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Fw AR, SN T A LI £ ) i AN R
Zetts LIU USRS G AL PR Pl B T o B 1 4R
sEAi. A BT RUSHERE: ZHAO%!"™ Al LIU 24U
B 1A Rl A= W R AT BE X TRl 2R R i AN T g R
AFEm, RIVEREA RN, REFRDPELSRE,
WSR2 IR AZ TAR I, VR A0 R 45 B A% Lo P R
S, R WA R 4 S5 K T RE S HEIE R G2 Th e 2 )
BRI

SR, LA BT 2 MR 4 BN Dy fE 25 PR 2 T A
e 71 HE R LR P AR T, (E 56 T R0 ] 3 0 BB ik
AW E AR R R HE L RGeS E 1 5 Th RER DL A HL A7)
ANTERE 5 R AS (R HE S i Bl 2 0 1 2% 45 ) 1A 30 2
B RILERGIRE WA B R S HEL AL IR
Bk = RGE T, BT FTEL B 1 D BE 2L R M R R
HEREAR RONBEFIR R, WEX HRAME A, R
HEE AR T AL S RO U E YRR 5 AR . A
4 AHERLEY B B AE PSR B 45, 0 M T e P o HE
R YIREE DI RERIRE R, R85 & B SR IR 5 R 24
FESRFR VPO HENL R, LAIYI4E 7= 1 771 U 42 S A Al A 40 A
X SRR R SR e M K A AL o

1 #MR5REZE

11 HERBJRAFIIA iR i

I PT HE R BRI B A S EE R TR T .
FORFERT A EZ s /R T IR S, 2 3R AL
PRI 22/ T 5 em, T B R L A HERE 5 /K F A
WAL TR AT A B A M o L3R 1. e 1 B P A
e 1D XRAEAE: 170 kg HRBIRE 60 kg FKFEFF
TREHERE; 2) HEFIHHERE: 170 kg JH &5 60 kg &
KFERT VR G HENL, A Al WA A& 1 [l € AL 7). (IBC,
4%) o AV S MR S AR B I A Ay B AR IR AL
B F ) % BE O 08 H R D A EL AN B N PR 2 RE T
Bacillus velezensis (AS 1.923).  Bacillus licheniformis
(ATCC 11946). Bacillus megaterium (CICC 22 681).
Bacillus  subtilis (CGMCC 1.149 85).  Aneurinibacillus
thermoaerophilus (DSM 10 154) F1 Bacillus safensis (CICC
21743), RHAIHIE E A NHEALE TS NE IR AN
BRI 8:3:3 A4 .

®=1 ERAEEEMR

Table 1 Initial physicochemical properties of raw materials
Eiztan [ A b FORFEFT REY
Parameter Kitchen waste ~ Maize stover Mixture
R 77.80+£5.63 20.17+0.50  63.32+2.29
Moisture content/% : . : : : ’
pH 4.33+0.04 5.56+0.03 4.53+0.08
P8
Total carbon (TC) /% 42.26+2.73 43.61+0.94  43.66+2.23
B
Total nitrogen (TN)/% 3.10+0.70 1.18+0.09 2.05+0.31
AL 13.63+2.52 36.96+3.36  21.26+2.07

Carbon-to-nitrogen ratio (C/N)
e SUKE. pHAAEIETAMEETTENE, Sk, SB&8. BRELLEE TR T 5
B, BUERR PR
Note: Moisture content and pH value were measured on a fresh weight basis, while
total carbon, total nitrogen, and carbon-to-nitrogen ratio were determined on a dry
weight basis, values are expressed as mean + standard deviation.

HENLE REAE U A S N A BEAT, I g AR

25m’, AR AS (BAEN25mY/d) . HE
HEFERRSE 15d, AR HEARWR 0 A B THIE
(1~2d, BEHAREET &S 55 C) . mi
(3~8d, 55~60 C). PR (9~12d, HARRKFE)
RS #H (13~15d, #ARFREMSRIEL) . WAk H
REHE—IR, DERF 7R 2. BN B (FHE
W, . PREEARE I AR 6 NEEFEM,
KEERS, MHERPA RN ERERIEFEA, BILRS
W—NEAEREAR, HToFAEYFRMEAER . &
FERF &K, pHE. BHLENE; HAFEREREHT
KRR S T ou R o8 S0 7580 C FHT
DNA $2H.
1.2 EIRFRFGE
12.1 Z4LJR
HE A A e R e N SR B PR AT IR, B
KINE: 3 RIFECFIME . SR BrisEre i+ 105 C
ST 2 B E W . pH ER 25 85 F /K 3% 1:10 L
FEHL, 250 r/min $83% 1 h 5, FAMEHE pH tHlE . HEAE
FE A T8I BB ) 51, SRR 4 M11X (Elementar
UNICUBE, f#[E) 5% TC A1 TN & &, it BEmatt
(C/N) . BBER (NHD . HAE (NO, ) HAH&
& (NO, ) s J7yktn N FREL 10 g FrEere s, A
2 mol/L ) KC1 ¥ W 4% 1:10 b 4 $2 BX, 200 r/min 3§ 3%
30 min, 5000 r/min &> 10 min J5 £ 0.45 um L 4% J& Ji5
. NH, W R Hemy it ik g, NO, W R H
N-(1-Z538)- 4 e kI, NOy R FER /K 1 T
BIEME .
Fh¥ R 24840 (germination index, GI) LA/ SEFf
T RIERAEYIE . #1:10 EEBPEHEIR S £ 5 TKIES,
250 r/min & 3% 1h J5 BA 5 000 r/min & 0> 10 min, Jf £
0.45 pum JE ML JESRAFHE IR SR U - 78 KF 77 I 4l e 4t
JE 10 RN AR T, DAHERRSREUORIENE, 281X
W, 7F 25 °C BRI EFE 24 h, P RZERFMPT
SPEIAR A IR 5 %o R ) LR AR AR T R ZE R
122 FAMFHR
4 E.ZN.A.® Soil DNA Kit ( Omega Bio-tek,
Norcross, GA, USA) i B 55 BUHE BEAE & P 1 2k W i
T 1 S S R 2H DNA. SR 1% B A B8 5 Fie H ik ke DU
DNA & HUJfi &, 1/ Al NanoDrop 2000 4 ¢ % £ it
(Thermo Scientific, USA) il 72 DNA ¥ & F4i g, LA
4HTE 16S rRNA JE[K V3~V4 148 X Oy 88 by, {FH 5]
) 338F (5°-ACTCCTACGGGAGGCAGCAG-3) #il 806R
(5-GGACTACHVGGGTWTCTAAT-3) #4T PCR 41,
PCR Jx N4k & M &N 20 uL, f45: S5xTransStart FastPfu
2% 4pl, 2.5mM dANTPs 2L, 314% (5 uM) &%
0.8 uL, TransStart FastPfu DNA % & B 0.4 uL, % i
DNA #) 10 ng. ¥ FEF N: 95 C P 3 min; 27 4>
L (95 °C, 30s; 55°C, 30s; 72°C, 30s); 72 °C
ZEfH 10 min, 4 C fRAF. ¥ HEF=IL 2% B JIE A Bt Jie
VKT S, FIF DNA B RIS a7 & (PCR Clean-
Up Kit, @HEAEY), FE) ##irdith, @i Qubit 4.0
761t (Thermo Fisher Scientific, USA) E&.
4l Ak 7= ¥ K] NEXTFLEX® Rapid DNA-Seq Kit
(Bioo Scientific, USA) HEAT SO, BFEESLER:.
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WLER TR . PCR ‘& 4E M SCFEALEE D IR, {8 llumina
NextSeq 2000 ¥ & # 47 X s W 75 o J5 46 7 51 & fastp
(v0.19.6) AT FiEFEH], FFAEMH FLASH (v1.2.11) #f
X7 5 . G RAERAL S 7 FILE QIIME2 - & % M,
A AT T 51 R (ASVs) o FE T Silva 16S rRNA
PIEHE B (v138) #EAT 70 K54 R . R H] FAPROTAX
X 2 TR A () A D B R AT TI0I 43 AT
1.3 HIELBS S
KA R (v42.1) ] “vegan” 1, T ASV KF
T B R /R =2 R P F8 2 (Shannon $8 01 Chao 18 %0) -
ANTR] Ak E 20 R HE AR B TR T 7R 92 2 P 48 50 22 SR
BKZE H Z 0 Cone-way ANOVA) HEATH 3G . T
Bray-Curtis #F 2§ %0 B [1) U185 22 B 1 43 A Jd i 3 AL b 23 #r
(principal coordinate analysis, PCoA) #f 17 , i H
R (v42.1) HHy “vegan” FL5ERITH
A [ HERE B B 2 B 77 Ak 38060 B A ) ELAE (1) 5%
Wi, T 16S rRNA M 7 # 4m A4 2 SL I M %% . DA
Spearman AH ¢ 7 M N FEAl, 43l T R A AL R BORE AR
[ I RRAR I HE B . TERRIMEAER Y, 45 0E ASV 7
AR FEA R, W RLAIER, DA DA
A T4 AR |=0.65 H FDR K 1EJ5 P < 0.05 HIAH
RVENE R 2 ORHK,  AH ¢ R U FE &6 AR A A BE )5 A2 A%
AL, 7E R (v4.2.1) WA A “igraph” ¥ &
TCIR AL 28, R0 26 () PR AR E CELEE T R Bl
. CPHIE. MEEE., PHBREKE. BRAIAKE,
BT MERE T AR B TR R 2 A BAE R R, 8 Gephi
(v0.9.2) BEAT M4 T A4k o 2 T X 2% (1) A e ) 2y
SEOL, IR R N RIS B [ F 3 422 P 6 O B S A
AT IR A MK (network hubs) : Zi > 2.5 H Pi>
0.62; BEHHX 4l (module hubs): Zi > 2.5 H Pi < 0.62;
B (connectors) : Zi<2.5 H Pi>0.62; H4&TS
TE AN IHE (peripherals) o
RV R 1. BRI RETE REAE . Tk B A )
Re DL R HERE R Z R AE R R, R R (v4.2.1) i)
“plspm” L JF Ji& i £ /N - e M 42 AL A ( partial least
squares path model, PLS-PM) HEAT 4514 77 F2 @A 40 #7 -
T P A2 SR B 0 3 MBS bootstrap JEATAEEG, M
K EAN P <005, PLS-PM 45 B it 5 5 1 )5 18
Microsoft PowerPoint #£47 A] M4k . B M 4% K] 5 PLS-PM
Kl4h, HaR B Origin 2022 x4

2 GERE5SH

2.1 HERRZBAMRETL

A 771 A R St U 2 A R R A B R D AR A T
K1 FTR. ATCAE H, PIZH 3R B H B 70 f) o A il A
o, PR, SR, BRIRTAE S, Hd,
A 771 4L ) v U B e A TR o R L, 3 P R R
ST RCEYEYE, IR T ENIR . SR K
AT SO B KIS L% R R P R0, B A
TREMREAT, PIAHERERS KR R R R,
HEAE 3~9d, XTIRAHEKEMTEAL; 10~15d, *
HEKFET—8. X—EZRTES WA 5
JEE e K o RERO 20AT 9 o) R ZEL w7 U3 1 26 A i e At A
59, HEARHR E B K E 5 75 8 KRR HE IR L Rk

M B AL AT AR S sh5R, A LA ST AR — e &
UK B A B it 2 HE R BE N PR IE AN S0 B, 5 R4
YR, HERGERIZ SR e, KT 3 B2 XA
B AP, WS KR ZE R 2 45/, pH P4l
H AR A ARBL, 2 FR DB I R S i T v A I
MiEtaTRe, Xl R S KRFE. AHRMN
Feff M R R ER RIS ER . WRIAR G Txt
ML, H I GUEE T 70% AT HA g HE Ik ) T5 7% |
FoeREP, 8 15 RiF, B4 GLIAE] 88.89%, XiflE
H GI N 58.89%, Ut BB MM (L T HEIER R ENS
ToFE R

—@— HAIAIBC
80 p  —O— x4 Control group

—B— i#f4lBC

%
S
1

—O— *J 41 Control group
ES
S ;
o g
o 1=}
E S
£ 5
g ER)
z 2
= i
= 2 20}
Rud
ol v ol 0
0 2 4 6 8 10 12 14 16 0 2 4 6 8§ 10 12 14 16
[N &) Time/d I} [E] Time/d
a. ifij% b. Bk

a. Moisture content
—B— TAI4LBC
or 100 - —O—— *F 4 Control group
—@— FHAIZIBC

a. Temperature

J2 245§t Germination index/%

oL L L L L L L L . o la P L L L L L .
0 2 4 6 8 10 12 14 16 0 2 4 6 8§ 10 12 14 16
IR} [A] Time/d IF] [A] Time/d
¢.pH d. R TR
d. Germination index (GI)

ik IBC YR IAL, RIS NI 2 16 i I HENE R 4t : - Control group g%t i
A, BIAGINEE LR FIRREIE RS . R

Note: IBC represents the inoculated group, i.e., the composting system with
immobilized bacterial consortium; the control group represents the non-
inoculated group, i.e., the composting system without immobilized bacterial
consortium. Same below.

A1 REAIRMEIL R SIS
Fig.1 Physicochemical properties of composting systems under
different treatments

22 HWERGMREETESEMTL

HENE SRR A B A IR I 2 AR . S AR A AR
2 . BEARSRE, 45 N B4 A8 HE IR A R
BRI HHERBEZER. BANAARENEEEE
4t (Chao 8 %1, 20) BEE T HAMAERNE (P<
0.05), Ut B B 71 75 HE B FL BIAE R A IR Dh BE B BE SN
Rt T ME R P E BT, B HEAE S AR A HE I,
AMNIR BE B E B NE S, 2 2R AE . AR R B
E R RRSE R Em, FEFEEEETRE. 21
P54 (Shannon 5%, K 2b) Eox, BEAIAIEREAHE
R FE PR A e HL B BN B 2 A 7K. BRI N
N SN R H AR R R Z FE R AR, R T RS
MBS it FRKRE, LR
151 1¥) Shannon 18 #0A Bl T- 18 & HEAR B U R B2 5 Hidh
e, EREHERE G ML o iR S AR P,
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E E
£ 800 =
£ g
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B =
2 400 =
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200 g
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7]
0
BIRIBIRLEY S EYERY BIRIBIRLEY S EYEY
miaimiaisciaiaial Eisimiaisciaiaial
o o & g”@ g R o o & g"@ g R o & ‘é"@ g R o & g’@ 5
£ £ % E £ £ 3% % £ £ % E £ £ 3 %
1=} 1=} =) =) =) =) i=) =)
15 o o o
= = = =
[ Bt Stage [ BeStage
a. Chaoffi #( b. Shannonf %
a. Chao index b. Shannon index
[ HAhOthers 3} 5K 14 & Pediococcus
I 1 KL 181 Thermoactinomyces 71 AT 8 Ureibacillus
VS J 1 & Pseudomonas W W] 5 2 5 8 Leuconostoc
0 B HFH B Acinetobacter [0 % (S 1 ) Weissella
= A others B (214 | Actinobacteriota / ‘:tEEEAeribacillux I 2 A T )8 Paenibacillus
I 4 ] Bacteroidota I %J% [ JProteobacteria I SR 1418 Lysinibacillus I LA & Lactobacillus
T 4N ) Cyanobacteria I JLEE (| JFirmicutes 3 WA 14 Brevibacillus I 2 AT 1% Bacillus
100 |(—ﬁﬂﬁiﬁ€ontrol gmup—)[%i{?ﬁ]ﬂimcﬁ 100 <%t 44 Control groupr lii?ﬂ]?HIBCH

N o %0
S S =1

B 1 AKCF AR
Bacterial relative abundance at phylum level/%
13
=3

80

60

40

20

YT J KT AR
Bacterial relative abundance at genra level/%

0 0
mizinizfniafnias Rizinifoiafnias
Ro o ¥ %"E g Ro o ¥ g’@ g Ro o ¥ g;'@ g Ro fE o ¥ g}@ g
=2 :f %% ¢
g £ ©° & & £ ©° & g £ ©° & & £ ©° &
= E = = El = = El = = El =
= = = =
[ BeStage [ Bt Stage
c. ZHBETE T IRPARR d. SRR TE KA 2
c. Bacterial relative abundance at phylum level d. Bacterial relative abundance at genera level
w xR THR Y o R THER ifi L 743 P Stochastic process iy P 1 F2 Deterministic process
Mesophilic phase of the control group Mesophilic phase of the IBC group A A A A 0 R
.ﬁﬁﬁgﬁi@?%h fth ol .ﬁﬁ%ﬁiﬁ?mh £ the IBC Drift and other ecological p H g selection
ermophilic phase of the control group  Thermophilic phase of the group s O Rk
A ?ﬁ?ﬂl‘%‘ﬂ% A ﬁﬂgﬂﬁﬂ@ Homogenizing dispersal Homogeneous selection
Cooling phase of the control group Cooling phase of the IBC group [ 3 R
@ ALY @ BRI Dispersal limitation
Maturation phase of the control group Maturation phase of the IBC group 100
04
03
* -] = 80
° s
02 5
.. A g
s 0lp ) ﬁ’& 5 60
= gofy ;
IS ~
5
B y T = 40
2 ot A &
) [ ] o ©® L 2 e
B
~02 % ° 2 4
B °
-03 F By
—04 - . : ! X LA T 2L AT
—06 —04 _l?'él 2 2“/0) 02 04 Compost of the Compost of the
70 control gros IBC gro
group “HGroup group
e. PCoAZHHT £ 2 B I

e. PCoA analysis f. Assembly patterns of bacterial community

e AFE/NS FRER R A F AL B EHE AL B R 22 5 3 (P <0.05) .

Note: Different lowercase letters indicate significant differences among treatments and composting stages (P < 0.05).
B2 FRAMBIEAGLME S, HRARBHIE
Fig.2 Diversity, composition, and assembly patterns of bacterial communities during composting systems under different treatments
T 75 ZEL RS0 U 2L AN B BRH B AE T T/K AT 7K Actinobacteriota.  Cyanobacteria A1 Bacteroidota A = B AJ
TRIRER AR 2c A 2d From. MWTTKCPRE. X BET], WA HEE Firmicutes A7 3= B2 AR T 41,
FELZH R0 B 57 20 1% B 75 2LL Firmicutes.  Proteobacteria. Proteobacteria A% B = T X 2. J&/KF £, Bacillus.
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Lactobacillus.  Paenibacillus. Weissella~ Leuconostoc-
Ureibacillus S R 3T BB H A EH FH EE W ME B .
Lactobacillus TE FH i AR AH X EE e m i &g, Bl
& HEAR T A2 B #E 1T, Lactobacillus W) A T = B P& AK -
Lactobacillus 7= —FFLIRE , MIFIRIEIAEEDL, @H¥ AT
W REAANR (AL ERMEBIRS), Xif
HURR 23 3 — 25 B AR HE AR A pH R0, Bl 35 T 40 (0 3 FE AN
pH BT+, Lactobacillus #15% =F JE 1B W FFAK . Weissella
Leuconostoc J&55 NFLIR VA, & HENC AT H 20 5227 1R
J@&R8, MK, Bacillus. Paenibacillus. Ureibacillus J&
(RIARDN = B2 I 5 HE N E AR BB N o Bacillus /& HENEL AR
R R, M2 2RISR ), BT DA A AL
JREPSO, TR B BRSO E R R R . A,
Bacillus W% H # 5 F IHERR B 77112, AR 93 A 41
WIS G 5 F )@ T Bacillus J&. Paenibacillus 3t &K
JRET 4 PR B R Y. Ureibacillus 15 51
RECE PR ML R L, B Na'fl CI 45 fEbr 2
IEFRK R, 5B GI S AR 2 & VAN S Fe bR
P 5E043]

FAFR A aE R (B 2e), FUPIAS FAAFR 7
TIRERE T 52.2% 1 21.8% HIREVE Z 5. WA S0 A
FE PC2 i WIS 3 B, TR RGBT SR IX ), R W] B
PR T B AR . PCL il b SRR 3 B W
REBY B 22 5 TR w0 A e 2 080D
Wi WY HE AT B2 3K 2 40 T A v T B E LRI R, T
FMh R T R EERERTATAER . R I R
E L1 2559 1 WANG 2507 ({70 13 2R E .

R — 20 7 M I T R A R TR B AL,
T BNTI #1 RCbray 73 &t i, o #fva A8 R kAT 1 8
BT (B 20 . BRRE, HENL RS HE i 2 ¢ i 1
SEME S RENL A RS R AR S, e tEd e b E T X
R L R R ) 2L S TS ) 2 v e, A PR o LG )
N 73.26% A1 89.59%, H. LA itk £ F E K5 75 5,
b LE 2 R 47.22% F 89.24%. S5 J5i 3k ¢ A Bt AL A2 11
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Fig.3 Co-occurrence network of bacterial communities during composting systems under different treatments
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Table 2 Topological parameters of bacterial co-occurrence networks during composting systems under different treatments
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Fig.4 Predicted metabolic functions of bacterial communities during composting systems under different treatments
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Fig.5 PLS-PM structural equation models illustrating the relationships among physicochemical properties, microbial community, network,

metabolic functions and composting efficiency systems under different treatments
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Effects of microbial consortium on the bacterial co-occurrence network and
metabolic functions in Kitchen waste composting systems

LI Yugian , YAN Yimeng , CAO Lijia , LI Wei , HUANG Caihong™

(1. State Key Laboratory of Environmental Criteria and Risk Assessment, Chinese Research Academy of Environmental Sciences,
Beijing 100012, China; 2. Key Laboratory of Ecological Effect and Risk Assessment of Chemicals, Ministry of Ecology and Environment,
Chinese Research Academy of Environmental Sciences, Beijing 100012, China;
3. National Joint Research Center for Ecological Conservation and High Quality Development of the Yellow River Basin,
Beijing 100012, China)

Abstract: Kitchen waste (KW) composting often suffers from prolonged processing time and strong odor emissions due to the
high moisture content and complex organic composition of the substrate. This study aimed to elucidate how inoculation with an
immobilized bacterial consortium (IBC) regulates the microbial community, co-occurrence network structure, and metabolic
functions in a KW composting system, thereby improving composting efficiency and mitigating odor generation. A composting
system inoculated with an IBC composed of six functional bacterial strains was established, with a non-inoculated treatment
serving as control. The physicochemical parameters of the compost, including temperature, moisture content, pH, and
germination index (GI), were continuously monitored throughout the 15-day process. Bacterial community composition and
succession were analyzed via 16S rRNA gene sequencing. Co-occurrence networks were constructed for different composting
phases to reveal changes in microbial interactions. Functional Annotation of Prokaryotic Taxa (FAPROTAX) was applied to
predict metabolic pathways related to carbon, nitrogen, and sulfur cycling. Partial Least Squares Path Modeling (PLS-PM) was
used to explore causal relationships among physicochemical conditions, microbial community structure, network complexity,
metabolic functions, and composting efficiency. The IBC treatment sustained a longer and more stable thermophilic phase than
the control, accelerating compost maturity, with the GI reaching 88.89% on day 15 compared to 58.89% in the control.
Inoculation significantly reshaped the bacterial community structure and enhanced deterministic assembly processes, guiding
microbial succession toward functional guilds specialized in organic degradation and nutrient transformation. The inoculated
compost exhibited greater network complexity, characterized by increased node and edge numbers, higher average degree, and
reduced path length and network diameter, indicating stronger microbial connectivity and synergistic metabolic cooperation.
Functional prediction showed that carbon cycling was dominated by chemoheterotrophy and aerobic chemoheterotrophy, both
increasing over time, while fermentation functions gradually declined. In the nitrogen cycle, nitrite respiration and dissimilatory
ammonification were most active during the early phase, but nitrogen fixation became dominant in the later cooling and
maturation stages. Sulfur respiration pathways were markedly suppressed in the inoculated group, implying the inhibition of
reductive sulfur metabolism and reduced potential for odor emission. PLS-PM analysis further demonstrated that microbial
inoculation reversed the relationship between physicochemical properties and bacterial community from negative to positive,
promoting the enrichment of core functional taxa. The relationship between community structure and metabolic function shifted
from diversity-driven to functional taxa-driven patterns. Although the direct effect of network complexity on composting
efficiency declined, it indirectly enhanced system functionality through improved robustness and cooperative stability. The
immobilized bacterial consortium effectively optimized the composting physicochemical environment, reconstructed microbial
interaction networks, and reinforced functional coupling among key taxa. These integrated effects accelerated organic matter
degradation, shortened the composting period, and reduced odor emissions. The study provides new ecological insights into the
microbial regulatory mechanisms of KW composting and supports the development of efficient, low-emission, and sustainable
biotechnological strategies for organic waste recycling.

Keywords: kitchen waste; microbial inoculant; bacterial community; co-occurrence network; metabolic function; partial least
squares path modeling (PLS-PM)
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