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Abstract: Sulfate-reducing bacteria (SRB), the anaerobic bacteria omnipresent in petroleum reservoirs,
play an essential part in the cycling of sulfur in oil reservoirs. Many SRB can reduce sulfate to hydrogen
sulfide which corrodes metal pipes, thus leading to lots of safety problems such as oil spill and causing
economic loss of over 700 billion CNY each year. In this paper, the diversity of microbial communities
living within biofilms of reservoirs and the synergistic corrosion mechanism of SRB with other related
groups in biofilms were first summarized. Then, the sulfur-nitrogen-hydrogen biogeochemical cycle
mediated by SRB in high-temperature reservoirs, the extracellular electron transfer mechanism, and the
corrosion were discussed. Moreover, we introduced the field cases of SRB corrosion in high-temperature
oil reservoirs to further elucidate the mechanism of SRB corrosion. Finally, we proposed to control the

corrosion of SRB in biofilms in high-temperature reservoirs with nanomaterials.

Keywords: high-temperature oil reservoirs; biofilm; microorganism corrosion; sulfate-reducing bacteria;
nano-bacteriostatic
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Figure 1

Network diagram of research on microbial influences on corrosion over the past five years. The

red nodes are the keywords used to screen the literature, with the frequency of occurrence being
sulphate-reducing bacteria (51) and microbiologically influenced corrosion (66). Correlation networks were
constructed with correlations greater than 0.075, with the yellow node being the study node biofilm (18) and
the black line connecting the six nodes associated with it.

&, DR RA 7 e et . xhil B &
A TR S B T KRR REA T A0, R T 2P
A Wy fn gk S8 4K T (iron-oxidizing bacteria, IOB).
il 2 £8 34 J5LU T (nitrate-reducing bacteria, NRB)
F1 77 B 5E B (Methanogenus), H:H SRB J& H A
BRI R 2 1 MIC 258, BREFEGVASLMET
DIBRER R H 324K, i i A A F O I
R SL R = R W NN U BU N s BV S (S A
JCHBETEAM AR, SRB B4 K
JHAR ™ W) 255 | & T4 a2 vl 4 1 S 1A it 1)
Ja b, OB EOE R X HTER AE AS R R
FEEREIN, MBS A Y RE A E RS, AR
K, WA LY R I X S A Wy R T

SN JEE Tk i AR A, T e BT b g A A
W) 5 P e TR 1k ELAT 4 S0 Elumalai P15
T BB R 1 (Proteobacteria) 4= W) Bi%F 4 J& #4
B J it %, JIE B 5 % BRZH [(0.95+0.1) mm/a (TG
AP A E, ELAG AR W 00 R ) 3 T g ek
PR T 2-4 £5[(2.120.61)~(3.7+0.42) mm/a]., 3% 5 B
TE 2T 38 451 A R ol I A i o % b Sz b 1L 375
T OL, A B B 2 B e A7 K e ) T g 2 il o
PSR AT AR R, tbAh, Gittel PR T
Il SRB AR, HIHERER AL 1 il H B3k
R, O T R A PR AT S AR P B T AR 4k
AT . TE 2 SRR B I, Ab P
A9 AL R L 8 )5 48 TR (SRB) B9 175 PE AR T 8 FR £h 18

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



3438

(DGX7ES ik

Microbiol. China

DRt TR SR o AT i T R P R A P B R T
DAL 16S rRNA S [H] o [ SC 1% b 4 147 LS
BE B 1] (Firmicutes) iy ¥, o &# LA #BR B )&
(Thermococcales)’ N ¥, Erik il Y SRB JLF-
SEANIEING , WP G AR R (Desulfacinum)
FIRAT 7 IR T & (Desulfotomaculum) . 1373 A
SR 5 J5 vy A BR 18 & (Archaeolobus) B A#H X =
B AR, B 25 0 B 55 3R A IR h 08 I TR 8
(Deferribacterales), A5 EKE B (Thermococcales) .
L B B (Thermotogales) il 4 IR & AT B &
(Thermoanaerobacter)F FHA W] LAy A A7 A 17 (1)
NP AP E o 3XE B i T e 2R G B AR AR
7 AR B AL SR Y SRR AN 2 A R R 34 i T 1Y
Gt

WEEXT T SRB AR RS2 S B R . 3@
# SRB 2 AL & SRR i TR,
T ™ FEBE 8 o 781 D) 2 1 B 5 ik R R 9 TR )2
ALY/ S B N N T 2 N N O 2
SRB REF| A HLER Rl A A SRA A
Bk, £ 22 A] DU A 7 G T AR SR SR
A LD AL B et i) G 7 g R AR
t, SRB 5577 W e I A A 1L 5T 56 ffe aok R 2 AH B
R, XS SRB FEAS [R5 A AETE

Environmental impact

KA,

Ry T RS A O R T A 2 T ok Y LA
A, B2 2R T HOh RO R AR SR A5
F T Y T i 2 LA e R e 3 LR R AR Ak
KB, 85 R ARG 4R miNXs2. X65
1 X80 45), H Al 7325 Hi 52 Wil g 1oh i G 2 0 A
AT AR . R . REINREE . PR L
TR, AR P e S AR B
20 NSNS . XS PR A R &R
AACRNL, FE AR A B BR TR Y (Fe 05
FeOOH . FeS 55)Ffif i i Ji5 52 ™ A Ak 0
. T MIC HLHHA Z RN, 4 ASTH
IR P I D L EA TR S B IR . AR SR
MR AR S| N H I A6 ER A4 b4
YISy, I BH A A 4 T ke g LA
AR A R i DR 2, 2 v Tl v e B
FRIE PR B Tl 2 34 T AT I Bl TR T o

2 WMEMBER AR NLE

& JE B RUE YR oA B R — A A A
Pl BUEYERZ IR AR AR T,
TR B PR, TR TRl = A
A SR S A HE iR JE e e A, AU : (1) 7

Biological impact

(" Carbon Salinty " 4 Dominant ) Biofil (" Oxidation | Reduction
steel and pH communities 1oT1im production | production
\cidithiobacillus ferrooxidans| H H H
AISI 1018 Salinty Desulfobacterium corrodens ]I:g?tzl;cscharides Fe,0, O%?&E?ﬁld
API 5LX 0-10% Desulfopila corrodens Li )l/dS FeOOH HIMET®
Cl1018 Desulfovibrio ferrophilus E ]:; lular DNA a-FeOOH SIMET®
X65 Geobacter sulfurreducens Xtrace u %'11‘ y-FeOOH
X52 pH Methanococcus maripaludis PhOSPhDIlp'dS Sulfide
X80 6.0-9.0 Shewanella sp. H_umlc SUbStance_S ____________
Sporomusa sp. Lipopolysaccharide
etc.
\_ v N J

Microbial growth

B2 S£YEBHMNEYFIRE

Metabolism

Biocorrosion

Figure 2 The biological process of the biofilm corrosion. *: Direct iron-to-microbe electron transfer; °:
H2-mediated iron-to-microbe electron transfer; ©; Shuttle-mediated iron-to-microbe electron transfer.
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Table 1 Common tools for studying biofilm-mediated corrosion
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steady-state volt-ampere (E—I) data is measured,

and the 1g(|I|-E) diagram is drawn to quickly
obtain the corrosion efficiency

Can only determine the chance
of corrosion, cannot measure the

Requires a stable system; Not
effective in seawater for solid
suspensions
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o AL, SRR, 1T LI RDR R IRALE RS
By changing the scanning speed and scanning Very dependent on experimental
method of the polarization potential, a preliminary conditions
evaluation of the corrosiveness of the medium is
carried out
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BEBLF RS IS, DU DX o) J b 2 Y Difficult to interpret data
Measure the change of the ratio of the alternating
current potential to the current signal with the sine
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LB AR R AT R T A IR B, AR T [24]
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Obtain a 3D image in focus at a specific depth,
allowing direct measurement of pitting corrosion
depth
(540)
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microbial morphology and perform surface chemical
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molecules of a substance are detected
qualitatively and quantitatively, and the structural
properties surrounding them are explored
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Figure 3 The cell membrane structure on the metal surface. The blue is bacterial metabolites in an
anaerobic environment; The red is bacterial metabolites in an aerobic environment.
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4 HYIEPRETFIRRE

NPT SRk B e, T R R ARk A I P A
LG /L, B TR 5k o o iy H - 32 R 114 3 % H
B o REHIE I TS R A9 SR A 8 SR AR A (4
Mz, xR, mWElRbAY . FELTE
B VR A AL ) AE R N AN Y 5 R S 8 A B
YEM .

HT H M N EAMm T E 200
%, AR R XF AR MR E
AL o P Z IR MEH . Lahme 2502
S E B PCR(RT-qPCR) T, 43 511% i
P (<0.15 mm/a) A Py B5EFT E T8 b A= 4 i rp
Yt AT SE L DK micH 47 &, B
Ja B RS KA B, (A AR IR A
XU B 7 B TR A PR A LAt e R
FEAERS, gt 0 Ah i %) 35 R 3R a8 sk 5 ok, Ik
Ah, Bao ZEUSIZRiR T 3 RO B 40 A1 L T 5
BHLE, oul: (1) BEEBTFERE, 4

PERIPLASM|

7H,

Pyruvate

QmoABC: i AH AR H M AS 5 S bk Il ;s Ldhs: FLARJG 20N ;

CooHase: Iif5 45 & & fLE ; Hase(s): SME A ALREF; Tpl-c3: 1 RPUAAAIHE A ¢3; DrcABCD:
1 RN A 2R ¢35 DstMKJIOP: HI Ml S fb iR Il , i 5 R 4H MRS A L0 J5 g s [MK]: H 25

Figure 4

A model of electron flow in biological membranes. QmoABC: Quinoneinteracting

membrane-bound oxidoreductase; L.dhs: Lactate dehydrogenases; CooHase: CO-induced membrane-bound
hydrogenase; Hase(s): Periplasmic hydrogenases; Tpl-c3: Type-1 tetraheme cytochrome c3; DrcABCD:
Type-1 cytochrome c3; DsrMKJOP: Menaquinone oxidoreductase, formerly molybdopterin oxidoreductase;

[MK]: Menaquinone pool.
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N T 5 A M AP RE S A AT, 4 i DA A
SN R B (2) A0 FL A9 OR SLHE R
TEAN M RIS o 2 [ 2 AR, AL T3 A%
(3) HLTZF AR A a1 (B AN 2 5 R ) 7 4
NSRRI T DFRAs RN, R
A0 S ATl AT LA T I b B 2R W I 2R A T
HEL AR B8, TR T O A e 2 e 1 2 R
PLAGE—&, JKFRZS5 S, N, H &Yk
¥R LR LTIk, WRAE R AR H X 5K
FEEL R micH WIERA — IR ILAR, D
REBSTE P40 % BUIF s TOlk3REgh MIC |y™
HIFIL

3 i L B A Ak R A

KEZHWF 5 HEAE SRB A2 K iR 2 408
FERIRIE S 2555 °C, fHERSE B, 7E 65 °CLLL
(AL 80—90 °C)AY I H R /K e ml LA
453 SRB 1y —LL )& . =i B X LeflAE YA R
GHERYERRNITR(CTR . INER . T 8RS FLIRIE N
LR, R AR I I A R AR R . 2R
H K E M R B T RIS, SRB I R & ifii FF
WG A A AR . H R B R R LR AE
FFHAL SRB N W JE (Clostridium)Fl -
AR I W J& (Deltaproteobacteria) , H: AL 45 i
it 1 # (Desulfomicrobium) . i i BR 2%
(Desulfobulbus) i Jii i 7]
(Desulfotomaculum), X% J& 76 AR 0 H 7% &
e, AR ST 8 (Desulfomicrobium) . it
A O I B (Dechloromonas) . i ¥ )&
(Thiobacillus) i 7 AR 71 J& (Desulfotomaculum)
FE o T TR R R B 2P0 X — S B TR
Xof VT HH 77 A A A SR R T A RV 5 i
MR I, DRLHGAS B R [ A  Z BE 3R EA T AL B
UEAER, [ AN R il R K A A
SRB WA T T W5 . Zhou SO0 36 M AL

e i TR EE T T A 7 e A DA e DR 4 N T P AR
YIBETE AT T RAE, RIAEEAKFE L, BAFE
A 1) B DR ZH R PR 7 0 A0 38 i 51 3 3 R AN B
i J& (Acinetobacter) . 11,74 K 1# J& (Bosea) . 4
2 I BB TR B (Sphingomonas) F17= H e A1 IR T
J& (Methanocalculus) VA . H ¢ #FF &
(Methanothermobacter) . W B 22 Ik
(Methanosaeta) . {2 5. ML J& (Pseudomonas) .
K B J& (Thermococcus) F 7= W g 1 R & J&
(Methanocalculus) o 3X W 5E A X 52 i Ji& 1l
WEAE TR AR 2028, HARME 7ol B 21
A S 2 %) vy 30 i DU B R W 5 R S PR BT T Tl
HEYIRETR RS, R R T IR UEY)
HW o X —ITIEX T TEAEZ R B SR B Bl &
HARERE L, #—0HrKAE b iy vl o
(AR PR /B R ER IR I | B S84k a8 1 A ) i
I FR 8 1 A= ) B 3% T R ol S A7 A ) R ) B
RN, FTLAGE Il . A A v A e Al AR BR o
PZAFFEAE B[R] — 8 P AS ] DI SRB 435 4
ATSAATE], R T R 2 S HAA T IS O
PR H BT RE ) 10 G R o

] PN A0 00 6 s ik e FH A R TR A —
SERZR ., Yang S50t 3 ] vl vl i e 1R 1R
IR KPS SRB #E4T0E5E, Zr et —#k S
Soehngenia saccharolytica BOR-YT AH{LLE# =5
BB R R R o R Ak Wi, LR Y
Desulfovibrio vulgaris Hildenborough H. A5 1% 5
AHARLEE 9 BQUL; &b T [m]— T Sl i) A1 A P 22 S
Ao, WIL HikS BQL AL AEER ]
B AL, DRSS 2 it R D) Y AT RO TR
FIA ArANE . % 8 | IR A AR AR
BQl WA, 1 WIT 1A R B0
SN (R B ) YRR TSE L TR R O 5 P R At R
B . Sokolova %! AR 5% 5 1740 Ay v T ith FH o
AR A IR s AR 32 i KGR T Y K
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b g BT A B ) (Euryarchaeota) #1 H Jgé
KA J& (Methanothercoccus) i F i, XL
YA AT RE S it AU IR R B/ AN B AR B R 5 T AE
B OB IR R RN R 0% b 2 K R R I E T
B % (Desulfoglaeba) . # Wi i #F W J&
(Thermodesulfobacterium) . Wi i W K & &
MOm e R A )
(Thermodesulforhabdus) 1 it i I H J&
(Desulfovibrio), X1 BHRL IR £ A& N {615 SRB
() LG s T ELSZ B EE S, 7R KO
U b R] AW SE 3 il B A Ak A TR T VR A T
J& (Marinobacter) . W¥T [ J& (Pelobacter) FIFg £h
A & (Halomonas) . 13X U BHEE 7K 0 1R A BR 6
SR RN AT K 23 0 B R s mT AR I8 52
Wi 1) MIC BRET% 2 A o

Zi bR, W EIRAE R A B kL
AR, HAUHER R S5 TR Z RA U B X
A, TS E T f# SRB i 32 & i A A L]
T v Uk 2 11 T 45 M A e e A 3 I v T B
By el o W I B 3SR . UM A
SEMZE, BRI, IR R A A
W, $EmiZEoKEe Sy, W ERLd), B
AR, DA 24 2 R 4 v 400 B 2 1 5
MR E Y R E A, AN E R
B S PSRN HIREN; D0 o s Yack b )
JEE . THR AR SRR sh v Fns aE v, Rk,
o A P T A A, e S A HE
HNUT, g R TR A AR Y SRR BRI IR, T
H. H oA Ay Tk 5 A5 i 0 Tk Bk 235 ) 1) s 7K g A
SEMTERIR AR HEIMEG, SiRT,
DNA Y #BHZE AL, Q3G sz fm 5] g il 1 1 o) R
. GC B FEXT CEIR)FIZE 5 4 8 32 = I 1k il
JE#E R T DNA gty ™, fEHE
A3 B I ER R MIC 288, 75 ZE0F oY FLaA AR
EALTI A AR 42, DA Xy i g )=

(Desulfotomaculum) .

A AR, BB 75 e i il 76 e /N E ]
PRIA BRE A H B

4 BkrTEkEE

H A 5 255 W T A RHERE . A
A B 259 K s A= R IRl 55 4 3 A TGRS ikt
PEAT W AR B H R FAY B RY,
BT —ANE A SRB A KA A IR, X i 58
425K SRB 4 TR AR £5 R e, PRI Jon 2 i i 22
RN A W e A K AN X 2 it AR, LUK
FIR I 8B B OR
4.1 ERET

A o 7 A S T R0 R A 2 A 5 A =
AT LAXT SRB A K EF7 3], Prajapat 21V
KT, EEiifgzETd, KEREERERt
O = S R S s A 1A (L O S T
BAC (0.27 mg/L)5fifif2#k(0.08 mgL)iA& R
SRB WA K, (HIX—J7 ¥4 R85 1 16 3 v AN Al
o AR X B ] v v el FH g i A A
AT RS, A5 WA AR R AR R A
200 mg/L R4 F1 60 mg/L JHB, #H ikt
ik E] SRB HEUE T 10°4/mL, #ifedrsiat
F 1 mg/L, BIFY&EMEZE 30 mg/L LIF,
I B K T HE R AR e S R AT DLk
N0l B, R T RE 2 S 80k
B AOBIR, 3 B SRB 7EA K Ak o 77 Az 1
it e 2 R — Y AR Z T
42 BRHELEKRY

SRB i i 5B AR AR 7 AR A AR, Xt
G JEMOBLEEA Tl AR AR IR AT L b
BR-tiAb S P, A A SRR ER o HIRER
5 SRB RN A, B e RAERAL Y R 5
A Mo(V), T8RP 2SR G 4H - ik &9,
SRIGALEY7E SRB &5t 23 (0] BRI B A el 25
pn AN B EARIL A o X — I FEAN 2= A Bk
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A, WAL E SRR TSR BT
ek, B TR EROR . Biswas S
De Jesus 2526 o 3iF B T 4H BR £h 78 41
SRB A mifb AR ER, AT H SEE e
B 12.8 mg/L FHIRER S PHIRR L/ R EL A BE IR L
9 °0.004 B, JELIAE SRB {1 168 ho KT,
FHIRER I A HRe7E I N SRB A=t fk
AMENE, AR R R K IME Y SRB
YT -
43 HMTHE

A il 25 o A YA ) S 4 A Al SRB
HAE R o A ST R AR R ER I NRB AE K
SEELXT SRB AR 1OY, oA i o 3 o i SR
WIS IR G ARG, M AR 5
4 DPRB SZ 30X SRB (144 ) 5 4 ) 0, w85 41
FRER B I ART LAf# SRB I K A K 12 M5 5
B, AH SR H K AR GR B 8] AR HEAT TR 480
A RT3 7 e AT R0 2 A T R B b 2 AR
(chemical oxygen demand, COD), KL K2~
AR R I B ZH T A XD Y dsrd vk SC
EHAT TAFSE, KBEP S 13 4~ OTU, £
BN AR IR I & (Desulfovibrio) . AR It 14 &
1T 7/ 7 N S I =+
(Desulfotomaculum), i w20 & (Desulfacinum)
FE B 4 15 J8 (Desulfoglacba)™" , K i AE ¥ 55 4
BRI RS NRB #A 8080E, ik E
10°4~/mL LA b, T8k 40 i (iron bacteria, IB)Al
J&5 4= i (saprophytic bacteria, TGB)F:AEEH 7E
10°-10*4~/mL, FZHEHE PR SRBALT 10°4~/mL,
ALY & AR T 3 mg/L, 52075 K Ab P bR ER
HX — 7 P Al AR B & i, AR
b v B A 2 R, RS A I R
4.4 HHARANEF

T b iR 7 S A W JE e SR EL A TR PR
XF SRB il thn HA B PE 4 kN2 e 2551

(Desulfosalsimonas)

ZIM B G . A 2 E 4 h T HipT MIC
BIHT T, BRI R R 3 T Y o i
JUAE ST K AR R 2% TR TR B 27 1 A L
WIRE T 12, X B e A S IR K i
B4 ERRIFE T LIS, A SCRUE T A4
Py 2T I 1k AR Ry R T AR N KR AT LA GA
2 ISP RO DY, i D AE 2020 A1
— e AR T TR S T AR A K A R O Vil AR
Y SRB HAAPLEMRE, X F2EH TRk
L0 DAE AN, el 24 i R 45 ) B i
o8 200 7= A 3 P T AR T S B AT R T
SRS, 9K PR AT LA A X A8 I A
BHO WM o Fan SEUH 94 K 80 X6 84 b4 2004
el , i HAE 550 °C 4R FE 10 min J5 @R HY R
s BRI, O EA B RbUETERE. BT
AR B AR GOKTEDT A 7 TR LI, . B
th 8 K OB AN W 1 [ 95 5% A 5t v AR 4
IR EFEMBE M EOR a2, SEEN
FAS P R A LT o 3K — 5 AT DR A | 5%
5t SRB B A, it fa T W R BT A R s ok i =
#. SRB fEN—F AR, Rilgike
e, SIS Z R A T o E A R
B IR R R B N R R, R,
FELRA AL B 003k 11 g FH - i B

5 %

1E MIC ByBiia i SRB WZE K+
. BT SRB ARk A% Bl ER BT 03 K A 3 1Y
PEARAL , X — i RS — b S e i i ke
H 145 18 B 6T (0 BF 5 v 3l FE R HH K Ak B 35 T
LA B HERC/ bR o, AHH A A 3 1A
Tk vt A RO I R BEAR, I HoR ARSI
XF SRB KA R il o 38 3 X A YIS B
VERLEI R R G 0T LA, w5 iR R 5 R AL 5 )
AR RO A AR AT GE 2 T A W N R
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Py A TV O SRBARHE Bt T4 SO0 A L &
BaikE . AFREFIRENFIRE, XA
R By <A PRI AT AAE — RE R JEE B RS A 0 2
Yoty HAT DUt NIl A ROaR A= Ui |
o P 2% TR ) Ak B MILC il g s i ity P A5 T g b v
P ) S

B ST T LA T LU JLAS 5 1
(1) HERGFH AR A AR5, 7] % &
RAELLT ARG . PEER A ] A Ot Y 14 2213
PR S AR AT S0 5 (2) BRTE R il ik = PR B
Fr b 1) 240 L S0 S 0T R 4R L A SRR BB S HE
I ] A D X A ) 3% e R BURR A o L A
A FIAS R A5 R OE AR IR 25 575 (3) o8
SR PR W) IR A ) I ol 1) 3% TR R0 A RO JEE
ASCIF WA Wy B il AT B v LA B 9, T
I, BRI — N R A (4) HRSEA
PR TE 2 8 R IR M 3 A 25 S A R R
TET ) 286 B 2o o e A RN, T A4 DAy B 1 g e
KAEME . BZ, TR HEG RS
ZHFHARNIEE, WAV ARAEYC
IR DR 8] 42 25 = T AIE S 8 P LB, LS RS
e it 710 FET B A S e K A A R 4
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