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Dissimilatory sulfate reduction (DSR) mediated by sulfate-reducing microorgan-
isms (SRMs) plays a pivotal role in global sulfur, carbon, oxygen, and iron cycles
since at least 3.5 billion y ago. The canonical DSR pathway is believed to be sulfate
reduction to sulfide. Herein, we report a DSR pathway in phylogenetically diverse
SRMs through which zero-valent sulfur (ZVS) is directly generated. We identified
that approximately 9% of sulfate reduction was directed toward ZVS with Sg as a
predominant product, and the ratio of sulfate-to-ZVS could be changed with SRMs’
growth conditions, particularly the medium salinity. Further coculturing experiments
and metadata analyses revealed that DSR-derived ZVS supported the growth of var-
ious ZVS-metabolizing microorganisms, highlighting this pathway as an essential
component of the sulfur biogeochemical cycle.

zero-valent sulfur | dissimilatory sulfate reduction | sulfate-reducing microorganism |
sulfate reduction pathway | sulfur cycle

Dissimilatory sulfate reduction (DSR) mediated by sulfate-reducing microorganisms
(SRMs) is a ubiquitous microbial process that occurs in both natural and engineered
ecosystems (1-3), such as the global anaerobic oxidation of methane (AOM) mediated by
microbial consortia of archaca (ANME) (4-7) and the remediation of acid mine drainage
(AMD) and sites contaminated by organic pollutants and heavy metals (1, 3, 8, 9). Isotopic
pieces of evidence in sedimentary rocks further indicate that SRMs emerged in the early
Archaean era (at least 3.5 Gyr) (10) and have played a crucial role in the evolution of Earth’s
surface redox state and climate by altering global sulfur, carbon, oxygen, and iron cycles
(11). To date, phylogenetically diverse SRMs have been identified from global terrestrial
and marine environments (1, 5, 12, 13). Although trace amounts of thionates were observed
as intermediates in enzymes or in pretreated SRM cells (14—16), the canonical DSR path-
way is thought to reduce sulfate to sulfide as a sole metabolic end product, of which
enzymatic mechanisms remain partially understood (17, 18). Zero-valent sulfur (ZVS)
has been widely detected in anaerobic conditions along with the DSR-derived sulfide (3,
19-21), which is generally proposed to be a sulfide reoxidation product (12, 21).
Nonetheless, whether massive sulfide-to-ZVS reoxidation can occur in anaerobic natural
environments with limited source of oxidants remains debatable (6, 21). In contrast, ZVS
is proposed as a key intermediate in ANME-mediated anaerobic methane oxidation by
sulfate, which is present in ANME intracellularly (4). This could be further disproportion-
ated by cocultured SRMs in the AOM microbial consortia (4). However, a different relation
between ANME and SRMs for AOM was documented very recently (5, 6), in which
ANME lacking genetic capacity for DSR assimilated inorganic sulfur compounds being
more oxidized than sulfide. Therefore, the mechanism through which ZVS is generated
under these anaerobic conditions remains poorly understood.

Results and Discussion

Characterization of ZVS Generated from SRM-Mediated DSR. Recently, we identified
ZVS generation in a sulfate-reducing and methanogenic bioreactor, in which known
sulfide-oxidizing microorganisms and available sources of oxidants were excluded (20).
We hypothesized that ZVS could be derived from the DSR rather than through the
reoxidation of sulfide under anaerobic conditions. To test this hypothesis, we examined
ZVS generation in six typical strains of phylogenetically diverse SRMs isolated from varied
niches (87 Appendix, Fig. S1), including Desulfovibrio vulgaris Hildenborough (DvH) as
a model SRM. In these pure cultures, ZVS generation occurred along with sulfate-to-
sulfide reduction and peaked when sulfate reduction terminated, resulting in 6.9 to 12.9%
(a mean value of 8.9%) sulfate reduction to ZVS, e.g., 8.4 + 1.5% in DvH (Fig. 14 and
SI Appendix, Fig. S2). Thereafter, ZVS levels decreased and stabilized in the late stationary
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Significance

Dissimilatory sulfate reduction
(DSR) is one of the oldest and
most prominent microbial
metabolic pathways on Earth.
It is generally accompanied by
zero-valent sulfur (ZVS) that is
involved in several cryptic
pathways in marine and
terrestrial environments. In this
study, we identified a to-date
unknown DSR pathway or
sulfate-to-ZVS conversion
mediated by sulfate-reducing
microorganisms. This finding
provides further insights into the
sulfur cycle, which may help
reveal details about cryptic
element cycling pathways and
improve our understanding of
the sulfur metabolism in early
Archaean microorganisms.
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Fig. 1. Generation of zero-valent sulfur (ZVS) from DSR. (A) Dissimilatory sulfate reduction (DSR) and ZVS generation in Desulfovibrio vulgaris Hildenborough
(DvH). (B) Observed yellowish color in DvH cultures without amendment of Fe(lI/Ill). DvH without Fe(ll/1ll), DvH in the LS4D medium without the amendment of
Fe(lI/111); Abiotic control, LS4D medium with sulfate- and sulfide-amendment but without DvH inoculation; Biotic control, DvH in the LS4D medium. (C) The total/
extracellular ZVS generation of DvH and DLT (Desulforamulus rumins DL) in cultures amended with two different molar ratios of lactate (C) to sulfate (S), i.e., C/S
ratios of 1:1 and 2:1. (D) The temporal patterns of ZVS compositional profiles in DvH. Data are presented as mean value of triplicate cultures. (E) Representative
Raman spectrum of elemental sulfur in DvH, containing prominent peaks of the elemental sulfur (Sg) at 151.6, 220.8, and 473.6 cm™"; a.u., arbitrary units. (F) DSR-
derived ZVS and sulfide, as well as the ratio of ZVS to reduced sulfur (i.e., ZVS and sulfide), in DvH cultures with varied pH, temperature (Temp.), C/S ratio, and

salinity (%, w/v). Error bars represent SDs of triplicate cultures.

phase (Fig. 14 and ST Appendix, Fig. S2). The ZVS generation was
further corroborated by the appearance of yellowish color (because
of elemental sulfur) in SRM cultures without amendment of Fe(II/
II) ions (Fig. 1B). Such yellowish color could be over-shadowed
by black FeS precipitates in the SRM-cultivating LS4D medium.
Quantification of the total and extracellular ZVS showed that
8.5 to 38.1% of the ZVS was intracellular sulfur (Fig. 1C and
SI Appendix, Fig. S3). Desulforamulus ruminis DL (DLT) as an
SRM with a gram-positive-type cell wall structure (22) generated
comparatively more abundant intracellular sulfur relative to
that of gram-negative DvH, i.e., 38.1 + 3.7% and 11.3 + 1.8%
intracellular sulfur in DLT and DvH cultures, respectively, fed
with a molar ratio of lactate (C) to sulfate (S) of 1:1 (Fig. 1C). This
difference in intracellular sulfur accumulation could be attributed
to the difficulty in crossing-cell-wall transportation of ZVS in DLT.

ZVS could be present as elemental sulfur (S?1 > and/or pol-
ysulfide (Srzl,_n>2), qualitative and quantitative analyses of which
are challenging (20, 21). In this study, multiple complementary
methods were used to identify and quantify total ZVS (23, 24),
elemental sulfur (25, 26), and polysulfide (27) under anaerobic
conditions. The elemental sulfur accounted for 84.1 to 90.4%
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(a mean value of 87.2%) of the total ZVS at ZVS peak time
(Fig.1D and SI Appendix, Fig. S3) and mainly constituted of Sg,
S,, and S¢ (Fig. 1D and SI Appendix, Fig. S4A). The high ratio of
Sg (>84.0% of the elemental sulfur) was confirmed by the strong
Raman peaks for Sg (Fig. 1E), which could be further converted
into S¢ and S, (81 Appendix, Fig. S4 A and B) (28). In contrast, a
diverse range of polysulfide species (from di- to nona-sulfide) were
identified to be generated in DSR (87 Appendix, Fig. S4C), of
which the total amount only accounted for 9.6 to 15.9% (a mean
value of 12.8%) of the total ZVS (Fig. 1D and SI Appendix,
Fig. $3). The temporal changes of the elemental sulfur and poly-
sulfide followed a similar trend in DvH (Fig. 1D and SI Appendix,
Fig. S4D). The nona-sulfide could be derived from the biogenetic
and pH-dependent reaction of Sy and sulfide, which was further
transferred into di- to octa-sulfide species (29). Notably, extracel-
lular ZVS shared a similar composition profile with that of the
total ZVS in the DvH culture (57 Appendix, Fig. S4D).
Environmental stresses (e.g., limited reducing equivalent, high
pH, low temperature, and high salinity) could change the metab-
olism and, consequently, sulfate reduction of SRMs (12). We
compared the molar ratio of ZVS to reduced sulfur (ZVS and
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sulfide) and ZVS compositions in DvH cultures under growth
conditions with varied pH, temperature, C/S ratio, and salinity
(Fig. 1F). Adjustment of C/S ratios by changing molar concen-
trations of lactate (C) and sulfate (S) altered the ratios of ZVS to
reduced sulfur in the range of 8.2 to 13.1% (Fig. 1F and
SI Appendix, Fig. S5). In contrast, high pH (pH = 9.0) and low
temperature (20 °C) slightly changed the ratio of ZVS to reduced
sulfur, compared to control cultures (Fig. 1F). Strikingly, high
salinity (2%, w/v) remarkably increased the ratio of ZVS to
reduced sulfur, e.g., 8.2 + 0.3% in cultures with no salinity vs.
24.0 + 3.5% in cultures with 2% (w/v) salinity (Fig. 1F). Sg was
generated as the predominant ZVS species under these saline con-
ditions (87 Appendix, Fig. S5). The comparatively higher ratio of
ZVS to reduced sulfur under saline conditions hint a higher flow
ratio of sulfate-to-ZVS in marine environments relative to fresh
waters, being consistent with observations of a large amount of
ZVS in marine sediments (21, 30).

ZVS Generation from DSR rather than Reoxidation of Sulfide.
To eliminate the possibility that ZVS could have been generated
from the oxidation of sulfide under anaerobic conditions (3, 31),
we carried out experiments using radiolabeled sulfate (*’S-sulfate)
or sulfide (*’S-sulfide) in DvH cultures. If sulfide-to-ZVS re-
oxidation occurred, one would expect i) a lag time between
sulfide- and ZVS-generation curves in the 3S-sulfate-fed cultures
and ii) an accumulation of radiolabeled ZVS (*°S-ZVS) along

with decreases in >S-sulfide in the *S-sulfide-amended cultures
(32, 33). This prediction was contradicted by our observations of
synchronous generation of sulfide and 8.7 VS in *°S-sulfate-fed
cultures (Fig. 24 and S/ Aggendix, Fig. S6) and by the absence of
°S-ZVS accumulation or **S-sulfide consumption in *S-sulfide-
amended cultures (Fig. 2B). Additional evidence of the negligible
role of sulfide-to-ZVS oxidation in our experiments comes from
transcription and translation analyses. The biotic sulfide-to-ZVS
oxidation can be catalyzed by sulfide-quinone reductase (Sqr) and
flavocytochrome c sulfide dehydrogenase (3, 31, 33), potentially
harbored by SRMs (31). Although DvH contains a sgr-like gene
(SI Appendix, Fig. S7), transcriptome and proteome analyses of
DvH cultures fed with lactate and sulfate at their molar ratios
of 1:1 and 2:1 showed high and comparable transcriptional/
translational levels of dissimilatory sulfite reductase-encoding
genes (dsrABC), especially the highly transcribed and translated
dsrC gene, while the transcription and translation of sgr-like gene
were negligible (Fig. 2C and ST Appendix, Fig. S8 and Table S1).
The qPCR quantification of temporally transcribed dsrC and sqr-
like genes demonstrated no correlation between the sgr-like gene
transcription and ZVS generation (Fig. 2D), further ascertaining
the negligible role of Sqr in mediating reoxidation of sulfide-to-
ZVS in DvH cultures. Collectively, **S-radiosulfur-isotope-labeled
experiments and transcription/translation analyses unambiguously
eliminate the possibility of sulfide-to-ZVS oxidation and reinforce
our discovery of synchronous generation of elemental sulfur Sg,
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Fig. 2. Isotopicand transcriptomic analyses of ZVS generation from DSR. (4) **S-ZVS accumulation in DvH cultures fed with **S-sulfate. (B) >*S-ZVS in DvH cultures
fed with both sulfate and 3°S-sulfide. (C) Transcription of key sulfur metabolism-related genes in DvH cultures fed with different molar ratios of lactate to sulfate,
i.e., C/Sratios of 1:1 and 2:1. Statistical significance is based on the T test (n = 3), which is denoted by asterisks (*), P < 0.05. (D) qPCR-quantified transcription of
dsrC and sqr genes in DvH. (E) A proposed model for the ZVS generation from DSR in SRB. Error bars represent SDs of triplicate cultures.
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along with sulfide, from DSR in SRMs and subsequent partial
conversion to polysulfide (Fig. 2E). In this pathway, DstC-
trisulfide as an important intermediate from DsrAB-mediated
sulfite reduction (17) could be critical to its subsequent conversion
to both ZVS and sulfide, which awaits future studies.

Biogeochemical Implications of DSR-Derived ZVS. The SRMs-
mediated DSR plays a key role in the past and present global cycle
of sulfur with profound influence on the global cycles of other
elements as well (1, 2, 34). In the modern marine environment,
about 11.3 teramoles of sulfate are estimated to be reduced
yearly, which accounts for the oxidation of 12 to 29% of the
global organic carbon flux to the sea floor (2). If 8.9% of the
sulfate reduction is channeled to ZVS, there will be around 1.01
teramoles of DSR-derived ZVS that may support a wide range of
ZVS-metabolizing microorganisms, e.g., Geobacter, Pelobacter, and
Dethiobacter (SI Appendix, Table S2) under thermodynamically
favorable conditions (SI Appendix, Table S3). In our previous
studies, we isolated a ZVS-reducing Geobacter (Geo) with acetate
as both a carbon source and electron donor (35), which was used
to form a DvH-Geo coculture fed with lactate and sulfate in this
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Fig. 3. DSR-derived ZVS supported cell growth of ZVS-metabolizing microorganisms (S°MMSs). (A) DSR and ZVS generation in a coculture of DvH and Geobacter
lovelyi LYY (Geo). (B) Cell growth of DvH and Geo in the coculture with pure cultures as the controls. Pure culture controls of DvH and Geo were prepared under
the same growth conditions with the DvH-Geo coculture. (C) Proposed syntrophic interactions between DvH and Geo in the coculture. (D) The global distribution
of cooccurred SRMs and ZVS-metabolizing microorganisms (S°MMs, i.e., ZVS-reducing-microorganisms/S°RMs and ZVS-disproportionating-microorganisms/
S°DMs) in marine and terrestrial environments by meta-analysis. The metadata were retrieved from previous studies based on 16S rRNA gene amplicon
sequences (colorized bubbles) and metagenome sequencing data (gray bubbles). See S/ Appendix, Tables S4 and S5 for the detailed metadata information.

Error bars represent SDs of triplicate cultures.
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(Flg 3D and S Appendix, Table S4). Notably, many DSRsites being
in the absence of taxonomically characterized S"MMs had both
polysulfide reductase-encoding gene (psr) and dsr genes in their
metagenomic data (Fig. 3D and S7 Appendix, Table 55) indicating
the coexistence of taxonomically uncharacterized S"MMs with
SRMs. Therefore, both the 16S rRNA and metagenomic data
analyses indicated the global distribution of coexisted SRMs and
S’MMs. The multicomponent interaction between sulfur-based
metabolizing microorganisms is also essential for us to precisely
decipher geological records toward a deeper understanding of our
Earth’s earliest microbial ecosystems (10, 36).

In summary, we unraveled a thus far unrecognized pathway of
sulfate-to-ZVS in the SRMs-mediated DSR process. This pathway
may lay the foundation for better understanding of the fate and role
of ZVS in the cryptic sulfur cycle in oxygen minimum zones (37),
ANME-SRMs-based methane oxidation (4-6, 34, 38), sedimentary
pyrite synthesis (16), and even the sulfur metabolism of early
Archaean microorganisms (36). The identification of DSR-derived
ZVS also fuels future exploration of the underappreciated sulfur
metabolism in worldwide marine and terrestrial environments for
the complete understanding of how sulfur biogeochemical cycling
shapes our planet’s surface, atmosphere, and climate.

Materials and Methods

Cultivation of SRMs and S’RMs. Seven SRMs/S’RMs strains and their growth con-
ditions used in this study are listed in S/ Appendix, Fig. S1,i.e., Desulfovibrio vulgaris
Hildenborough (DvH), Desulforamulus ruminis DL (DLT), Desulfomicrobium bacu-
latum DSM4028 (DSM), Pseudodesulfovibrio indicus J2 (PDI), Thermodesulfatator
autotrophicus S606 (TDA), and Halodesulfovibrio marinisediminis C/L2 (HDM) were
selected as SRMs, and Geobacter lovleyi LYY (Geo) was chosen as SPRM. These SRMs
from 3 phyla were selected based on their taxonomy and source derivation from
both marine and terrestrial environments (S/ Appendix, Fig. S1). Five strains of
the SRMs (i.e., DvH, DLT, DSM, PDI, and HDM) were grown in an LS4D medium
amended with sulfate (50 mM) as the electron acceptor and lactate (60 mM) as the
carbon source and reducing equivalent (39). The chemolithoautotrophic and ther-
mophilic SRM strain-TDA-was cultivated in SO4PN salts medium fed with hydrogen
(160kPa, gas phase), carbon dioxide (40 kPa, gas phase), and sulfate (10 mM)as the
primary electron donor, carbon source, and electron acceptor, respectively (40). The
ZV/S-reducing Geo was isolated and maintained in a defined mineral salt medium
amended with acetate as a carbon source and electron donor and tetrachloroethene
as an electron acceptor, which could also couple cell growth with the reduction of ZVS
but not sulfate (35). DvH-Geo coculture was transferred twice in the LS4D medium
prior to the coculture experiments, with DvH and Geo pure cultures as biotic controls.
Forthe culturing of SRMs and S°RMs, the completely defined, neutral mineral salts
medium was prepared under strict anaerobic conditions as previously described
(39-47),in which resazurin (20 pM) was added as a redox indicator. Cultures were
transferred in 160-mL serum bottles containing a 98-mL sterilized medium with
2% (v/v)inoculum.Three sets of abiotic controls were prepared with different sulfur
species (i.e., 50 mM sulfate, 50 mM sulfide, or 50 mM of both sulfate and sulfide)
and without culture inoculation to test ZVS generation under abiotic conditions.
Batch experiments were setup with DvH to test the impact of varied C/S ratio, pH,
temperature, and salinity on ZVS generation: two experimental sets of C/S molar
ratios (lactate:sulfate) including one with a fixed concentration of 50 mM lactate
(i.e., 50:25, 50:50, and 50:100) and the other one with a fixed concentration of
50 mM sulfate (i.e., 25:50, 50:50, and 100:50); a gradient of temperature (i.e.,
20°C,30°C,and 37 °C), pH (i.e., 7,8,and 9), and salinity (i.e., 0, 1%, and 2% NaCl,
w/v) were prepared individually with the DvH-growing LS4D medium to investigate
ZVS generation under different growth conditions. To investigate the color change
in the culture medium during ZVS generation, DvH was transferred to no-Fe(lI/111)-
amendment LS4D medium with an inoculation ratio of 2%. Unless stated otherwise,
cultures were incubated at 37 °C (65 °C for the TDA) in the dark without shaking.

Analytical Methods. ZVS could be present as elemental sulfurs (S° J)or
polysulfides (S?-_,). The total amount of ZVS was analyzed with ion chromatog
raphy (IC; ICS- 600 Thermo Fisher Scientific; Carlsbad, CA, USA) via conversion
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of ZVS to thiosulfate as previously described (25, 42). First, 1-mL samples were
collected from cultures using nitrogen-flushed syringes and then injected into
10-mLsealed vials containing 0.1 mLformaldehyde, 1 mLNa,SO5 (1 M) solution
and 0.1 mLNaOH solution (1 M), and 2.8 mL deoxygenated ultrapure water.The
deoxygenated ultrapure water, Na,S05, and NaOH stock solutions were prepared
and equilibrated in an anaerobic chamber to keep them under strict anaerobic
conditions.Then, the mixed solution bottles were incubated in a 60 °C water bath
for 24 h prior to subsequent IC test. To prevent the influence of SRM-generated
thiosulfate, we also quantify the thiosulfate directly and set it asa control in testing
ZV/S. To test the total amount of intracellular and extracellular ZVS, mechanical
cell disruption was conducted as described earlier (43, 44). Briefly, samples were
collected and treated with FastPrep-24 5G Instrument (MP Biochemicals; Santa
Ana, CA, USA) under anaerobic conditions. Then, the treated samples were sub-
jected to the test of total ZVS. The extracellular ZVS was analyzed similarly without
disrupting cells.

The elemental sulfurs were analyzed based on both a gas chromato-
graph-mass spectrometer (GC-MS) and a UV-Vis spectrometer: 1) For the GC-MS
method (25, 42), T mLsample was extracted with 5 mL carbon tetrachloride, and
then the solvent phase of 1 mL was transferred to a 2-mLamber vial for subse-
quent analysis with GC-MS (TQ8040; Shimazu; Kyoto, Japan) equipped with a
DB-5 capillary column (30 m x 0.32 mm x 0.25 pm film thickness; Agilent;
Folsom, CA, USA). The mass spectrometer was operated in electron impact mode
(El) at an ionization potential of 70 eV. Following mass-to-ion (m/z) ratios were
used to detect different elemental sulfur species, i.e., 64, 96,128,160, 192, 224,
256,257,258, and 259. Temperatures of the injector, ion source, and column
were all set at 180 °C, while the interface temperature was adjusted to 220 °C.
Helium was used as a carrier gas at a flow rate of 1.2 mL-min~". 2) For the Se-
specific UV-Vis spectrometer method (26), 1 mLsample was extracted with 5 mL
dichloromethane, and then, the solvent phase was collected for subsequent
measurement with the UV-Vis spectrometer at 270 nm. Standard solutions for
elemental sulfur quantification were prepared by dissolving Sg (sulfur powder;
Alfa Aesar; Ward Hill, MA, USA) in carbon tetrachloride or dichloromethane.
To prevent the potential impact of sulfide on the elemental sulfur test, sulfate
reduction-derived sulfide in samples was removed with zinc acetate as described
before (25, 42) prior to subsequent elemental sulfur analyses. Raman spectros-
copy (inVia Qontor, Renishaw; Gloucestershire, UK) was used to further confirm
the DSR-derived Sg (4, 45). In the first step, samples for the Raman spectroscopy
analysis were extracted with carbon tetrachloride and then evaporated on cal-
cium fluoride (CaF,) slides. The Raman spectra were recorded between 100 and
600 cm™" with a 50-mW 532-nm laser and acquired with around 1% laser power
and an acquisition time of 150s.

Polysulfides were determined through high-performance liquid chromatog-
raphy (HPLC) as described earlier (27). Briefly, 800 uL of deoxygenated meth-
anol was placed in a 2-mL septum-closed HPLC vial, to which 200 L sample
and 5 pL methyl triflate were consecutively added. Prior to the sample injection
to the mixture, samples were methylated using methyl triflate to form methyl
polysulfides (Me,S,). The mixture was first fortified with an internal standard
(dibenz[a,h]anthracene in 1,4-dioxane) and then subjected to HPLC analysis. The
HPLC (1290 Infinity II; Agilent; Santa Clara, CA, USA) was equipped with a C18
reverse phase column (Zorbax; Agilent) and a UV-detector at 220 and 230 nm
wavelengths. Methanol was used as the mobile phase. A polysulfide standard
for qualitative determination was prepared with potassium polysulfide (Sigma-
Aldrich; Burlington, MA, USA) based on the methyl triflate derivatization (27). The
dimethyl disulfide and dimethyl trisulfide were used as standards for the quan-
tification of disulfide and trisulfide, respectively. Remaining polysulfides (52,
n = 4t0 9) were quantified as described previously (46).To exclude the impact of
Sg on polysulfide analyses, elemental sulfur extraction with carbon tetrachloride
was used to pretreat samples. The total concentrations of the GC-MS-analyzed
elemental sulfur and HPLC-analyzed polysulfide account for 78.6 to 120.3% of
the IC-analyzed total ZVS concentrations.

Sulfate and thiosulfate were measured using the IC equipped with an lonPac
AS23 analytical column (Thermo Fisher Scientific) as previously described (47).
Carbonate buffer (0.8 mM NaHCO; and 4.5 mM Na,CO5) was used as the elu-
ent, and the flow rate was set at 1 mLmin™". Prior to the IC analysis, samples
were filtered through a Fast & Low Binding Mllllpore filter (0.22 uM; Merck;
Darmstadt, Germany) with zincacetate (50 g L~ Yforsulfide removal. Consequent
sulfide measurement was conducted with a UV-Vis spectrometer (UV-2100;
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Shimadzu; Kyoto, Japan) at 675 nm using the classical methylene blue method
(48, 49).The methylene blue method was based on the reaction of sulfide with
N, N-dimethylphenyl-1,4-diamin in the presence of ferric ions. Unless stated
otherwise, chemicals were purchased from Sigma-Aldrich at the highest purity
available. Forthese analytical tests, sampling and solution preparation were con-
ducted under anaerobic conditions to prevent sulfur oxidation.

Confirmation of DSR-Derived ZVS Using Radiotracers. Radiolabeled sulfate
(**50,%") was purchased from PerkinElmer (NEX042001MC; Waltham, MA, USA).
The **S-labeled sulfide was obtained by reduction of diluent*50,> based on the
modified strongly reducing hydriodic-hypophosphorous-hydrochloric acid (STRIP)
method as described previously (50, 51). The reducing mixture constituting of
200 mL of concentrated HCI (37%, w/w), 330 mL hydriodic acid (57%, w/w), and
100 mL hypophosphorous acid (50%, w/w) was prepared in a 1-L round-bottom
flask and boiled gently with N, flush for 4 h to remove any sulfur contamina-
tion (51, 52). The reducing agent was stored in a brown glass bottle to avoid
photooxidation after it was cooled under an inert atmosphere (N, flush). Then,
30 mLof the reducing agent was added to a reaction flask, which was amended
with *S0,% containing approximately 5,200 Bq mL™" radioactivity and boiled
gently for 3 h.The evolved H,S was transported using N, gas stream first into a
water trap to remove acid fumes and then into a 10 mLZnCl, (0.4 mol L™") trap
to generate ZnS (53). The collected ZnS was further thoroughly washed, dried,
and acidified with H;PO, (1 mol L") in an anaerobic vial with N, flush to release
labeled sulfide (53).

Two experimental sets were established with DvH in an LS4D medium
amended with **S-sulfate and *3S-sulfide, as follows: 1) Cultures fed with
¥S-sulfate (~16 Bq mL™") were utilized to compare kinetic curves of ZVS- and
sulfide-generation; we assumed that sulfide-to-ZVS reoxidation after sulfate-
to-sulfide reduction would result in a lag time between the kinetic curves of
ZVS- and sulfide-generation; 2) cultures supplemented with unlabeled sulfate
and ®S-sulfide (~12.5 Bq mL™") were used to test whether ZVS could be gen-
erated from the **S-sulfide via oxidation in sulfate-reducing cultures. Abiotic
controls were frepared under the same conditions without an inoculum. The
time series of *°S activities in three sulfur pools (sulfate, ZVS, and sulfide) were
determined in all experiments. Samples were collected and mixed with zinc
acetate (0.9 mol L™") under anaerobic conditions to trap sulfide. 50, was
determined after thorough removal of ZnS by centrifugation (15 min, 2,500 g)
and ultrafiltration (Anotop® 25 syringe filter; Whatman, USA). The ZnS removal
was further verified in filtrate aliquots by acidification with HCI (7 mol L™"; 0.5 mL
per ml) and purging with N, (53). Since ZVS was mainly present as elemental
sulfurs (S°), we treated the radiolabeled elemental sulfurs as radiolabeled VS
(35-2VS) that was extracted with carbon tetrachloride for quantitative analysis.
Then, 0.5 mL sample containing different sulfur species was mixed with 2 mL
of 30% H,0,, 2.5 mLof deionized water, and 10 mLscintillation cocktail (Ultima
Gold LLT; PerkinElmer) for subsequent scintillation counting on a Quantulus GCT
6220 liquid scintillation analyzer (PerkinElmer) following the high-sensitivity
radiosulfur analytical technique developed for natural abundance radiosulfur
measurements (54, 55). Given that the aim of these radiosulfur-labeled experi-
ments was to semiquantitatively identify the source of ZVS, we reported our data
in the unit of cpm (counts per minute) and did not correct for the background
or counting efficiency to obtain activities at units of disintegration per minute
or Bq. Because we used the same amount of solution (0.5 mL) to do all *S
measurements and the chemical matrix was the same, the intercomparison
between different experiments in this study could be valid. The background
counts of these experiments were 1to 2 cpm. Comparable relative abundances
of accumulated S were identified with the isotopic and chromatographic meth-
ods. Aninitial and slight *°S-2VS enrichment (<5 cpm) was observed in cultures
amended with the unlabeled sulfate and **S-sulfide (Fig. 28). Given that the **S
activity in ZVS was not changed across the *S-sulfide experiments, this observa-
tion could be explained by the isotope exchange between **S-sulfide and ZVS
(from inocula), which likely reached equilibrium at the very beginning of the
experiments (56, 57). In addition, a low amount of 35-sulfate (<10 cpm) was
observed in the **S-sulfide-fed cultures, which could be due to the sulfur back
flux during sulfate reduction (S Appendix, Fig. S6B) (53). The ZV**S enrichments
in ®S-sulfide-fed cultures were significantly smaller than those observed in
356.sulfate-fed cultures (Fig. 24) and therefore would not affect our interpretation
or change our conclusion.
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Cell Growth of Sulfate- and Sulfur-Reducing Bacteria. The biomass and
growth phase of DvH were determined based on the optical density at a wave-
length of 600 nm (ODyq,) as previously described (58). To measure the cell growth
of DvH and Geo in their cocultures, quantitative real-time PCR (qPCR; CFX96
Touch System, Bio-Rad; Hercules, CA, USA) was performed with QuantiTect SYBR
Green PCR kit (Qiagen; Hilden, Germany) and primers (S| Appendix, Table S6) as
previously described (59, 60). Genomic DNA (gDNA) for the gPCR measurement
was extracted from the DvH-Geo cocultures and control cultures using the FastDNA
Spin Kit for Soil (MP Biomedicals; Carlshad, CA, USA).

Transcription and Translation of Sulfur Metabolism Genes. The DvH
genome contained multiple gene sets for sulfur metabolism, including sul-
fate-reducing dsr genes and sulfide-to-ZVS oxidizing sqr-like gene (61, 62).
Both transcriptomic and proteomic analyses were conducted to measure the
transcription and translation of these sulfur metabolism genes in DvH cultivated
using two different molar ratios of lactate to sulfate, i.e., 1:1and 2:1, as previ-
ously described (41). Briefly, samples for total RNA and protein extraction were
collected by centrifugation (5 min, 10,000 g, 4 °C) from triplicate cultures at
the mid-exponential phase (0D,o = ~0.4).The RNA samples were then mixed
with TRIzol™ reagent (Invitrogen; Waltham, MA, USA). Total RNA was extracted
with an RNeasy Mini kit (Qiagen), from which fragmented DNA was removed
using DNase I. The highly transcribed ribosomal RNAs (rRNAs) were eliminated
using the RiBoCop rRNA depletion Kit (Lexogen; Vienna, Austria). The RNA-Seq
libraries were constructed from the rRNA-depleted RNAsamples using NEB Next®
Ultra™ Directional RNA Library Prep Kit (New England Biolabs; Ipswich, MA, USA)
and then sequenced on an Illlumina Novaseq6000 platform. The RNA-Seq library
construction and sequencing services were provided by Magigene (Shenzhen,
China). RNA-Seq raw data in fastq format were processed by Timmomatic (v.0.35)
(63)toacquire the clean reads. The clean reads were first mapped to DvH's rRNA
gene to remove rRNA sequences by Bowtie2 (v2.33) (64). Then, the remaining
mRNA sequences were mapped to the reference genome of DvH (NC_002937.3)
by the Bowtie2.The HTSeq-count (v0.9.1) was used to obtain the read countand
function information of each gene according to the mapping results (65). RPKM
(reads per kilobase of transcript, per million mapped reads) was calculated to
compare the expression levels of different genes (66). Normalized counts of
transcription level in DvH were calculated against the expression of the house-
keeping gene recA (SI Appendix, Table S1). Samples for proteome analysis were
resuspended in 10 mM phosphate buffer solution (pH 7.4) and centrifuged
again prior to their storage at —80 °C. Further protein extraction, digestion,
and quantification services were provided by Beijing Genomics Institute (BGI;
Shenzhen, China) as described (67).

To monitor the temporal transcription of dsrC and sqr-like genes, qPCR enu-
meration with dsrC/sqr-like gene-specific primers (S Appendix, Table S6) was
performed with a QuantiTect SYBR Green PCR kit (Qiagen). RNA for the qPCR
analyses was reverse transcribed into cDNA using a two-step RT-PCR Sensiscript
kit as previously described (41). The recA was used as an internal standard (68).
Gene expression changes were calculated on the basis of mean change in the
cycle threshold (AC,) compared to the recA (69). Each sample was analyzed with
at least three technical replicates.

Metadata Analyses of the Coexisting SRMs and ZVS-Metabolizing Micro-
organisms in Natural Environments. To explore the global coexistence of
SRMs and ZVS-metabolizing microorganisms in various natural environments,
published 16S rRNA gene amplicon sequencing data of marine (marine sedi-
ment and hydrothermal vent) and terrestrial (soil, river sediment, hot springs, and
acid mine drainage) samples (S Appendix, Table S4) were retrieved from NCBI's
Sequence Read Archive (SRA) database. Raw data containing paired-end reads were
merged and filtered to remove low-quality sequences or ambiguous sequences
using mothur(v1.39)(70). Unique sequences were identified and denoised using
usearch (v11.0.667).The unoise3 algorithm (71) was used to construct zero-radius
operational taxonomic units (zOTUs) and to filter chimeras. Taxonomies of the zOTUs
were assigned with RDP Classifier (72) with an 80% confidence cut-off against the
SILVA(v138) reference database. Then, the zOTUs were divided by total sample reads
and collapsed to the genus level to generate their relative abundance.

For the sulfate-reducing sites having SRMs but without known S°MMs,
metagenomic data were collected from the NCBI's SRA database to retrieve both
dsrand psr gene sequences (S Appendix, Table S5). The metagenomic sequencing
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raw data were filtered to remove low-quality reads using Sickle (73) with parame-
ters set to "—q = 20" The clean paired-end reads were merged by PEAR (74). The
merged sequences were then searched against the SCycDB databases (75) using
the DIAMOND program with following parameters: —k T —e 0.0001(76). Sequences
matched with psr and dsrC genes were counted, and the relative abundance of
dsrC-containing SRMs and psr-containing S°MMs was calculated as described ear-
lier (66).

Data, Materials, and Software Availability. The RNA-seq and mass-spectrometry
proteomics data have been deposited in the EMBLBioStudies (E-MTAB-12239)(77)
and the Proteomics Identifications Database (PRIDE, PXD040825)(78), respectively.
All other study data are included in the article and/or S/ Appendix.
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