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Figure 1.

Biogeochemical sulfur cycling: processes and fluxes. S(-2): H,S, FeS, DMSP; S(-1): FeS,, R-S-S7; S(0):

S% RSSH, DMSO; S(+2): S,05%, S406%"; S(+4): SO5%7, SOy; S(+6): SO,
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Table 1.

Classification of sulfur oxidizing bacteria

(An)Aerobic

Electron

Model

Bacteria Classification . . . Distribution References
/Lithotrophic donors organisms
Green sulfur Chlorobi Anaerobic/ H,S, S, Chlorobaculum Deep sea hydrothermal [18]
bacteria (GSB) photoautotrophy ~ S,04% tepidum vents rich in sulfur
Purple sulfur Chromatiaceae Anaerobic/ Allochromatium Activated sludge [19]
bacteria (PSB) Ectothiorhodospiraceae photoautotrophy ~ S,03* vinosum estuaries and swamps in
freshwater ditches,
ponds and lakes
containing hydrogen
sulfide
Purple non-sulfur  a-Proteobacteria (an)aerobic/ H,S, Rhodopseudomonas Widely distributed [20]
bacteria (PNSB) B-Proteobacteria phototrophic palustris
Colorless sulfur y-Proteobacteria (an)aerobic/ H,S, Beggiatoa Activated sludge [21-22]

bacteria (CSB) Thermoprotei

chemolithotrophic  S,03*

wastewater treatment
system in farmland and
orchards and other
natural ecological
environments

leptomitoformis
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Figure 2. Overview of the key enzymes and metabolic pathways of photoautotrophic (A) and chemotrophic (B)
sulfur oxidizing bacteria (adapted with permission from [28-29]). H.,S could be converted to S° by sulfide: quinone
oxidoreductase (SQR, in blue) and flavocytochrome c sulfide dehydrogenase (FccAB, in pink); S,05% could be
converted to SO,* by sulfur oxidizing protein system (Sox, in purple), H,S could be converted to SOz*~ by
dissimilatory sulfite reductase system (DSR, in orange). SsI (in cyan) catalyzed the transformation between S,03>
and 84062_-
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Figure 3. The overall structure and the redox active site of the SQR. A: The overall structure of sulfide:quinone
oxidoreductase (SQR) displays for the yellow cartoon, FAD shows as the red stick, DUQ (decyl ubiquinone) stick is
shown as blue, green for the conservative cysteine; B: Distance change (unit A) between the sulfur atom at the redox
active site and FAD-C** before combining with disulfide; C: Distance change (unit A) between the sulfur atom at the
redox active site and FAD-C** after combining with disulfide; D: Mechanism of disulfide oxidation (A, B, C parts
adapted from; the enzyme molecule PDB for 3TOK; part D refers to [47-48]).
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Metabolic pathway of dissimilatory sulfate reduction (adapted with permission from [63-64]). Active

absorption of SO,*” by membrane bound sulfate transporters, two hypotheses in the reduction pathway and the
passive release of H,S. Hypothesis 1: SO3> is directly reduced to S?*(blue arrow) by sulfite reductase. Hypothesis 2:
DsrAB reduces SO5% to DsrC trisulfide, and DsrMKJOP complex reduces the generated DsrC trisulfide to S*~ and

DsrCr (yellow arrow).
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Table 2. Functions and primers of selected sulfur oxidase
Enzyme Gene  Sulfur transformation Sequence (5'—3') References
Sulfur-oxidizing soxB  [SoxYZ]-S-S-SO;5— 710F-ATCGGYCAGGCYTTYCCSTA [70]
multienzyme [SoxYZ]-S-S-+S0,* 1184R-MAVGTGCCGTTGAARTTGC
complex, subunit B
Sulfide:quinone sqr H,S—S°, HS, +reduced 437F-CATCCTGCTTCGGCCCNGCNTAYGART  [71]
oxidoreductase quinol 982RCCATGGATTCGATRTANCCNGTYT
Dissimilatory dsrAB  sulfite+[DsrC protein]- dsrlIF-GAAGTATCCCGAGTCGAAGG [72]
(bi)sulfite reductase, dithiol—a [DsrC]-trisulfide dsr1R-GCGCCGGGCGGTGCATCTC
subunits AB

Sulfite:acceptor SOrAB  S032°—50,%
oxidoreductase/Sulfite

oxidizing enzyme

100F-ACAGCAAGGCATCCnggnttygtng [71]
906R-CCAGAATGTGCCCtccatnayngg

actamicro@im.ac.cn
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Figure 5.
Biological desulfurization.

Sulfur cycle in different habitats. A: marine sediments; B: Deep groundwater; C: Biological leaching; D:

http://journals.im.ac.cn/actamicrocn



1576

Hong Zhang et al. | Acta Microbiologica Sinica, 2021, 61(6)

4 EE

WEEYLHEFRICRZ—, ARAHT
ZAFTEARIE X B . A Y T7EA DL A LR
AL B R PR T OCHER, A VLR ALY
B R A R FR BRI (CHSSH) 5 i 2 S5 R (CF: e R
H B 2 R Fiam AL &0, i A A A0 T FR I8 A AL
P (R) 5 R A Z R IR AL &, 5T 41
EYERITEC &4 T 2 5 P A ik
AR . DIRERE M i FAZ B AL S5 R
PEm T NI R L BB F . B, s
WEEMC 29 Z N TAYR . SRIEFTY
FERE 2 Tl 400 TR SR R T T A
Ak 2D DL R A WAL U B ROR BT R BT,
PR BRAE PP 32 B ] W A5, i IEA S RS
HBR G E B = S B, S Mg
I HERE H AR R B BAE B0 By Hgh A P-4 1R 8
TR o FRATATI TAEDESE R, TR NGk
M LEPRHEAE LD, R4 T S°—8,057 -S04
0 B e A, G AR ) 2 RN R R B
Proteobacteria & W i 3 hn (G5 4H 17 & 2 5K
W), R A BT O N T TR B T R AN TS
PR — SR LR IRI B . FE B — R R
MRS R, R BT ATH P S B A T Y
BARGSITEARF LB RGE T WEY S S mAIER T
SNSRI 28 B[Rl A2 Ak, G0 25 B PR 4H 2
o 7 g Si A S R 5T M R 7K AN [] AR W b R Ak 2
B R BRAGER AR S BEAHFRIBE ML B &
ZHFHAR . KRBT 5 R HA S 20 88 S
BRI, WSR2 MmRA T 2
AP BA A 1 00 3 A AR AL g 42 ) oK
W, Zha ARSI S 5 T 28R LUE i

actamicro@im.ac.cn

JLER AL PR R P AR iR A , DATITE BB B4
MITR 5 T2

2 % LW

[1] Hu X, Liu JH, Liu HW, Zhuang GC, Xun LY. Sulfur
metabolism by marine heterotrophic bacteria involved in
sulfur cycling in the ocean. Science China Earth Sciences,
2018, 48(12): 1540-1550.

W, Xk, IR, LR, HER. FIRAMEmMA
AR AR P AR PR sk A,
2018, 48(12): 1540-1550.

[2] Wasmund K, MuBmann M, Loy A. The life sulfuric:
microbial ecology of sulfur cycling in marine sediments.
Environmental Microbiology Reports, 2017, 9(4): 323-344.

[3] Kesselmeier J. The global sulfur cycle and China’s
contribution to atmospheric sulfur loads. Landbauforschung
Volkenrode, 2005, 283: 67-72.

[4] Wang R. Hydrogen sulfide: the third gasotransmitter in
biology and medicine. Antioxidants & Redox Signaling,
2010, 12(9): 1061-1064.

[5] Singh S, Kumar V, Kapoor D, Kumar S, Singh S, Dhanjal
DS, Datta S, Samuel J, Dey P, Wang SQ, Prasad R, Singh J.
Revealing on hydrogen sulfide and nitric oxide signals
co-ordination for plant growth under stress conditions.
Physiologia Plantarum, 2020, 168(2): 301-317.

[6] Zhang XH, Liu J, Liu JL, Yang GP, Xue CX, Curson ARJ,
Todd JD. Biogenic production of DMSP and its degradation
to DMS-their roles in the global sulfur cycle. Science China
Life Sciences, 2019, 62(10): 1296-1319.

[7] Griffith CM, Woodrow JE, Seiber JN. Environmental
behavior and analysis of agricultural sulfur. Pest

Management Science, 2015, 71(11): 1486-1496.

[8] Williams JS, Cooper RM. The oldest fungicide and newest
phytoalexin—a reappraisal of the fungitoxicity of elemental
sulphur. Plant Pathology, 2004, 53(3): 263-279.

[9] Iciek M, WIlodek L. Biosynthesis and biological properties
of compounds containing highly reactive, reduced sulfane
sulfur. Polish Journal of Pharmacology, 2001, 53(3):
215-225.

[10] Mueller EG. Trafficking in persulfides: delivering sulfur in

biosynthetic pathways. Nature Chemical Biology, 2006, 2(4):
185-194.



TR | EYIEER, 2021, 61(6)

1577

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Toohey JI. The conversion of H,S to sulfane sulfur. Nature
Reviews Molecular Cell Biology, 2012, 13(12): 803.

Toohey JI. Sulphane sulphur in biological systems: a
possible regulatory role. Biochemical Journal, 1989, 264(3):
625-632.

Leloup J, Fossing H, Kohls K, Holmkvist L, Borowski C,
Jorgensen BB. Sulfate-reducing bacteria in marine sediment
(Aarhus Bay, Denmark): abundance and diversity related to
geochemical zonation. Environmental Microbiology, 2009,
11(5): 1278-1291.

Thiel J, Byrne JM, Kappler A, Schink B, Pester M. Pyrite
formation from FeS and H,S is mediated through microbial
redox activity. Proceedings of the National Academy of
Sciences of the United States of America, 2019, 116(14):
6897—-6902.

Dombrowski N, Teske AP, Baker BJ. Expansive microbial
metabolic versatility and biodiversity in dynamic Guaymas
Basin hydrothermal sediments. Nature Communications,
2018, 9(1): 4999.

Sievert SM, Kiene RP, Schulz-Vogt HN. The sulfur cycle.
Oceanography, 2007, 20(2): 117-123.

T O B AL R S5 o BT R R R A . AR R FE L
KA #0183, 2011.

Sakurai H, Ogawa T, Shiga M, Inoue K. Inorganic sulfur
oxidizing system in green sulfur bacteria. Photosynthesis
Research, 2010, 104(2/3): 163-176.

Ghosh S, Bagchi A. Insight into the molecular mechanism of
the sulfur oxidation process by reverse sulfite reductase
(rSiR) from sulfur
Journal of Molecular Modeling, 2018, 24(5): 117.

Baars O, Morel FMM, Zhang XN. The purple non-sulfur
bacterium Rhodopseudomonas palustris produces novel

oxidizer Allochromatium vinosum.

petrobactin-related  siderophores under aerobic and
anaerobic conditions. Environmental Microbiology, 2018,
20(5): 1667-1676.

Fomenkov A, Vincze T, Grabovich MY, Dubinina G, Orlova
M, Belousova E, Roberts RJ. Complete genome sequence of
colorless sulfur

the freshwater bacterium Beggiatoa

leptomitiformis strain  D-402".  Genome
Announcements, 2015, 3(6): e01436-15.

Jorgensen BB, Revsbech NP. Colorless sulfur bacteria,
in O, and H,S

microgradients. Applied and Environmental Microbiology,

neotype

Beggiatoa spp. and Thiovulum spp.,

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

(31

[32]

[33]

1983, 45(4): 1261-1270.

Anantharaman K, Hausmann B, Jungbluth SP, Kantor RS,
Lavy A, Warren LA, Rappé MS, Pester M, Loy A, Thomas
BC, Banfield JF. Expanded diversity of microbial groups
that shape the dissimilatory sulfur cycle. The ISME Journal,
2018, 12(7): 1715-1728.

Meier DV, Pjevac P, Bach W, Markert S, Schweder T,
Jamieson J, Petersen S, Amann R, Meyerdierks A. Microbial
metal-sulfide oxidation in inactive hydrothermal vent
chimneys suggested by metagenomic and metaproteomic
analyses. Environmental 2019, 21(2):
682-701.

Barton LL, Fauque GD. Chapter 2 biochemistry, physiology

Microbiology,

and biotechnology of sulfate-reducing bacteria. Advances in
Applied Microbiology, 2009, 68: 41-98.

Castro HF, Williams NH, Ogram A. Phylogeny of
sulfate-reducing bacteria.
2000, 31(1): 1-9.

Mori K, Kim H, Kakegawa T, Hanada S. A novel lineage of

FEMS Microbiology Ecology,

sulfate-reducing microorganisms: thermodesulfobiaceae fam.
nov., Thermodesulfobium narugense, gen. nov., sp. nov., a
new thermophilic isolate from a hot spring. Extremophiles,
2003, 7(4): 283-290.

Gregersen LH, Bryant DA, Frigaard NU. Mechanisms and
evolution of oxidative sulfur metabolism in green sulfur
bacteria. Frontiers in Microbiology, 2011, 2: 116.

Yin HQ, Zhang X, Li XQ, He ZL, Liang YL, Guo X, Hu Q,
Xiao YH, Cong J, Ma LY, Niu JJ, Liu XD. Whole-genome
sequencing reveals novel insights into sulfur oxidation in the
extremophile Acidithiobacillus BMC
Microbiology, 2014, 14(1): 179.

VRV FIR AR IR AR B AT, IR R
L2083, 2016.

Kabil O, Banerjee R. Enzymology of H,S biogenesis, decay
and signaling. Antioxidants & Redox Signaling, 2014, 20(5):
770-782.

Kovag J, Vitézova M, Kushkevych I. Metabolic activity of

thiooxidans.

sulfate-reducing bacteria from rodents with colitis. Open
Medicine, 2018, 13(1): 344-349.

Miller AL, Kjeldsen KU, Rattei T, Pester M, Loy A.
Phylogenetic and environmental diversity of DsrAB-type
dissimilatory (bi)sulfite reductases. The ISME Journal, 2015,
9(5): 1152-1165.

http://journals.im.ac.cn/actamicrocn



1578

Hong Zhang et al. | Acta Microbiologica Sinica, 2021, 61(6)

[34]

[38]

[36]

[37]

[38]

(39]

[40]

[41]

[42]

[43]

[44]

Sun CW, Chen ZW, He ZG, Zhou PJ, Liu SJ. Purification
and properties of the sulfur oxygenase/reductase from the
acidothermophilic ~ archaeon,  Acidianus  strain  Sb5.
Extremophiles, 2003, 7(2): 131-134.

Mironov A, Seregina T, Nagornykh M, Luhachack LG,
Korolkova N, Lopes LE, Kotova V, Zavilgelsky G, Shakulov
R, Shatalin K, Nudler E. Mechanism of H,S-mediated
protection against oxidative stress in Escherichia coli.
Proceedings of the National Academy of Sciences of the
United States of America, 2017, 114(23): 6022-6027.
Shatalin K, Shatalina E, Mironov A, Nudler E. H.S: a
universal defense against antibiotics in bacteria. Science,
2011, 334(6058): 986-990.

Friedrich CG, Quentmeier A, Bardischewsky F, Rother D,
Kraft R, Kostka S, Prinz H. Novel genes coding for
lithotrophic sulfur oxidation of Paracoccus pantotrophus
GB17. Journal of Bacteriology, 2000, 182(17): 4677-4687.
Hildebrandt TM, Grieshaber MK. Three enzymatic activities
catalyze the oxidation of sulfide to thiosulfate in mammalian
and invertebrate mitochondria. FEBS Journal, 2008, 275(13):
3352-3361.

Libiad M, Yadav PK, Vitvitsky V, Martinov M, Banerjee R.
Organization of the human mitochondrial hydrogen sulfide
oxidation pathway. Journal of Biological Chemistry, 2014,
289(45): 30901-30910.

Frigaard NU, Dahl C. Sulfur metabolism in phototrophic
sulfur bacteria. Advances in Microbial Physiology, 2008, 54:
103-200.

Shen JC, Peng H, Zhang YX, Trinidad JC, Giedroc DP.
Staphylococcus aureus sqr encodes a type Il sulfide: quinone
oxidoreductase and impacts reactive sulfur speciation in
cells. Biochemistry, 2016, 55(47): 6524-6534.

Liu DX, Zhang JJ, LU CJ, Xia YZ, Liu HW, Jiao NZ, Xun LY,
Liu JH. Synechococcus sp. strain PCC7002 uses sulfide:
quinone oxidoreductase to detoxify exogenous sulfide and to
convert endogenous sulfide to cellular sulfane sulfur. mBio,
2020, 11(1): e03420-19.

Xia YZ, Li CJ, Hou NK, Xin YF, Liu JH, Liu HL, Xun LY.
Sulfide production and oxidation by heterotrophic bacteria
under aerobic conditions. The ISME Journal, 2017, 11(12):
2754-2766.

Xin YF, Liu HL, Cui FF, Liu HW, Xun LY. Recombinant

Escherichia coli with sulfide: quinone oxidoreductase and

actamicro@im.ac.cn

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

persulfide dioxygenase rapidly oxidises sulfide to sulfite and
thiosulfate via a new pathway. Environmental Microbiology,
2016, 18(12): 5123-5136.

Barton LL, Fardeau ML, Fauque GD. Hydrogen sulfide: a
toxic gas produced by dissimilatory sulfate and sulfur
reduction and consumed by microbial oxidation//Kroneck P,
Torres M. The Metal-Driven Biogeochemistry of Gaseous
Compounds in the Environment. Metal lons in Life Sciences.
Dordrecht: Springer, 2014: 237-277.

Sousa FM, Pereira JG, Marreiros BC, Pereira MM.
Taxonomic distribution, structure/function relationship and
metabolic context of the two families of sulfide
dehydrogenases: SQR and FCSD. Biochimica et Biophysica
Acta (BBA)-Bioenergetics, 2018, 1859(9): 742-753.

Zhang YF, Weiner JH. Characterization of the Kkinetics and
electron paramagnetic resonance spectroscopic properties of
Acidithiobacillus
oxidoreductase (SQR).
Biophysics, 2014, 564: 110-119.

Cherney MM, Zhang YF, Solomonson M, Weiner JH, James
MNG. Crystal structure of sulfide: quinone oxidoreductase

Acidithiobacillus

ferrooxidans sulfide: quinone

Archives of Biochemistry and

from ferrooxidans:  insights into
sulfidotrophic respiration and detoxification. Journal of
Molecular Biology, 2010, 398(2): 292-305.

Ida T, Sawa T, Ihara H, Tsuchiya Y, Watanabe Y, Kumagai Y,
Suematsu M, Motohashi H, Fujii S, Matsunaga T, Yamamoto
M, Ono K, Devarie-Baez NO, Xian M, Fukuto JM, Akaike T.
Reactive cysteine persulfides and S-polythiolation regulate
oxidative stress and redox signaling. Proceedings of the
National Academy of Sciences of the United States of
America, 2014, 111(21): 7606-7611.

Wang R, Lin JQ, Liu XM, Pang X, Zhang CJ, Yang CL, Gao
XY, Lin CM, Li YQ, Li Y, Lin JQ, Chen LX. Sulfur
oxidation in the acidophilic autotrophic Acidithiobacillus
spp. Frontiers in Microbiology, 2019, 9: 3290.

Sattler SA, Wang X, Lewis KM, DeHan PJ, Park CM, Xin
YF, Liu HL, Xian M, Xun LY, Kang CH. Characterizations
of two bacterial persulfide dioxygenases of the
metallo-p-lactamase superfamily. Journal
Chemistry, 2015, 290(31): 18914-18923.
Holdorf MM, Owen HA, Lieber SR, Yuan L, Adams N,
Dabney-Smith C, Makaroff CA. Arabidopsis ETHE1

encodes a sulfur dioxygenase that is essential for embryo

of Biological



TR | EYIEER, 2021, 61(6)

1579

[53]

(54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

and endosperm development.
160(1): 226-236.

Motl N, Skiba MA, Kabil O, Smith JL, Banerjee R.
Structural and biochemical analyses indicate that a bacterial

Plant Physiology, 2012,

persulfide dioxygenase-rhodanese fusion protein functions

in sulfur assimilation. Journal of Biological Chemistry, 2017,

292(34): 14026-14038.

Ghosh W, Dam B. Biochemistry and molecular biology of
and

FEMS

lithotrophic sulfur oxidation by taxonomically

ecologically diverse bacteria and archaea.
Microbiology Reviews, 2009, 33(6): 999-1043.
Urich T, Gomes CM, Kletzin A, Frazdo C. X-ray structure of
a self-compartmentalizing sulfur
Science, 2006, 311(5763): 996-1000.
Rahl P, Poll U, Braun J, Klingl A, Kletzin A. A sulfur
the
Thioalkalivibrio paradoxus with atypically low reductase
activity. Journal of Bacteriology, 2017, 199(4): e00675-16.
Stoffels L, Krehenbrink M, Berks BC, Unden G. Thiosulfate
reduction in Salmonella enterica is driven by the proton

2012, 194(2):

cycle metalloenzyme.

oxygenase from haloalkaliphilic bacterium

motive force. Journal
475-485.
Friedrich CG, Rother D, Bardischewsky F, Quentmeier A,

Fischer J. Oxidation of reduced inorganic sulfur compounds

of Bacteriology,

by bacteria: emergence of a common mechanism?. Applied
and Environmental Microbiology, 2001, 67(7): 2873-2882.
Grabarczyk DB, Chappell PE, Johnson S, Stelzl LS, Lea SM,
Berks BC. Structural basis for specificity and promiscuity in
a carrier protein/enzyme system from the sulfur cycle.
Proceedings of the National Academy of Sciences of the
United States of America, 2015, 112(52): E7166—-E7175.
Kanao T, Onishi M, Kajitani Y, Hashimoto Y, Toge T,
Kikukawa H, Kamimura K. Characterization of tetrathionate
hydrolase from the marine acidophilic sulfur-oxidizing
Acidithiobacillus SH.
Bioscience, Biotechnology, and Biochemistry, 2018, 82(1):
152-160.

Wang L, Guo X, Li H, Qi HZ, Qian J, Yan SS, Shi JL, Niu
WN. Hydrogen sulfide from cysteine desulfurase,

bacterium, thiooxidans strain

not

3-mercaptopyruvate  sulfurtransferase,  contributes  to
sustaining cell growth and bioenergetics in E. coli under
anaerobic conditions. Frontiers in Microbiology, 2019, 10:

2357.

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

Peck HD, LeGall J. Biochemistry of dissimilatory sulphate
reduction. Philosophical Transactions of the Royal Society B,
1982, 298(1093): 443-466.

Jorgensen BB, Findlay AJ, Pellerin A. The biogeochemical
sulfur cycle of marine sediments. Frontiers in Microbiology,
2019, 10: 849.

Zeng Q, Hao TW, Mackey HR, van Loosdrecht MCM, Chen
GH. Recent advances in dissimilatory sulfate reduction:
from metabolic study to application. Water Research, 2019,
150: 162-181.

Loffler M, Feldhues J, Venceslau SS, Kammler L, Grein F,
Pereira 1AC, Dahl
between NADH and rDsrAB in Allochromatium vinosum.
Environmental Microbiology, 2020, 22(2): 783-795.

Loy A, Duller S, Baranyi C, Mumann M, Ott J, Sharon I,
Béja O, Le Paslier D, Dahl C, Wagner M. Reverse
dissimilatory sulfite reductase as phylogenetic marker for a

C. DsrL mediates electron transfer

subgroup of sulfur-oxidizing prokaryotes. Environmental
Microbiology, 2009, 11(2): 289-299.

Dahl C, Engels S, Pott-Sperling AS, Schulte A, Sander J,
Libbe Y, Deuster O, Brune DC. Novel genes of the dsr gene
cluster and evidence for close interaction of dsr proteins
during sulfur oxidation in the phototrophic sulfur bacterium
Allochromatium vinosum. Journal of Bacteriology, 2005,
187(4): 1392-1404.

Thorup C, Schramm A, Findlay AJ, Finster KW, Schreiber L.
Disguised as a sulfate reducer: growth of the
deltaproteobacterium Desulfurivibrio alkaliphilus by sulfide
oxidation with nitrate. mBio, 2017, 8(4): e00671-17.

Luo JF, Tan XQ, Liu KX, Lin WT. Survey of
sulfur-oxidizing bacterial community in the Pearl River
water using soxB, sqr, and dsrA as molecular biomarkers. 3
Biotech, 2018, 8(1): 73.

Tian HM, Gao PK, Chen ZH, Li YS, Li Y, Wang YS, Zhou
JF, Li

sulfate-reducing and sulfur-oxidizing microorganisms in

GQ, Ma T. Compositions and abundances of

water-flooded  petroleum  reservoirs  with  different
temperatures in China. Frontiers in Microbiology, 2017, 8:
143.

Luo JF, Lin WT, Guo Y. Functional genes based analysis of
sulfur-oxidizing bacteria community in sulfide removing
bioreactor. Applied Microbiology and Biotechnology, 2011,

90(2): 769-778.

http://journals.im.ac.cn/actamicrocn



1580 Hong Zhang et al. | Acta Microbiologica Sinica, 2021, 61(6)
[72] Lenk S, Moraru C, Hahnke S, Arnds J, Richter M, Kube M, Lafuente J, Baeza M, Gabriel D. Aerobic desulfurization of
Reinhardt R, Brinkhoff T, Harder J, Amann R, MufRmann M. biogas by acidic biotrickling filtration in a randomly packed
Roseobacter clade bacteria are abundant in coastal reactor. Journal of Hazardous Materials, 2014, 280:
sediments and encode a novel combination of sulfur 200-208.
oxidation genes. The ISME Journal, 2012, 6(12): [79] Guo G, Ekama GA, Wang YY, Dai J, Biswal BK, Chen GH,
2178-2187. Wu D. Advances in sulfur conversion-associated enhanced

[73] Bell E, Lamminmaki T, Alneberg J, Andersson AF, Qian C, biological phosphorus removal in sulfate-rich wastewater
Xiong WL, Hettich RL, Frutschi M, Bernier-Latmani R. treatment: a review. Bioresource Technology, 2019, 285:
Active sulfur cycling in the terrestrial deep subsurface. The 121303.

ISME Journal, 2020, 14(5): 1260-1272. [80] Hao TW, Xiang PY, Mackey HR, Chi K, Lu H, Chui HK,

[74] Zhang S, Yan L, Xing WJ, Chen P, Zhang Y, Wang WD. van Loosdrecht MCM, Chen GH. A review of biological
Acidithiobacillus ferrooxidans and its potential application. sulfate conversions in wastewater treatment. Water Research,
Extremophiles, 2018, 22(4): 563-579. 2014, 65: 1-21.

[75] Fonti V, Dell'Anno A, Beolchini F. Does bioleaching [81] Kushkevych I, Kovag J, Vitézova M, Vitéz T, Barto§ M. The
represent a biotechnological strategy for remediation of diversity of sulfate-reducing bacteria in the seven
contaminated sediments?. Science of the Total Environment, bioreactors. Archives of Microbiology, 2018, 200(6):
2016, 563-564: 302-319. 945-950.

[76] Li L, Zhang JY, Lin J, Liu JX. Biological technologies for [82] Bouranis DL, Malagoli M, Avice JC, Bloem E. Advances in
the removal of sulfur containing compounds from waste plant sulfur research. Plants (Basel), 2020, 9(2): 256.
streams: bioreactors and microbial characteristics. World [83] Wang SP, Wang YF, Chen ZZ, Schnug E, Haneklaus S.
Journal of Microbiology and Biotechnology, 2015, 31(10): Sulphur concentration of soils and plants and its requirement
1501-1515. for ruminants in the Inner Mongolia steppe of China. Grass

[77] Kiragosyan K, Klok JBM, Keesman KJ, Roman P, Janssen and Forage Science, 2001, 56(4): 418-422.

AJH. Development and validation of a physiologically based [84] Wegner CE, Gaspar M, Geesink P, Herrmann M, Marz M,

kinetic model for starting up and operation of the biological Kisel K. Biogeochemical regimes in shallow aquifers reflect

gas desulfurization process under haloalkaline conditions. the metabolic coupling of the elements nitrogen, sulfur, and

Water Research X, 2019, 4: 100035. carbon. Applied Microbiology and Biotechnology, 2019,
[78] Montebello AM, Mora M, L6pez LR, Bezerra T, Gamisans X, 85(5): e02346-18.

actamicro@im.ac.cn



TR | EYIEER, 2021, 61(6) 1581

Research progress of the microbial sulfur-cycling network
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Abstract: Sulfur is an essential component of all creatures and one of indispensable nutrient elements for living
organisms. Sulfur-redox microorganisms are numerous, widely distributed, and have diverse metabolic pathways,
while the balance between sulfur compounds depends on various sulfur-transforming reactions and metabolism
pathways in the microbial metabolism network. In addition, the sulfur cycle is closely related to the carbon and
nitrogen cycles and plays a vital role in the earth's ecological cycle. In this review, we summarize current research
progress of the microbial sulfur-cycling network, including the involved microorganisms, biochemical pathways,
their environmental implications, and industrial applications, etc., which helps to understand the sulfur cycle
existing in the natural and artificial ecological environment and provides a solid theoretical basis and application
solutions for controlling the increase and decrease of sulfur in industrial and agricultural production.
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