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Abstract: China has considerable demands for crude oil and natural gas. After oil recovery by
conventional methods (such as water flooding, gas flooding, chemical flooding, and microbial
enhanced oil recovery), more than 50% of the crude oil remains inaccessible in subsurface oil
reservoirs, unable to be recovered by conventional flooding techniques. The residual crude oil
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could be converted into natural gas by anaerobic microorganisms, which makes it exploitable as
biogas. This innovative approach shows promise as a microbial enhanced energy recovery
technology for exploiting residual crude oil in depleted oil reservoirs. This review summaries the
historical development and recent advancements in the methanogenic degradation of crude oil and
makes an outlook on the future research directions to facilitate the industrial application of this

approach.
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A3 A0 R AR S B () A Ak A B TR AL
TR, 2023 483 2 5 b sk 16.5%
F110.1%, XFAMEAEBE 5350 R 73.0% F1 40.5%
(FH = 2.09 12 t, FEOHEE 5.64 12 t; RIRS™
#2343 f¢ m®, & 159212 mH)M, itk
10 4F, R E AR S N 524 {2 t 35 &=
8.23 12, t, HIHIEIIL 57.1%, fifRaEkZ i (R
HIE 45, KIRRIHEM 171912 m’ 1
JNZ 4048 12 m®, Mo @ik 135.5%, a4k
gty AR ZE 2020 4, 3R E E A A SR b
it 2y 416 14 t, SLTFAlRAHEL 9814 t, L&
TFIF R AL 25 09 5 i 2 A 300 12 21, H A,
WERP, KPE. B, MR, vk, @&
FEA T T AF 7 A3 R VR R 25 6 Bk Sl ot
60%, For BEF] R DI 2R A S K R A
90%1, LAl PHIL i R R R T 70%,
HRBE . MR et AR R B R AT 80%).
B A% ST A3 A A b ST A5 P 2 2 R, SE
1% 50 J5 I R 2 VI Bh A SR A, XE LA SO
SRR AT PR, ] R K PR S
FAR S AL T I, RFEREIR 2, 2K
BT Tl ) R IR

TH PR B 5 TR A ) B ) — A EBR B
F7, HAARR R s . SR R R A KA
—RIIEE, BB T EE SRR RS,
AE 1926 4, Bl GO ARIE T s T A AR R
R EA O BEA 21 R )R, R B
Tl W RE S L AR = A F e, X R4 A

A ERAY T R P A AN ST
Blea Z 5 T — o 04 B TR S8 FHTIR
AR A AR, AR |
Pl “Wsh”™ PRI, ek B be(CH,)
LB (COy), HEAT “THAAL” FFRIF
ARSCHULESS T I A=) A T I 2

1 RER[IEHATT E

7 20 tEag 40 AEAR, B ZOWEE] TR
FR A SR FBE SR A A T A 1 R AR A ) I fi
AL FRTIS M i PR E R AR i, sk
P fifp o R T L IE 2 A T A IR R I SR iR A
TEAR KA, E #1999 4F, Zengler 21V i
JERS IR AIE SRR IR AE ), 1 IR LR IR
52T AE S bt I R A OB I AR 2 R
2004 4, Aitken FEPOVMHT T 77 A W gt
Fedh, H 40 DA RN R 5,6,7,8- DU A -2-
ZEH RS TE-2- 2R, X 2 Fi k&R
A5 B R IR A 0 RS = 4, R W B i g
AT DL R A AR IR AR W R A SV . 2008 41
Jones % U3 38 S 56 % 4B UL 5T Il AR A 7 F o S
5, 254 TR BT (1A ML ERfb 2% A E ) 4y
TSR, 2548 T T I
R fire 7 H BE S — A DL AR Ak R L IRl
Dolfing %P i #4 ) 245087, B AT AR A
77 PP e e A Aot A o R 7 PR e oy T A VR R L
IR, fE7E 5 ST Rery ™ ekt . B,
[ N 4 22 A A B S T AT JBCR SEAE i, H5 5%

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



2340

DING Hengwu et al. | Acta Microbiologica Sinica, 2025, 65(6)

PAF T 15-55 °CF 1A i B fige = FR e B 7200
I I8 e (G EL 7 1R (Smithella) & Yl 25
R AR BB B A PR, Gray 45 E
qPCR ™ e R 3D HE AT, AR i
o PC-IE 7S Se ke 15 37 A DNA B2 A7 3 4R
B8 SRR ESE Smithella 2 W S0 T R 1) e i
HREAnE o [N A2 A BA G I T8 54 i
FrEU R R R AR, DA Il e e 7 PP e 355 77
Y PEEARAS T Smithella FERA, AT
B AL IE IR A I g A BE P assA, HR I EERA R
T2 N BN S 201 1 e d 1) B A o1 AR A
W3R4T 1 Smithella 1) 7% Jk DA 2H 2H %€ K& A 4
(metagenome assembled genome, MAG), 4 i}
T IE 7S B A IE A TObE I R A 2o 7 1) O v
(] A3 7 ) —— PP R e BE R R L
DO BEHEBE TR . Bl it — b 17 FH 2% SE R 4
FR, S R PR rh R B T HAb ek
AR, QNS BB N (Atribacteria)™ . Candidatus
Melinoarchaeum (B & Candidatus, 754 Ca.)
BYFN Ca. Syntraliphaticia®, 2022 4E, Ff1BA
WANZ ARG BN, GRS — A T Ca.
Methanoliparum fig % i 37 B fift 1< 5% 1E 44 Le 12
(>Ci3). BEEEIR CUBERIBEIE A (>C o) = A R

2 FmAEHAAH RN RE

JEyh o B 2%, A ECT H 20T AR
Bk A P MR PR T R A (K -
84%-87%; A : 11%-16%; %: 0.1%-2.0%;
A 0.1%-2.0%; Fi: 0.06%-2.00%), £k
S Y 3 B SE (>95%) P FEATIER T, AR
FE By C—H 525 BE fe =1 (556 kJ/mol), H
WHEHE . Z5R 20 (460-475 kI/mol), Fifi )& &bt
J2(400-439 kl/mol), ¢ Jq &k BRI 75 181k
A H1(335-385 kI/mol)*0, FEA LM, Ttk
A Gl ARG F AR R A R RE N

>4 actamicro@im.ac.cn, 7 010-64807516

497 kJ/mol, ] LIYIWTER 2 BReA i 4 R 22 Bk 2k
&Yy C-H 8, ME sh A R R o
RO FEBUEAMTT, AT R AR,
A Vs 38 3k — R 0 R 1 A A B R AL o i
C-H H® & MRERE, A fe)a ah A ile ny
fige (1l 1)L,
2.1 REREBHEIER

H T B3I S5 174 R AR 3 i e L DG i A2
£ 75 4E 5 &R R A 3% 42 (fumarate addition
pathway) . ¥% %t 1k i& 1% (hydroxylation pathway).
FRIAL 1542 (carboxylation pathway) . /K& 1Lik1E
(hydration pathway) 1% 55 4 il M 146 Ji7 i 3% 72
(alkyl-coenzyme M reductase pathway).
2.1.1 EHEREMARE

TE %t 2% 3 3% B R & 1 (alkyl/benzyl-
succinate synthase, Ass/Bss) M H: ] V5 fiff ¢ i AL AR
HT, filkEdeks, ks, BRI RS
FEBA IR ER AT AN AL N, A R N Y B FE R
WEERYIEL, FPRES e AEHE. BOR . B AfL
IR A RN S Ass/Bss K] UR
Tit 2 i DAL ) A W) T2 o A TR R R R
WP IR . W5 T5 T8 R AR S
FR N A R TR E L R R R N
Duncan Z5£47V7E 5 [ Bl 37 497 23 3k FE e 003 2]
T SEEA R RN A ) ot BB AR (C1—Cy). Bian
ARSI o R T AR E LTS AR 3
Rl 2] T BEkR(Ci-Cs) . FHRFN 2-F BEZR A S A
RN BT W) M ass/bss FEH . 543 Ass/Bss &
[R5 e A ) B S A TR I T
(Pseudomonadota) 1 Wi i B2 +h F W [
(Desulfobacterota) (Kt O 4¢ 28 2 H R AE Y #E
SRR L, BRSSO NMDCX0001713). 7E7H
R, AR BRE (Archaeoglobus) 1 | i H
TR IR AT T (Desulfatibacillum)P> . Smithella®'>? &
F HZ g 2 i 47 DR AR I i g LR B . 3



THHE & | B, 2025, 65(6)

2341

Anaerobic hydrocarbon degradation

COO

Methanogenesis

( B

Q)O? (%6}

R
COO

COOr

R~ O @ A e 00C
Fumarate-adding \)5
A

Aceticlastic

.’ -
€00 methanogenesis
—D-—rAcetate =

v

<
€00 €00 )
fermentation methanogenesis

o OO | o,

Beta oxidation Hydrogenotrophid

s > %
OH
H,0 G
R~ N > i
Hydroxylation
> < > <
COJ/HCON
a OO >
Carboxylation
> < >
e i
CH=CH R - R~
X Hydration e
> ) s

7
\
OH e

CoM-S-S-CoB
AN o R

Alkyl-coenzyme M
reductase pathway

S-CoM

Methylotrophic

Methyl | Methanogenesis
i

N

Methoxydotrophic methanogenesis

Ar—0—CH,

N\

Alkylotrophic methanogenesis

R R.
A J

) B EY:: Py e e £

Figure 1

11, Liu DA 0 R KA o SR 15 77
PAG T Bk PEAM# (Caa Casn Casn Cos Fll Ca0) ™ HI
e s ARG TEY), R Ca. Syntraliphaticia J&
o ST, 2 BE DR A RN 5 e oy v
W] Ca. Syntraliphaticia ) MAGs £ % 52 3 1 ass
AW, H&FERZEK, HHEMEN C
Syntraliphaticia AJ LA FH SE 55 2 8 10 b 2 e fie
K5 BE 12 (8 5% 5 o NMDCX0001713), 14k,
Liu S HH 202 7 4k MHGC il L %
FKOKIRPE BRI aY . 58 =T At
MR A B 725 25 I AL 5o, kB JST 26
Atribacteria i) MAGs %A ass/bss FIRFEH .
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Table 1  Stoichiometry and Gibbs free energy for reactions involved in methanogenesis via petroleum
hydrocarbon degradation (modified from literature [76])
R E Bz FI g
Process Reaction AG® (kJ/mol)
Hydrocarbon (1) Toluene: C;Hg+7H,0—3.5CH;COO™+3.5H +4H, +113.6
degradation (2) Naphthalene: CyoHg+10H,0—5CH;COO +5H"+4H, +101.1
(3) Hexadecane: C;¢Hz,+16H,0—8CH;COO +8H +17H, +470.8
Methanogenesis (4) Hydrogenotrophic: 4H,+HCO; +H'—CH,+3H,0 -135.6
(5) Acetotrophic: CH;COO +H,0—HCO; +CH, -31.0
Overall (6) Toluene: C;Hg+7.5H,0—4.5CH,+2.5HCO; +2.5H" -130.5
(7) Naphthalene: C,oHg+10H,0—6CH,+4HCO; +4H" -189.5
(8) Hexadecane: C,¢Hs4+16H,0—12.25CH,+3.75HCO; +3.75H" -353.5
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Figure 3  Comparison of methane doubling time
between traditional fermentation pathway and novel
methanogenic pathway (data retrieved from the

statistical results of literature [36]).
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Table 2 Simulation experiments for methanogenic degradation of crude oil

Pt BIRRERBCTT LHTTHR

SRR PR 2500

(53 Nutrient activator formula Experimental scheme Total gas Methane References
Type yield yield
(period) (mL) (mL)
Cultivation 6 g/L NaNOs+2 g/L (NH4),HPO, (1) Formation water - - [100]
(90 d) +6 g/L molasses (2) Formation water+nutrient activator 186 11.60
Cultivation 0.3 g/L glucose+ (3) Formation water - - [101]
(304d) 0.3 g/L peptone+ (4) Formation water+nutrient activator 117 29.22
0.2 /L. yeast extract+ (5) Formation water+SL-1 - -
0.27 g/L K,HPO, +0.5 g/L NaCl . . .
(6) Formation water+nutrient activator+SL-1 277 140.79
Cultivation A: 0.3 g/L glucose+ (7) Formation water 65 0.08 [102]
(354d) 0.3 g/L peptone+ (8) Formation water+nutrient activator 185 48.73
0.2 g/L yeast extract+ (A+B)+K4
0.2(7) ig/L/ KZHPS_)S+0.5/ g/L Nc?fl (9) Formation water-+nutrient activator 150 0.42
B: 0.1 /L ureat0.5 g/L. Na (A+B)+methanogenesis inhibitor
(10) Formation water+nutrient activator 124 0.05
(A+B)+methanogenesis inhibitor+K4
Physical 0.3 g/L NH;Cl+ (11) Formation water+nutrient activator - - [103]
model 0.2 g/L K,HPO4+ (12) Formation water+nutrient activator+ 15.68* 1.51%

(90 d) 0.15 g/L cysteine crude oil

(13) Formation water+nutrient activator+ - -

Ca. Methanoliparum

(14) Formation water+nutrient activator+

70.05* 54.36%*

crude oil+Ca. Methanoliparum

Formation water: Water was collected from oil reservoirs, and contained crude oil and indigenous microorganisms; SL-1:

Geobacillus stearothermophilus SL-1; K4: Geobacillus sp. K4; —: Below detection limit; *: Data conversion according to molar

quantities.
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