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HKIGVETTAWERERPIS , X RGeS A AR AR o (ED g i TR AL R GE b B e o i i
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TEMCE SR, AN T A2E, PR BUKTSIRRBIERIEYE, KR e erh = i T e
SN, WFERRIRE SN ALY (RURET4ER ) ISR M 112, IHRER T4 Ui
AR 225 . AT H e th e iR A R Y il TR, ARG RS AL TAR 1S 2
TR IHE
1 #MR5EE

1.1 SEadRy

ARSI R PR TR | B U HEALBIBUKIEYE . ORISR A2 . Ho, JREEH
PRI AR AT, B UE A AL B /KI5 R B B B DRV, A= Ie it H FEDCvbREHE
IKEBRAF, 420 A ERVPPEIERA SR A, BUR AR deid 20 BT, ZebHh Rtk A HL
Y, BEEHATEACRREINR, S5RIE 1.

=1 EMIREAMR

Table 1 Characteristics of seeding sludge

WIES  TS% VS  pn Asfl ™ L E@U . C% W% 0% N% CN
(mg'L") (mgLl"’) (mgL)
PIVAE 57.00 4689 7.59 694 2764 207 6173 920 2813 0.68 91.89
FIRTGIE  1676 1003 729 3293 4701 920 30.10 497 5917 510 59
BRI 1059 851 8.03 362 4169 211 41.88 605 4294 754 556
42 2235 1815 769 2062 5145 424 3464 486 58.02 214 1613

{E: RPVS. VFAs. TAZGERTRHHE LA NN &t . SR TENR TR AR AR L .

1.2 SRt

RUEAS TN g I TSR — 250k, BB ml g R e A Bl B O MR 4 &2 TS 24 20% e, Sl w9 LA
VS 1:11RA, BETRAER 1L, AR 600 mL I hiash, TARSHESIHNES, FEEEITA R
FRILE 55 °C /KIEs IR TIRAL . TR L B e

R R R ALY, B4k 2 SRR AEAEE
o Fz: MR, B R %Tﬁﬂl Yy Zﬁﬁﬁj %k E 1 Table 2 Experimental groups and their basic characteristics
A, PRECERRSE, WA IR T DR GRSl S
Yrh i RS Y e . TR AR SRA duR A BT e VS L e gvs
B N AL & AP e A SR A T R A il s i
WY TS, VS KIHEHBE™™ 3 0L3% 2, it e pD Y 2200 18.10  536.00
HEERIE SR R N g, AU EE, M V2235 1815 31694
AR VS T, Bt i $2 I AN Fh 4 LS N 19.79 15.90 348.41
VS R 1, il a 4 2R A AL DS N 2045 1224 278.83
s A IR A 4E R 5, RS, bfs oDl N 2083 16.93 509.20
K 10 mol-L™" ) HC1 5, NaOH ¥ v #s#lli pH
] 73201, WREAAREURET 55 °C ki o vommase s
HPTFIASC, A P NP REr U 1% ) Von: e s
L. SR RPN 3 AT psSD VY 2108 1460 44941
13 EBWSH CML v v 2099 16.95 332.67

Sosoret BRI ORI DS M 016 138 2886
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PRt (101.325 kPa, 273.15 K ) FEARL, SRS RS EREINE . AR S =< s 2 EHe =S
i 10%~20% [AIFGET, BRI R pH . e % (SCOD) . VFAs. TA LIS A (TAN)
LA, pH KM pH it (pHS-3E, LiEFR#E) M, FEEREIT 12 000 rrmin” #5015 min, HL
YW FIE SCOD. TAN. HJEM VFAs. FiRWAHTE R ) TS, VS, JCE LA/ H 5 1 UL AT
gL,
1.4 HEPSHR

SIS K PR IE TR FH He B fe P AT S G A3, 7E 6 MR SEIGAI AR WIREE T 6 413k 18 4~
FERIEA T 08T, DNA fli . PCR 4 BES5ART WLETHIIEGE Y, alifbr=Wnik L5 AU AR A B A F
MiSeq i &l 7 F 5 ( NovaSeq PE250 platform ) #E47 EHLINF . =AW IR GEETTR)IFHE LGS
NCBI ¥di#/%, %5~ PRINA970220, JRGREdRMIE . DHE. WRhiEre. SRR BEES R
TIRETERETI 7 i WL TR o 12
1.5 Zit5itE

S PR Y 2 25 R SPSS #if, BT E Z SRR TN R T =0, A
TR A B B G O, FF CH,. VFAs 8854k COD DIFF SR P 7347, BR CODypy ZMH
fif? COD & XA SCODyyy, CODyyy AL COD 1B CODyyy . CODyyp Fll SCOD 3815 . CODyp, U AL
NRSERIFEN, BHe S BARYE Buswell & Mueller AR, RIMEIERT Gompertze FRAMEIR % K
NSRS 12 RIS HOR A origin 9.3 $EATEIL, MOCREL (R®) FTHIWMEALIER G, (55
(1)« B RPSHER (R, ) SS8UHM N origin 9.3 BAF4AH . THILRFEEE N 2SR 3h 2 H P B/ T8
TP 1% WAL FBEeR R S F b= R S S F e =R 43 .

2 FR5ITL
2.1 TR R NEREE

1R T 10 SR eI L~

PefE, MR, {6240 2 H RO BRALE AL ol - b

ST BB T =R R L P e 7R, =~ ol b3

RS RN T T, sy % 400 3 DX il
AT E TR, PRI AR E ol T hD e
RTINS R AR, a2 e
BORIE. WAL 1 RIS, DDL 4LEAT i Y e = s/ e
%, HHRA S HKh DDC Al o -

DSD 4. 3% 3 A~ B2 1 A Il e 543 59 i 5 0 e
973% . 96.2% ﬂ] 92.9%, iﬁ%?;ﬁ;%i%gﬂé@ 0 5 10 1520 25 30 35 40 45 50 55 60 65 70 75
10.79%~53.1%. 3% 3 ALK AT R A L R GeH0 Rl

s, ST R e, (IR 1 &R AR

(= PR i TEBR R IRIR S T ’ Fig. 1 Methane yield in each reactor
SRR TR ARG SRR AT I, T SRR R TR A PR F B (T RO

FEMARRIATE I R AR AT A (B(EARE SRS, S DIEE AR, DD AHEA 3K
PRGSO, E R e = S s 1R A S A P 22 0 o 3K T A ML B 3 i
RGP EAEENTREE, HREAVR RS E YR AR SR AR A pLUR, Rt eiE
P TSI AL AS R A B = SRR

DS AR = RO A IURYSLIRA, G35, MR, RIS REREN RS G s E s
FHRORRIENS, AP SEREAN IR 3 4, TR AR Iek A M- E RS, AR RER R JUgn
TEEREIE, 4 B R B EERIR AR, REEE b LS Il CM Wb S A E— M bers , (Hisk
PRI, KLY PR ISR BT 20.7%+1.6% F 25.8%+2.6% ., RS . 5 3REE SIS Ak s iU e
YA M PTRE SR L H Y 3 SRR A AR DSL, DSC Fil CML 4 H B r= AN Ias i 18w i 58
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L TT AR LT 24 2 ol U A
2.2 MURSRIEXM SR T4 Z RS M RERISIT

1) FEEAFIE K= s 112, B 2(a) SR T4 LI P U A 4E R =S bkRE, BHURIh J12: 2500
% 3. MERAIHI, CML., DSD il DSL 45 Wik i, R #sia sh)m el ik A =< frit, DDL.
DDC F1 DSC A5 AN FS K, JoH: DSC 45 ik 5.16 do R, WA AL R S 450 A A 58 42— 3
DDC 41 R, /)N, SFECHINLRHAIL 52 d; M2 FHAY R, Y976 30 mL CH,-g VS LAE, kAT
[EEEHTE 20~27 do S, SAH BEmICRIA R R —E 225, DSD 4 H B ISR SR 93.7%+5.5%),
HAHTE 71.2%~83.7% . T 2 BE FE IR AY DDL Fl DDC ZH7E MR S5 H F e [FISCR TR nT RE
H5IKYZESH R, PRER AR ESM T AL DR G RN TR L, s &
LRI, YIRS A RN 2 e T AR Y

[JCoD, ,, 7Z2COD,,,, SYCOD,,

1 CJCOD . EEICOD

SRR

SO e SICOD,,,, EZACH,  E&SCOD,, [ICOD,,,,
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—— CML L7
_ 450 ': Bg]é 00% | §
? 400 4 PPL T 80% H K §§ = §§
% 350 |+ DD 53 70% | 7 & v
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Fig.2 Methane yield and COD distribution in different experimental groups
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Table 3 Kinetic parameters for various experimental groups

M./ Ry

) (mL-gVS') (mLCH,gVS") M R THAE/d BRI/ %
DSD 378.4+4.54 37.54+2.11 1.63£0.29 0.986 27 93.7
DDL 301.45+1.06 30.61+0.50 2.424+0.08 0.999 27 71.2
DDC 369.39+17.10 7.6+0.15 2.56+0.56 0.988 52 81.1
DSC 324.67+8.66 33.84+1.94 5.16+0.25 0.992 20 74.8
CML 340.02+2.33 46.44+1.39 1.51+0.11 0.997 20 83.7
DSL 311.48+2.87 44.35+1.85 1.69+0.15 0.995 20 76.8

2) BEPH T ARG AR I =R 2EFHREH, RES RIS . T IRmAI A
17 ViR AT, AR 2(b) iz,

HERTLUE ), ARd e IR R, BRI+, B RN T, R
MIRARDAFES . 5 EEMIeR—3, DSD RN AMIKER S COD #)EERS 2 P e, SCOD 7 URAR,
T 2.36% 4 CODyyy; CML 4Bk 13.21% () CODyy b, B4 4.96% ) SCOD /775 HAKHEZHK
L, BRAEd COD 4b, FEARIIRE T EAFAEARFREER SCODyy, il CODyy,, JELA CODyye . W ILAS
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NP MERE 22 7 A2 KR AIRAL B B, JUHIE K B s, BRI E /) VEAs S2hr FIRFERAY,
AEXPHRIE AR . TR BEF R Y e, TR 2 AR AR R IR A et FErh
PUK A, A RIS R AR B AEY, EATRIR B 4 R YRR RE
SEATRE R A SV AT RS AMRAR A N2 ST, TRt — AR RN R A T A E RIS 25 R
SRR AR

2.3 MURRIEX RS RS EEE R INGERIRINT

1) WEY IR RS IO AP ERE2E S RN, AR BT RPe, SRAE T4 S50 4R Y
YIRS TP T Miseq mpil il . FPASE A 80781 B SeAR P IMEAS P S T T4, SRIE %
97% (IFFHIFMITE SRS, RAKELD 4517, 104 D49, 232 41 H . 380 ML, 668 1NE . 987 AFh Al
4168 1~ ASV. AL SCERE SR ET 99%, FTIARAH RZHMAEYHIE S E],

KH PCoA SRR TREMEREE A A2 5 (1 3(a)) o HIERTHL, 6 NSZIRdlAEAS A 2H ] B A0
MR TR, RS UREELM TR, XUESE T YRR B BRI A7 AR 22 SR R
GERY . PR MEEREETE SR (B 3(b)~(d) ) AIHI, DSD HHARE MY R EMEAEE, XTRERi%
ZH BB IR R R AP, AR 2R RS 18 h A 1 5 BRI AR, Tl AR BB Al i B,
FEEMDIRET U RS R . 2, DDC AlFEE . ZHEMAYASIMERERZE, RINZARNZRNHAE
YO —, BRI XA L R G TS DI REM AR R A BB, AT RE x4l =< sh
TR IRH . HARS SRS ENT AL E], =S ERRXT I .

0.5 r
; oML
041 4 QODDC 3.8¢
i /A\DDL
031 Q[)sc 36
§ /DSD
s 02F i ¢hDSL 34+ @
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S 01t s g —
x : S 32 H
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N S R 26 | T
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(a) UE Y RETE S50 (b) Shannonig %%
400
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El3 RNFRPHEVREEEHNERTIRE SRR
Fig. 3 Differences in microbial community structure and community diversity index in reactors
2) WEYIE R AN RIS o M1 B ZHEMERRIF AR 225, ] 4(a) HE—P R T4 A 32
SAEY) (BB —AFER AR ERE>1% ) |, B 4(b) RIS T VUSThRE B RE SR F 2 R (O
ARSI E R LR E R E R MEY ) o NIRRT, A5 BRSNS T,
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BRI PARLIKIRIRAL AN EE £S5, EBUEY & SR E R ik 70.89%~85.23%  HURK A H BEr
d7 TR 1.66%~10.51%. 7780 SRR A R A TP EERARMIRRE, {7 SF R 0.40%~4.84% . X =T
B2, ATEIR ARG S K SRR AL P SN 2 N 2 R I R B e s I R, 1= 0™ R B B 1)
AR RTERRAS FIIIHAATAT, A B SR ERES S 54 200 R R SEI 2 4526
YRR AL, DSD IH R B g m T HAY S 4, HHPPE0 O R e &= T HAY, XnlfE
S A e M MICRAR G . (HOP G0, MR 2.2.2 7%, S RNEhITFA VFAs THE, KhEkibNh
CH, BAHUTUZELL SCOD 4y, 8% COD g fEAEN, PRIN/K SRR AN R BIT-25- 5 S N RE BE AT E

r unclassified_f _Nitrososphaeraceae-{ 0.37% 0.00% 2.52% 0.00% 0.00% 0.33% 0.40
P Methanosarcina- 0.64% 1.89% 0.08% 1.15% 0.00% 1.64%
Ve A Methanobacterium— 0.60% 1.71% 0.02% 4.62% 0.02% 0.15%
Methanothermobacter- 0.05% 0.10% 0.06% 0.31% 10.49% 1.06%
PR T Syntrophomonas— 0.15% 0.94% 0.61% 0.19% 1.11% 0.27%
= orank_f _Dethiobacteraceae— 131% 0.24% 0.72% 0.21% 3.73% 0.45%
— norank_f _Limnochordaceae— 0.29% 0.10% 0.27% 0.10% 1.00% 0.31% 1 0.32

Haloplasma— 0.78% 1.32% 0.03% 0.56% 0.13% 0.09%
Coprothermobacter— 0.01% 1.42% 0.00% 2.34% 0.00% 0.00%
norank_o__SBRI1031- 3.06% 0.04% 0.06% 0.17% 0.00% 0.11%
norank_o__Limnochordales- 0.44% 0.32% 0.70% 0.15% 1.37% 0.50%
unclassified_c__Limnochordia- 1.74% 0.67% 0.09% 0.95% 0.30% 0.10%
Bacillus—H 0.17% 0.26% 0.84% 0.10% 1.42% 0.82%

Halocella-|{ 0.03% 0.02% 3.42% 0.02% 0.28% 0.03% —0.24

Acetomicrobium— 0.01% 1.61% 1.62% 1.05% 0.99% 0.11%
norank_f_JG30-KF-CM45— 0.30% 5.04E-0490.29% 0.09% 0.08% 1.06%
Ruminiclostridium— 0.41% 0.09% 125% 0.19% 0.63% 3.38%

KRR Thermoclostridium— 0.02% 7.00% 0.00% 0.07% 0.00% 0.00%
norank_f_Hungateiclostridiaceae—{ 3.15% 1.02% 0.70% 5.11% 0.03% 0.78%
Caldicoprobacter-| 2.08% 0.45% 3.48% 0.60% 0.85% 2.43% L 016

norank_o__Izemoplasmatales—H 6.92% 1.65% 2.25% 0.90% 0.14% 1.22%
norank_c__D8A-2 1.07% 1.79% 0.87% 2.23% 10.03% 1.87%
norank_o__Proteinivoracales— 1.92% 025% 8.11% 0.30% 4.16% 3.85%
norank_p__Firmicutes— 3.94% 097% 4.11% 0.46% 6.69% 4.68%
norank_c__Limnochordia— 520% 1.87% 2.10% 3.84% 533% 5.30%
Defluviitalea< 1.51% 7.62% 1.92% 4.50% 0.72% 7.65%
unclassified_p__Firmicutes—{ 10.44% 0.81% 7.89% 1.83% 1.07% 3.26% - 0.08
unclassified_f_Hungateiclostridiaceae— 820% 5.45% 2.17% 520% 2.88% 4.03%
Hydrogenispora- 6.39% 7.36% 3.04% 7.01% 4.69% 226%
Lentimicrobium— 7.68% 1.12% 15.54% 4.67% 8.63% 13.45%
norank_o__MBA03— 19.42% 1.71% 18.40% 8.32% 9.00% 15.26%
— Defluviitoga— 0.06% 40.18% 5.85% [[30:82% 10.48% 12.08%
others— 11.65% 10.01% 11.00% 11.97% 13.76% 11.48% L1 o

T T T T T T

CML DDC DDL DSC DSD DSL
(a) F I NL AT S A A

o kmmfer [ ] Z i

Bdrmmes [ ol ‘- o

1.46% 1.18% 160 ObbC
85‘23% 660 85'“%3_7% 140 N ; %3:('
‘p,// 2 /. ’»,,//7 l ' ol Methanbthirmobacter DSD
%%%%‘ 1.65% %%%‘ 0.01% " 1‘8':: norank_f _Dethiobacteragpge, - g[)m

norank_p__Firmicutdg

0.4% = 60 yntrophomonas
. 1236::07; 6 07% g :::: Proteinivoracales Y
. o o) ) »,//// 2AN1.97% O Leiiinicrobiiipy, e R n

"|Caldicoprobag Methanosarcina

1376% 4 ’///,////////////// G T Wi o
70 89% : ////////////////////// 11.48% 2100 -80 -60 -40 72(1'10/31«*:503“")4“ 60 80 100 120
(b) IKFEFRALANPE . 7™ SRR A B BE PR R AR =E B2 (7 L (o) A BRSHCG WA YRR TR 30T

4 RMEBRPREMREEARIEX SN

Fig. 4 Correlation analysis of microbial community composition in reactors

R T S ON AR PEREAR DGR, ] 4(c) RITTUARIHRER 1 LS E S T B4
B HAEHRR . MWEHTTRL, 5B R A0 i BT E )2 Methanothermobacter, I WL S A 2
ARG PR ERERY R TTEkA . DSD Y r= e RE T BERA SEURT HAR 51 i Methanothermobacter 3
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. Methanothermobacter JEMIRREINEE AL HFUGE D, LA M R i S iR R PO 1 Sk SR RAZ BB T O
UE T JHAE 15 Y R R M PR B8 bR 2 A K A BB 11, ZHANG %52 8 48 H 76 il IR | Ak,
Methanothermobacter J&r W Bt FERHAE, BN TR LIS M —Ebohfem Ay, LIZChRAR, &
EARKIRETE 65 °C /4. Ak, 7F DSD A fem=FEER norank_c D8A-2. Syntrophomonas . norank f
Dethiobacteraceae F| norank_p_Firmicutes J&WIAHXT F WS CMY IEAC, HHA Syntrophomonas J&FEfi#
C,~C s M RHETNRERE, Dethiobacteraceae FHJE T H.IF LR, 72K E = A 1R N B3 IR E AT
(SAOB) WETEMEM . HEVE T MBIk B SN, AR Dethiobacteraceae FHOCHYIGERI)
HFHLFREA (SAO) PO, X ZEERR Tr=20 CIRH, EAFES CMY 1IEAE, RU-E" R
)& DSD ARG MEREL R IR . D8A-2 NEEXT ZEA NG W TR, BB HIE VFASs BRI
FEHERP, AR PENNFEES SCODy, WEMAE; MHZ T, norank_p_Firmicutes 5 COD i
JEREMAE (K 4(c)) , RIEMTRTRE MTERRCFUK A HLY) FRA S TRk, Firmicutes [ 1605 K
TKIRIRACANTR, RTINS COUESCEN IR RENGE AT 4E R AR UK f# . BLAh, Firmicutes XIS T
32, AR N A 7 A A O P U 3K ST ) B R B K S IR AL D e Bt 32

FIfE/e DSD 4K GBI HAR A R, AMRIRTT LA A kS A gt COD )5
3) WEEMIIIRE ST, HEIE EARHER, &l S(a) 2% CAMARGO 5 (O JER T A 4E2= Rl e

HEIES
£F 4 TR
[2.7.1.205]
G- LT
|;.z.l.s;]l
i wE
Y|
o [L24] [64.12] 7§ —JE [64.12] .
th |
2] Wﬂlﬂﬁ h L EEEA [Z5]:4
T LB _
5 HIE-
LETCT N 257N
[1.3.8.1] [6:2.L1] THMPT
S HS-CoM
TEE LR
ELE 1270y i 3 [2.1136]
MFR Hz+CO2 : j T
[2.3.1.101] THMPT
NS i3 03427 S10-AE. 015982 gogge. TMT i HS-CoM
THMPT > THMPT THMPT T
HS-CoB
e Sk ) 11873 | 118984
\' X ) - 8411 11.8.95.1] | [1.5.98.5]
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Fig. 5 Cellulose metabolism pathway and abundance of associated functional genes
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Effect of seeding sludge on thermophilic dry anaerobic digestion of
microcrystalline cellulose

ZHANG Yue, LI Lei’, TANG Zhouli, YE Wenjie, GAO Xiaofeng, PENG Xuya

Key Laboratory of Three Gorges Reservoir Region’s Eco-Environment, Ministry of Education, Chongqing University,
Chongqing 400045, China
*Corresponding author, E-mail: lileichl1 7@cqu.edu.cn

Abstract  To identify the optimal seeding sludge for thermophilic dry anaerobic digestion (AD) of
lignocellulosic biomass, four types of inoculants —cow manure, mesophilic dewatered digestate, dewatered
sludge and leachate sludge—were collected and mixed either individually or in pairs at a 1:1 ratio based on
volatile organic compound content. After pre-incubation, batch anaerobic digestion experiments were conducted
using microcrystalline cellulose as the model substrate. Differences in gas production performance, microbial
community and functional genes among reactor groups were compared. The results indicated that the pre-
incubation group with mixed seeding sludge exhibited superior gas production performance compared to the
individually pre-incubation group. Particularly, the mixed seeding sludge group containing biogas residue and
leachate sludge (DDL), cow dung (DDC), and dewatered sludge (DSD) exhibited the most favorable biogas
production. Methane recovery rates during the pre-incubation phase for DDL, DDC, and DSD were notably high
at 97.3%, 96.2% and 92.9%, respectively, while the other groups ranged from 10.7% to 53.1%. In the
microcrystalline cellulose batch digestion experiment, the methane recovery of the DSD remained high at
93.7%+5.5%, surpassing the other groups which achieved rates between 71.2% and 83.7%. Carbon balance
analysis revealed no accumulation of volatile fatty acids at the end of each experiment. Insufficient methane
recovery in the other reactors was attributed primarily to solubility and particulate chemical oxygen demand
(COD), notably unhydrolyzed particulate COD. Microbial analysis indicated that the DSD group exhibited the
highest microbial richness and diversity, with significantly higher abundances of methanogens and hydrogen-
producing acetogenic bacteria compared to the other groups. The abundances of hydrolytic acidogenic bacteria,
the norank ¢ _D8A-2 and norank p Firmicutes, were also significantly higher than in the other groups. The
abundance of these microorganisms positively correlated with methane yield, ensuring the optimal biogas
production performance and kinetics in the DSD group. Functional gene analysis prediction results showed that
methanogenesis function of the DSD was significantly stronger than that of the other groups, while the total
abundance of acidification and hydrolysis functional genes did not differ significantly from the other groups. In
summary, the optimal seeding sludge for thermophilic dry digestion of straw substrates was a 1:1 mixture of
leachate sludge and dewatered sludge. These findings provide valuable insights for selecting seeding sludge in
large and medium-sized biogas projects focused on lignocellulosic-based agricultural waste.

Keywords anacrobic digestion; straw; seeding sludge; thermophilic dry digestion; microbial community
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