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Table 1 The basic characteristics of inoculum

SR Vs 2AA B
(TS)  (BATSIF)  pHAH T (BhCaCosit)
TE%  HE% mg/L mg/L,

4.23+0.02 52.0+1.00 8.03+0.06 786+2.20 11 900+180

12 KI5 Bk

R 7R H KR FRIR D 1T, IRGHEER
100 r/min, ZKIATEE }(36.520.5) C, K EERERY M
HENIL, TAESB N 08 L, RIEF Y iR
800 g, B 1/S 4031k 2.5 1 1.5, AH I 1) JEE 9 7
PT35I 7.0 ¢ A1 11.8 g KRBT
TEs (Fe,Co,Ni) Z3%ILA FeCl,-4H,0, CoCl,- 6H,0
FI NiCl,+ 6H,0 (st as hin 43514 1.00,
0.20,0.10 mg/kg, SILBE 4 MAAH AR
YZHEY 1S 239 2.5 F 1.5, J5 R4 7E R
PRI A A LAl 7N TEs, 4 a5 4H 435
FRic A 1/S(2.5),1/S(1.5) , TEs+1/S (2.5) , TEs +1/S
(1.5), BRI HBEE 4 A7, Hr 2 R
1~2 d ME RSB MR & i, 534 2 A0
1~2 d SRR BERAE S IT 0t R B pH (E &
Ao, B VFAs & AVS &4 \TEs fb)E
SRR ZHEE . P AR R P
ISR AAH AL 54 10 Mk, 3R 48 d, 1
AR PR TR [) o o ) A A A
1.3 ¥k

TRV TS F1 VS Erag DL KB 3 38 2o [ A
HE A TINES; pH (ER ] pH-3c B pH 11T
WSE 3 e S AVEY VRAs S A2 HER
7820A AYSAH LIS I E, F e 5 5 0 A 1Y
PERE T | PSRt K 0 25 A0 70 A A0 3R 4 )
230,200,50 °C, VFAs & il (HERE O S
B AR DU 2% RN R 40 A TS A 0 R B 4 0
220,250,190 °C, A MRS, i~ 2 mL/min;
SR B OR 28R v A e 1A EA T I E S TEs 1k
ARSI E R Ortner $H0EDN B RE 5 Y

TEs 738 /KA 7] S84 BRIREL A A LA
AL S &4 (RIFRA LA A ) kit 24 5 4
gy, FHAUBGHE G A B IR BTG 2 1T 4 MBS
17 1 A D $2 B4 & (Simultaneously Extracted
Metals, SEM) (Fe, Co 1 Ni) &1 AVS &R
B WL RN TINE ; (1 SEM &5 AVS
Y HE (SEM/AVS) Sk R AE TEs B AE YA 3%
PR G R TE 26 R H PacBio RS 11 System
PR 308 PRI A SGHEA 0 (CR AR, DNA 42
U7 SR BUE B P 17 5. DNA,PCR 3 14X 42
91 4R 16S tDNA V3 XAl AR X ELAHTE 169
rDNA V3 X | =L 22 R E 514 515FmodF Fl
806RmodR), & SPSS 22.0 %#iib R 45 47
AHENE 22 000, A PAE, 24 PAE/NT 0.05 1),
ULEHAH SCHE RO B3 2 P{E/NVT 0.01 B, 15684
AR 35 R Origin 2020 FRAAER
2 RS54
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AFHREEAH A AR ) B e = (DA
BT VS IH) QK 1 R,
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T : : 41/5(2.5)
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= TEs+1/S(2.5
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50

) /d
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Fig.1 The cumulative methane production in different

experimental groups for each batch
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A 1/S(2.5) 1850 2~7 k24T i, B H
BEre A 130~160 mL/g; i 56 4 TEs+1/S(2.5) Y
SR B e s TR 1US (2.5), 75 6
AR IA B, K 166.8 mL/g, X UL TEs Y
INAT I F B e = 32 7+, 54l 1S
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(1.5)JLF—2, & Tk 50 4 TEs+1/S(2.5) #1 1S
(2.5), I US(1.5)FE5E 4 LRy R b
P U AR A K 44.7 ml/g, IETESS 6 Mtk
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(L5)TES 4 AU A bt = i B B R R, 3
WIkFE] T 80.8 ml/g, IR /S (1.5) &I T
80.7% , HAEfG 2Lty h AT el 7 A e, 36 10
ALY, X I TEs YN ASESE T PR K TR &
BEAEIRAYHE L X5 Yuan TPROBTFE S5 RAH—2LC,
T G PG A B PR, 6 R SR AR i eh A
TR A5 VEAs MR R, s H
FE R TG PR AR E T H e i A B
22 pHAL BEARRSZEHH

AR AR A pH E . 5E A
AR 2 B,

LR 2 K3 M4 MRS K6 HEK T K8 #tK9 K 10

75+

70 B

« 65 %

%-60-

41/8(2.5)

337 US(15)

= TEs+/S(25) ¥ S
50F .+TIE§11/$EL5§I RN e
0 5 10 15 20 25 30 35 40 45 50
Hsf e /d
(a)pH fH
UL M2 K3 K4 KRS ke KT K8 k9 #tk 10
40000 T A 18(25)
35000 | ; US(1.5)
L e TEsHS(2S)
- 30000 : : o TEs+1/S(1.5)
= 25000 v"\,, \ :
&0 Al : :
£ 20000 }
B 5000 ¥
= ,
10000 | :
5000
0 1 : 1 1 1 : 1 ‘l 1 : 1 1 :
0 5 10 15 20 25 30 35 40 45 50
e fEl/d
(b)HHE
1600 MR 2 M3 ke RS HiRe MR T KRS K9 k10
1400
= H
0 1200 1\ :
\E 1
0 1000 F
& 5 5 Co
lgé 800 : e 18(25)
i 1S(15)
600 = TEs+1/S(2.5)
: ‘e TEs+US(13)
00 TS
0 5 10 15 20 25 30 35 40 45 50
Hs 1) /d
(e)BAG=
B2 FEIKKEEZHRH pH &, 5 En
SRSENTH

Fig.2 Variations in pH, alkalinity and ammonia nitrogen

content among different experimental groups for each batch
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Fig.3 The VFAs concentration variations among different
experimental groups
ATk 2 047 mg/L, SiRERZ TEs+1/S(2.5) [ i
VFAs it AHZEARK, HILAT UL, 2 1/S 2 2.5 |,
TEs B INA A BR800 A VEAs & i 41
US(1.5)I%) VFAs E it 7E4s 3,4 #LREEA #4000
mg/L, {HAES 5 LU ] 8 000 me/L, A5
IR VEAs Erimblisy, i VEAs Srimikg] 10906
mg/L, XA[fAEREH TIARREM L/ NEBUA R T
1 VFAs P2 AE R R i 41 TEs+1/S(1.5) 19 VFAs
FETES 3~7 HLRET AN 6 000 mg/L,
VFAs & BT 1S(1.5), FRkEed 1S(1.5)
A EE , VFAs B3 25%, X604 1Sl 1.5
BF, WS TEs XF VFAs F P A R — i & i i
851 Wei QUIIFFTES FAH—3, X2
J TEs 7] LA i FE 600 L i U i 55 5 5 7=

St SN S EHER ) B B, sk R o 45 B0 N, 2% e
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AR, IR K e 2= N R
R, IR I K e ™= G RE T8I T IR &
WA SR T IR LR, T TR A& e 7 i
PEfe JIImik TN IR I A . %2 AR (b7 34
JIZEERAE | TR A it L A =y B e | R TR
ATHACRG =B, & 3 T, £ B T
i S IR T SR T B2, SO 5T A % 1 2
RURJE T INIRAL L
2.4 AVS % SEM/AVS &M 2 4547

AVS X R4 AR 2 h 42 i o0 R AR K AH 5 [ i
AHIE] B 53 BCA T A A8 P E PR, il 24 25 1A AH
T a R ICR AL IR TR AE YA ROED, AR
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AVS AR R+ L EEY , SEM/AVS J& TEs 44
AR TEDR, — B SEM/AVS>6 B, TEs
XFF AR i A YA AR R A A RE A, 2
SEM/AVS<6 B}, TEs X 7K A Fh A= 0 () 5 555

ANFAEG AL AVS & 8 (LT E ) Bl ]
BYAEAL A SEM/AVS Bl pH {E AR AL N 4 Fis

Y H 2 H3 s dks dtke k7 Atks ko k10
15f
. 14f

_*I/S(Z.S>
Z 0915315
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Fig.4 The changes of AVS concentration over time and
changes in SEM/AVS with pH values in different

experimental groups
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MEL 4 (a) ATLAEH.US M 1.5 BikEe 2y
AVS AR, FME R (1.120.16) pwmol/g,1/SH
2.5 MR ER ALY AVS Er e E3E A (1.28+0.12)
wmol/g; FHALT 1/S Sy 2.5 Il , 1/S Jy 1.5 1
RIGA = SRCR H 2s, k,AVS & &
L RE S R S AR 2 SR IR . HH
&l 4(b) AT LA i, SEM/AVS (5K 25 pH {8
KNI AR R a3 B pH (EALRIT , SEM/AVS
B, B TEs WA YA RCER R A S 1S
1.5 By 5 40 1 pH (H /N (X8 5.85£0.05),
XL EAREE RN LUK R TEs 2B WA R0E 3R
[T

AR AL AVS B 2 (8] 22 BT P-
value W35 2,

x2 AEIRKEE AVS SEZ HEFESTH

P-value

Table 2 The P-value of the analysis of differences in AVS

concentration among different

Rgm TEs+1/S(1.5) 1/S(2.5) 1/S(1.5)
TEs+1/S(2.5) 2.6x10™ 0.75 2.8x107
TEs+1/S(1.5) 7.3x10™ 0.45
1/5(2.5) 1.8x10°

2 2 T LIE 04 1/S(2.5) Ml TEs+1/S
(2.5),1/S(1.5) 1 TEs+I/S(1.5) Z [d] ) P-value 43
AR 0.75 F10.45, FHILATRAAERT  AVS &)
E AR LS TEs U INEA B A e, (R,
AR 1S BRI 4 AVS SEZEZ R B E (P-
value<0.01),

25 TEs 9L F M AL B iR HAX R

TEs FERESAEAEY TR N E, AR
WA XTSI T 4T, Fe, Co, Ni 1 4 Fhfb=AIE
b pH EAALE 5 iR, AR ZH
Fe [ 4 R 2B 0 &8 W3k 3,

600

; K EERYS
30 50| ¢ BERERE o mLAERE
i
g
i 400f
2 300F A
P
2 200t
i 4
A\_g A h A
= loof \
b Bt 5 et ‘ R
ol W § 2SRy T
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pH i
(a)Fe
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Fig.5 The content of the four chemical forms of Fe, Co and
Ni varies with pH values
®3 AEIRKA Fe iy 4 MULERSHEE

Table 3 The concentrations of the four chemical forms of Fe

in different experimental groups mg/kg

| KR A BRERS AVEEES
TEs+1/S(2.5) 27.3£0.06 8.72+0.02 190+1.38  22.8+0.92
TEs+I/S(1.5) 39.1x0.05 7.00£0.01 158+2.13  39.1+0.28
1/5(2.5) 29.1+0.03 8.19+0.05 191x1.58  22.2+0.09
1/S(1.5) 37.1+0.09 3.46+0.01 171x1.49  38.7+0.38

H & 5(a) F1ER 3 Al 7RISR 4 /S (1.5) Fi
TEs+l/S(1.5) 11, Fe /K IESFAHLE G & i
BRI K, B RS T US Jy 2.5 M
2 7E VS Ol 2.5 PN IRER 4 Fe (1) 4 Fh b2
TEASHY B 22 AN K R, M IR AEUR AR 7 42
Pl LU/ Fe BZKIE A S R, W Fe TR
AT R EE T, B 5(b) AT, Co B AILAS
AT RS, KBS AR LS Sk, X il
IR ST AR IR 22 Co 1 A= 0 A8 A0 8 3 35 11K
N TESS ST TEs USRI B e, Ml 5
(c)PATHI,Ni 5 Co 25, AHLAS AT R, M
Hofth =55 AR,

R T B DR AT Ak T FLAth 52 i Rl X TEs
A2 S A AR A AR B, AR



F R, F BT ME TR R R R R TR

AT T Fe (9 4 Mifbzs B8 pH (H IR 2K
T AVS i SRR RANT R A R
Ktk ARANZR 4 P

F4 Felft d MUERSEHMHMETHOARM

Table 4 The correlation of the four chemical forms of Fe with

other influencing factors

Fe i 4 fif AR AVS  Z TR
~LI pH {E A~ EL ﬁﬁrg A B A~ EL =N
[l & e R AE
KA -0.62 -045 -058 -0.66 059 0.62

ClE &N 057 066 031 057 -04 -036
oy 034 009 056 029 -038 -0.39
&7 -075 -059 -052 -076 066 0.66

H1 2 4 A Fe B/KIRSTIA LA &8 E &
X sesg KA G PR R, 5 pH . & A S
itOBUE AVS iR AR Fe FKBESE RS
pH {E AT AVS #2194 56 1 5 15 -0.62 F1-0.66,
Fe (ANLAS G S &S pH (EA AVS & &1
ek iA-0.75 F1-0.76,; Fe HIKEZS A LS &
BE TS CRMT RS &1 IEAH YRR . Fe 1Y
P ARSI IR R 285 7 5 3k SR DY 1A A O
TES Fe M/KESHANLE G S ®E AR

TERTA B PRAATH AR 7~ rh | pH {H 5 AVS
Bt e P BB R R0, AVS X AR
e K A 5 TR W) 18] (9 53 BE AT A A o 0 1 5
a0 DR sk of ER SR A 1A & b TEs AL A IE 8
B,

2.6 fAEMBEELHT

PRAGH A AR b B 2B ) b = 28R 02
AEFRBP LA R LRI Lefl, J5—Mr
2 A R AT A R rp R 23 F B A ik
AR, A B R 24 (H 2 be 22
W JE  (Methanosaeta) F1 H & )\ & Bk W &
(Methanosarcina) =AW N BB HTT LR K
TS R BEAL ) P e 8 . BT Methanosaeta F1
Methanosarcina 75 LRI A B 127 IS,
W H NN TEAR SR & & W IR EE |, Methanosaeta
FFE b Methanosarcina FPREAES) )27 T8 Hon
PEFIF R, MAEKR®M IR EENHFET,
Methanosarcina FH38 5 Lt Methanosaeta PP B
RV

6 AARIEAE AT ERREE TR,
6 nTLLA a2 4 M K5 A 1S (1.5) 1
Methanosaeta F1 Methanosarcina W HIX} = & 8 Al
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Fig.6 The relative abundances of communities at the genus

level in different experimental groups
TE AR BB 4 R 7 AN BIAFESE 4 N5 7 AR,
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AR E SN T 2.7% , 3550 T 34.0% , H e 4
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PO 1.9%32 5 %) 11.2%, B 1 a5 7E55 7 4
ke R AL US(1.5) B 7= H Btk B B e R AIG,
VLI 24 Methanoculleus AHXF F JEAL BT, RAETH
iR R B et Re AR, IS4 TEs+1/S(1.5)
) Methanosaeta FHXT=F BE VAT A5 & TERST [B] 1 4
KM R, L ZIRE T 7.0%, % T4 1/S(2.5),
W TEs J& ,Methanosaeta WA X £ FEH S T
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The effect of inoculum/substrate on methane production in
anaerobic digestion systems promoted by trace elements

Yin Zhao'?, Sun Chen?, Cao Weixing’, Hu Changwei’
(1.Faculty of Science, Zhejiang Sci ~Tech University, Hangzhou 310018, China; 2.College of Biological,
Chemical Science and Engineering, Jiaxing University, Jiaxing 314001, China)

Abstract: The key regulatory role of trace elements(TEs) in anaerobic digestion systems has been
established, but their intrinsic effects and mechanisms have not yet been fully elucidated. This
study investigates the biological effects of TEs on biogas fermentation by examining the dynamic
distribution of TEs under different inoculum/substrate (I/S) conditions in an anaerobic digestion
system. It aims to clarify the interaction between the chemical form of TEs and the key influencing
factors and microbial communities in the anaerobic fermentation process. Results from the 10
batches of experimental anaerobic digestion of glucose showed an 80.7% enhancement in
cumulative methane production with the addition of TEs at an I/S ratio of 1.5. Among the three TEs
(Fe, Co and Ni) added, the different chemical forms of elemental Fe showed the strongest
correlation with pH, alkalinity, volatile fatty acids and ammonia nitrogen content in anaerobic
digestion. The pH value was notably correlated with the four chemical forms of Fe. When the
anaerobic digestion system operates stably, the relative abundance of Methanosaeta was the
highest (53.8%), while the relative abundance of Methanosarcina was the highest (34.0%) when
the anaerobic digestion system operates abnormally.

Keywords: anaerobic digestion; trace elements; chemical form; pH value; microbial diversity
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