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L1 mEMAAERE

T A A8 A Ry B Rk 1) A A AR m] R Ry T 2
JZR(S* —S° Fl S"—S0,), HL Btk 2 )
PR A B N AP . Sulfide:quinone reductase
(Sqr)#1 Flavocytochrome ¢ sulfide dehydrogenase
(Fee)'* "1, Sqr #l Fec M1 AL 34434 T SOB
MBS N, HATC SER Sqr BEER 2L &
B S R AR MY, Foo W0 52 0] 730 J o 26 1
Rt AR Y FERR AL AL B
AR, ol Fee Mgl o R d LS A
% cleyt)EX DY g R o SALEME LI
JEZSANME R c(ey) YRS O, Y3 B S i
(X 2), FAh cyt™ BFEMANMI AR o AR &
W Z HS U, FrME R WL AL & F T, Fec
EHEfL RG0S T oyt BEZ Rl "7 5 AR
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D, £ SOB w, A RE[RINHEA ik IR R 5,
I IREE A AU e 3wt S FLE
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i Z R S A A, Al AR o R
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Dst)IVEFT, BB AA AR R ER ; AR
EHh FE— A A ERER Y Dsr BEE ARG IR
AR IR L BR T A OCHE N, B AT AR DA I
T AL AR BR R AL S B A, AT FE AL
Py Ak R TP AL B B3 [ 54 Akl AR R AR,
AR IR G5 SRR, sqr F1 dsrd FER BT
JIE G S K -4 51 R R AE <4 BB AL (ST —S0)
AR AL (S*—S0,M )G M, M TR A FL Eaf
DR bR R A TR < R A S
MEALI A RCR T, fERE A 374 SOB RELA LS
BRI, KR BIRER . RBEicRE T L
YeHprE AT sh 2,
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Sqr il Fec Bt & RHE/ER . Sqr B2 —FhBES &
JBEE T, AT T AN RE B b, RS O
FRIBE AR, Fee W 540 i 2 8 (3%
(FeeB) AL (A3 ¢ WA (Fec AR, 434 T J& it
25 () B EE A FE B 22200 Sqr Al Fee BIREH ik
WAk Z ey, (B2 Yat— LA B
JRGR AL 5 A7, Zhang 46(2014)%
W5 Acidithiobacillus ferrooxidans # Sqr 4L
AR AL SO, B T — i BBt A AL
(B 1o H—HE 715 Cys356 1Y STHIEAEH
I, FAD 3kfq 2 DT, B E S 2 mi
I o A. ferrooxidans H Sqr BTG PEN 55 ALEE 2 -2
JE &R (Cys160, Cys356), EA1Z5H Fln FAD
MRS M Z BB RIE AL, 45 3 2F 2R (Cys128)
W) 55 = R A PO,
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Cys356 Cysl356 Cysi556 /C*A-FADH Cys356 FADH, UQ
r S SY\ o CH_FAD He S'25 H® /SY FAD X UQH
g0 Sy/ R i > — 5 ’
Se S Sr
\ \ \
Cys160  Cysl160 Cys160 Cys160
ﬂ(S repetition)
CysiS6 CysiS6 Cys\356 Cys356
S—S_ s S—S_ S g® ,
7N MY Cys128 ,S—S ) Cys128 /S Cys 28
—>» | \ —>» S S ™ .
Sq S—s Sq /s-s\y og =" I s' G — §— St og—S
S Cyé160 S Cys160 tg—s7 Cyslléo Cys160
1. Sqr BB WF LA BRI
Figure 1. The proposed mechanism of sulfide oxidation by Sqr'*".
Steudel 55(1996)°84 Hi H G ALY L2 ML N Ss" +H'=HSy =HS+S; (18)
N . PRTSINSNIN N 2- T —_a -
R (SORIHLIE, i SOB AT AELIZE LAY Sy"HH = HSy = HS 5, (19)
KX BRI fEx— LI, HS 1.3 BARBRAYSE
B W B h Ak A i BE(HS B ST 4-5), —2K& SOB AlREhikIES iz = MIAh, BT
HS —HS +e 4 SOB U Chlorobiaceae F} ) GSB .
HS —»S +H" %)

XL [ R RIS A SO A, AL
T A MR A RS R, AEZR
B E F(Sy )X 6-16).,

28758, (6)
S,> +HS —S, +HS~ (7)
28, —S8,7 (8)
S48, =85 9)
S;>+HS —S; +HS™ (10)
S, +HS —S, +HS" (11)
S, +S; =85 (12)
Ss*+HS —Ss +HS™ (13)
28, =S¢ (14)
Sy +Sys =S, (15)
Sy +Ss =Sy" (16)

ZW NS5 28, B B
( 17-19).

S, +H'=HS; =HS +S; (17)

Ectothiorhodospiraceae F} 1Y %5 €6, 8 21 14 (Purple
sulfur bacteria, PSB). #5143k fii 4i [# (Purple
nonsulfur bacteria, PNSB)UL K& Thiobacillus %5 )&
H G £4, 8% 41 77 (Colorless sulfur bacteria, CSB)P!,
73— R ORI AE TN, BN AR B SOB
Ul Beggiatoa F Thioploca HFP,

1.3.1 JAANBRRL: 4 SCERAGE , MR B & m
B E E g, HRT R R ok 20 AR A
HL BT AR 21 21| AR 002 2] 14 i PR A
T HAT B A e 250 (181 2-A) AT, XFFHM
kL RS AR, RZHK A Chromatiaceae
A} PSB ! SOB yfiff5¢. Schmidt %5(1971) @ 1
[N = %21 TN ik AR A B )7l G e 9 iR Tl
EAwEE, K Allochromatium vinosum & [ Ji
f 4 13.5 kDa ZE A48, Imhoff Z5(1998)41]
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BB, Isochromatium buderi W E 3 5l 5%
18.5 kDa #5141/, 4 SOB A= KAE & G AL i 15
S, Beggiatoa LN B KLY b 3R LA
15 kDa #E F1P, LA Allochromatium vinosum 31,
PE— 20 S OO g o E A g, R
13.5 kDa #1512 4> 10.6 kDa [¥[FJ5E 55T
(SgpA F1 SgpB)ZH A - AL Py itk & A i B ik A
55 3 Fh 8.5 kDa HEHIC(SgpC)P . =i 11 Hidt
[FIA RS T Allochromatium vinosum I N BRRL ) 25 1
A BE(E 2-B), M55 SgpA [ AYFEH K IE
I, MR REA: K, FRBTA[FE R 1 (SgpA
o, SgpB)H A — A RS S AR,
sgpA B8 sgpB FE R () 2K 15 A fiff SOB R I
FEAT 2257, T sgpC B 1 2R 15 W 23 fff SOB JE i,
BN N GLRL . sgpB Al sgpC RUFE R 58 AR A

WA RE UG o B B AT AR G, I e iU
PBRL, 2R IR A S TP B A B R (7 A 2

ZAFPS,

A X SRR R QB THARXS Beggiatoa
alba HJAIMN S YT S0E , IEMIN &Y 2 H
TRICR AL, [HARES E 2 FER Zm ALY ik 2 26
SRR, T X SR 3 45 #4 (X -ray absorption
near-edge structure, XANES) G2 % 0 i N ik
B ARD, T XANES %5 &, PSB
DAL o B B AT G A AR A, i N BRURE
LA HLZ B AL W HEIRZ5 ) (R-So-R)FFTE, — Ui B
Wi kA ML, E AR R A 411 T
1E Beggiatoa 1 Thioploca T ZAMMIH, AL PN AR
PAFR=E gk 3211,

L Beggiatoa 4], AP BRALTE J] Jot s (8] 4 AR
B, MO N BRRL B AR IR B2 IE NG, SOB Y4 i
S5 4 RN PR B L B A A W 3-C TR
Strohl £ (198 )IF5Y T Beggiatoa alba strain B15LD
MEPIBEARL A ZEFIRRAE (B 3-A L B), AHARAR S Bk
MR HE, MR C IR AT NS, (H
AT BR A F 42 fifr 1 J) 5 4 T R LS4,

2. ZNIRER A IR BY B R T (A) RN Allochromatium vinosum BRI E B REBENEHTEE(B)

Figure 2.

The intracellular sulfur globules observed in our study (A) and the schematic diagram of intracellular

sulfur globule membrane proteins in Allochromatium vinosum (B)\*'.
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[ 3. Beggiatoa alba strain B1SLD RIfIRFTRI(A. B) R EAEMAMLGIE 5 %H(C)

Figure 3 Intracellular sulfur globules of Beggiatoa alba strain BISLD (A, B)!

43-44) and their location within the

cell (C)**!. S: sulfur globule; CM: cytoplasmic membrane; SM: sulfur globule membrane.

132 MSMEERL: Janssen %F(1996)* i i 14t
BiWE LI = A YR RGP Thiobacillus SOB
YR, AT MISMRRL(E 4-A) . Thiorhodospira
sibirica (] 4-B)*H Thermoanaerobacter sulfurigignens
(P& 4-C)MOHd T K R HE 22 A AL o ZEAS TR
15171y BISURE(BIological SUlfide REmoval)4:4)
iR R, g R B S REIE A, R
WEEE T SOB KA SNk (] 4-D),

S GRRIAR L, M AMRORE R T EAT SR K,
BAEAERE I SRR M — 2 2R A L
Pk LT AE LA DU B IR R S B R T A SRR K
i}, Acidithiobacillus ferrooxidans A 7EME A e A A
A 17 R TR BEIRZ BALY) , JF i s KA
BEETE LAER 8 0 RN b, B KN A%
FoR K Fm A4 R X G275 4 b
Thiobacillus sp.y= A FIMIAMARL , & B =2 oy

N IE S b AT | A2 B R I A8 B AT K R B
fREEAHR 5 ng/L*, TP REER A TR, imifdd:
Py i PR BB T AE K TR i . MLAMBRRL Y S K
AT R F SR T 5 0 S K v B Sk, 5
KM B A 245 AT TE Thiobacillus thiooxidans YEF T
POKIENE , 33X 2 R A OB TR i A MR T
7] A (SRR S | O UK S S P R 7k A
T2 1 5 4 10 SRR 1

2 AN IF R 2

PGB B R AW R 22 B A R T R B =S
[, TSR FR) 7 A — 2 SOB AR i
AR B GR o X T S A 4 T DB ) e s L
o, BAHGER. RIEEASCIRE, A8
457 3 FhEABURALIZ AL, WA 5 TR
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E 4. Thiobacillus(A)**. Thiorhodospira sibirica(B)*'. Thermoanaerobacter sulfurigignens(C)"*' i B 5N hi F1 2
IRELLH SOB HSMTHI(4R =) (D)BYREIE S #f

Figure 4. Extracellularly stored sulfur of Thiobacillus (A)*, Thiorhodospira sibirica (B)*'and Thermoanaerobacter
sulfurigignens (C)*®! and EDS analysis of the particulate substance (green dots) outside the SOB in our study (D).

Outer membrane

—cal

olooe

Cytoplasmic membrane

5. FEMAHEIRPRRRY 3 MitiEE
Figure 5. Three transport mechanisms of biogenic elemental sulfur from sulfur-oxidizing bacteria. Sqr: sulfide:
quinone reductase; Fcc: flavocytochrome c¢ sulfide dehydrogenase; Cor: dissolved organics; Td: thiosulfate
dehydrogenase; Tth: tetrathionate hydrolase.
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2.1 JabhalEEA R

Marnocha %5(2016)'f1 Hanson %:(2016)211
FIHE AR BRI, Chlorobaculum  tepidum
RELEAN ML AN — 5 PR B Ak 7= A LA MRL (R 6-A), FF
HAE AR A AN AR A R T ARG I B T 2
Wy, FETRIER, T —HM Cba. tepidum
Az AR AL LA R AR Y, LR R 1 2 A AL
PRy 2 EE R =Y, Gl 6-B Fis .

Cosmidis 45 (2019)*Hii# T — 7l il T r 8
s B R 5 R s /L e (S
organomineralization)” JZ . , F& F 1% 52 W HLEE ,
Cron 25 (2019)°YF| AL BE A 28 Sulfuricurvum
kujiense HATSC0S, 455K S. kujiense iz Z il
S AT AT FLAD X B SR T B8RS 2
T, BOE 5 e 2 LI, — 3507 o as )
PR Z ALY R AN, AR S —
W Z e 5 el A U AME A P2
WALy, JFAE ST R i B R A AL
SOB FIM AN, $&m 1AM Al

FRSUR AR T, (HHCAUA LB 1 oK B AT

SR N A Z EAC ) T DU s 2= A R
A BURR , H B BTAR A RETE IR H AT PR A BR IR S50
H1(—0.05V<Eh<1.5V I pH<5)4EHih )y 2254 2 5%,
Marnocha %5 (2019)°WF 58 & B, Chlorobaculum
tepidum A B FR TR I 2 A Bl AL AR, BRI R
H 2 5 H 22 A B A LR 2 (L 22 (181 6-C), il
FEATm HAT K, IR HLm 25 i 5 5tk . R
EOPTEERY], WA AR, A IR
PEBARE>, BRG, AG LA RE 2 e R T 1)
AR NZE &, BT AR SOB BT N et A1 FH AR 4
USRS

Beard 25201 )PYRF5E KB, 8BRS SR
RIS, Acidithiobacillus ferrooxidans ATCC
23270 RETEGAUIRIR EL I 2k AR, IR A g 4
BAURL BB R 1 S S5 s i) PN 5 S A O 32 DU
BRI R AN, eSO —— DU AR AL Y K R
Jiff(tetrathionate hydrolase, Tth)yf1EAH T, &t — &
INGEE RBL(E 7), feZH AR, BRI 5

tepidum
Sy

6. Chlorobaculum tepidum 7=% FE L RIMTRIBHIBAEEI(A. B)™'. Cba. tepidum RRIMNGHIRY € % (C)Y
Figure 6. Mechanism model of extracellular S° globule production and oxidation in Chlorobaculum tepidum (A,

B)"" and biogenic S° globule coatings of Cha. tepidum (C)!
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DSMSA ¥t A BRBNHEERERXSHEXREY . YRS F 4t

Detailed structures of relevant sulfur compounds and reactions proposed for sulfur globules production

from DSMSALP¥. DSMSA: disulfane monosulfonic acid; TSMSA: tetrasulfane monosulfonic acid; OSMSA:

octosulfane monosulfonic acid.

HheE 3 LB, KU EI A MLSS Tth 1544 Steudel
(1987 R H g i Tth UK 2h A9 S A MRk A Bl
BERVPR ML T IEHE SCRF . MR R it — Rl T
S41 & A% (B A A R £h A i 42 ) 19 JfL SN s A=
Bl
2.2 MR EHSNG

A 4 0 (Outer-membrane vesicles, OMVs)
S 20 TR AT M B A I, B R Jo s ] N S S T AR
BROIB R, R, HA R 2 IR AN A A R B
23 [ RN A RE SO, #E 2 FRBH MR, OM Vs
M EARZ N 20-250 nm, A AMENRIE . AMEHE F1T
A 52 0] 2R ) SR O . OMVs 45 2RI I E,
Hrpz — 2 A s [ i ss S . IR
F BeE SR RE 2 WA o A M RE S A B S Jo s (]
WG TE BUERIE B30, 1] 20 A A0 H 445 T
V&, HEH AT Z o0, 24k, R
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DA SR S J53 245 [8] P B J5T 6 125 B A1 0 ol 5 AL 3L Y
SCHRARE -

BT AR W TR 75 RS A 3 A
UEHE % FF SOB HIMRALEE S OMVs £ 5. (1) SOB
SRR MR A, A2 [CEAPEA A 4= OMVs
SR IG5 (2) SOB T JA 51 %5 [a] N B L S BT i A
AR REIR, BRAL ALY TR B, TORE FA AR
BRI I EI AN, 1 OMVs #5465 HA 1h2kiz
WThAE; (3) BHTHEL R BN, BEREEAKINE AT
WAF Z PR S5 , H HAETE 200 nm PLT (K]
8-A), IR IFV41E OMVs [ HARTE R (20250 nm) A .
FETF LB, ARGEAR B TSR s
AR EEHLER S, BIP 5 P2 1 MpLEE. SEisf
J&, AR —4 SOB HkHF F| T M
PRI R, A5 8-B iR .
AR 1 R R T A RN, B ERA N
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200 nm BBAL, AHIRESMERE R TOES , T2 1)
A H A RET , FELRE BB L T 5 2P R 2
0 0 S 1 200 N IR PN B i T, S A (L
AR P A s AP OR 3. BRI S AN S L A
N BESME b 00 4 W S AL, E A A T A T
SN, 1B R A BESMEA TR, ]St
R R, AWK Z S WBIR . FE TR
fRBE, ASCREH T SR B iz " IS B L BE A4 45
FRERL, GnfEl 8-C . {HJE, IZMARHLHR S
TA UL BISURE S i R SR ETA TR SOB
aisrA ARy, Rk, SOB WAMLIEIL A ¢ A2k
%R RABEST

\Sulfur

Periplasmic space

3 A4 T IR L A B ST B TR

PEALEYIR R G B A =Fh iz . —
e A TR R AR T AN s IR A
SRR i T AL s R AR A S R R o3 s T A
ok T B AP 2R SR 2R IR S T
PN AR R Ge A% Xy 52 bk, AR O/S H
(A S BRI B 2K HO ) RS2, A BRI A 24
ISR S K AL AN, 2> T R
150 ALY S AL R SR I A T A,
AN BRLTTRR 9 43 B s, JCICAE VR KA Y B
ARG, DR ST A i BE R S 2 HLS

Cytoplasmic membrane

Bl 8. “HMEFEBIEDETHIZEEZ®

Figure 8.
“OMVs-dependent”

sulfur-secreting process; S-S’ (blue arrows),

“OMVs-dependent” sulfur-secreting hypothesis™. A: spherical vesicles outside SOB (red circle); B:

OM-Outer-membrane (red arrows),

PS-Periplasmic space (green arrows); C: proposed structural model for “OMVs-dependent” sulfur secretion.
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W R GEr, 35 SERE AT SERHY) HoS MU R4 1Y,
PRI, S B A i) IS R, SOB BE
ARENAES, WA TR
3.1 BEAER

SOB Afbfmi btk zit XX an= 1 n)F(12)
iR, Bhg b, O/S Lt 11 2 B, B
R O/S Heh 2 0 L), BiAkiReEi
R ERER ; O/S USR], AL 8 Ak =t A ] ),
AWFFERY], AL, AT S X A R
AR BRI . AFIE R, fﬁﬁﬂ%u LA(0/S Hh
0.5-1.5)/ AT, SOB AlKR4 KB4 i b A AL
R 124 O/S He>1.5 B, EALFE Y LIGR
oy, TR AR O, N

ﬁﬁi Ak B Al SR A SO AN P A, 8K

EACTRER RN, 4 O/ AR T 0.6 B, Hifk
%i%ﬁw}irﬁi@?ﬁmﬁﬂ b2 AL SO 5 4
SHufz, ALY LB ER R o SR, —
URHBIEAR O/S Bl B AR R Y 7 A AN S i (1
BTN WA R, TERCA BRERER A R SRR

F 1. FIEYIR B R

SOB A KZFMil, JCSCBl A4y, KRk
Btk — 20 AL A B Rk I BR i A e i 2 SOB A %,
TR AT b7 M 11-13).

H,S+0.50,—S"+H,0AG"=-209.4 kJ/reaction (11)
S%+1.50,+H,0—80,> +2H AG’=—587.1 kJ/reaction

(12)
H,S+20,—S0,7+2H AG’=-798.2kJ/reaction  (13)

TERRAL Y BEAHRS RS E B IELE I SO e
% f %A (Dissolved oxygen, DO) ¥ ilill 2 45 Hil AL 4
AL AR R A RO 2 1T i SCk R
B, 4 DO WBERHITE 0.1 mg/L ZEA I, FAJFURR
142 0] 35 90 mol% Lk B, SR, M FHifk e
SO RGP LS, REEH DO stk &
B O/S HARMELESFIRE T AR —FRAR, &
it J?EE{_L(O)(ldatlon reduction potential, ORP)
H B AL e B2 R A SR AL Rl s, ERIEW] 2 B
AAT H A 1 A 0 AR AR B N B AR A o 3R SRR T
I, S e RO A ) 2 B R AR [T WA ) 2 A
., fefl ORP 7400 mV £-137 mV Z[i], HA
BRPSHEREIGR 1), XrTHeZh T SOB. ki

REENEZERR

Tablel. Main factors affecting the yield of biological elemental sulfur
Factor Value Dominant final product Yield/% References
O/S ratio 0.65 s? 83.3+0.7 [66]
0.65 S0 85-88 [67]
0.63+0.04 S0 92.240.9 [11]
0.6-1.0 S0 73+10 [65]
0.5 S0 85 [74]
DO/(mg/L) 0.1-0.15 S0 — [70]
0.1 S0 90 [71]
1 S0 83 [69]
ORP/mV ~100-80 S0 90 [71]
~147-137 s? 90 [72]
—400-300 s° 65 [73]
~400-360 S0 — [76]
—: no results.
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FEAH RN A AR SN BN TR BT 3 % T ORP 5 il 1Y)
WIEE, BTN TS YR A KRR
I AR, LA SE B A 1 O A e P JB  1)
G

JAE T RS B R AT A SRR, (A
A BB A B A B R R RN U R ER . TR
A BRI AL R Ge AR PR S B Y
1532355 (80-90) mol% , i — - H& AL BT 745 24 U] it
BT FEE Y R G, S E
SRR . RARER BRI IREh =, AR
il B R ER AN AC AR PR R A A B, BN DAk B T B
R, Klok 28(2019)! % 1o 76 78 Wbk 1
S AU N A 22 RN B R AU N e, A 4 1 B
JE A5 2% i o REZH (TG IR AU #)Y 75.6 mol% K
TEHE T2 96.6 mol%. TEPRAA SN N, 1 Vi A
Rl T AN E o 1A H IR R R R
AU, DNTTTREAR T AR BR ER 15 % TEIR AR
T, SOB i ] fd Y R OB AL, RRER TR R
WA AR AL IR B0 T 50%, T TR
IR ER B fb 2B . BRILZ 4F, Kiragosyan 4§
(2020)7 k5T 2 B0, —H L AR AL R A A i A
PR AR AR N, S o 1 AR ) I S AR G R i
O — i Ae i =X, 8 A W U5 B0 B A A5 2
92%3it— LT+ 96%.
3.2 BFmNSESEIK

R TS BAE W B B B A A R S A
D58 A VAR Al A 40 05 P B A 1 20 o N 485 F R
SR FE A3 DAL 22 7K RIS A 75 e v [l 2
VREASRR o 5 A 43 B R 3 b E IR |
B0 B A I

F T ERLJBTBR A K HY BV AR EE AR N, AT LUR

W2, W E ) TR N B A AE P R
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Formation, transport and recovery of biogenic elemental sulfur
from sulfur-oxidizing bacteria

Wenji Li, Ping Zheng

Department of Environmental Engineering, Zhejiang University, Hangzhou 310058, Zhejiang Province, China

Abstract: Elemental sulfur (sulfur globules) is an intermediate product of biological oxidation of sulfide. Elemental
sulfur can be the main metabolite of sulfur-oxidizing bacteria (SOB) according to stoichiometric O/S ratio.
According to the distribution of elemental sulfur, they can be divided into intracellular sulfur globules and
extracellular sulfur globules. The transmembrane transport of elemental sulfur from the inside to outside of cell is
an important physiological characteristic of sulfur-secreting SOB. Recovery of elemental sulfur from
biodesulfurization system is of great significance to the realization of waste recycling. In this paper, the formation
process, occurrence form, metabolic characteristics, transport mechanism of elemental sulfur in SOB and the
recovery of elemental sulfur from biodesulfurization system were reviewed in order to provide a reference for the
research and development of a new biodesulfurization process.

Keywords: biogenic elemental sulfur, sulfur-oxidizing bacteria, formation, transport, recovery
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