‘ > 2 V2 Y
ﬁ& | ;4%“} £s @’I& J B M R R

\GRO-ENVIRONMENT SCIENCE
fRtk: http://www.aes.org.cn

PORBE N R RE R B it

e, MER, Eal, X, FREE, THIR, 20K

SIHASL:

e, HEE, B, X7 AER%E, TR, 20 GUORESE b4 25D L™ G, Lol AR =27, 2024,
43(5): 1163-1170.

TEZR I View online: https:/doi.org/10.11654/jaes.2023-0828

FETT BRI HAB S

Articles you may be interested in

UPLC-MS/MS B HzFRE s 2 K A4 4 181 95 5 A i
FHE, BUREGE, SNV, SN, TR, SR, 0
LAV IABTRL 2447 2020, 39(9): 2098-2104  https://doi.org/10.11654/jaes.2020-0082

SRR DR T R IR A 5 )

2P, Tk uoR, R, = e, FUEE, MOER

SN FREE R4, 2019, 38(8): 1777-1785  https://doi.org/10.11654/jaes.2019-0587
Bl AL BRREFT S5 8 2 IR A IR R R TR AT 5T

fh5E5, B, B, AP E, 2485, ZIUL

PN IR 2447 . 2018, 37(6): 1255-1261  hitps:/doi.org/10.11654/jaes.2017-1498

FEVRIRMG A A SR A T B K AR RS FT IR 48T R B M 5%
T, 20, JEOE, BUER, XSHEH, sk, K
el FREERLE 240 2017, 36(2): 394-400  https://doi.org/10.11654/jaes.2016-1387

pHIRE R B YR b A PR ST A HR K St T ™ R e T R )

ERE, BTCRL, HRF, B — UK
LV FRBE R3] 2018, 37(4): 813-819  hitps:/doi.org/10.11654/jaes.2017-1599

KEMAG AT, PAFHEZFENEE


http://www.aes.org.cn/nyhjkxxb/ch/index.aspx
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2023-0828
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2020-0082
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2019-0587
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2017-1498
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2016-1387
http://www.aes.org.cn/nyhjkxxb/ch/reader/view_abstract.aspx?doi=10.11654/jaes.2017-1599

2024,43(5):1163-1170 R W ®E M FE F R 20244F5 H

® Journal of Agro-Environment Science @&

48, T, BN, R GORBA LR AL FEDTR R T HBEL | AR RS RLA A4, 2024, 43(5) : 1163-1170.
LIY,YEQQ, QU Y S, et al. Enhanced methane production from anaerobic digestion of cattle manure by adding iron oxide nanoparticles

[J]. Journal of Agro—Environment Science, 2024, 43(5) : 1163-1170.

MAkBEUIRUFZER A LB Rk

?J:—%a pf%‘%" /??Eiid—l, ilj%‘%‘, /Et-‘l%, ﬂ:%ﬁ&, —7%&)%/‘(

(P AR R A 2 B ARl 0 T P AR RE TR W AR EOR BTS20 %, Jbat 100083)

OSSR RN R A 38 DR B R B R 0 R e BT AR 28 IR AR BE AR, A L AN K A K ) (Tvon oxide
nanoparticle , INP) Sy $LH 4 J& S N7, G180 INP 19 20 21 MRS T INP (8 56] BRI 2% v H 7= B e it B R R IR T 2 3R
FIREEF 2 2R 5 (7 AL, FF1E— 2 9T INP TSI G 2 ) B 8 R S SR TG M R S i o 45 S S/ INP IR I a7 4 2K i A R
Y7 R A NG T R A Rt it , AT 300 = B Bl R L Rk S N 2 F H RN 625 mg - L' INP B H B g =13k %) 173.4 mL-g ' -d™', FEXT A4
PETE T 38.3% ; R 52 1 B8 45% 1948 0 INP, 555 BERAAR EE H 7= H B iR 4R g 48 85 (P < 0.05) o 16S rRNA 43 Hr 6 B, INP ¥ in 7 48
T LIRFE AL Mesotoga FIRE Z ™ F 5t B Methanoculleus 3X— X YR BB o 22 3L Rl A0 AT 6 W, INP U8 0 i 3502 10 g 218 7= R
IRAR G S0 HBEad R AH DA T 1, JU IR 55 1 b B LG Sl — FF A MO il (EC 2.8.4.1) A6 7 (P<0.05) L 3X S 7= H e
RCRBAR T FE B R . Z5 b INP R IR At P A R 2R 25 R AR ™ TR e, AT B2 T 3 8 2505 Re IRAL R FH AR

SRR DGR IR 225 AR ER AR s #E R VERR IR 5 2 R 41 2
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Enhanced methane production from anaerobic digestion of cattle manure by adding iron oxide nanoparticles
LI Yu, YE Qingging, QU Yunshan, LIU Zimo, REN Yuying, YU Limin, LI Xin

(Key Laboratory for Clean Renewable Energy Utilization Technology, Ministry of Agriculture, College of Engineering, China Agricultural
University, Beijing 100083, China)

Abstract: To investigate the influence of metal additives on the anaerobic digestion of cattle manure and enhance fermentation efficiency,
this study chose iron oxide nanoparticles (INP) as a representative metal additive. We compared the changes in daily methane production,
total volatile acids, cellulose, and hemicellulose between reactors with INP added and control reactors that never received INP.
Additionally, the impact of INP addition on microbial communities and key enzyme activities was further explored through microbial
analysis. The results demonstrated that INP addition promoted cellulose hydrolysis and facilitated the degradation of volatile fatty acids,
thereby enhancing methane production. When 625 mg- L™ of INP was added daily to the continuous reactor, the daily methane production
reached 173.4 mL - g - d™, 38.3% higher than the control group. Even when the addition of INP ceased, methane production remained
significantly higher compared with the control group (P<0.05). 16S rRNA analysis revealed the enrichment of a pair of syntrophic microbial
guilds Mesotoga, which oxidizes acetic acid, and Methanoculleus, a hydrogenotrophic methanogen. Metagenomic analysis revealed that the
addition of INP significantly enhanced the activities of enzymes associated with both acetoclastic and hydrogenotrophic methanogenesis,
particularly increasing the activity of the key enzyme in methane synthesis, methyl-coenzyme M reductase (EC 2.8.4.1) (P<0.05). This was
identified as the primary reason for the increased methane production efficiency. Thus, the application of metal additives represented by
INP is beneficial for methane production in anaerobic fermentation of cattle manure, thereby improving the efficiency of livestock manure
energy utilization.

Keywords : anaerobic digestion; cow manure; iron oxide nanoparticle; volatile fatty acid; metagenomic analysis
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A IR R R SR T R a2, U
2R AR e E G TR (hitp < //www.stats.gov.cn/sj/
ndsj/) FIARO A S TR B IR 58 7 & 2E IR A2 R AL
(https : //www.gov.cn/zhengce/ zhengceku/2018-12/31/
content_5442613.htm) {554, 2018 4EF¢ B 45 r= 4= 26 44
12.812t0 A AZA I B HR 2 X 37 58 37 A 1L 7K
T RO R ™ E 5 e o RAEUR T 2o
A B A, HATE ) Z B TR 2840 3, %
T, 77 AUAA AT R A FE DR S T T M 1) 2 2 ) el 3
R A FE SR MER | HGE WK iR i 2
TR HET AR SUR A 2Ry ok i 5
PR B AR RE  AHE : (1) SRR BT R & IS
W e T T DA D AR ST 3R X6 K i T ) A A A
(2) FiAh FRRBEIR A BT 7 4 2R o HLAE W R ik 5 (3) 7
PRARUR B F A0 2 CAn i A= Ak ) 5 (4) SNBSS A
7R i A K Figp A e B B

1 B J7 b ANIRES IR T U RE A2
e ATy T BT AR, b B R HAR S W)
A g 22 Tl i (B gt — P ook g 2L 6 L U TE el —2AU1E
B It U ) 4 IR 2 5 W B i, A2 A TR T ek
A FEPRAA R B RER S IR 2 — o ILAh b RS Y
PR g AR A 72 Wood—Ljungdahl (WL) , If:
REAE N e 2 L - S2 ARG AR R B TR,

e AL & Wb, 98 K 8 A AL P (Tron oxide
nanoparticle , INP) K ELA7 5y Ho R AR B HERETE L5
5 T 3 18 FIAIR A W e M 32 BIWE 9 8 00 )2 TR,
Abdelsalam S 501120 mg - L7 INP, H 2R 26D I
Ber ATt 1.96 4%, Farghali % Ji R4 5255, UESK
TURININP AP 2R FE B = 4251 10.5%~56.9% . 3k
TR AT SCRR IR & B, INP fiE2E 4 28 DR AR TR AH o6
WFFE F A v T A S, 0 T B R A FE TR
TAESEPRIsA T DL A W B 2SI A .
Hb,HTABIFEN INPIRAL G E R AR X — O
BRZIRATH . I, A5 TF R LA 2N Y
LRI, IF AL T 16S rRNA 437 0% 5k DR 441 i) B
INP S0 24 2E R AR I 7™ MR A R 7 T R
AR R AR B 52 o BIFFEAS 3 LI O A 26T TR
INP R FHFIAR OGS SEA A S 4R 1 2%

1 #MEfAE*®

1.1 ##5xR8iEt
- 3% 2 B0 AE P A 58 4 AH [R] 114 3% S 4 1 S 7%
(Continuous stirred tank reactor, CSTR) 7 #£47, CSTR

P 1%) WHARTY

M TAEZ BN 2.4 Lo H R-Fe U N INP (1) 52 55
4, R-C XL, 2151 TR I AZ IR
B o A ZEH AL BT AR pH: 8.59+0.03; & i A -
(278+15) mg- g s FER ML A : (168+12) mg- g s £F 4
2.(153.1+6.1) mg- g K2 4E % . (140.5+3.4) mg-
¢! C: (314.3+0) mg-g'; H: (42.9+0.1) mg-g'; N:
(22.1+0.7) mg-¢g';0:(615.7+0.1) mg-g';S: (5.1+
0.2) mg-g”' WIGFFURTT, I CSTR # LA 428 i
— KPR 217100 d, H-EAGFE B H ™= H b & (P>
0.05) o AR 56 A3 HL B ff (Organic loading rate,
OLR) F17K 7145+ B i 8] (Hydraulic retention time , HRT)
SR g L d (A VST A1 25 d, FRAE R B R
TRIFAAE I3 3B B (R 1) 55 1B Be (56 1~
25°K),R-Fe MIR-CAUAMA3E, 55 2 B (5 26~51
K, R-Fe B KA HMINA 1.5 g INP(Fe;04, Fi 15 50~
100 nm, CAS: 1317-61-9) , R—C JoAEAT ZM IR 45 i)
TESE 3BT B (5 52~115 K ), R—=Fe fZ 1L N INP, R-C
TCATATANE AN . CSTR iz 474 X 0 2 1 Sk R
BRI A H i OB — 0, S RS 2E R . SO0 i B
37 °C, F 3B E A 120 romin'
1.2 MEIEFRF D F %
1.2.1 AR AR 24 R o A

S A i (Total solid, TS) ¥4 % 1 [l 44 7 &
(Volatile solid, VS) -4 KA1 4 R E kS %
Li %IRRT A i 1 (Ritter, 78 D I &2
TR CHL I COL 1% i H RS SR 3% A (C2V =200
Micro GC, Thermo Scientific , 35 [E )l 5E°',

W ARRE S i pHAE 1 pH A2 o B R AERS 5
I (Total volatile fatty acids, TVFAs) Fl &L fi & (Total
Alkalinity, TA) H1 F 2l %€ {X (AT1000, Hach , £ %] ) il
BN B AL 27 4 i (Total chemical oxygen demand,
TCOD) F M4 717 £ (LCK 014, Hach, 78 ) I 2
1.2.2 16S rRNA 437

TESE 2 B BER I (26 51 K, bric & R-Fel 1 R-
C1) FIES 3 B B vp 03 (55 75 K, AR id 8 R-Fe2 il R-
C2) , WUFf (B A~ A BRI 3 S FF & ) E4T 16S tRNA 43
Bro BT s - {81 FH FastDNA®Spin Kit £ BURE i 1 3
DNA. $2EU® DNA 1 R )52 PCR R AR . it
191 16S—rRNA JLH 1 V3~V4 X, Hoor 40
519 338F (5’ —=ACT CCT ACG GGA GGC AGC AG-
3" ) F1806R(5'-GGA CTA CHV GGG TWT CTA AT-
3P E S 524F (5" -TGY CAG CCG CCG
CGG TAA-3")F1958R (5" -YCC GGC GTT GAV TCC
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AAT T-3" )4 5",
1.2.3 ZREEN At

Ry Y 2 T B INP R A= 2 PR AR R I 110 K 315
Wi, ZE 57 3 B BEZE SR (26 115 %) BURE (434~ A #1LEL 3
AFE &) AT 7% L R AL 93 B o fd FH fastp (hitps://
github.com/OpenGene/fastp ) 2= if Bt J7 51 (3 4 A1 5
Ui ) ARBT B B (<201~ ) VK BE (<50 bp) AL N A4S
BRAE AL, ASRAFAliig 32 1 o AR5 (] MEGAHIT
(https ://github. com/voutcn/megahit) X kAT 2H 3k
(>300 bp) , F T 3F — 45 Y Bk X F000 A0 g ke o fdE
BLASTP(BLAST Version 2.2.28+ , http : //blast.ncbi.nlm.
nih.gov/Blast.cgi) 43 ) X} EGGNOG % #i& /% (http : //egg-
nog.embl.de/) Fl KEGG %4k % (http : //www.genome. jp/
kegg/) AT COG (15T [REHF ) A KEGG 1R, e {H
BHTE N e
1.2.4 Fdaib 3

f8 11 Origin (9.4 JO X ECHE AT 4G5, L) 0.05 1
B E VLR (R

2 HFHR5E

2.1 RMBITITER
F1REE T RNARNIBITIEN . 5 1B,
R-Fe f1R-C () H H Be =it (LA VST, FIRD o % 2
5(P>0.05), R-Fe }(133.426.9) mL-g"'-d";R-C Ny
(127.124.1) mL-g"'-d"'c X FBLERA SN INP 1)1
B0 WA RV A BAT AL IS TG DL . FESS 2 B L,
R-Fe U ININP J& , H H 6 7 o i 3 2 5 5] 173.4
mL-g™-d”, 55X BAH L EE R T 38.3% (1), 2K

Hh, SR AL A ) AR 2 DR AR I H e (R A s2E A P AE
AT B SE 56 B i1 , W Abdelsalam S5M& B
U 10 mg- L' FeCls AJ 4 FH 4 38 R AR A i 21.2%;
Yun 2528 IR N2k 3E [Fe> (S04)5 . Fe(NO, )5 FeCl: Hl
FeCl| AT A% %6 S0 st [R] (15~18 d) , R kg =
T 2.79%~6.4%. ILAN , R-Fe HRF5R i ip 47 2 K
TR B EIET R-C(P<0.05) , KB INP I A F) F£F
Y FE K, iX 5 Dehhaghi % & —3 . 1AM, R-Fe
Y TVEAs B i 2K T R-C(P<0.05) , = I B £ 1)
FREG AL S H e , 3815 Preeti G511 X 1 1 S5 %) & 20
— B, IRZE R INP I A TR R A AL
FRFT ™ BGE TR 1 s 4 o SR, ST INP S350 TA 21
FRE, X T A BERRR P CO.(LL COF I HCOE X
1) 5 INP R A0 Wi iR LT i FeCO5 B Fea(COs )5
JIFE, T COL F Il A 2 T BB R Y, 2R 3 B e,
M R=Fe {5 1L U ININP J& , HXf 7= H e 0o B2 (14 41 1 1
FA SRS A7, AR R FAE R-Fe 1 H H i 7= AT
HE R T R-C(P<0.05) (£ 1), —alREM R E,
INP B8 o A Can 7 R e 17 ) W IS0 ) e B o 6 i
FARH St R 1, 9 B 2 TR T 0 24 R i 3 A B
o PO A UE AR R Ik O, T RE RS R AL
7B L AR
2.2 16S rRNA &3 #f
2.2.1 Alpha ZFE1E

¢ 23 33 OTUs . Shannon $8 20 1 Simpson 8B
BT ASFREAS Y Alpha ZFE0E . BT AR EZH L5
(1) DA TH AR P BB 5 S5 1 9 Alpha ZAEPEATG, B
PRI A =5 Y Shannon 5§ Simpson $8 20", A K

®1 EERNBFEITER

Table 1 Operation overview

Qb3 55 1 M B Stage 1 55 2 M B Stage 2 55 3B B Stage 3
Treatment R-Fe R-C R-Fe R-C R-Fe R-C
K F145 §3 1} E] Hydraulic retention time/d 25 25 25 25 25 25
A BT Organic loading rate/(g-L'+d™) 1 1 1 1 1 1
YR EESAAACY) (H BN ) FesOu/g ¥ J 1.5 I J ¥
H 7 it CE3 M) CH, yield/(mL-g™'-d™) 133.4+6.9a 127.1+4.1a 173.449.7a 125.4+9.1b 181.713.3a  130.8+11.2b
SRR MENRNIR CEIME) TVFAs/ (mg-17") 462.5+47.4a  437.0£60.8a  353.6+20.2bh  429.3+42.1a  407.7+42.1b  470.6+24.4a
SABHEE CPHIME)TA/ (mg- L) 1773.5+16.3a  1796.5+13.4a 1508.0+55.2h 1815.0480.0a 1757.0+168.8b 1920.5+124.5a
pHCOERIE) 7.1840.01a  7.18+<0.0la  7.26+0.09h 7.39+0.14a 7.19+0.08a 7.33+0.16a
SRR U () TCOD/ (mg - L) A PN ol 5322.7+217.2b 6033.2+142.5a 5598.5+187.8b 6 102.9+231.8a
LFYEZ (F9(H)/(mg-g' TS) A E il 73+3h 88+4a 75+1b 8623a
LT YR CEIME )/ (mg- g™ TS) A A 50+5a 51+2a 47+3a 50=1a

VE = i) — B Be il AN [l NG P B R AN [l Ab B ) 22 55 1 3 (P<0.05) o

Note: Different lowercase letters in a row of the same stage indicate significant differences among treatments at P<0.05.

www.daes.org.an
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2 FEMEY Alpha ZH M
Table 2 Alpha diversity metrics of the sample

WA RS2 OTUs Shannon Simpson
Microbe Specimen index(H')  index(1-D)
M7 Bacteria  R-Fel 606+7a  3.97x0.0la  0.95:0.01a
R-Fe2 616+£10a  3.95+0.05a  0.94+0.02a
R-C1 585+5h  3.65x0.07b  0.93x0.01a
R-C2 564+8c  3.75£0.04b  0.91%0.01a
W Archaea R-Fel 45+1b  1.74+0.0la  0.75+0.08a
R-Fe2 43x3bh  1.63%0.05b  0.7220.11a
R-Cl1 47+2bh  1.1820.07¢c  0.49+0.03b
R-C2 52+4a  1.20+0.11c  0.51x0.06b

1 RGP RI A TR] NG B R AL B ) 22 57 i 25 (P<0.05)
Note: Different lowercase letters in a column in the same microbes
indicate significant differences among treatments at P<0.05.

H, R-Fe 5 R—-C AH LL HA 2 25 1% B /&5 9 Alpha 2 £
PEFEE(P<0.05) , JUHARBLAE 7= H e iy B R (2 2) 6
XALAFRE T R-Fe fP B0 1Y 7 HUBEPERE™
2.2.2 4HH

MOJE 2 R A, B INP B PR T
norank_f_Prolixibacteraceae  norank_f_Spirochaetaceae ,
norank_p_Marinimicrobia , norank_f_Bacteroidales_UGG—
001, Syntrophus , Mesotoga N norank_f_W27 ) X
[ (P<0.05, K 1) . H:H, norank_f_Prolixibacteraceae
[R-Fel:(19.7+2.8)% ,R-Fe2:(25.3+4.4)% ; R—C1:
(16.4+2.1)% ,R-C2: (17.2+1.9) %0 | FL £ MR fi 2T 4 K 1Y
AE ", 1X 5 R-Fe HoRHh 7 48 R WK B2 B 2 IKF R-C
—H(FE1), norank_f_Spirochaetaceae|R—Fel : (7.4+
1.1)% ,R-Fe2: (5.3+1.4)% ; R-C1: (3.2+1.0)% , R~
C2: (3.1 + 1.2)% | # norank_f_W27[R-Fel: (2.7 +
0.8)% ,R~-Fe2: (1.9+0.7)% ; R-C1: filk T A& MR , R—
C2: R TR [ 2 SR E A ik AR, -5 g 0™ e
P H A A2 Hassaneen 257 & B4 258 R4 K 9%
RIS IR BE B ALY A BT norank_f_Spirochaetaceae F1
g BT I R IR e A T T B
norank_p_Marinimicrobia|[R—Fel : (5.5£1.3)%,R-Fe2:
(7.41.1)%;R-C1:(2.6+0)% ,R-C2: (4.1+0.7) %=
HEABAAL T O AR AU, IF T LA
fiti 2 5 2 ST 0 L J5 2R ™ Syntro phus[R-
Fel: (2.0+0.1)% ,R-Fe2:(2.0+0.2)% ; R-C1: (1.1+
0.4)% , R—C2: A& T ) B2 — Fh ML B 7 00 L BB
H5E A5 W R A BT AL 332 Mesotoga[R—Fel :
(2.3+0.6)% , R-Fe2: (3.120.4) % ; R—C1 : IR T KM R ,
R—C2 AR A0 IR | m] e 3k 5 10 ™ R o 1 1 P ) 4

P 1%) WHARTY

FHIEA 770 85 B 4R AL CUn 27 4 25 Brss R AR )2 i
Ak Mesotoga B 68555 £, H Ak (Syntrophic acetate oxi-
dation, SAQ)IRAE, Z5 b S IININP 388 5 1 414k
R o AN R S AL B R A X E B, X 5 3 1 H R-Fe
HEAR A LT 4 VR R TVFAs VR — 3.
2.2.3 FEHLETR

77 FRGE i B2 52 e DR AU R IR 0% 1 D B o g,
Hh T e DR DG HE TR . R B FE o T 2 i 2
M EEICE, HAEA Mo Z 7 B GE i xf
BRI SR I i T LAl T R,

ST ZREEAN ] 7 HRE I R U s 4
.o HH Bathyarchaeia 76 T A FEAS Hp 4 XA 35
IETFAEE Z TS , Bathyarchaeia j&—Fh HAG Z 5
DIge = BT, H 2500 T LA EMIRE A
PR 22 HRP, ZEARBIFFE H AN I INP 23 (i 25 A% Bathyar-
chaeia|R-Fel:(77.3+4.7)% ,R-Fe2: (80.1+3.4)% ; R—
C1:(92.0£5.2)%,R-C2: (92.4+4.4) %A XS 5 5
A FF Methanoculleus 1) & H[R-Fel: (11.3+2.1)%,
R-Fe2:(10.7+1.4)%;R-C1:(4.9+1.1)%,R-C2:(1.5+
0.1)%,P<0.05]. Methanoculleus /F >k 1.7 [y g & 7 HI
PE L 0 5 TR A AL TR 8 1 SAO & 42 Bl R) 7= B e o
AR, AL DAL 4 R sl 1500 IS i DR AR T
H, Methanoculleus 52 7= W e i) BB ok &2, 1LAb,
TEVEE Z R0 B 58 0 & B Methanoculleus & 44 BT
T FE IR E R T =S MERE™Y, Zih, SR H R
TEAZAREAE R BE T IS ININP J& , Methanoculleus B
X2 AT HE 2.93% 2151 4.58% , FH I 1) HH e ™ 1
$ETF T 33.6%; Preeti 5 RIS IR 0K e
PR EE N 4.6x10° > -mL FEF5 1.5%10" A>-mL™, FIE
PRI 40%. L5 CRRAALTR AN Mesotoga I & 4 , A%
WFRAE/R T Mesotoga Fll Methanoculleus 2 8] P A [
B RR XA RESE INPHETHH e i = R
23 REEASW

R T k2 i B INP X 2 26 DR AU I K 5
Wi, 7R 55 3 B B A s E AT T SRR v dr . STy
Mra R T 2 5 4 2 DAk BEAS AR & A2 1 56
BB, N3 K AR, R-Fe H3L54 19 445 492+
674 628 MaliFHEA , R-C H A 19 286 875+1 145 429
AR PR E RO R R LT 4 R, Ho
CIESE71C S A0 R e s S A R i I E A & S B 0]
LR YR KR, T SRR W 3 WA I S A I, AN L TBEAR 2R
PR (EC 3.1.1.72) | BT H A/ b5 H B (EC 3.2.1.185/
3.2.1.55) FIREEME (EC 3.1.1.1) , I T oA Bopi g 4
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(A) AN HIXT 32 B Relative abundance of bacteria

1001 W norank_f_Prolixibacteraceae
M Smithella
I norank_c_Dojkabacteria
z Lentimicrobium
I B DMERG64
W norank_f_Spirochaetaceae
W UGG-004
60
40
20
W norank_o_Izemoplasmatales
M others

B norank_p_Marinimicrobia
B Clostridia_vadinBB60
R-Fel R-Fe2 R-ClI R-C2
AbFE Treatment

801

W norank_c_Subgroup 18
W HN-HF0106

W BBMC-4

I Syntrophus
Mesotoga
norank_f_W27

Xt JF Relative abundance/%

(=]

B norank_f_Bacteroidales_UGG-001

(B) i @ A% % B Relative abundance of archaea

100 —_—
M norank_c_Bathyarchaeia
B Methanoculleus
M Candidatus
s 80t Methanomethylicus
E Nitrosarchaeum
= M others
=}
=
2 60f
=
]
<
=40t
Y
H#
=
m
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Figure 1 Predominant(A) bacteria and (B) archaea genera as revealed by 16S rRNA
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Table 3 Enzymes involved in hydrolysis and acetogenesis and their average relative abundance based on KEGG

g = A AHXF B RA(%)

EC Number Name R-Fe R-C
1.1.1.49 Glucose—6-phosphate dehydrogenase[NADP(+)] 0.02+0.01a 0.03+0.02a
1.2.1.12 Glyceraldehyde—3-phosphate dehydrogenase 0.17+0.05a 0.18+0.02a
1.2.1.59 Glyceraldehyde—3—phosphate dehydrogenase[NAD(P) (+)] 0.03+0.01a 0.02+0.01a

1.2.7.1 Pyruvate—ferredoxin oxidoreductase 0.35+0.11a 0.33+0.07a
22.1.1 Transketolase 0.30+0.09a 0.31+0.11a
2.7.1.1 Hexokinase 0.01+0.01a 0.01+0.01a
2.7.1.11 6-phosphofructokinase 0.28+0.04a 0.27+0.02a

2.7.1.146 ADP=specific phosphofructokinase — —
2.7.1.2 Glucokinase 0.16+0.03a 0.15+0.01a
2.7.1.40 Pyruvate kinase 0.08+0.01a 0.07+0.01a
2723 Phosphoglycerate kinase 0.18+0.05a 0.18+0.03a
3.1.1.1 Carboxylesterase 0.01+0.01a 0.01+0.01a
3.1.1.31 6—phosphogluconolactonase 0.02+0.01a 0.02+0.01a
3.1.1.72 Acetylxylan esterase — —
3.2.1.1 Alpha—amylase(Ca™) 0.21+0.06a 0.20+0.05a
3.2.1.21 Beta—glucosidase 0.49+0.03a 0.43+0.02b
3.2.1.37 Xylan 1,4-beta—xylosidase 0.07+0.01a 0.08+0.02a
3.2.191 Cellulose 1,4-beta—cellobiosidase (non-reducing end) — —
32.14 Cellulase 0.34+0.01a 0.32+<0.01b
3.2.1.55 Alpha-L~-arabinofuranosidase 0.11+0.01a 0.11£0.03a
3.2.1.8 Endo—-1,4-beta—xylanase 0.14+0.02a 0.13+0.03a
4.1.2.13 Fructose=bisphosphate aldolase 0.26+0.05a 0.21£0.04a
4.1.2.14 2~dehydro—3-deoxy—phosphogluconate aldolase 0.06+0.02a 0.06+0.01a
4.2.1.11 Phosphopyruvate hydratase 0.20+0.07a 0.18+0.03a
4.2.1.12 Phosphogluconate dehydratase — —
5.1.3.1 Phosphoketolase 0.11+0.04a 0.10+0.02a
5.3.1.6 Ribose—5—phosphate isomerase 0.09+0.02a 0.08+0.01a
5.3.1.9 Glucose—6-phosphate isomerase 0.19+0.02a 0.19+0.03a
5.4.2.11 Phosphoglycerate mutase 0.04+0.02a 0.03+0.01a

TE AT AN )N TR 3R A B 22 57 2 35 (P<0.05) , “— (R TG BR . T IR

Note: Different lowercase letters in a row indicate significant differences among treatments at P<0.05, “—" indicates under detection limitation. The

same below.
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Table 4 Enzymes involved in methane metabolism and their average relative abundance based on KEGG

g = VA AR 42 RA(%)
EC Number Name R-Fe R-C
1.1.1.35 3~hydroxyacyl-CoA dehydrogenase 0.03+0.01a 0.04+0.01a
1.12.98.1 Coenzyme F420 hydrogenase 0.04+0.01a 0.02+0.00b
1.12.98.2 5,10-methenyltetrahydromethanopterin hydrogenase — —
1.17.1.10 Formate dehydrogenase 0.02+0.01a 0.02+0.01a
12710 4Fe-4S ferredoxin 0.01+<0.01 —
Formylmethanofuran dehydrogenase 0.060.01a 0.04+0.01b
1.2.7.4 Anaerobic carbon—monoxide dehydrogenase 0.02+0.01a 0.02+0.01a
1.5.1.20 Methylenetetrahydrofolate reductase (NAD(P)H) 0.10+0.02a 0.11+0.01a
1.5.1.5 Methylenetetrahydrofolate dehydrogenase (NADP(+) ) 0.16+0.01a 0.15+0.01a
1.5.98.1 Methylenetetrahydromethanopterin dehydrogenase 0.01£<0.01a 0.01£<0.01a
1.5.98.2 5,10-methylenetetrahydromethanopterin reductase 0.01£<0.01a 0.01£<0.01a
2.1.1.245 Acetyl-CoA decarbonylase/synthase 0.03+<0.01a 0.02+<0.01b
2.1.1.247 [Methyl-Co( Ill ) methylamine—specific corrinoid protein]: coenzyme Mmethyltransferase 0.01£<0.01a 0.01£<0.01a
2.1.1.248 [Methylamine—corrinoid protein] Co—methyltransferase 0.01£<0.01a 0.01£<0.01a
2.1.1.250 [Trimethylamine—corrinoid protein] Co—methyltransferase 0.01+£<0.01a 0.01£<0.01a
2.1.1.86 Tetrahydromethanopterin S methyltransferase 0.03+<0.01a 0.01£<0.01b
2.1.1.90 Methanol—corrinoid protein Co—methyltransferase 0.01£<0.01a 0.01£<0.01a
2.3.1.101 Formylmethanofuran—tetrahydromethanopterin N-formyltransferase 0.02+<0.01a 0.01£<0.01b
2.3.1.169 CO-methylating acetyl-CoA synthase 0.02+<0.01a 0.01£<0.01b
2.3.1.8 Phosphate acetyltransferase 0.06+0.01a 0.03+0.01b
2.3.1.9 Acetyl-CoA C-acetyltransferase 0.19+0.01a 0.17+0.02a
2.7.2.1 Acetate kinase 0.10+0.01a 0.08+<0.01b
2.8.3.8 Acetate CoA-transferase 0.02+0.01a 0.03+0.01a
2.8.4.1 Methyl-coenzyme M reductase 0.02+<0.01a 0.01£<0.01b
3.5.4.27 Methenyltetrahydromethanopterin cyclohydrolase 0.02+<0.01a 0.01£<0.01b
3549 Methenyltetrahydrofolate cyclohydrolase 0.16+0.01a 0.15+0.01a
42.1.17 Enoyl-CoA hydratase 0.08+0.01a 0.09+0.01a
6.2.1.1 Acetate—CoA ligase 0.07+<0.01a 0.05+<0.01b
6.3.4.3 Formate—tetrahydrofolate ligase 0.13+0.01a 0.12+0.01a

(INP) A] g 2 42 7+ H 7= H B it (P<0.05) , 5 % BEAH Eb
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B R R
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it} (EC 2.8.4.1) Ay TE M (P<0.05) .
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