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1. ZERREL D R BORS RML R R B A

Table 1. Reactions involved in acetate and hydrogen metabolism "
Process Reaction A G (KJ/mol)
(1) Aceticlastic methanogenesis * CH,C00~ + H,0 — " CH, + HCO, ~ -31.0
(2) Syntrophic acetate oxidation " CH,CO00~ + 4H,0 — H" CO, ™ + 4H, + HCO; ™ + H* +104.6
(3) Hydrogenotrophic methanogenesis 4H, + HCO; - + H"*— CH, + 3H,0 -135.6

(4)2 +3

(5) Homoacetogenesis

" CH,C00~ + H,0 - H" CO, ™ + CH, -31.0
4H, + HCO,~ + H*— CH,C00~ + 4H,0

-104.6

* labeled carbon

Ay e RS A A R A 7 T A 2 ) 2 e R A

5 LR Bk AR R T R AR R A DR AR AR A8 A IR
A2 R A5 Y o R B A A
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RURN W8 77 AL 7 W be oy i) 5 (did) B8 B e 7
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CVRE TR WGe 1 B Methanosaeta 575 75 84 5= H
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1.1 EEEH

A SIS FE R ) oK H R A S IR B IE S b
KA S WO T AR Y15 (159C)  M82 (35°C) Al SK
(55°C) P2 " K F] Hungate R %8 1F B R I 1
IRA TN B D0 S E s 4, i Ac
(+) 40 2 hn NaAc (820.3 mg/L) , AC + NH,CI 41 i
NH,C1(3g/L) A1 NaAC (820.3mg/L) , AC + CH,F 41
iin A CH,F (1.5%) HI NaAC (820.3mg/L) , Ac
(=) @A NaAc R0 5o 3 Fh& 4 20% (V/
V), &4 3 AFEE, ] HCL (1 mol/L) 8 NaOH (1
mol/L) i pH Jy 7.0 — 7.5, 4% 5| F 15°C .35°C #I
55C 4 M B R 77 .
1.2 {kZENHAZE

K F A (4,3 GC2010 (Shimadzu H 4%) P &
ARG R

KA 43 7890A (Agilent, 22 [H) W 5 £
RS
L3 MEMIPFRFESERN
1.3.1 EFH DNA WEREBRERGLEKRZEMESR
SCik (341
1.3.2 PCR ¥ #8E & EKIRIES L 3emk B3]
1.3.3 BRI RF=ahi: S o W o ik
(Beckman . 2 [¥) ] & PCR /=4 & . Hrp 15°C AN
35°C i B PCR ;= #1# ] Taq 1(TaKaRa, H 4) 65°C
W47 3.5 h;55°C 15 &% PCR =¥ {¥i ] Alul (TaKaRa,
HA)37C /D) 3.5 ho HAREAEZ WSk 33 -
3471,
1.3.4 TRFLP ST HKRES LTk B3-34].
1.3.5 16S rRNA EF X EMEE.MF: K
T 5B 5 kR BLAR, PCR AR R g 4 f
Fe Al Lk T-RELP 73 #fr — . DI 44k [Al e PCR 7™
Wy, 3 3% 5 8 JFOkE pMD ™ 19-T (TaKaRa. H 4%) , R )5
TN K M B K32 & 40 il DH-S o (Tiangen. H [#) o
et (0 5 5 B JF iR A LB AR 8 9ROk 1, 37°C i

ARG 77 J5 $EBOTORL DNA J5 3l /v (ABIL 6 [H) o ff
greengene N P& E F A “ Chimera check with
Bellerophon ” BE 47 ik & A4 % %, 3 il Mothur ¥ 4]
IE 97% LA i)y Ay — A oy K AE T
(OTU) HEATH Y, A7 7 1) L Al 3 RDP S04
KM Classifier F 7 52 o B 3 b 7 91 1) 3 26 3
£z, WEEAS OTU ik i — MUK 7 41, 7 RDP #4h
i 4§ ] seqmateh B2 25 4 L B AL AR DT o AR
P Good” s formula v 57 K4 & v B SC I 2 FF 1 (1) 78 55
BB 4T 16S rRNA JE K H14E GenBank H 1) %
FAHY Sy KJ735836-KJ735838KJ735842KJ735843
KJ735847KJ735848 . KJ744107K]J744147 Al
KJ744170-XK]J744200.
1.4 it

AN TR0 55 700K 21 Wk At 7™ Y o vl 5% W0 ) Y e
R i R e KPR e B A K 3R T R B 36 7 22 20 A
(SPSS 16. 0. [H) .
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2.1 AEIEEZGET R ME 53 Z 8 B R =B b
HBEEN

WIN LR AL ACKE F7 B &R Y15 M82 A SK 45 ]
DATE R B PRl B 4 A R = AR i e o (HUIE 2R B il 1
el R AR —HE. 78 1ISCE&MH TR A YIS A &
PR 1 A KR A 2y 04 150d (B 1-A) , #E 35°C & F F
& MB2 [EfR LT 1 FI 129k 30d (] 1-B) , £ 55C
ZAF R A& SK B R SR 1Y 2 2 40d (] 1-C) .
RN 7 NH,CL R CHLF 5, AN [f) 5 B2 4 4F F 2
P2 7 FE I 1D A e 390 388 o e 7 A % R B (8T S
#2) o HA ISCHEAM T AU mamE s ACC+)
YL R A K R 2 0.067 £0.013 d7', 2w
T AC + CH,F 41f# 0.036 +0.003 d ' (p < 0.05),
57 AC + NH,Cl 414 0.056 =0.014 d™' (p >
0.05) « %4 AC + NH, Cl 41 1 5 K bl A= K e o sy
F AC+CH,F 4 (p > 0.05) o 35C 4&1F R, AT
FEIF ) AC C+) 45 Kb A Kl R 02 0.376 +
0.011 d™' AC + NH,Cl 41 0.269 +0.014 d ' (p <
0.01) Ml % % = T AC + CH,F 41 0. 113 £0.035 d
(p < 0.01). %4 AC + NH,Cl 40 (1) 55 K bb 2k K ok
P T AC + CH,F 41 (p <0.01) o 55C 41K,
ARG A g AC C+) 2 B ok b AR Ko R
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0.244 £0.014 d7', B % & T AC + NH,Cl 410
0.226 +0.041 d™' (p < 0.05) Fl AC + CH,F 41 (¥
0.121 +0.012 d ' (p < 0.01) . P4k AC + NH,CI

A KW AEKHEEZE ST AC + CHF 4 (p <
0.05) .

R2. AREBEFGT CHRIERERER R ERFE

Table 2. The growth characteristics of methanogenicacetate-degradingcultures at different temperatures

Maximum specific growth rate

T/C Experimental group Incubation time/d (@ c(Acetate) / (mg/L)
AC(-) 300 - ND

s AC(+) 165 0.067 £0.013 20.3 £4.3
AC +NH,Cl] 300 0.056 +0.014 ND
AC + CH,F 315 0.036 =0.003 ND
AC(-) 48 - ND

3 AC(+) 30 0.376 £0.011 ND
AC +NH,Cl 36 0.269 +0.014 67.7+15.3
AC + CH,F 48 0.113 £0. 035 165.6 +£30.5
AC(-) 48 - ND

ss AC(+) 41 0.244 £0.014 39.5+15.6
AC +NH,CI 38 0.226 +£0. 041 287.9 £13.8
AC + CHyF 48 0.121 £0.012 115.4 £42.4

ND: Acetate concentration below the instrument detection limit( <10 mg/L). AC ( =) : the cultures without aceate addition, AC ( +) : the cultures

amended with aceate, AC + NH,Cl: the cultures amended with acetate and NH,Cl, AC + CH;F: the cultures amended with acetate and CH;F.

2.2 BEEMERSW

2.2.1 RBEEHTZEHRMEBEFREE AN SR
L5 T-RFLP 230 M R I 15°C 541 R 5 i AN [] 410
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15.7 £20. 1% , 76 AC(+) HAhF N 4.3 +4.3%,
7EAC (=) 41/ AC + NH,Cl 4l F 5 1.2 +
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W SCEE Syt (2 3) 5 ) B T-RF 284 bp FRE I i b 5
Methanosaeta concilii GP6" [{J #ILL P J& 100% (3 3) .
M. conciliiGP6" WL it FI| FI £ B A g Mt — B 5 O 7= A2
F e, R R ZE K Y0 Bl AE 10 = 45°C 2 0], i 4F K
WL 35 —40°C Y . T-RF 186 bp /A £ 1 B
k% 5 Methanosarcina mazei S — 6" [f] AH 0L P £ i o 2
100% “' 7, 5 45 3E 9 A AW % b gy B
Methanosarcina soligelidi SMA-21 " i AR R =1
99% "V . M. mazei AN R B RE (K9 25 AR AL g T 25
B B AR S-6" T LLFI T £ R R Ak A
Y AAARFIH H, /CO, ZEK 77 CH,, 5 3% 2B K i Bl 1

30 —40°C , Jm A% /F KA 3 1T g /N T 20°C M i
PELYC BT nr DA R RS W R K e v LA H
H,/CO,, {0 & R A & % 4 K= 5 41 wm
soligelidi SMA21" W] LLF| ] £ 1 « Il F1 H, /CO, 2%
3 ol AN T) 288 7R 0 e 5 7 R s S L AR K T
7 (0 -54C) ¥,

2.2.2 HREHTCEREMBTRRE RN G E
Y& 45 T-RFLP 43 B R I 35°C 4440 5 8 I AS [) 41
5 2z 1) I B VR 2 E2 i T-RFs 186 bp.
228 bpf 495 bp ALk (K 2-B) o T-RF 495 bp 7£ it
A4k BRZE A IR A R a1, P e AC () 4
o E R Ri8 95.1 £2.3% , 4E AC( =) Fll AC + NH,CI
HrhF K 77 =79% , 76 AC + CH,F 41 vf = Ji¥ i
GBIk F T 44.4 £11.7% . T-RF 228 bp#E AC +
CH,F Ay A BB FE N 42.0 £6. 1% , 75 3
fib 3 A VS 2 2% - 8% . T-RF 186 bp#E
ACC+) AP FREEACH 2.6 1% , /30 Ah 3 41h
MR 1% -14% o 454 v b SCHE (£ 3) 40 #
KL, TRF 495 bp R £ 1 W [E 5 Methanosaeta
8AC" Ml ML Mk B om N 96%,
M. harundinacea 8Ac" & — Fl A IR (1 2 18 & 72 1 p=
e B R SRR AE D YR AT AR K CH» AN g
R H,/CO,  H R I A 20 I 55 A b B 5 AT 2

harundinacea
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o / 700 2 Ta) 7 ol T R VR 2 ROAH L, R i T-RFs
g 5 68 bp 1169 bp 4l i (P& 2-C) , H & A X = & 22 ) 4%
5? Ko Hp T-RF 68 bp ¢ AC + NH,Cl fI CH,F 44+
FRE A 48.5-84.3% W] mT AC(+) 4M)8.8
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— (A) 1201
350
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120 ;E g0k
] 2
1001 z 60
1 A
F.
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3] W ey |\ B
AC(-) AC(H+) AC+NH,c1  ACHCHF
- _ B 120~ Different treament
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Figure 1. Time course of methane production form cultures incubated % N
20t \
at different tempertures. A: 15°C; B: 35C; C: 55°C. . N / : (1:)6[ .
0 | |\ P T 68
K, RS A K B 7E 34 -37°C Y . T-RF 186 bp ACC)  AC(H) ACHNHCI AC+CH3F

R 2 18 50 % 5 Methanoculleus receptaculi ZC2" [f) #H
BAE A5 99% » M. receptaculi ZC2" 4y 85 [ JHEF) 3l H
B AR KL B AE 50 = 55°C, {H S TT #E 30°C B R 4k
K, HURERIH H,/CO, 777k CH, ™ o A#F50 T-RF

228 bp FrACHR 7k e A e AT A 215 (5 AR 4 B

Different treament

B 2. K& (A) iR (B)FAFE(C) &G T 2R~
HRE A8 EE TRFLP &

Figure 2. The archaeal T-RFLP profile of methanogenic acetate—
degrading cultures incubated at 15°C (A) , 35°C (B) and 55°C (C) .
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82.8 £9.0% , 1M #£ AC + CH,F 41 f1 AC + NH,CI 41
FEESNHNAE35.8+27.8% F16.1£8.6% . 4i&
16S rRNA JEN 5 5 3C 5 9 #r (% 3) 5 KL T-RF 68
bp fRF 1w & 5 Methanothermobacter crinale Tm2" 1
AL 52 e by 99% » W Bk Tm2" 43 B [ Ji R 1 LR
A H,/CO, A A JF 7= A2 W e, di ol 2 QO B R

65°C * . T-RF 169 bp ft % [ 3% F& 5 Methanosaeta
thermophila W) A L. BE % /5 4 98% - M.
I3 A PR N A, AR SR F B T A g
FIF H, /CO, I 3 28 i A6 K, B3 AR KO E b
55 -60°C ",

thermophila

% 3. & 16S rRNA T X E
Table 3. The archaeal 16S rRNA gene libraries

Phylogenetic In silicoT-RF (No. of clone) * Type clone The most similar
group 15-AC 15F 35-NH 35-AC 55F (GenBank) species (similarity)
283 (1)
284 (10) 284(2) A1564 (KJ735837)  Methanosaeta concilii; NR102903 (100% )
Methanosaetaceae 285 (1)

495 (11) 495 (12)

169 (5)
Methanosarcinaceae 186 (4) 186 (14)

67 (1)
Methanobacteriaceae 68 (1)

473 (1)
Thermofilaceae 31 (1)

186(1) 186(2)

Methanomicrobiaceae

A56 -8 (KJ735843)
A48 -7 (KJ735842)

Methanosaeta harundinacea; NR102896 (96% )
Methanosaeta thermophila; NR_074214 (98% )

A156 -11

Methanosarcinamazei; CP004144 (100% )
(KJ735836)
A48 - 18 Methanothermobacter  crinale; HQ283273
(KJ735838) (99% )
A48 - 17 Methanocaldococcus vulcanius; NR _ 074195
(KJ735848) (76% )
A48 - 11

Thermofilum pendens; NR074406 (83% )
(KJ735847)

Ad44 -7 (KJ744109) Methanoculleus receptaculi; DQ787475 (99% )

Remark : The clones (total 79 sequences) were assigned and grouped on the sequence similarity of 97% ,

each column represents different type clone

OTU. Number in the parentheses indicates numbers of clones. 15-AC: clones retrieved from acetate culture incubated at 15°C ;15 clones retrieved from

acetate culture incubated at 15°C with CH;F;35-NH: clones retrieved from acetate culture incubated at 35°C with NH, C1;35-AC: clones retrieved from

acetate culture incubated at 35%C ;55 : clones retrieved from acetate culture incubated at 15°C with CH;F.

3 g

A7 9 B 7 R FRAEAE 5 R RS BRI 7S A
PRI & A o 0 b B R 7 A AR i1 R i
Wz —" o fhR %R H,/CO, H, R 2R
) 75 A5 7 i g (A G B i B T & 1T B AIG, 3 7E
T ERAFRIM . 5 R, A AR 2R
(KA G BT i S R o YA, 7
SEFE R, BR CO, 3B J5 7 CH, I 2R 24 7= Jpe ik
FEH TG FE (AG < 0), T L [ & 84T, H 2 Al
H H, iEJ5 CO, 7= CH, RN AG B BT R
W, i 2B Z4M 7 CH, Raksr F RS . Juah,
LMREAL = Hy A1 CO, fERRHERI I AG >0, MH
SEIXAN V(K 9 e R B R B TR BT . A
20 2 Wi AN i R SR v B SR RS T 3 AN AR i

HE 461 (15°C V35°C . 55°C) 1) A7 i & B4 MRt 7= F Joc 1
2 Y15.M82 il SKo & T B 5041 i A ™ e 1)
AR A8 S e ol T TR A A AT L A
LR IF BEAT AL ARKE %, 45 & T-RFLP Hl oy [ £ R 1K
Lo 2 1 AR ) R A RS TR R AR O b
B AR ILIX 3 AN R AT LLRI ] C R A
K I 7= A W » 3k — 25 43 B R I B AR & TR 1) ol T
B, SPRE IR Wbl R Methanosaeta (Y 46 %}
PEF, 3K 3 WY AE A7 il ke B it 7 P e 1R &R s AT B AR A
TR R WA i1, HHS 5 CRAEMIN
7RG W 8 T Methanosaeta J& R (1) 3 N AN [\ A,
Horp 15°C 4 N R SR I & 1 M. concilii,
35C 45 4F F F 2 wg gyl 1 M. harundinacea, T 16
55°C %A~ E B IEINK) M. thermophila, X3 W]
MPe P TR E 2RI CRE F7 84 e T o

K HIIE BP0 ) CHLF ORI NH, C ok y 57 14 4
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Effects of selective methanogenic inhibitors on
methanogenesis and methanogenic communities in acetate
degrading cultures

Tingting Ma, Lei Cheng, Laiyan Liu, Lirong Dai, Zheng Zhou, Hui Zhang
Key Laboratory of Development and Application of Rural Renewable Energy, Ministry of Agriculture; Biogas Institute of

Ministry of Agriculture, Chengdu 610041, Sichuan Province, China

Abstract: [Objective] We evaluated the role of syntrophic acetate oxidation coupled with hydrogenotrophic methanogens
in three different methanogenic consortia. [Methods] Three methanogenic hexadecane degrading consortia named Y15,
M82 and SK were taken from the same oily sludge of Shengli oilfield and enriched. They were incubated at 15, 35 and
55°C, respectively. The consortia amended with acetate and inhibitors of NH,Cl or CH,F were further transferred and
incubated at corresponding temperatures. The cultures atlate logarithmic phase were collected for terminal restriction
fragment length polymorphism (T-RFLP) combined with cloning and phylogenetic analysis of 16S rRNA gene fragments.
[Results] Gas chromatograph analysis showed that all of the consortia could grow and produce methane, but the lag phase
was delayed and the growth rate was retarded in the cultures amended with inhibitor. Combination analysis of T-RFLP and
clone library revealed the predominance of obligate aceticlastic Methanosaeta in the acetate cultures of Y15, M82 and SK.
Under the mesophilic and thermophilic conditions, after add inginhibitor the relative abundance of aceticlastic methanogen
decreased but hydrogenotrophic methanogen increased. [Conclusion] Syntrophic acetate oxidation during methanogenic
degradation of petroleum hydrocarbons occurs under mesophilic and thermophilic conditions, although the situation at low
temperature seems uncertain.

Keywords: anaerobic degradation of petroleum hydrocarbons, syntrophic acetate oxidation, methanogenesis, archaeal

community structure, NH,Cl and CH,F

(AR DE % 8 77)

Supported by the National Natural Science Foundation of China (41173088, 31370060) and by the National Programs for High Technology Research
and Development of China (2013AA064401)

" Corresponding author. Tel: +86-28-85258573; Fax: +8628-85215106; E-mail: zhanghuits@ aliyun. com

Received: 20 October 2014/ Revised: 25 December 2014





