concentrated than is present in our medium), the equilib-
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FIG 3 Cyclic voltammograms following the addition of sodium sulfide and polysulfide in PS medium with the pH adjusted to 3.0 (A) and to 4.0 (B). (B) An
additional scan of polysulfide-spiked PS medium following 15 min of incubation shows the disappearance of the formed nanocrystalline S;°.

rium concentration of polysulfide is estimated to be ~34 pM (19),
well below the detection limit of our assay. Control experiments
done with or without dialysis membranes show no significant dif-
ferences in the sulfur speciation measured by voltammetry (data
not shown), suggesting that there is very limited reaction of these
compounds with the dialysis materials used.

After verifying that sulfide and polysulfide can be detected and
quantified in PS medium with the pH adjusted to 3.0 and 4.0 and
that the polysulfide reaction product nanocrystalline Sg° can be
identified in PS medium with the pH adjusted to 4.0 (Fig. 3), we
initiated a growth experiment with A. sulfurireducens in PS me-
dium with the pH adjusted to either 3.0 or 4.0 and monitored the
production of electroactive compounds using CV (Fig. 4). We
note here that sulfide and polysulfide ions react in these solutions
that are at potentials that are often only ~140 mV apart (exact
separation depends on specific concentrations and pH). Thus,
significant concentrations of one ion may mask small concentra-
tions of the other ion. However, mixtures of the two ions result in
one peak composed of two peak components, with a recognizable
inflection between the two individual components. In cultures of
A. sulfurireducens grown in PS medium with the pH adjusted to
3.0, a peak at —0.45 mV with an amplitude of 10 A was observed
after the first day of growth (Fig. 4A). This peak is attributable to
H,S at a concentration of ~13 wM. By 3 days of growth, a single
peak with a potential of —0.48 mV and an amplitude of 16 LA was
observed. This peak can be attributed to H,S that has shifted neg-

A 25
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stﬁ
/ nanocrystalline Sg°

Current (uA)

-1'.4 -1I_2 -1'.0 -OI.B -0I.6 -6.4 -6.2
Potential (V, vs. Ag/AgCl)

ative due to concentration-dependent effects (43, 44). By 6 days of
growth in PS medium with the pH adjusted to 3.0, a single peak
centered on —0.59 mV with an amplitude of 18.5 wA was de-
tected. This peak corresponds to primarily H,S; at a concen-
tration of ~20 wM with a positive-trending shoulder associ-
ated with the H,S part of the H,S; peak. H,S, H,S;, and
nanocrystalline Sg° were not observed in uninoculated pH 3.0
medium controls during the duration of the incubation (data
not shown), indicating that the production of these com-
pounds was due to biological activity.

In cultures of A. sulfurireducens grown in PS medium with the
pH adjusted to 4.0, a peak with a potential of —0.59 mV and an
amplitude of 11 A was observed after the first day of growth, with
an inflection separating a significant sulfide component at a more
positive potential (Fig. 4B). The first peak at —0.49 V is attribut-
able to H,S at a concentration of ~15 wM, whereas the second
peak at —0.59 V is attributable to polysulfide at a concentration of
~18 pM. Following 3 days of growth, a peak centered at —0.62
mV with an amplitude of 17 pA was observed. This peak had a
large shoulder centered at 0.59 mV with an amplitude of 12 pA.
The peak with a more negative potential corresponds to H,S; ata
concentration of ~21 wM, whereas the slightly more positive
shoulder corresponds to H,S at a concentration of ~20 wM. By 6
days of growth in pH 4.0 PS medium, a peak centered on —0.69
mV with an amplitude of 22 pwA was detected. This peak corre-
sponds to H,S; at a concentration of ~24 wM. This peak also had
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FIG 4 Cyclic voltammograms of electroactive sulfur compounds in cultures of A. sulfurireducens with the pH of the medium adjusted to 3.0 (A) and to 4.0 (B)

as a function of incubation period. Cultures were incubated at 81°C.
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FIG 5 (A) Influence of pH on S,° particle size and particle size growth rates in base salt medium (no peptone) with the pH adjusted to 2.0, 3.0, and 4.0 in the
presence of 25 uM polysulfide. (B) Influence of peptone on Sg° particle size and particle size growth rates in base salt medium amended with 25 .M polysulfide
and with the pH adjusted to 3.0. Both analyses were performed at a temperature of 81°C. Power functions used to model the behavior of particle growth are

indicated for each experiment.

a large shoulder that centered at 0.59 mV with an amplitude of 12
WA, corresponding to ~20 uM H,S. In addition to the peaks
corresponding to H,S and H,S, two peaks with half-wave poten-
tials of —1.05 and —1.20 mV were observed. These peaks corre-
spond to two size distributions of nanocrystalline and dissolved
elemental sulfur (43). Thus, both H,S and H,S; increased in con-
centration during growth in PS medium with a pH of 4.0, with
nanocrystalline S;” becoming detectable following 6 days of
growth. H,S, H,Ss, and nanocrystalline Sg° were not observed in
uninoculated pH 4.0 medium controls during the duration of the
incubation (data not shown), indicating that the production of
these compounds was due to biological activity.

Dynamic light scattering was used to examine the size distri-
bution of nanocrystalline S’ formed as a result of the polysulfide
reaction (reaction 1) and to examine the influence of the pH of
growth medium on the rate of nanocrystalline Sy° formation and
aggregation. Dynamic light-scattering experiments were per-
formed in base salt medium lacking peptone with the pH adjusted
to 2.0, 3.0, and 4.0. Following addition of 25 M Na,Ss, the initial
effective particle size, measured following 2 min of incubation at
81°C, increased with increasingly acidic PS medium (Fig. 5A). The
growth of particles, as measured by the effective diameter, was able
to be fit (R* = 0.99 in all treatments) using simple power functions
(e.g., y = ax"). The scaling factor (b in the power function) in-
creases systematically from 0.21 at a pH of 4.0 to 0.29 at a pH of
2.0, indicating that the rate of nanocrystalline Sg° particle aggre-
gation increases with increasingly acidic PS medium. In addition,
experiments were performed to examine the influence of peptone
on the rate of nanocrystalline Sg° formation and aggregation upon
addition of 25 uM Na,S, to PS medium with the pH adjusted to
3.0. The presence of peptone increased the size of the initial nano-
crystalline Sg° particles and the rate by which the nanocrystalline
S particles grew in size compared to medium lacking peptone
(Fig. 5B). The scaling factor for the power function describing
nanocrystalline S particle growth in PS medium with peptone
was 0.32, which represented the highest scaling factor observed in
any of the treatments performed herein. This suggests that both
the acidity of the growth medium and the presence of complex
organics, such as peptone, increase the rate by which nanocrystal-
line Sg° particles form and aggregate.
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DISCUSSION

The production of sulfide when «-S,” was sequestered in dialysis
tubing provided the first evidence that direct contact with the
solid-phase a-Sy° provided in PS medium was not required for the
reduction of elemental sulfur. Polysulfides and the polysulfide dis-
proportionation product nanocrystalline Sg° were detected with
CV analysis of the bulk aqueous phase of cultures of A. sulfurire-
ducens when grown with «-Sg° as the sole TEA. In biotic experi-
ments, the amounts of polysulfide and electrochemically active
nanocrystalline Sg° particles increase in time and corresponding
cellular density. Conversely, abiotic additions of sulfide or poly-
sulfide can recreate nanocrystalline Sy° particle peaks associated
with this same chemistry, but they decrease in time as a function of
the coarsening of elemental sulfur. The observation of increasing
amounts of nanocrystalline S,” particles is linked to the continued
biotic production of sulfide, creating a positive feedback loop of
more-available polysulfide and nanoparticulate elemental sulfur
(both chemically available in terms of increased rates of reaction
with sulfide and biotically available in terms of producing more
material that is directly able to be metabolized). The formation of
polysulfide under these conditions is likely due to the biological
production of sulfide, which through nucleophilic attack of the
8-membered ring of solid-phase a-Sg results in linear chains of
zero-valent S terminated by sulfhydryl groups (e.g., S5°7) (28).
The polysulfides formed from this reaction establish a complex
equilibrium with polysulfide species of lengths up to 8 S atoms
(28); however, the predominant polysulfide ion in aqueous solu-
tions with acidic pH (<6.8) is likely to contain 4 to 5 S atoms (41).

The growth and sulfide production rate of A. sulfurireducens in
PS medium were greater when a-Sg° was sequestered in dialysis
membranes with larger pore sizes (12 to 14 kDa) than when it was
sequestered in dialysis membranes with smaller pore sizes (6 to 8
kDa), indicating that the TEA supporting A. sulfurireducens exhib-
ited a size distribution. This conclusion is supported by the iden-
tification of two peaks in CV scans of cultures grown in PS me-
dium with pH 4.0 and to a lesser extent in PS medium with pH 3.0
(due to a combination of higher detection limits for these forms
and the higher growth rate of elemental sulfur particles in a more
acidic medium). These peaks correspond to two different size dis-
tributions of nanocrystalline S;° (43), noting that repeatable elec-
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trochemical detection of these peaks requires particles small
enough to diffuse to the electrode surface for reaction (45). The
peak with the more positive potential (—1.1 mV) most likely rep-
resents larger but still nanoparticulate Sg°, as indicated by a previ-
ous study that indicated the disappearance of this peak when so-
lutions containing this nanocrystalline Sg° were filtered through
0.45-pm filters (43). Importantly, the peak with a more negative
potential (—1.35 mV) remained after 0.45-p.m filtration (43), in-
dicating that it is likely to be a smaller-diameter particle. The pres-
ence of the particles in PS medium is likely due to the dispropor-
tionation of polysulfides (reaction 1), forming sulfide and Sg°
(28).

It has been suggested that elemental sulfur formed due to poly-
sulfide hydrolysis joins to form aggregates or particles due to its
hydrophobic nature (46), with the size of the particles governed by
electrostatic repulsive and van der Waals attractive forces (47).
Previous studies have shown that the elemental sulfur particles
formed upon biotic oxidation of hydrogen sulfide exhibit a size
distribution from 0.1 to 1.0 pm (30, 48). Particles of different
diameters have different surface-area-to-volume ratios and can be
expected to exhibit differences in diffusion rates in aqueous media
(49). Thus, the apparent size dependence on the a-Sg° reduction
rate and cellular growth may be due to the production of nano-
crystalline Sg° particles of differing sizes that vary in their rate of
diffusion across the dialysis membrane. Here, larger Sg° particles
that were not able to diffuse across dialysis membranes with small
pore sizes (e.g., 6 to 8 kDa) but that were able to diffuse through
dialysis membranes with larger pore sizes (e.g., 12 to 14 kDa) may
explain the higher sulfide production rates in cultures of A. sulfu-
rireducens when solid-phase Sg° is sequestered in dialysis mem-
branes with larger pore sizes. While there is no direct conversion
between the 2-dimensional metric length (nm) and the 3-dimen-
sional molecular size (kDa), dialysis membranes with pore sizes of
6 to 8 kDa should exclude particles with sizes of >~1.5 nM,
whereas dialysis membranes with pore sizes of 12 to 14 kDa
should exclude particles with sizes of >~3 nM (http://www
.spectrumlabs.com/dialysis/PoreSize.html). Thus, the latter
membrane would presumably provide ~2X the amount of reduc-
ible nanocrystalline S’ of the former. Intriguingly, the rate of
sulfide production in cultures with nanocrystalline Sy° seques-
tered in dialysis tubing with pore sizes of 12 to 14 kDa was ~2.1
times greater than that of cultures with nanocrystalline S;° seques-
tered in dialysis tubing with pore sizes of 6 to 8 kDa. It is important
to consider that dialysis membranes are spongy matrixes that ex-
hibit a range of pore sizes. Thus, a range of particle sizes may have
been allowed to diffuse across each of the membranes, with those
diffusing across the 6- to 8-kDa membrane being, on average,
smaller than those diffusing across the 12- to 14-kDa membrane.

Dynamic light scattering indicated that the size of the nano-
crystalline Sy° formed upon the addition of polysulfides (primarily
Na,S;) to acidic PS medium increased with time, presumably due
to the hydrophobic nature of the particles and van der Waals at-
tractive forces driving particle aggregation (47). The initial size
and rate by which elemental sulfur particles aggregated and grew
in size were affected by the pH of the medium, with increased rates
observed with increasingly acidic PS medium. The influence of pH
on particle growth is likely attributable to increased rates of poly-
sulfide disproportionation (reaction 1) as a function of more-
acidic conditions (19, 50), which, in turn, would serve to increase
the concentration of nanocrystalline Sg° particles in solution and
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increase the frequency by which the particles interact and poten-
tially aggregate. Aggregation ultimately produces particles that are
no longer soluble, and the S,” particles precipitate. Thus, increas-
ingly acidic conditions may constrain the availability of Sy° parti-
cles to support the growth of microorganisms due to enhanced
aggregation rates and precipitation rates.

The presence of peptone, an enzymatic digest of animal pro-
tein, in PS medium also increased the rate by which nanocrystal-
line S, particles aggregated in abiotic experiments. The increased
rate of nanocrystalline S¢° particle growth in the presence of pep-
tone may result from the adsorption of charged polymers onto the
surface of the nanocrystalline Sg°. The absorption of a polymer at
the solid surface/solvent interface can result in stabilization or
destabilization of aggregates (30). The enhanced rate of particle
aggregation observed in the presence of peptone may be attribut-
able to the absorption of peptides onto the surface of particles, a
process which would remove or diminish the electrostatic barrier
that keeps particles from aggregating in solution (47). Additional
studies focused on the interactions between biomolecules (e.g.,
proteins, lipids, carbohydrates), Sg° particles, and fluid composi-
tion are necessary to understand the interplay between these pa-
rameters and the influence that this might have on biological ac-
tivities that rely on nanocrystalline Sg°.

The specific growth yields of A. sulfurireducens grown in PS
medium with S° present in bulk medium or sequestered in dial-
ysis membranes (average = 68 cells/pmol H,S in experiments pre-
sented here) were two orders of magnitude lower than that of the
closely related strain Acidilobus aceticus (average = 1,400 cells/
pmol H,S) (18). It is not clear how to account for this difference,
considering that both organisms couple the oxidation of complex
organic carbon sources (e.g., yeast extract, peptone) with the re-
duction of Sg°. Nearly identical base salt media are used to culti-
vate these strains of Acidilobales; however, exponential growth is
observed in cultures of A. aceticus and Acidilobus saccharovorans
(13, 18), whereas growth in A. sulfurireducens is linear (Fig. 1).
This may imply significant death rates in cultures of A. sulfurire-
ducens or may imply substrate limitation that results in constraints
on cell growth. Indeed, both A. aceticus and A. saccharovorans can
utilize fermentative pathways to support metabolism and were
shown to excrete the fermentation product acetate during Sg°-
dependent growth (13, 18). In contrast, A. sulfurireducens cannot
ferment complex organic carbon and acetate was not detected in
spent medium following S;°-dependent growth (11). Thus, it is
possible that the limited availability of nanoparticulate Sg° due to
rapid aggregation, as documented herein, limits the growth of A.
sulfurireducens. Given that A. aceticus and A. saccharovorans grow
under similar conditions, it is possible that they experience similar
constraints. However, when confronted with similar TEA limita-
tions, cultures of the acidophiles A. aceticus and A. saccharovorans
are capable of generating additional energy to support cellular
growth via fermentative pathways. Thus, the higher specific
growth yields of A. aceticus and A. saccharovorans relative to A.
sulfurireducens may reflect the utilization of both fermentative and
respiratory pathways versus respiratory pathways only, respec-
tively.

The mechanism by which Sg° is reduced by A. sulfurireducens is
not known. However, the small particle size and neutral charged
nature of soluble nanoparticulate S’ particles may facilitate its
direct diffusion across the lipid membrane, enabling its intracel-
lular reduction. Such a hypothesis is consistent with the two po-
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tential models for Sg° reduction proposed for the closely related
strain Acidilobus saccharovorans based on genomic data. Here, ei-
ther a soluble cytoplasmic NAD(P)H-elemental sulfur oxi-
doreductase (ASAC_1028) or a cytoplasmic membrane-bound
sulfur-reducing complex (ASAC_1394-ASA_1397) functions to
reduce Sg° using reduced NAD(P)H or quinones as the electron
donor (51). Importantly, biochemical evidence confirming these
functions has yet to be documented in sulfur-reducing crenar-
chaeota. Nonetheless, draft genomic sequences of A. sulfuriredu-
cens (E. S. Boyd, unpublished data) reveal homologs of both pro-
tein complexes, suggesting the potential for a similar mechanism
of Sg° reduction in this strain.

In conclusion, the evidence presented here indicates that the
growth of A. sulfurireducens is supported by a soluble form of
sulfur that exhibits a size distribution. Cyclic voltammetry identi-
fied four electrochemically reactive intermediate sulfur com-
pounds (e.g., sulfide, polysulfide, and two size distributions of
nanocrystalline Sg°) during active growth of A. sulfurireducens in
acidic medium. These observations lead to a new model for reduc-
tion of elemental sulfur by A. sulfurireducens whereby chemically
unstable polysulfides formed via reactions between solid-phase
a-Sg” and sulfide rapidly disproportionate to Sy” in the presence of
acid (reaction 1), which quickly aggregates to nanocrystalline Sg°
that, in turn, continues to increase in size to form a-S.°. As sulfide
is produced by biological reduction, it can react with smaller ele-
mental sulfur nanocrystals (which would react faster if the rate of
reaction is surface limited), reinitiating the cycle and driving av-
erage elemental sulfur particle size down with increasing reaction
rates. This cycle develops a distribution of nanoparticulate Sg°
particle sizes better capable of serving as electron acceptors for this
organism.

Another potential mechanism of microbial metabolism in this
system, consistent with experimental observations here, is the di-
rect metabolism of polysulfides. The equilibrium distribution of
dissolved polysulfides with sulfide and «-Sg should be orders of
magnitude lower than that observed in solutions after log-phase
growth (Fig. 3 and 4) (32). The observation of significant polysul-
fides suggests either disequilibrium with reaction 1 or that a dif-
ferent reaction involving nanoparticulate Sy° or dissolved/nano-
particulate elemental sulfur associated with organic derivatives,
such as peptones, is driving polysulfide concentrations. The sys-
tematic decrease in sulfide production activity in cultures of A.
sulfurireducens when solid-phase a-Sg° is physically separated by
dialysis membranes with decreasing membrane pore size may be
the result of the restricted diffusion of nanocrystalline Sy’ across
the membrane, which, in turn, constrains its availability to sup-
port the growth of A. sulfurireducens, which is reflected in lower
growth yields in these cultures. This lends support to the hypoth-
esis that nanoparticulate S°, and not polysulfide, which can be
expected to exhibit a near-uniform size distribution at this pH
(41), is the electron acceptor supporting the growth of A. sulfuri-
reducens. Both models help to explain why A. sulfurireducens is not
observed to associate with the solid-phase a-Sy” in PS medium.
Thus, the abiotic interactions between sulfur species, the products
formed from these reactions, and the rates of these reactions (e.g.,
formation, disproportionation, aggregation, and precipitation)
are likely to place constraints on the availability of elemental sulfur
that is required to support the activity of this organism. Future
studies aimed at quantifying the kinetics of these reactions in pure
cultures and natural environmental systems will continue to in-
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form our understanding of the dynamic interplay between biolog-
ical and abiological processes in defining the ecological niche of
elemental sulfur-respiring organisms in the natural environment.
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