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Abstract—Microorganisms disproportionating inorganic sulfur compounds are involved in biogeochemical
cycles of elements in the modern biosphere. Sulfur-disproportionating prokaryotes are represented by 30 spe-
cies of the Bacteria domain and belong to the phyla Proteobacteria, Thermodesulfobacteria, and Firmicutes.
Most of the sulfur-disproportionating bacteria belong to four orders of the class Deltaproteobacteria. The
microorganisms responsible for dismutation of sulfur compounds inhabit freshwater and shallow marine sed-
iments, hypersaline and soda lakes, anthropogenic environments, and various natural thermal ecosystems.
Most sulfur-disproportionating organisms are able to use other processes for growth, primarily dissimilatory
sulfate reduction. Ability to grow autotrophically was shown for 17 sulfur-disproportionating strains from dif-
ferent phylogenetic groups. The biochemical mechanisms involved in disproportionation of sulfur com-
pounds remain uncertain, which hinders the application of the current omics techniques. Comparative anal-
ysis of available complete genomes of the microorganisms capable of elemental sulfur disproportionation is
provided. The presence of the complete set of the dissimilatory sulfate reduction genes was found not to be
necessary for S disproportionation. This process does not require dissimilatory sulfite reductase (Dsr) and
adenylyl-sulfate reductase (Apr). Sulfur relay proteins and the elemental sulfur- and/or polysulfides-reducing
enzymes are important in sulfur disproportionation, but different microorganisms probably employ different
sulfur transferases and polysulfide reductases in these processes.

Keywords: disproportionation, sulfur compounds, elemental sulfur, sulfate reduction, autotrophic microor-
ganisms, thermophilic microorganisms, microbial diversity
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MICROBIAL DISPROPORTIONATION
OF SULFUR COMPOUNDS

The biogeochemical cycle of sulfur, one of the
most important biogenic elements, is presently caused
mainly by prokaryotic activity. Sulfur has eight oxida-
tion states, and can participate in a number of redox
reactions. Sulfur-oxidizing and sulfate-reducing
microorganisms are the best-studied microbial groups
involved in the sulfur cycle (see reviews by Rabuset al.,
2015; Wasmund et al., 2017). Another group of micro-
organisms, bacteria disproportionating inorganic sul-
fur compounds, such as thiosulfate, sulfite, and ele-
mental sulfur, was discovered much later (Bak and
Cypionka 1987). In this review, the terms sulfur-dis-
proportionating microorganisms and sulfur dispro-
portionators will be used for these microorganisms,
independent on what specific sulfur compound is dis-
proportionated.

Disproportionation or dismutation is a redox reac-
tion in which a compound with an intermediate oxida-
tion state is simultaneously reduced and oxidized,
resulting in formation of two different products. Fer-
mentation is the case of disproportionation of organic
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compounds. Thus, disproportionation of sulfur com-
pounds may be considered inorganic fermentation:

4SO; +H' =3S0; +HS,
AG® = —58.9 kJ mol ' SO;;

S,07 +H,0=S0; +HS +H",
AG® = —22.3 kJ mol ' S,05 ;

48" + 4H,0 = SO, +3HS +5H",
AG® =+10.3 kJ mol ™' S".

Under standard conditions, the disproportionation
of elemental sulfur is an endergonic reaction, but ther-
modynamic calculations show that it can be energeti-
cally favorable if, at a sulfate concentration of 28 mM
(seawater salinity), the H,S concentration decreases to
a level of 1.0—10.0 mM (Finster, 2008). Such sulfide
concentration may result from hydrogen sulfide
escape to the gas phase or by binding to the chemicals
forming poorly soluble sulfides. Manganese (IV) and
iron (III) minerals, e.g., ferrihydrite, are the most effi-
cient sulfide scavengers. In the presence of ferrihydrite
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disproportionation of elemental sulfur is exergonic
even under the standard conditions:

3S° + 2Fe (OH), = SO;™ + 2FeS + 2H" + 2H,0,
AG® = —27.5 k) mol ™' S".

Elemental sulfur (S°) may exist in several allotropic
modifications, of which cyclic molecules with eight
atoms are the most stable (Sg). S° is very poorly soluble
in water (~1 ug/L at 25°C) (Kamyshny 2009). In a
number of studies soluble polysulfides formed from S°
in the presence of sulfide were shown to act as electron
acceptors for microbial cells, rather than elemental
sulfur (Blumentals et al., 1990; Schauder and
Muller,1993; Poser et al 2013). Disproportionation of
some polysulfides provides more energy gain than S°
disproportionation. (Calculated using the data of
Thauer et al., 1977; Kamyshny et al., 2004):

S +4H,0 =SO, +7HS +H",
AG® =—15.3 kJ mol ' S3";
28 +4H,0 = SO, +5HS™ +3H",
AG® =+0.8 kI mol™'S7;

1.33S;” +4H,0 = SO} +4.32HS™ +3.68H",
AG® =+12.4 kJ mol™'S};
ST +4H,0 =SO; +4HS™ +4H",
AG® = +26.9 kJ mol ' S

Depending on physicochemical conditions, pri-
marily pH and temperature, sulfur disproportionators
may probably use either polysulfides or elemental sul-
fur. Microbial disproportionation of elemental sulfur
was reported to occur at low pH, i.e., under conditions
when polysulfide production from S° must be insignif-
icant (Hardisty et al., 2013). Nanocrystals of elemental
sulfur are probably acting as intermediates in this pro-
cess under acidic conditions (Boyd and Drus-
chel,2013). At higher temperatures the solubility of
elemental sulfur increases (15 ug/L at 80°C,
Kamyshny 2009), and the energy gain from sulfur dis-
proportionation increases. The change in AG®' of

S%disproportionation (at SOi_ and H,S concentra-
tions of 28 and 1.0 mM, respectively) at temperature
increase from 25 to 70°C is ~10 kJ.

Biogeochemical data indicate that thiosulfate- and
sulfur-disproportionating bacteria play an active part
in the sulfur cycle in marine ecosystems (Jorgensen,
1990, Canfield and Thumdrup, 1996). Microbial dis-
proportionation of elemental sulfur results in charac-
teristic isotope fractionation, so that the forming sul-
fide is poor in 3*S (Canfield and Thumdrup, 1994).
Measurement of the isotopic composition of ancient
sedimentary rocks and microscopic analysis of miner-
als and microfossils supported the hypothesis that the
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microorganisms involved in S° disproportionation
existed and were biogeochemically active in Archean
time (Philippot et al., 2007; Wacey et al., 2011).

Disproportionation of sulfur compounds makes it
possible for the cells to gain energy for growth using
one organic compound as both an electron donor and
electron acceptor and thus minimizing their require-
ments to the chemical composition of the biotope.
Desulfovibrio sulfodismutans, the first described micro-
organism able to carry out thiosulfate and sulfite dis-
proportionation, was incapable of autotrophic growth
and grew only in the presence of acetate as a carbon
source (Bak and Phennig, 1987). Ability to dispropor-
tionate thiosulfate and sulfite was subsequently shown
for a number of autotrophic microorganisms. Ability
of prokaryotes to disproportionate elemental sulfur
was discovered later (Thamdrup et al., 1993;Lovley
and Phillips, 1994). Until recently, little was known
concerning microbial disproportionation of sulfur
compounds at elevated temperatures, in spite of the
important role the sulfur cycle processes could played
in the ancient, probably thermal ecosystems (Jackson
and Mclnerney 2000). Thermophilic chemolithoau-
totrophic sulfur-disproportionating bacteria were
recently isolated from various hydrothermal habitats
(Slobodkin et al., 2012, 2013, 2016; Kojima et al.,
2016; Frolova et al., 2018).

SULFUR-DISPROPORTIONATING
MICROORGANISMS

Presently, 36 cultured microbial strains are known
to disproportionate sulfur compounds. Fourteen of
them were isolated under sulfur disproportionation
conditions; for the others strains, this ability was
shown later (Table 1).

Phylogeny

Sulfur-disproportionating microorganisms are
represented by 30 species of the Bacteria domain and
belong to the phyla Proteobacteria, Thermodesulfobac-
teria, and Firmicutes (Table 2). The highest number of
sulfur-disproportionating bacteria belongs to four
orders of the class Deltaproteobacteria: Desulfobactera-
les (4 genera), Desulfovibrionales (4 genera), Desul-
Sfurellales (1 genus), and Syntrophobacterales (1 genus).
Dissulfuribacter  thermophilus, Dissulfurimicrobium
hydrothermale, and Dissulfurirhabdus thermomarina
are also Deltaproteobacteria with uncertain order and
family ranks. Only one sulfur-disproportionating Pan-
toea strain is known among members of the class Gam-
maproteobacteria. Members of the genera Caldimicro-
bium, Thermosulfurimonas, and Thermosulfuriphilus
belong to the phylum Thermodesulfobacteria. Mem-
bers of the genera Desulfotomaculum and Dethiobacter
belong to the class Clostridia within the phylum Fir-
micutes.
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Table 2. Phylogeny of sulfur-disproportionating microorganisms*
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Phylum™* Class Order Genus Species
Firmicutes Clostridia Clostridiales Desulfotomaculum | D. salinum,
D. thermobenzoicum
Dethiobacter D. alkaliphilus
Proteobacteria Gammaproteobacteria | Enterobacteriales Pantoea P. agglomerans™***
Deltaproteobacteria Desulfobacterales Desulfobulbus D. propionicus
Desulfocapsa D. sulfoexigens,
D. thiozymogenes
Desulfofustis D. glycolicus
Desulfurivibrio D. alkaliphilus
Desulfovibrionales Desulfonatronospira | D. delicata,
D. thiodismutans
Desulfonatronovibrio | D. magnus,
D. thiodismutans
Desulfonatronum D. lacustre,
D. thioautotrophicum,
D. thiodismunans,
D. thiosulfatophilum,
D. parangueonense
Desulfovibrio D. brasiliensis,
D. desulfuricans®**,
D. oxyclinae,
D. sulfodismutans
Desulfurellales Desulfurella D. amilsii
Syntrophobacterales Desulfomonile D. tiedje
Other Deltaproteobacteria | Dissulfuribacter D. thermophilus
Dissulfurimicrobium | D. hydrothermale
Dissulfurirhabdus D. thermomarina
Thermodesulfobacteria | Thermodesulfobacteria | Thermodesulfobacteriales | Caldimicrobium C. thiodismutans,
C. rimae
Thermosulfurimonas | T. dismutans,
T. marina
Thermosulfuriphilus | T. ammonigenes

* Based on the16S rRNA gene sequences.
** All known microoorganisms belong to the Bacteria domain.
*** Not the type strain of the species.

Habitats

Sulfur-disproportionating microorganisms occur
in various natural and anthropogenic ecosystems
(Table 2). Desulfovibrio sulfodismutans, the first
described sulfur disproportionator, was isolated from
anoxic sludge collected from a freshwater ditch near
Konstanz, Germany (Bak and Cypionka, 1987; Bak
and Phennig, 1987). Desulfobulbus propionicus, Desul-
Jocapsa thiozymogenes, and Desulfocapsa sp. Cad626
were isolated from the sediments of freshwater lakes
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and small basins in Europe (Widdel and Pfennig,
1982; Janssen et al, 1996; Peduzzi et al, 2003). Desul-
Sfurella amilsii was isolated from acidic sediments of the
Tinto River, Spain (Florentino et al 2016). Halophilic
Desulfovibrio were found in hypersaline coastal lakes
(Krekeler et al., 1997; Warthmann et al., 2005). How-
ever, the highest number of sulfur-disproportionating
microbial species was isolated from the sediments of
continental soda lakes in Eurasia, Africa, and North
America. These alkaliphilic bacteria belong to the gen-
era Desulfonatronospira, Desulfonatronovibrio, Desul-



514

Jfonatronum, Desulfurivibrio, Dethiobacter (Pikuta
et al., 1998, 2003; Sorokin et al., 2008a, 2008b, 2011;
Poser et al., 2013; Perez Bernal et al., 2017).

Desulfocapsa sulfoexigens, Desulfofustis glycolicus
and Pantoea agglomerans were isolated from coastal
marine sediments (Friedrich et al., 1996; Finster et al.,
1998; Francis et al., 2000). The presence of sulfur dis-
proportionators in enrichments carrying out anaero-
bic methane oxidation (AOM) obtained from marine
ecosystems is well-documented. Members of the
Desulfosarcina/Desulfococcus cluster are the main bac-
terial component of the AOM enrichment from the
Isis mud volcano, Mediterrancan. While these del-
taproteobacteria actively disproportionate disulfide
and are capable of autotrophic growth, their role in
AOM is not completely clear (Milucka et al., 2012).
Mesophilic elemental sulfur-disproportionating bacte-
ria were also found in AOM enrichments from methane
seeps of the Elba Island (Mediterranean), hydrotherms
ofthe Guaymas Basin (Gulf of California), and a North
Sea oil deposit. However, these microorganisms,
related to Desulfurivibrio, Desulfocapsa, and uncultured
groups of the Deltaproteobacteria, are a minor compo-
nent of the enrichments, and the probability of their
involvement in AOM is low (Wegener et al., 2016).

Sulfur disproportionators occur in diverse anthro-
pogenic environments: Desulfomonile tiedje was iso-
lated from wastewater sediment, Desulforomaculum
thermobenzoicum was retrieved from the sludge of a
thermophilic anaerobic digester, while two Desulfo-
tomaculum salinum strains were isolated from the mix-
ture of formation and condensation water of a gas con-
densate deposit (DeWeerd et al., 1990; Tasaki et al.,
1991; Nazina et al., 2005).

Sulfur disproportionators were relatively recently
found in natural thermal ecosystems. Thermosulfuri-
monas dismutans, Dissulfuribacter thermophilus, and
Thermosulfuriphilus ammonigenes thrive in deep-sea
hydrothermal vents of the Lau spreading center in the
Pacific (Slobodkin et al., 2012, 2013; Slobodkina et al.,
2017b). Dissulfurirhabdus thermomarina and Thermosul-
Jfurimonas marina occur in shallow marine hydrotherms
(Kuril Islands) (Slobodkina et al., 2016; Frolova et al.,
2017). Dissulfurimicrobium hydrothermale, Caldimicro-
bium thiodismutans, and two Caldimicrobium rimae
strains were isolated from terrestrial hot springs in
Kamchatka and Japan (Slobodkin et al., 2016; Kojima
et al., 2016; Merkel et al., 2017).

Application of molecular techniques to study the
distribution of sulfur-disproportionating prokaryotes
is limited due to the absence of unequivocal phyloge-
netic and functional markers. The 16S rRNA genes of
Desulfocapsa species are constantly detected in the
ecosystems with low redox potential, especially in
methane seeps (Lloyd et al., 2006; Pjevac et al., 2014;
Ruff et al., 2015). The 16S rRNA gene sequences of
Thermosulfurimonas were detected in deep-sea hydro-
thermal vents of the Mid-Atlantic Ridge, Guaymas
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Basin, and Eastern Lau spreading center in the Pacific
(Flores et al., 2011; Slobodkin et al., 2012). Caldimi-
crobium species are widespread in Kamchatka hot
neutral springs, where their share in the prokaryotic
diversity may be from 1 to 52% (Chernyh et al., 2015;
Merkel et al., 2017).

Physiology

Most sulfur-disproportionating microorganisms
may also grow by other energy processes (Table 3).
However, no growth-supporting metabolic processes,
apart from disproportionation, were found for
Caldimicrobium thiodismutans, Desulfocapsa sulfoexi-
gens, and Dissulfurimicrobium hydrothermale (Finster
et al., 1998; Kojima et al., 2016; Slobodkin et al., 2016).
A significant number of sulfur disproportionators are
capable of dissimilatory sulfate reduction and were
originally described as sulfate reducers. Certainly not
all sulfate-reducing prokaryotes are capable of dispro-
portionation, and some Desulfobacter, Desulfobacte-
rium, Desulfotomaculum, and Desulfovibrio do not
grow by dismutation (Kramer and Cypionka, 1989).
All known sulfur disproportionators are strict anaer-
obes, except for the facultatively aerobic Pantoea
agglomerans (Francis et al., 2000). Many sulfur dispro-
portionators, both capable and incapable of sulfate
reduction, reduce various electron acceptors, such as
sulfite, thiosulfate, elemental sulfur, nitrate, Fe(I1II),
fumarate, etc. (Table 3). Organic compounds or
molecular hydrogen are used as electron donors.
Many sulfur disproportionators are able to ferment
organic compounds, especially pyruvate. A new
microbial process of transformation of inorganic com-
pounds, dissimilatory reduction of nitrate to ammo-
nium with elemental sulfur as an electron donor, was
recently reported for deep-sea thermophilic sulfur dis-
proportionators Thermosulfurimonas dismutans, Dis-
sulfuribacter thermophilus, and Thermosulfuriphilus
ammonigenes (Slobodkina et al., 2017a; Slobodkina
et al., 2017b).

Sulfur disproportionators vary in their capacity for
dismutation of various sulfur compounds (Table 3).
While thiosulfate is used by most sulfur disproportion-
ators, several microorganisms are unable to dispropor-
tionate it. Ability to disproportionate sulfite was tested
less often and is known for almost half of the strains.
Elemental sulfur is used by all known non-sulfate-
reducing sulfur disproportionators, but only two sul-
fate reducers can use it. The microorganisms for which
the ability to disproportionate all three compounds
(sulfide, thiosulfate, and elemental sulfur) was shown,
include three mesophilic Desulfocapsa strains, as well
as six thermophilic bacteria: Caldimicrobium thiodis-
mutans, Dissulfuribacter thermophilus, Dissulfurimicro-
bium hydrothermale, Thermosulfurimonas dismutans,
Thermosulfurimonas marina, and Thermosulfuriphilus
ammonigenes (Janssen et al., 1996; Finster et al., 1998;
Peduzzi et al., 2003; Kojima et al., 2016; Slobodkin
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Table 3. Metabolic characteristics of sulfur-disproportionating microorganisms

Disproportionation of

=

< 5

Microorganism, strain 2 o E = Electron acceptors*

£ £ . | &

(5] = Q b +~ Q

5 | & | £ |22 | B

o) S 2 < 5 ie

Sulfate-reducing microorganisms

Desulfobulbus propionicus 1pr3T + - + + SO;~, 803, 8,05,
Fe(I111), Mn(I1V), NO;

Desulfocapsa thiozymogenes Bra2™ + + + + - SOf

Desulfocapsa sp. Cad626 + + + — - SOi_

Desulfofustis glycolicus PerGlyST + NR NR - —  [S0;7,507,8°

Desulfomonile tiedje DCB-1T NR + NR - + SO;™, 8037, 8,05

Desulfonatronospira delicata AHT 67 - + + + + Soif, SO?, 52057

Desulfonatronospira thiodismutans ASO3-1T - + + + + SO; ™, 8037, 8,05

Desulfonatronovibrio magnus AHT22T - + + - + SOif, SO?, SQO?

Desulfonatronovibrio thiodismutans AHT9T - + + + + SO;, 805, $,05

Desulfonatronum lacustre Z-79517 - + NR - - SOﬁ_, SO§_, Szog_

Desulfonatronum thioautotrophicum ASO4-1T - + + + + SO; 7,803, 8,05

Desulfonatronum thiodismunans MLF1T - + + - - SOZ_, SOg_, Szog_

Desulfonatronum thiosulfatophilum ASO4-2T - + + - + |S0;7,8057,8,05”

Desulfonatronum parangueonense PAR180T - + + - - Soi_a SOg_, Szog_

Desulfotomaculum salinum 4357 NR + NR + + SOf{, SO?, Szogf, s

Desulfotomaculum salinum 781 NR + NR + + SOi_, so§‘, SzOﬁ_, SO

Desulfotomaculum thermobenzoicum TSBT NR + NR - +  |S0;7,807, 8,05,
NO;

Desulfovibrio brasiliensis LVform1T NR + NR - + SOﬁ_, SO§_, Szo§_> s,
Fe(I1T), DMSO**,
fumarate

Desulfovibrio desulfuricans CSN NR — + — NR SO

4

Desulfovibrio oxyclinae P1BT NR + + - + SO;, 8077, 8,05,
SO ymapar

Desulfovibrio sulfodismutans ThAc01T - + + - NR Jorn

Microorganisms incapable of dissimilatory sulfate reduction

Caldimicrobium thiodismutans TF1T + + + + - None

Caldimicrobium rimae FM8§ + NR NR NR NR |[NR

Caldimicrobium rimae 76 + NR NR NR NR |NR

Desulfocapsa sulfoexigens SB164P1T + + + + - None

Desulfurella amilsii TR1T + NR NR - + 15,07, 8°

Desulfurivibrio alkaliphilus AHT 27 + NR NR - NR [S,03, 8% NO;3

Desulfurivibrio sp. AMeS2 + NR NR — NR SO

Dethiobacter alkaliphilus AHT 17 + NR NR - NR |S,07,8°

Dissulfuribacter thermophilus S69T + + + + - Fe(Il), NO3

MICROBIOLOGY Vol.88 No.5 2019
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Table 3. (Contd.)
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Disproportionation of
=
£ 5
Microorganism, strain o 3 E = Electron acceptors*
£ & s. | £
5] = Q 5= o
g S = 22 g
o) S 2 < & i
Dissulfurimicrobium hydrothermale Sh68T + + + + - None
Dissulfurirhabdus thermomarina SH388T + + + — 2-
SO;
Pantoea agglomerans SP1 + NR NR + NR |SO Fe(ID), NO;3, dyma-
par, AXIC***, Cr(VI)
Thermosulfurimonas dismutans S957 + + + + - NO;
Thermosulfurimonas marina S8727 + + + + - NO3
Thermosulfuriphilus ammonigenesST65T + + + + - NO;

NR stands for not reported.

* Electon acceptors used in the processes other than sulfite, thiosulfate, and elemental sulfur disproportionation.

** DMSO, dimethyl sulfoxide.
*k AQDS, 9,10-antraquinone-2,6-disulfonate.

etal., 2012, 2013, 2016; Slobodkina et al., 2017b;
Frolova et al., 2018).

Sulfides in the form of H,S, HS—, or S*~, which are
formed in the course of sulfur compounds dispropor-
tionation, may have a toxic effect on microbial growth.
In laboratory cultures, addition of ferrihydrite (poorly
crystalline Fe(IlI) oxide) significantly decrease sul-
fide concentration in the medium. Depending on
strain sensitivity to sulfide, some microorganisms
probably grow only in the presence of ferrihydrite,
while others can grow without it (Slobodkin et al.,
2012, 2013; Poser et al., 2013). The pH of the medium
is probably less important, since disproportionation of S°
in the absence of ferrihydrite was demonstrated not only
in alkaline, but also in neutral conditions, when the con-
centration of H,S, the most toxic sulfide form, should be
higher (Poser et al., 2013; Florentino et al., 2019).

Many organisms can grow autotrophically while
disproportionating sulfur compounds, with CO, or its
anions being the sole carbon source. Capacity for
autotrophic growth was shown for 17 sulfur-dispro-
portionating strains from several phylogenetic groups
(Table 3). Other microorganisms require a carbon
source, i.e., acetate.

Sulfur-disproportionating microorganisms are
represented by both mesophilic and thermophilic spe-
cies (Table 1). Among 13 thermophilic (with optimal
growth temperature above 50°C) sulfur disproportion-
ators, Thermosulfurimonas dismutans, growing at 92°C,
is the most extreme (Slobodkin et al., 2012). Sulfur-
disproportionating prokaryotes isolated from soda
lakes are obligate halophiles with pH optimum for
growth at 9.5—10.0 (Table 1). Acid-tolerant Desu!l-
Jfurella amilsii, which reduces sulfur at pH 3.0, was

shown to disproportionate elemental sulfur at pH 6.5
(Florentino et al., 2019). S° disproportionation is
probably involved in anaerobic metabolism of Acidith-
iobacillus ferrooxidans growing at pH 1.8 in the pres-
ence of Fe(III) (Osorio et al., 2013).

BIOCHEMICAL MECHANISMS
OF DISPROPORTIONATION
OF SULFUR COMPOUNDS

Little is known concerning the biochemical mech-
anisms of disproportionation of sulfur compounds and
the enzymes involved in this process. Early research,
which included measurement of the enzymatic activ-
ity, inhibitor analysis, and radoitracer experiments,
did not result in unequivocal description of the dispro-
portionation pathways. These data indicate that sul-
fate and sulfite disproportionation by Desulfovibrio-
strains probably involves action of adenosine phos-
phosulfate (APS) reductase and includes reverse
electron flow, with sulfite and elemental sulfur as the
possible intermediates of thiosulfate disproportion-
ation (Kramer and Cypionka, 1989; Cypionka et al.,
1998). Thiosulfate disproportionation by Desulfocapsa
sulfoexigens involves participation of sulfite oxidore-
ductase, thiosulfate reductase, dissimilatory sulfite
reductase, ATP sulfurilase, and APS reductase; how-
ever, the enzymes responsible for S° oxidation by this
organism have not been identified (Frederikson and
Finster, 2003; Finster, 2008).

The oxidative branch of sulfur disproportionation
is presently the least understood. None of the studied
genomes contains the genes encoding the enzymes of
known pathways for thiosulfate and elemental sulfur
oxidation, such as the Sox enzyme system sulfur oxy-
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genase-reductase (Sor), or sulfide: quinone oxidore-
ductase (Sqr). The presence of dissimilatory sulfite
reductase (Dsr) genes in the genomes of most sulfur
disproportionators supports the suggestion that, simi-
lar to sulfur-oxidizing bacteria, sulfane oxidation to
sulfite is catalyzed by this enzyme operating in reverse
direction. At the same time, in sulfur disproportion-
ators possessing the Dsr system, the DsrAB subunits
belong to the reductive type (Thorup et al., 2017).
Moreover, no genes encoding dissimilatory sulfite
reductase were found in the genome of Dethiobacter
alkaliphilus (Melton et al., 2017). Completeness of
sequencing of this genome (95.8%) is, however, insuf-
ficient for unequivocal conclusion of the absence of
the DsrAB genes. Another hypothesis suggests that
elemental sulfur oxidation is carried out by the
QmoABC electron transport complex and heterodi-
sulfide reductase (Quatrini et al., 2009; Finster et al.,
2013; Mardanov et al., 2016). Further sulfite oxidation
to sulfate probably also occurs via the reversible sulfate
reduction pathway involving APS reductase. The
genes encoding this enzyme were found in all known
genomes of sulfur disproportionators, except for
Desulfurella amilsii, which probably uses another,
presently unknown pathway of sulfite oxidation (Flo-
rentino et al., 2017). In addition to the genes of dissim-
ilatory sulfate reduction, the genomes of most microor-
ganisms also contain the genes of membrane-bound
molybdopterin oxidoreductases, which may be involved
in sulfur metabolism as subunits of thiosulfate, polysul-
fide, or tetrathionate reductases.

Differential proteomic research on sulfur dispro-
portionation was carried out on Desulfurella amilsii
(Florentino et al., 2019). Sixteen proteins were identi-
fied only in the cultures grown under conditions of sulfur
disproportionation, while 112 proteins exhibited signifi-
cant differences in activity for the cultures grown under
conditions of sulfur reduction and sulfur disproportion-
ation. The elemental sulfur-disproportionating cultures
exhibited the highest relative content of rhodanese-like
sulfur transferase (DESAMIL20 2007), while most
proteins of the Dsr complex were not detected.

COMPARATIVE ANALYSIS
OF THE GENOMES OF ELEMENTAL
SULFUR-DISPROPORTIONATING
MICROORGANISMS

Uncertainty concerning the molecular mecha-
nisms underlying sulfur disproportionation hinders
the application of genomic data for investigation of
this process. Although analysis of complete genomes
in order to determine the biochemical pathways of sul-
fur metabolism has been carried out at different level
of detail for six organisms, genomic determinants of
sulfur disproportionation were not revealed (Finster
et al., 2013; Mardanov et al., 2016; Slobodkina et al.,
2017a; Thorup et al., 2017).

MICROBIOLOGY Vol. 88

No.5 2019

517

As of March 2019, 18 complete genomes of the
microorganisms capable of thiosulfate, sulfite, and
elemental sulfur disproportionation have been in pub-
lic domain. In the present work, comparative analysis
of all available complete genomes of the microorgan-
isms capable of S° disproportionation (10 genomes)
was carried out. The analyzed genes and gene clusters
included the genes for dissimilatory sulfate reduction,
the genes associated with sulfur activation and transfer
into the cell, and the genes of membrane-bound
molybdopterin oxidoreductases involved in sulfur
metabolism (Table 4). The work was carried out using
the bioinformatic approaches provided by the RAST
(http://rast.nmpdr.org) and IMG/M (https://img.jgi.
doe.gov) servers.

None of the studied genomes contained all the
genes chosen for analysis. Most genomes contained
the key genes for dissimilatory sulfate reduction
(Pereira et al., 2011), including sat (sulfate-adenylyl
transferase), aprAB (A and B subunits of adenylyl-sul-
fate reductase), the dsrABD cluster (dissimilatory sul-
fite reductase), dsrC (protein component of the dis-
similatory sulfite reductase), dsrMK (electron-trans-
porting  complex  associated with  adenosyl
phosphosulfate reductase). As was stated above, Dethio-
bacter alkaliphilus, with the genome lacking both
dsrABD and dsrC, dsrMK, and gmoABC, as well as
Desulfurella amilsii, possessing the Dsr system genes,
but not aprAB, gmoABC, and sat, were exceptions.

None of the genomes contained the sox, sor, or sqr
genes encoding the proteins responsible for sulfur and
thiosulfate oxidation and homologous to those occur-
ring in sulfur-oxidizing microorganisms. The dsrL
homologue encoding the Fe-S- and flavin-containing
NAD(P)-dependent oxidoreductase involved in sulfur
oxidation in Allochromatium vinosum (Liibbe et al.,
2006) was found only in the genome of Desulfurella
amilsii. Most microorganisms share the genes associ-
ated with activation of insoluble sulfur compounds
and their transfer into the cells. These include rusA,
encoding a small sulfur-transporting protein of the
sulfotransferase family, dsrE2,encoding a small trans-
memebrane protein, and dsrE, encoding the protein
acting as a sulfur donor for DsrC in sulfur-oxidizing
bacteria (Stockdreher et al., 2012; Venceslau et al.,
2014). However, none of these three genes occurs in
the genome of Desulfurella amilsii, while Dethiobacter
alkaliphilus has no dsrE. Homologues of the DESAM-
I1L20_ 2007 gene encoding the rhodanese-like sulfur
transferase in Desulfurella amilsii, a specific protein
predominant under sulfur disproportionation condi-
tions (Florentino et al., 2019), is present in the
genomes of Dissulfuribacter thermophilus and Thermo-
sulfurimonas dismutans. The genes of other sulfur
transferases with two rhodanese domains (SseA) were
detected in the genomes of six analyzed sulfur dispro-
portionators. The genes of molybdopterin-containing
thiosulfate and polysulfide reductases (phsA/psrA)
were found in all analyzed microorganisms, except for
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Table 4. The genes of sulfur metabolism proteins in elemental sulfur-disproportionating microorganisms

Microorganism
Gene or gene cluster
Cat Dbp Des Det Dva Dam Dfg Dta Dit Tsd
sat + + + + + None + + + +
aprAB + + + + + None + + + +
gmoABC + + + + + None + None + +
dsrABD + + + AB + AB + None + +
dsrC + + + + + + + None + +
dsrMK + + + M + + + None + +
dsrL None None None None None + None None None None
tusA + + + + + None + + + +
dsrE + + + + + None + None + +
dsrE2 + + + + + None + + + +
DESAMIL20 2007 None None None None None + None None + +
sseA None None + None + + + None + +
phsA/psrA + + + + + + + None + +
sudhAB None None None None None + + + None None

Designations: sat, sulfate adenylyl transferase;aprA4B, adenylyl-sulfate reductase subunits alpha and beta; dsrABD, sulfite reductase, dis-
similatory-type subunits alpha, beta and clustered protein DsrD; dsrC, dissimilatory sulfite reductase, small protein DsrC; dsrMK, sul-
fite reduction-associated electron transfer complex, proteins DsrM and DsrK; gmoABC, APS reductase-associated electron transfer
complex QmoABC; dsrE,DsrE sulfur-transporting protein; fusA, sulfur relay protein TusA; dsrE2, transmembrane sulfur-transporting
protein; dsrL, ron-sulfur flavoprotein with proposed NAD(P)H: acceptor oxidoreductase; phsA/psrA, polysulfide reductase / thiosulfate
reductase chain A; sudhAB, sulfide dehydrogenase subunit A and B; DESAMIL20 2007, thiosulfate sulfurtransferase, rhodanese from
Desulfurella amilsii TRIT; sseA, 3-mercaptopyruvate sulfurtransferase SseA, contains two rhodanese domains.

Cat, Caldimicrobium thiodismutans TF1"; Dbp, Desulfobulbus propionicus 1pr3T; Des, Desulfocapsa sulfoexigens SB164P lT; Det, Desul-
focapsa thiozymogenes Bra2T; Dva, Desulfurivibrio alkaliphilus AHT 2T; Dam, Desulfurella amilsii TRlT; Dfg, Desulfofustis glycolicus
PerGlyST; Dta, Dethiobacter alkaliphilus AHT lT; Dit, Dissulfuribacter thermophilus S69T; Tsd, Thermosulfurimonas dismutans S95T.

Dethiobacter alkaliphilus. Homologues of the genes
encoding the cytoplasmic NAD(P)-dependent hydro-
genase, which also catalyzed polysulfide reduction to
sulfide (Ma et al., 2000) (sulfide dehydrogenase,
SUDH), were found in the genomes of Desulfurella
amilsii, Desulfofustis glycolicus, and Dethiobacter alka-
liphilus.

Thus, a complete set of dissimilatory sulfate reduc-
tion genes is not required for ability to disproportion-
ate elemental sulfur. The presence of the Dsr (dissim-
ilatory sulfite reductase) and Apr (adenylyl-sulfate
reductase) enzyme complexes is probably also not
required for this process. While the proteins transfer-
ring the sulfur-containing groups and the enzymes
reducing elemental sulfur and/or polysulfides are the
components important for sulfur disproportionation,
sulfur transferases and polysulfide reductase of differ-
ent structure may be responsible for these processes in
different microorganisms.

CONCLUSION

Disproportionation of sulfur compounds makes it
possible to microorganisms to obtain energy using a
single inorganic compound as both an electron donor
and electron acceptor. About 50% of the cultured sul-

fur disproportionators are capable of autotrophic
growth. Chemolithoautotrophic microorganisms are
an important component of the biogeochemical cycles
of carbon and other biogenic elements. Ability of
chemolithoautotrophs to carry out primary produc-
tion of organic matter enables existence of autono-
mous microbial communities, which probably played
an important part in formation of the early Earth bio-
sphere. While the role of microbial disproportionation
of sulfur compounds in the present-day biogeochemi-
cal cycle of sulfur has been insufficiently studied, wide
occurrence of thiosulfate, sulfite, and S° dispropor-
tionation among prokaryotes inhabiting diverse
marine and terrestrial biotopes indicate an important
biological role of these microorganisms. The presently
known sulfur-disproportionating prokaryotes belong
to 30 bacterial species, most of which are members of
the class Deltaproteobacteria. While ability to dispro-
portionate sulfur compounds is common among sul-
fate-reducing bacteria, it is not a universal feature of
this physiological group. Interestingly, the genomes of
some sulfur-disproportionating bacteria unable to
reduce sulfate contain a complete set of the genes
required for dissimilatory sulfate reduction, so that the
reason why these microorganisms are incapable of

2— . . .
SO, reduction in laboratory cultures remains unclear.
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Although a number of microorganisms were
described, for which dismutation of sulfur compounds
is the only type of energy metabolism, it is premature
to state the existence of obligate sulfur disproportion-
ators. Thus, Thermosulfurimonas dismutans was
recently shown to oxidize elemental sulfur with nitrate
as an electron acceptor. New physiological properties
may possibly be discovered in other “obligate” sulfur
disproportionators. Only hypothetical descriptions of
the biochemical mechanisms of sulfur compounds dis-
proportionation exist presently, and the key enzymes of
this process have not been determined, which hinders
the application of modern omics methods for investi-
gation of this process. Comparative analysis of com-
plete genomes of the elemental sulfur-disproportion-
ating bacteria did not reveal the set of proteins required
for S® dismutation, which was common to all microor-
ganisms. Existence of several different pathways for
disproportionation of sulfur compounds is therefore
quite probable.
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