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Study on the construction and mechanism of multi-functional microbial
consortium
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Abstract

With the advancement of agricultural modernization, a series of problems such as
agricultural waste accumulation, soil phosphorus deficiency and heavy metal pollution are
becoming more and more serious, which restrict the sustainable development of China 's
agriculture to a certain extent. Integrating traditional agricultural structure and realizing new
agriculture combining plant and microbial resources is an effective way to maximize economic,
social and ecological benefits. Microbial technology has the characteristics of low economic
cost, good environmental protection performance and high treatment efficiency. It can accelerate
the utilization of agricultural waste resources, promote soil phosphorus cycle, and improve the
remediation efficiency of heavy metal contaminated soil. It plays an important role in
agricultural production and pollution prevention and control. Studies have shown that a single
microorganism has problems such as incomplete function, poor stability, and ineffective
remediation efficiency. The construction of an efficient microbial consortium with relatively
stable ecological structure and multiple functions is a new trend in recent years. In this study, the
microbial consortium was firstly constructed with the degradation rate of straw, the amount of
phosphate solubilization and the removal rate of heavy metals as indicators. Then, the
synergistic mechanism between the two strains was explained according to the changes of the
main substances (sugars and organic acids), pH and key enzyme activities in the metabolic
pathway in the growth system of the microbial consortium. Finally, the microbial consortium
was applied to the pot experiment of rice growth to verify the effects of microbial consortium on
the nutrient environment of rice rhizosphere soil, rice growth and the remediation of Cd and Pb
heavy metal toxicity, so as to promote the effective utilization of straw resources and improve
the efficiency of phosphate fertilizer. It provides a theoretical basis and reference for improving

soil heavy metal pollution. The main research results are as follows:

(1) A microbial consortium ZJW-6+wjl consisting of a straw-degrading bacterium
Cellulomonas iranensis ZJW-6 and a phosphate-solubilizing bacterium Pseudomonas
brassicacearum wjl was screened and constructed. The straw degradation rate of the microbial
consortium was 48.33% after 7 days, and the phosphate-solubilizing amount was 117.54 mg/L.
The tolerance of Cd and Pb was 900 mg/L and 2500 mg/L, respectively. The removal rate of Pb
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was 74 %. The removal rate of Cd was 94.25%.

(2) The carbon source consumption rate of microbial consortium ZJW-6+wjl was
significantly higher than that of ZJW-6 and wj1, which could cause carbon source stress in the
growth environment and accelerate the degradation of straw. The key enzyme activities of
carbohydrate metabolic pathways (Glycolysis (KEGG: map00010) and Carbohydrate digestion
and absorption (KEGG: map04973)) such as phosphofructokinase, pyruvate kinase, hexokinase,
B-glucosidase and endoglucanase in the growth environment of microbial consortium were
significantly improved, and the pH of the environment was reduced. It was proved that the
carbohydrates produced by decomposing straw could be transformed into more organic acids
through the metabolic process of microbial consortium to promote the solubilization of insoluble

phosphorus.

(3) The microbial consortium ZJW-6+wjl can secrete more organic acids to solubilize
phosphorus and chelate heavy metals, and adsorb heavy metals on the surface of the bacteria to
complete the removal of soluble heavy metals. The consortium enriches the content of
macroaggregates in the soil, and the macroaggregates remove Cd and Pb by directly adsorbing

heavy metals on their surface.

(4) The microbial consortium ZJW-6+wjl enriched the organic matter and available N, P
and K in the rice pot soil. The soil organic matter content could reach 22.67 mg/kg in 60 days,
and the contents of available N, P and K reached 214.36 mg/kg, 14.14 mg/kg and 163.48 mg/kg,
respectively. It significantly increased the root activity, net photosynthetic rate and chlorophyll

content of rice, and promoted the growth of shoot and root of rice.

(5) The microbial consortium was applied to Cd and Pb contaminated rice pots. At 60 days,
the removal rate of Pb in the rhizosphere soil of rice reached 98.8%, and the removal rate of Cd
reached 99.1%. The removal rates of Cd and Pb in rhizosphere soil were 91.2% and 97.8%,
respectively. At the same time, the content of heavy metals in rice tissues was reduced, and the
removal rates of Cd and Pb were 99.5% and 96.3%, respectively. The results of microbial omics
showed that the microbial consortium could increase the number of functional microorganisms
represented by Ramlibacter and Sphingomonas, promote the degradation of methylglyoxal to
reduce the toxic effect caused by its accumulation in plants, and inhibit acetic acid to produce
methane and acetyl coenzyme a, maintain the functional specificity of organic acid chelating

heavy metals, and then improve the efficiency of degradation of straw, phosphate solubilization
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and organic acid chelating heavy metals.

Keywords: Microbial consortium; Straw degradation; Phosphate solubilization; Heavy

metal pollution remediation; Soil improvement; Rice growth promotion
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BT WEVKEERTFIESHE

FIEREFT IR AR B S i s L, AR CE B SR B R fR R 68 10« FEFT AR RE I AN
& B LREE ), TRIE AR BT A B R AT S SRE
2.1 MRS A%
2.1.1 i EHk

A S G A TR AR EH S 86 5 A0 A 40 B % AR T T MR R A AR A R 22 B . RE AT IR
fRTE: ZIW-6. ZLZ-3 1 DA-24; f#iEE: wil. wi5. wj6.
2.1.2 FI EEHFER

SEUG B FH AR a0 R

(1) BRI AFW: = 126 mL WRERR, 28I ZE 100 mL Z&W/K A, FFEIEAH,
B 10 g AR E0A TIRIEZ) 60°C, 300 mL ZZE/KH, FA 30 5 B i B 15 M 22 22 (8 N FH FR #
. BN 0.5% 1 A TREAE AT 100 mL, WG, I/KERZE 1000 mL, #2E, 7
FrEERF S, IR

(2) HEhE AR B 1.5 ¢ PR MmBRE TAEI &, ©&ZE 100 mL, HiRFIH
FHLAD .

(3) HHFEMFRRFA: B 0.2 g “AEIE®Y, M/KEZRZE 100 mL, T iR+,
W RAT
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* 2-1 L B IR AL T

Table 2-1 experimental medium and formula

B IR AT BRI Ly

LB K73t JEEE FIIF 10 g/L BERHREUY) 5 g/LNaCl 10 g/L FIEEfE 15 g/L

AR AR EE IR AL FEFF S /L. ®AMR 5 /L. L/KBRIREE 0.25 g/L TRlR%: 1 g/L+
WERE =45 5 g/L. S&ALH1 0.2 g/L. N/KEALEE 0.5 g/L. &4k
0.3 g/L. AKFIBREER 0.03 g/L. Wk 6.3 g/L, MHIRHT 8.0 /L

HEBPUENE R TR F5F 5 g/L. EAMK S o/L. LKBEREE 0.25 g/L. MilRE: 1 g/L.
WElR =45 5 g/L. & ALHE1 0.2 g/L. N/KEALEE 0.5 g/L. &4k
0.3 g/L. /K FIR IR 0.03 /L. iHfRE 6.3 g/L, W% 8.0 g/L.
R IR P INAASF IR EE ) Cd (100-700 mg/L, 3BIEHEEEE N
100 mg/L) F14% (100-2100 mg/L, #3449 300 mg/L)

2.1. 3 EMER A IR TRRE

ARSI R = RS AT B 18 -5 = P AR TR R 2 S 10 S B A A, R g
JUMBAEIER AR, R FEFT I B S i e Y A SL I S RTH r m H, BRREE Tk
2.1. 4 ARSI SR

PRE A BEAK B VR T 200 mL VAR LB ¥57a3Edh, fEEE R R FRA TR ETE, £MHN
180 rpm, 30°C. P ODgoo 2= 0.8 INFHUAE, L 1% #MpE 4 200 mL LB #5721, ODgoo
= 0.8 I}, B &MY R R R B R PR RS 100 7E LB PG AT B4 A AR &
WA, 48 h JAMER, HMIRATS5IRA SR IR ERAE .
2.1.5 EYIELEIAERERE DNE

A A AR I R BE 1 5 2t R . B S mL A7, BEATE SRR (B
K T 350 W, REFERTE] 5s, BRREEIRS 10's, BERERTA] 30 min), BERESERE, JEFES
BEAT B0 (BETE 12,000 rpm, 2540 10 min, BOFR), BEES EIE, IMTHE/KFERIK R
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920 mL, I 5-6 W AEEEE TR RA, MO 2 mol/L AEALEN, A mFtE M, H
TN 0.5 mol/L BRlg, fHiEMEI(E B S/, WA 5 mL e EER, FEME
30 min J5, MAHE/KEZRZE 50 mL T 700 nm AbIE G .

2.1.6 AR E AFEFTIERERE TN E
IR S VAR ARG AT B AR 70 3E T3 500 °R = D SRBSZEMNIBR & PR AL B A = L R P A
MEER. EERIE T AR IR IR T A VE, £ 60°C T TR EREEE
5 7% NS/
FAF R R = (REFTHI46 B - PR AL AT R /RSATHIIRE R x 100%
2.1.7 EYBREHREEREMRENEMZREINE

HY 0-7 RIEEFREEBI 20 mL, HOFE R 35328 1, 3, SHI 7 R, FRlEE SR Ol
H1 12000 rpm, &0 5 min, O, B mL _BiEWR, A R P IOROE REACH 5 AL B
Pb 1 Cd W& &R 4TI E . pH E KSR pH it (FiveEasy Plus, METTLER TOLEDO,
Hit) WE . AR A AT Po A Cd T A2 BE A1 2 T .

[l A P B PR 8 R 2 TP IS TRV FE 119 Cd(100-900 mg/L, 333G A6 524 100 mg/L)
I Pb (100-2100 mg/L, 3BIGHESE A 300 mg/L) Wl 5E & Bk AT MIBE& 1A e A K A Bt
1 5 &8 TR B SRR R A B & AR (1 T 52 66 75
2.2 BERESH
2.2.1 WMEMBKEHRRAEREIRGERSH

FEAT AR TR ZLZ-3 S5 wils wis Al wie FIISARTE ML, ZLZ-3 Al wjs 3LiE9%
i, BYEEERRARTART T GRARSREEE: 350, WERARER: 291, Hib
PHELTEZH A )G B VA H0R ISR T



BRI A F B L F AL X ¥ _F WEHHRAREHR SR

30
" 7123 m ZLZ3 " ZLZ-3
u il " wjs " wib
10
v}

Single culture Co-culture Single culture Co-culture Single culture Co-culture

>
ve)
@]

&

w
=
[
=

b
15
=]
=
¥
1=

Number of single colonies

Number of single colonies
Number of single colonies

Bl 2-1 FEFFFEMRRE ZLZ-3 SRR wil. wis Fl wjo BIFEHIR R
Fig. 2-1 Antagonistic relationship between ZLZ-3 and phosphate solubilizing bacteria wjl, wj5 and wj6
FEAT MR ZIW-6 SRR wil. wis Fl wie TIEFIR R, HILRIFRE, &R H#
HEMNEUIE R (B 2-2A: HERILSEERECN 52 4, AERNEEERE 59 1~ K
2-2B: HEHLLREECH 49 4, HETENSHELCN 52 1~ B 2-2C: HEHT AR TES
RATA, HETFHNEFEEEHN 53 1.

A B C

50 3 s S0

40 S 40 40

30 u ZIW-6 30 " ZIW-6 30 u ZIW-6
" wjl LRV " wijo

20 20 20

10 10 10

i3 1]

Single culture Co-culture Single culture Co-culture Single culture Co-culture

Number of single colonies
Number of single colonies
Number of single colonies

Bl 2-2 FEFFFEAR BT ZIW-6 SIETETE wils wis Al wje IEHIR &
Fig.2-2 The antagonistic relationship between ZJW-6 and phosphorus-solubilizing bacteria wjl, wj5 and wj6
FEFFBEMR T DA-24 SRR wil. wis Rl wie TTHEHIR R, HEFRE, SHARBHE
VE NIRRT (& 2-3A: G AT RVEECN 44 A, A5 NS HTEECN 46 15 18] 2-3B:
AR WIEECN 37 4, HEJENEWEEECN 38 4 B 2-3C: A G RIEECY 38 1,
WM& 5N EHTERCN 39 1.

10

hEIM  hitps://www.cnki.net



BRI A F B L F AL X ¥ _F WEHHRAREHR SR
A

40
30
30
® DA-24 u DA-24 ®m DA-24
20 " wil uwjs " wio
10
0

Single culture Co-culture Single culture Co-culture Single culture Co-culture

vy
@!

=

S
" e
=) k=1

(%)
=3
1
=

Number of single colonies
=

Number of single colonies
Number of single colonies

K] 2-3 FEFF AR B DA-24 S5#EEEET wil. wis il wije ISP R
Fig.2-3 Antagonistic relationship between DA-24 and phosphorus-solubilizing bacteria wjl, wj5 and wj6

2.2.2 (EYIER & RRDRRRARE

AP E R ZIW-6+wjl BERUFRIARBERE /1, (ERT 3 RN moiie. 55 6 R, B
PR A ZIW-6+wil (RIS B s B, 9 117.54 mg/L, B AALHL 1 72 08 2 ey
15.5%-27%

—— ZLZ-3+wjl —— ZLZ-3+wj5s —— ZLZ-3+wj6

120 e ZIW-Gwjl —o ZIW-6+wjs —— ZIW-6+wj6
g\ —o— DA-24+wjl —=— DA-24+wj5 —— DA-24+wj6

- CK

80

100+
g
=y
Q -
S 80
=
S
= 60
[=]
2
]
B 40+
~
=2
=
e 20+
7]
=9

0 i
0 1 2 3 4 5 6 74
Time (d)

Pl 2-4 TRl Bk 54 14 ik B3
Fig.2-4 Phosphate-solubilizing ability of microbial consortium

2.2.3 MK E KRS IERERED

WA AR ZIW-6+wijl TE58 7 K IRSF AR R IVABE B AR b ey, [
RN 48.33%. FEFTREAREE ZIW-6 1 N A 04 T 20 A = /MU B & R RS FT R 2 1)
E T AR A R AL B, S SR ZIW-6+wil FEATBEARRAE S LKA T Ak B
99.3%.,
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Straw degradation rate (%)

40

301

20+

10+

== ZLZ-3*wjl —+— ZLZ-3+wj5 —+— ZLZ-3*wj6

== ZIW-6+wjl —— ZIW-6+wjS —— ZIW-6+wj6
== DA-24+wjl —*— DA-24+wjS —— DA-24+wj6
—e— CK

Time (d)

Bl 2-5 Tl BB PR RORS R B R RE /0

Fig.2-5 Straw degradation ability of microbial consortium

2.2.4 HEYBREHNEERERENRIZEED

FiFRM 7 RN, AN Pb, Cd BRI WE 2-6 s, CK A0 7 RNEEE S
BAERRE, LEBIER . AR TE ZIW-6+wil I P WKETES 7 K R T 74%,
CAdWRFEAESH 7T R TFIET 94.25%. TWAEMIBLE R ZIW-6+wjl B HAD A BEA B2 1) Cd. Pb
FRRUR

A 5.0

i

e ZLZ-34wjl —e ZLZ-34wjS —e ZLZ-3+wj6

=

4.5
4.0
35
3.0
25
2.0
1.3
L4
0.5

0.0

Pb concentration in solution (mg/L)

o ZIW-GHwjl o ZIW-GHw]S o ZIW-6+wj6
—— DA-24+wjl —— DA-24+wj§ —— DA-244wj6
—— CK

S
gt

[

[

Cd concentration in solution (mg/L)

=

Time (d) ) Time (d)

B 2-6 A B 1 R B g
A RUEVIBRE X Cd MIZEREES: B: RUEMIERG AT Pb HI2EREET)

Fig. 2-5 Heavy metal removal ability of microbial consortium

A: The ability of microbial consortium to remove Cd; B: Pb removal ability of microbial consortiums
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W% 2-2 Fw, AR IS 7R ZTW-6+wijl % CdPb HTH 52 8 /) B AT LAZE 2 900 mg/L
Cd. 2500 mg/L Pb A=K, HAWRUEYEEE AR Cd. Pb BN Z 58 )18 %

2% 222 THAEMIBL ST Cd. Pb TN 52 6E

Table 2-2 The tolerance of microbial consortium to Cd and Pb

ARG Cd (mg/L) Pb (mg/L)
ZLZ-3+wjl 200 600
ZLZ-3+wj5 100 400
ZLZ-3+wj6 100 500
ZIW-6+wijl 900 2500
ZIW-6+wij5 500 1600
ZIW-6+wj6 100 800
DA-24+wijl 300 700
DA-24+wj5 100 500
DA-24+wj6 200 600

2.3 1ig

H 70 SR I TAE P& iR n] R 2 DhRE L = R, vl Re e an T BRI R B) AR TR [RDAE
M, AR = EFE SR, 2B B E AR e 1) B S Li AL
RIEDER GRS FUR A BLEC R, 7R 9 As AT FRAR 0 RN, 38 RRAR i AH S B IR 7K A
B G, ZERSFTRI R P R 0 TR BB R s Li WA R IR A b S SR e
R DIREAR 2R, MURBER G, MRt DR E MR N BRI R, b ATV VR R i
o5, WREEYIR R, X R R AR AR EREMIAE K G E B EER . Zhao 24
M =R A K AE R PRI (PGPR), HIERER Gl (PSB). M YS1 (SSB) AHlfiE
BT HL18 (KSB) 4L, Xt Cd (500 mg/L). Pb (600 mg/L) F1 Zn (600 mg/L) EAH—
SEM 2, A MIE T ORISR T IR R ra A . DRI T E B AN R
PEREBREEEE . UK AEM TR Py Si MK &, i HEmE, MhEwiss, it
X E SR, RS R ESRTE 5,

13
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PRI TRE M E B A AR I RE S, A G ZIW-6+wjl 1E LA YIRS
W B BRI RS FT R AR RE 71, fRBERE IR & B TERRAE ST, X Cd. Pb RILH &t 5268
HEHPER, Ja82Bx ARSI E FLHI AT I 7
2.4 INgE

P IFIRE T — R R ZIW-6+wijl, BEER A REFT AR BE 11 Rk fE S F0
HE B EREES), WMAEMIEE 7 RIVFF RSN 48.33%, MR 117.54 mg/L %}
Pb [ BRHN 74%, X Cd MIEFRFN 94.25%.

14
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BT MEMIKEEERNE

WA A ZIW-6+wjl B G RFT R ARRE ) Atk aE ) M 5 8 2 BREE ) .
(HEHLH AR TN, TR — P BRI A5 LA S AE ALER S ot B Att, A Ik
AR A AR AR DB N SR AR R P AT A7 100 0 32 S X A 2, e A AR e R oG
ST 003 P A A SR SRR S A B S AR R AT P A S5 e R L o (RIS, B PR, Ren
ST RILL AR GRS 43 BT S HR IR A 70 B i A e AR 2 B 2 g ok A% /R AL
3.1 M5
3. 1.1 REMIEK & AR R E R EME R LS
3.1.1.1 RikJR#ER pH ME

WrE 7 RNTAEDECE R SIE RS pH B2 IE N . SOEJEFER A 3,5- A %&K
MilgiE (DNS %) Mg, pH RAVEREEE pH tHllE . MIFE RUNRER —IR.

3.1.1. 2 B S AR TEFT AR L B2 BONE

K H 3L 5 boxbio 4= L RHY A R /A 7] ] Cellulose Content Assay Kit £ 2 & & )
& (bt Mesf4i 2 & F Themicellulose Content Assay Kit 3272 2 & Ao ik
g Ry Me 47455 & H Lignin Content Assay Kit A5 25 2 s AR5 & (58
AR MEARF RS &

A A 5 5 4R R R I BE R Sk I f8E . AB Triple TOF 6600 Jii{X (AB
SCIEX). Agilent 1290 Infinity LC = e iAH (3% 4% (Agilent). Vanquish UHPLC i
WA EEIEAY (Thermo). IR & # B .0HL (Eppendorf 5430R). filéfE: Waters, ACQUITY
UPLC BEH Amide 1.7 pm, 2.1 mmx 100 mm column. ZJF (Merck,1499230-935). ZFR%:

(Sigma,70221) BATEME. EETHT.
3.1.1. 3 WEMEK & ABHLEL A =4 E

TRV ICA A A LR AR Aer il 77 2CIR) 3.1.1.2 BESRAREA A I 77 XA [R]
3.1.1. 4 WEMEXS B RN E

(1) FEFFREfERE R 2 B R A AT boxbio 42 LR A R /A 7] [ Lignin Peroxidase (LIP)

15
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Activity Assay Kit A5 2 S A VB A I & CBL i) e AR BT 20 AL Y B
77; Manganese Peroxidase (Mnp) Activity Assay Kit it %8 A0 Pl v M A 551 & CRe i)
I 52 ek S AL YIEE 77 Laccase Activity Assay Kit BB E AR & (Eb i) e
fig¥% /1; B-Glucosidase (B-GC) Activity Assay KitB-] %] b Bl ER AR & (Hhtaik)
W e B-7 %) B B 715 Inscribe-B-1,4-Glucanase (Cx) Activity Assay Kit P ]-B-1,4-%) 5 bl
A S MR R CHe i) MIE WD JR bR IS J1; B-Glucosidase (B-GC) Activity Assay
KGitB-] 40 bl 7 B s MR R & Rty W -0 260 0% 1 B 77

(20 AR % 5 B Al V7% 3000 5 SR FH A8 1 B o, 2 ] 1) Tl 1 SR R T g (P i A2 A i X7
& (H3R) R S e /. IR (PO ¥ 1 I 5 k7 s 00 Ay I P ik
MG /0 COREREEE I E BN E (HKD Al CObs it s 3-8 20 0% Er v 1 A D k) &
RO B~ 2 ME LT BEE 775 N-1,4-B-D-71 S 0 BEAS I P 1) 78] SR AEBEVE /)

3.1.2 THEYEEEIRST Cd. Pb BYKERHNLEI
3.1.2.1 FAMBENE

WA B AR 2 I FE S AR B B AR S 97 0k e 22k Cd P BB A iR L85 77 2R i
R 95 % ODgoo= 0.8, B 1 mL Fh-FilHEAT 30 (B 12000 rpm. B0 [A]: 5 min. B0
UH: 2 VDo B0 5 25 BIE ] 2.5% 00 8 B B A R4, [ 5 24 h GRERIRE 4°C);
BB B 12000 rpm. B/0EFA]: 5 min. BOE: 2 0, B0 )52 EiE, H PBS
W (pH=7.0) YEdR4iME 3 &k, &0 (BEid: 12000 rpm. BSOEFA]: 5 min, B50IREL:
170, £EE. XH 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, 100% . BE#H
K, BiKES A 10 min, 2 BIERAN B ZSIRAEEZRACZER 1 h, 15 000 B R fh iRk
£ SEM Hl# &, i@ e Bad (Suselo, HirtkRet, HA) #ATHEN
K553 .

3.1.2.2 BEIER FITEH O

AR FE T RA 3.1.2.1, ) X 5 2kFETE{% (Horiba 7021-H, HORIBA Scientific, %
ESpR Rl T 2N

3.1.2.3 EEMOIINIEDR

B AL B 7 AR 3.1.2.1, A R B AR R 2T A 34 (912A0972, Thermo Fisher
Scientific, F2[E) 4r#T Cd A1 Pb [H5E IPTIEY, 3E— 20 i B 40 B 8 4 @ 1 2 BR LR .

16
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3.2 ER 55
3.2.1 WEYBESKRRITEES pH Tk

7 RN wil g SR FERE SRS CK B LW 252, B wijl TCASATBEARAE /1,
ARere AL R RE, wil 4R CK ANHE S /b 800 J5URE 2 T RS FT 48 e il K B Il B P 5
B IS R ZIW-6 125 3 RIEJFRE & 8k Bl &, 70 5l 4 36.26 mg/L.26.67 mg/L.

WA R ZIW-6+wjl 5 wjl £ 2 R 528 3 K pH T B, sARAE 7370 4.78
5.05. CK KB TCBIEAAL, Wk ZIW-6 §) pH {HA TEE%, (B e S &
ZIW-6+wijl B AR wil A K FAEYIE K pH 28 O U I Tl A e & 44
ZIW-6+wjl AR AE B HLIR 7 & T H A AR B

7.0
A B
401 L
o 6.5¢
Eb i
£ 30
= 6.0
g =
& =
& 20/
k) 55
-]
T
-
3 1 5.0
(=]
= —e- I
0 T v T T 4.5
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 4
Time(d) Time(d)

—o— CK~—+— wjl—»— ZIW-6+wjl —o— ZIW-6

B 3-1 ARV & 7R OB S5 5 pH AR AL
A: EVIBCG R SR ERE S & B UEWIICE K pH AL
Fig.3-1 Total reducing sugar and pH change of microbial consortium

A: Total reducing sugar content of microbial consortium; B: pH change of microbial consortium

3.2.2 WAV E IR LR G DR

T 12 RN EIB SRR O REAT B 284k S EIXTRRALER P, AT 4R,
AURMATEMEEIL 7 RNWEEZET, MAEMEBAER ZIW-6+wjl BEFA4ER.
LT YR FIAR R 5 1 R 73 0N 53.25%. 59.34%A1 17.91%. WAEMEES 1A ZIW-6+wil B&
ARG EZLPR IR ez PATUER, XIRPUR IR RERCRAN 2
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=]

A .——"—“‘\I
) * L ]
1.6+
—~ ~
= &
- -
= =
< S
=] =
=} =}
~ ]
= =
= =
= 2
@ @
L ]
4 =
0.4+
0.0 T ; 0.0
0 3 6 9 12 0 3 6 9 12

Time(d) Time(d)

=o= Cellulose =¢= Hemicellulose =#= Lignin

3-2 PRI A AR B AR RS AT 23 20 M
A: AR B BEEYIR SR R 7 b
Fig.3-2 Analysis of straw degradation components by microbial consortium

A: Blank straw composition analysis; B: Analysis of straw composition of microbial consortium
PRAEIBE S R 55 1l 0 R B2 T B 0K 3-1 o, SR sl & Bl . LA
ABEH & EAR BRI .
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$-%

A Bk B 1 1 R AL

R 3-1 TAEAIB 1 5 B TR R 2R T A )

H: R ay aby by o fURTE p<0.05 HIH T HEREMEER

Table 3-1 The main carbohydrate metabolites of microbial consortium and member bacteria

Note: In the table, a, ab, b, and c represent significant differences under p < 0.05 conditions

ZIW-6 (3 K) ZIW-6+wjl (3 K) wil 3 K) ZIW-6+wjl (5 K)

Compounds
(mg/L) (mg/L) (mg/L) (mg/L)
Glucose 15.04° 27.27° 1.76° 6.97°
Xylose 7.16" 7.20° 1.22° 4.96
Lactose 2.15° 2.53° 0.49° 1.17°
D-fructose 1.43% 2.03* 1.04° 2.02°
Chitobiose 0.76" 0.99* 0.45° 0.24°
Gentianose 0.63" 1.02° 0.28° 0.98°
1, 4—d-xylobiose 0.66" 0.87° 0.52° 0.45°
Acarbose 0.45 0.72° 0.64° 0.32°
Laminaritetraose 0.44° 0.75% 0.32° 0.58*
Melezitose 0.37° 0.82° 0.22° 0.80°

W 3-1A fios, BeA R SIE TR b

R 3 OREW 5 KT, 55 RKa&Tri.

[ =N

FERESACU b, BRI AR, FUBE . AR, SAEYIRG IR ZIW-6+wjl
TESE 3 RP=tEm 2 N R A N, & 88 27.27 mg/L, 7E58 5 RIS R & & 24 6.97 mg/L,
SRR TR AR IR 2 IORESROV I AT, THARRIA R 74.44%. W EIFEIE RS BRI 271
Z—y RN R PR R R NIE AR ARSI ZIW-6+wjl B ZIW-6 77 i
M2, WRRHBE AR ZIW-6+wjl B BRI R R ) o

19



e [ %1

BRI A F B L F AL X F=F WA W ALE

@]

Glucose content (mg/L)
Lsctose content (mg/L)

Xylose content (mg/L)
— ~ w - wn ™ ~ =)

=)
¥

Lactose Xylose
B Zow-6 (3d) I wit 3d) I ZIW-6+wjl (3d) [0 ZIW-6+wjl (5d)

B 3-3 Tl A B & Tk T2 SRR R A o
A: HiEWE; B: FLWE: C: AWE
Fig. 3-3 Analysis of main carbohydrate metabolites in microbial consortium

A: Glucose; B: Lactose; C: Xylose

TEWAEMIBG R ZIW-6+wjl ACERIRE S & E AR R N I BRI ETRE, &
NIRRT BRI IR, FEAE RS R AR R R B TR EEER . 8T
AR E R R R & 2R B 5 MEM S AR R Re A ¢, Wit TR & R A
BRA B AR AL AT R 1 5258 . ] 3-4A RIATIAEMIBEG 1R ZIW-6+wjl B8R B ZIW-6, wjl
BAAE TS a I FEE S, B 3-4B 45 R B RTAEYIG 1 ZIW-6+wjl B B 77 50
HIIE B R S R T R, REAT MR )12 B E E ], B 3-4C 25 R RORTAE I A
i ZIW-6+wjl BAERIGFEAT FEMRE 1, 75 3 KX T REAT IR Ag R i T LUAE] 46.2%,
W T ZIW-6 AP R 5 .

Litr EIROHTRY, SAEMIEA R ZIW-6+wjl BT LLIE I s RE AR, i kR
B, AR YIRS R DRI AR A AT, TSR = RS AT A B
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&

——CK
——ZIW-6
——wijl

—— ZIW-64wijl

’
-]
2

=
3

£

N
=

™

S

=
&
Straw degradation rate (%) ™

Straw degradation rate (%) o]
-
<

—
5]

Residual glucose content (mg/L) 3,
=

e
>
(]

1 2 3 4 5 6 7 0 1 2 3 4 5 0 1 2 3 4 [ 6 7
Time(d) Initial glucose concentration (mg/L) Time(d)

3-4 BTN T DI S PR RS AT B AR R T
A: BRER ZIW-6 Al wil BRI G FER A B /N[5 40 B I N A R B A A AT I A IR 5 C
WA R S5 RUA T ZIW-6, wijl [RGB fiffe ) LL AL
Fig.3-4 Analysis of the effect of glucose on the degradation of microbial consortium straw
A: Glucose consumption rate of consortium, ZJW-6 and wj1; B: The effect of different glucose concentrations
on the degradation rate of straw by the consortium; C: Comparison of straw degradation ability between
consortium and member bacteria ZJW-6, wjl

3.2.3 YIRS AER I~ i

PRI A A 5 1l o B BT BURRSRA =) CRTH 440 a0k 3-2 Flos, HL R A iR
LR FHEIR. IR & BRI .
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R 32 EMIBC AR 5 R T A VLR ZE T K
E: Ra, ab. by ¢ fREFE p<0.05 FU T HAEREREER
Table 3-2 Main metabolites of organic acids in microbial consortium and member bacteria

Note: a, ab, b, ¢ in the table represent a significant difference under the condition of p < 0.05

ZIW-6 (3 K) ZIW-6+wijl (3 K) wjl 3 K) ZIW-6+wijl (5 K)
Compounds
(mg/L) (mg/L) (mg/L) (mg/L)
Pyruvate 7.21° 22.40° 7.24° 36.86
Acetic acid 4.91° 14.86™ 5.02° 24.98"
Citric acid 6.57° 13.16" 9.93° 17.35°
Propionic acid 5.89° 11.74° 9.72% 13.41°
Succinic acid 5.32° 8.65% 9.88" 12.19°
fumaric acid 5.36 11.23 8.54% 12.23°
Tartaric acid 2.25 9.24° 8.53" 9.23
Malic acid 2.79° 9.06" 3.62° 10.14°
Sulfamic acid 1.24° 4.41° 347 5.81°
Glycolic acid 1.48° 4.69° 3.51° 5.16

EHENRERET Y, MAEMEEER ZIW-6+wjl 74 iR AR wil i3t
B, JUHREAER, 7653 Keik 22.40 mg/L, 724 KSR 0] B8 2 KA Y Be &
& ZIW-6+wjl 1 ZIW-6 T8 5 P Ag ARG T 7= A K B2 1R 7 260 B A 106 & A ZIW-6-+wij 1 I Jd et
WERERA AT o wjl FAEAERE 3 R AR Z T BIR, &8N 9.93 mg/L. BEE 1A ZIW-6+wjl
PR ZNERRR . CRREGNIER, S0 R T R = R
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B 2ow-6 (3d) B wit 3d) B ZIW-6+wil (3d) 00 ZIW-6+wil (5d)

3-5 G A AR R b
A: WER; B: 4F&; C: &R D: W
Fig.3-5 Analysis of main acid metabolites in microbial consortium

A: Pyruvic acid; B: Acetic acid; C: Citric acid; D: Propionic acid

3.2. 4 AR & AESE N DT

ARYE A S AR AEAUE R EAE 1 A B, R T KRR BRI AN 2R SE
PSR, TN E IR & i 3 ZHE R AR (KEGG: map00010) A /KAL &4
FITHAL 5 (KEGG: map04973) PN 58 OB S R F AL E AT LRS- . v T
LR AR & i 5 3R AR B A AH S o ASSRIS TN E 1 SIS 48 ZTW-6+wil
LR G R ZTW-6 % H 1 IR 1R 2 BRI 0 OCHERE (ERR KW D . TR IR B .
B B- 70 46 LT WA P9 DR R B 0T DL W 3-6 Fron: wil BOSRBREBE S /1B,
P EMIER G 1A ZIW-6+wjl ()OS B R R DL B I BEIE 70, AT ZTW-6 IRZ .
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& 3-3 TUMAC T B S ok ik g
Table 3-3 Prediction of key pathways and key enzymes

KEGG pathway: description

Key enzymes

map00010: Glycolysis

map04973: Carbohydrate digestion and absorption

Phosphofructokinase, Pyruvate kinase, Hexokinase

B-glucosidase, Endoglucanase

>

PFK activity (U/ml)

=]
3

= ZIW.6
—— wijl Co
- ZIW-Gtwjl .
10
= =
E] £
= £
26 28
T = £
1 z E 6
i o B
- =
S oz
‘ v = 4
2
2
0 0
1 2 3 4 5 6 7 0 1 2 3 4 5 6 7 0 1 ] 3 4 5 6 7
Time (d) Time (d) Time (d)
D E
=
E E 35
=) < a0
& E
= £ 25
- o
2 24
3 H
3 2 15
k] é‘ 10
=L
iy g s
0
] 1 2 3 4 5 6 7
Time (d) Time (d)
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P 3-6 R ZE NI 5 A% 1D B S B g 20 A
A: BERRRVEMNG: B: WERRRWMME: C: CHiEEE: D: P&, E. NUIH RN
Fig. 3-6 Pathway key enzyme analysis of microbial consortium

A: Phosphofructokinase; B: Pyruvate kinase; C: Hexokinase; D: B-glucosidase; E: Endoglucanase

PUEVIRR B RS 3 RIS BN DRI SRR . B- Al &l W LT Bl . ACRPERlE . ARBURIL S AL
Vil SR BEEATAIARIE(E, 73 HI0 37.27 U/mL. 19.60 U/mL. 21.66 U/mL,
1527 U/mL. 7.53 U/mL. 0.16 UMmL. A=Y E 1R ZIW-6-+wjl FERSFT I ft i 25 75 5 3
Kimthfgm, SHE 3 RIEEHESEREIES B ZIW-6 KA VI RER . B-7 %
HlE. AREWEN . RPN . RIS 4 KR53 28.64 U/mL. 14.11 U/ mL.
15.41 U/mL. 17.11 U/mL. 0.11 U/MmL, #fidl A ARG SR 5 RIS MR &, K2 6.13 U/mL.
AR AR ZIW-6+wjl BRI 2L B AR5, I RS S m T ZIW-6 2185557 .

FEARSLR T, AEMEREE ZIW-6+wjl FE55 3 RASH FEMERE 2 05 TR AR L R R & &
B e, pH AELLE REI T BT8R ik BB bR, TMZEMIIR B ZIW-6+wjl BIVEBERCR IS B i i o
EZ 5 R pHIEBIRAL, WHACREE T, FATREAE R st toi T .

=g
5
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n
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n =
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Time(d) Time(d) Time(d)
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=
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= — [+ w = wn . -~ -
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B 3-7 Rk £ PR AT Pk A e 2 0 A

A: WUVHIRVENE; B: B-HMIGIFEHRAE; C. ARMEEE: D: KRRIAMYEE: E: M9y F.
i

Fig. 3-7 Microbial consortium straw degradation enzyme system analysis
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A: Endoglucanase; B: B-glucosidase; C: Xylanase; D: Lignin peroxidase; E: Lignin peroxidase; F: Laccase

3.2.5 EERBWM. BEHKEDH

PR EG R, MEMBE RN ESEEREME —EAGBY, Bl aes
SiTEIR, BT EA Po AL Cd, EW] T A IR S AR A L EE AT DA B Pb, Cd H 4
J& . FITR 45 R 27N, A S RIEER &4 T, 5 CK* CARIIA Pb, Cd) AL, Repair
AEFRIR G EEZE 3400 em™ (O-HD, 2880 cm™’ (C-H), #1870 em™ (C-O) (Hiisfr & K4
5l , W Pb A1 Cd [ [ e A5 R 3k L BhAL . I B ANIE 56 sa tk 40 < b4, 1900 em ™'-1650
em™ (C=0) NE AN E fE M 4EIREN X, 8 CK*HLL Repair AHAR#E T C=0
AR, R E ReA RS E R, X ES RIS, AR T [E e EE)E Pb fl Cd™.

1
2.0kV 10.5mm x11.0k SE(L)

— CK*
— Repair treatment e

O

Transmittance (%)

3448

keV]

4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

3-8 S AE IR A0 Cd M Pd B [ 8 AR : A TEE R TS 4y M RZEMIB SRR s B R B: P,
Cd V5 4% MMAEYIC & R F 4 BB BIR; C: Pb, Cd 5 4% RIS R e 5 14, D: FITR ER (A
CK*: Joi5 4 Ab#E; B: Repair treatment: Pb, Cd 5 444b#)

Fig.3-8 The immobilization characteristics of Cd and Pd by microbial consortium: A: Scanning electron
microscopy images of microbial consortium without heavy metal pollution; B: Scanning electron microscope
images of microbial consortiums under Pb and Cd pollution; C: The energy spectrum image of microbial
consortium under Pb, Cd pollution; D: FITR image (A: CK *: no pollution treatment; B: Repair treatment: Pb,
Cd pollution treatment)
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3.3 1118

WAEN AR ZIW-6+wil HIFEAT B MRS 10 RE )1 & BT S — B AR RO S $E
Wi B W i 7 B ik TRIAEAE B [RIVE FH o RS AT PR AR RE D IR . BRI SRR 4T 4E R
B AR 2R TP R ORI R I E AL BERSAR T ZIW-6 b, HAhIA & T ZIW-6, 38 IN4F 4 A5 ) M
PRI RT S, ST R Dy R A 4 2 AT A A, DT S AR B v s ) R o TR I
0 A A W B S A BRI TT R RN BRI pH BABE S 3. BRUIb 2 4h, A Ak
ZIW-6+wjl PRI FE 18 B B = T PP R B, (AR SR ZIW-6+wjl 52 51 5T 5
Usifrag, A AR R — I [A] B N B PR A — B IR CRSAT),  fEARS AT FR rdl E BE e, dk
FEREREMAERIER, WA T 2 B AR o X RGN i 8 SR AR A AR )
TAEI R WARAE S HAm U . Allsup 5 AR FER B, BebhRE e Bhia 26440~ BA S
AN G AR TR e 2 A AR, AR AT AR AT ol 2% A (R T 52 4, 18 B R S T
B2 AT A A P AR B ) (R PUIE VS B, IR 5 T H A AR P el A b

TEVR G EEFRIET 3 K, BRA R ZIW-6+wjl F=4E T8 ZIW-6 Hg TR A0 3 5 22 () hE, H
VAT BE . FUMERIRRE A B o I s o B DA T HE R R SR Y R K E AR, A LR
VI = i 22 ()2 NIRRT RS o X SEBE (1) Z2 B8 bR T B A 1R ZIW-6+wjl E4HFER]
firtEVE A, AT ReIE I KA S IH AL SR (KEGG: map04973) K FEIEMF (KEGG:
map00010) {FEEE & ZIW-6+wjl 724 T B2 A VLRI, 744 7 BARK pH M85, f
I M Rl 3G, B AR T R 114 (%) SRR AR ) L B IE TR 38 B ) P AT

TCEVIR A AT B € e m pLE] . B BT EDS REil TR I, ik
WU G VA0RE B <5 2 5 3 T 5 R P B M SR I R B/ 83 35 1 5 FTIR w $EWT HE
YK AT B B < o 2 S R T E I S AR 2 et T R AR A R s, ARUE MRS N H RE
P e A s ot B4 P A Cd R e, 1B 7™ A2 BE 2 A ML thoA 13 E s Ak
B

Zx LR, HEMB AP G AR AR FINLEI W R . RIS R ZIW-6+wil BT TH#E
BRUR R B R R, [ AR SR E e AR ZIW-6+wil 7228 T S SR K BRIE G, ARG
B SRR AR . TUAEYIBRAIRLERT 3 KP4 T8 ZIW-6 A5 TR0 3 T 2 (1) hE, 322
ARG FUBEARRE . THFERZ A A b5 R I PR FE, TS
ZIW-6+wjl =L THEZ AN : NER. 48R FFERMAR. o7, XL
(P2 B8R 7R R ZIW-6+wil EESHFESN, Hdd R (KEGG: map00010) 2 Hr7K
WEDEL S (KEGG: map04973) SEAREHE B ELA 1R ZIW-6+wjl =28 T 211
AR, F2A T EARKT pH A8, AR M v PR B 0 1 v A B 4 1 2B o
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3.4 ING

(1) AEYBEA A ZIW-6+wil BRI B ZIW-6 35 B I RS FT R AE 1. T WrBk
B PRV FE IR YR [P ZR R, P A PR B R T O B L, A A A Y A B T v A R A
= pE LA A s Bl

(2) TAEDBAER ZIW-6+wijl B FEREM (KEGG: map00010) B /KAL A PIITHE
5 (KEGG: map04973) SKIHFERRIR I A MLERIEYIT, B0 51 131 214 B8 vy (1) gk
TR WG . TORARRIG . VLA - 2 b B AN P D) R SR MRS 77

(3) THAEPBEE AR ZIW-6-+wj1 8 it 25 4 W B T B AR SR T R 58 vt ml i v
B ERR. BEEWM T, WKL T — R824, R Pb Ml Cd M EiS
FREL BRI, BRI A O AR S R HE T C=0 AR, AR T [
5E Pb 1 Cd.
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BT WEYKESEIKEE KR TREFIAEHZ N

TR EYIBE SR ZIW-6+wil BITEREN & S AE AL, 3t DR A B AR
PR AR T P8 A A g s {1 A /K A% FE s 338 50 R R A i 7K R A K 7 T A I R R 40
4.1 MRS
4.1.1 SLIGF

(1) 1%E=FEPUEME (TTC) %R HEFAREL TTC 1.0 g & T/ 8EKF, EF
F 100mL, B R 2 7 2R E .

(2) 1 mol/L iR : HUREIR 55 mL, A HAINANEEA 500 mL ZE /K,
HGERZE 1000 mL.

(3) g (Orirdi.,

(4) IRBRIREN (NayS,04 M HT4l), ¥k,

(5) BERZZM (pH=7).

(6) 0.4mol/L BEHTRIA : MRENIRIAIR 4.72 ¢ ¥ T /K, B A 100 mL.

(7 2% BV W FREL 20 g BIER, 60°C/KI TIEAR, D EIfEEZR 2 1 L, W17 pH £ 4.5,

(8) Flfirfffie: FREX 50 g PUHifricfy, Thest b5 50 mL ZRKEEHEHE (70°C),
Lh 54 HEE . N 20 mL HlAT 20 mL BREREFK AR, HEHIFA A,

(O HRL IR EIR S T8R: 0.1 g FHIEZLA 0.5 g IR &% T 100 mL 4
(10) 1.8 mol/L FIEEALENIE W : FREL 72 ¢ E8ALEN, 3T 1 L 2818k

(11D 0.01 mol/L AW M EFEHEMERIE 0.83 mL KRR, BIANEMH, H
IKFERE A EN R EIE, BAER RIS 1000 mL I F =R .

(12) 0.08 mol/L (KyCr,07) ARAEEH:HMET G I EEREREF 39.22 g T 1 L Z&1H/KH
4.1.2 k38K Rk FE
AR 1k B 5 RO R KRS 35 KRS FR I B 35 MR O R A R K A
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JINONG 667, KF (FEFEFH).
4.1.3 KFEEFFE

EHEAR 15 emy = 30 em W RATEAE B 2EHA, MBIt 5 kg WE 5 A
FESE, B ZIW-6, wijl, WZEMEEK ZIW-6+wijl, Ui EFERR (CK*) MICHRK
AFE (CKO o KT FEF VIR 10 em KHIEL, fEJ eMEEh & IH 7 5 g, 7% 3 48, 7F 10-15
em T EHREMEN GEEE>1012/8) . B =AMM S, A S 8 RoKFER T,
W 3 7 I A4l 28 SV AE AR TR« MR RAKG R 2 KRBT —IREB IR AN LRE (5
ANREEEX2 AN HAX 10 IXE D .

4.1. 4 KEDERYPNRESRAEKBRNE

fE 60 K, KIER: TR 2 BRI, B & A2 e BOKREMEML, (i R R AR AR
WAAEKAFN (1800plus, MICROTEK, Shanghai) FHiAf/KFEAEKE F -

4.1.5 KFEEIRIEARAVNE

FRIG S =R E AL I (TTC) MERTE /7. 48 1%TTC . 0.4 mol/L ()3
PRANE IR S 1P A% 1:5:4 LLBVRG UIRC B N, B /KAE e 8421, VI T R b 135,
TRERAR, BeiF, BIARBIE, T 37CREAANE 1h WEH BIE0, BEG, 175 8L85E:
FREURIAEE S 0.5 g5 N 10 mL BefF e, A TTC A FR 22 VR A9 10 mL (5§
BIRA), R TR WAL N, AE 37°C FIEALBCE 1 hBE/E A 1 mol/L AR 2 mL, LA
1B JERECH R TK 2 a5 2 BR 216 3 mL — BN N R, 40 (R BRI R
J& Fl/b i OR CFREFRE TG =K, BRNRE, RO AT, 858 10 mL,
o3 B THE K 485 nm R EHLT.

FEME 3 5), A e B Bl A ZRFKFERE, FF A 2K B . AN 30 4 i th
FOKHIEAR T, T, FREL 65°C, MIEMEL (R/S). AMEHEAE/ERNE RS
(LI-6400XT, LI-COR, USA) iF& Hh 34 s A2, 4 H 4 % 75 i i
(SPAD-502PLUS, fJeé-REREE, HA) MmEM-LER, H T sk by F. FEspnt

R,
4.1.6 HIJPIERN, Py K FIBHLRAVNE

(1) BRI NME: A EFERT, e 1mm 55, B 2g FEMAT 1 g BRR
WM RIS G HE TP SULAb =584y, B 2 mL 2% ER VAW, Rl BI N =35,
I LR By SR A FRT 2 W, FRRGEAEY BUA SRR R AR, BB A
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BRSSO, TSI, I\ 10 mL, 1.8 mol/L MEEALSNE It % B E,
BT 40°CIEIRAE T N 24 h, TP BUML)S, H 0.01 mol/L L FE VAP BUmL N =5 35 75 i3k
AT 58, P 25V T 0, R 5 0 37 7 28 AT B It A0 3 0.01 mol/L B FRVE MR 4 FH & .

(2) L3R P e« B AL EE HAE T, 1L 0.9 mm 75 5, B 2.5 g #E40L, BT 150 mL
HETZIMH, N 0.5 mol/L, 50 mL BREREENIA WL M DEiE MR, FE % A3 30 min, G
B SEZCI I8 5, B 10 mL JERRE S, BN 150 mL £ 3500 35 mL Z8487K, TN 5 mL
e R A5, $RA)JEE LR 30 min J5 T 700 nm IR OGRE

(3) L3R K e : BB LA T, i 1 mm 5, HUS g #:4, BT 100 mL
=M, A S0 mL, 1 mol/L "k LRV, E ¥ 30 min, FEMEIEACTJE. K
BN =M R XA B AT, e s .

(4) LHEAEPURME: SO EFERT, I 0.15 mm §fijE, 1 g b, BT
., N 5 mL 0.08 mol/L (K,CryO7) ARAEEAN 5 mL IRFRIR,FE 5. 1R R E TN
o BB E A 185-190°C Ky aa Hh S i #ai 2 170-180°C & R8T N A 1 H
AR TR TR, E i S min, BUHIRE . ARREREE, ¥ 70 mL BE AR EIA 250
mL HETE A, INATHER Wbk 7~ 77 2-3 55 A 0.2 mol/L IR R 2R VA AT, IR
P, R PE 3 B A SR BIRE 4T (R, 0 SR R Bk e (s =

4.2 GER55H
4.2.1 NEIRIETKFETEERRYRE T4

FEAN R AL B ) KRG 73 BER I AE A L AT 4-1 FroR: CK ACBRAE KIS ILEm 2, AR
HREAR ZIW-6+wjl SKRERIfE A RCR BT, BRI 2, AT Fr 8O R R L
KR REUYH EERT, AR EMEMAEDIR SR ZIW-6+wjl AP KA K E R
IR HERCR .
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ZIW-6  ZIW-6+wijl

K 4-1 AN[FARFE T /KRG 7 BEAR B A SR A
A: CK AR AR )T; B: CKHMEHAMRAFTHM ) C: wijl ERAFTHM A D: ZIW-6 42
WARAME S E: MUEEBRG A EER R
Fig.4-1 Growth phenotype of rice at late tillering stage under different treatments
A: CK treatment root scanning photo; B: CK * treatment root scanning photos; C: Root scanning photo of wjl
treatment; D: Root scanning photo of ZJW-6 treatment; E: Root scanning photo of microbial consortium

treatment
4.2.2 NECIBXKFEE BRI R0

RRWE IRV R A K B E MR FEAR", A BERT B, KABAEARAE wijl Al
TAEPIBR A R AN EE R IR R5E 15058 565.88 pg/(g-h). 582.96 pg/(g-h). 585.54ug/(g-h)
A1 630.97 ng/(g-h), WE 4-2A Frox. ARG AL T K ERTE R E B A L,
et TR RAERKFRRIE .
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WA 4-2B iR, /KFETEE I ZIW-6+wijl. CK Al CK* U240 AR T 570 714 8.06 g.
9 g F116.54 g, ELAETHIK CK Fl CK* ) 52.3%M1 46.4%. JrBEEEHRES, ZIW-6+wijl A&
RAFH AL CK M CK*E 61%41 39%: 7 BERW, WUAEMICE ALK/ TR AT E
LU IS N IA 45.93%

FEFP AL HE PR BEAA WA 4-2C Fin. Wil ZIW-6+wjl HE PR ABE AR, A
0.92 mm, 435Itk CK (0.42 mm) Al CK* (0.58 mm) 5 55%F1 34%; JrBE4E KR,
VI AR AL (1.94 mm) 205 CK (0.87 mm) Al CK* (0.98 mm) & 55%41 50%. 7F
WREG T (K 4-2D) w1, ZIW-6+wijl HATER AR BER 5 MEEE P RREmZ, o
A9 847 F 1837 A, S EERMISEHALAE M ZRFERE. 5 MEHEMREL (Bl 4-2E)
PR, wil M ZIW-6+wjl &7 v A4y BE B O 25, 737l 0.48. 0.49. 0.55 #110.58.
ZIW-6+wijl Z1LA IR et Eb EL 2 BE AR A 2 (6 R i 18%, 8 AR 1 43 L e — e AR
SR T AR Z AN AR ARG . B AR S G BB T KRR AE AN A BE AR R BRE
MR TRt LU S B T /KB AR R AE B i M 0 BEMT BOR B IR, FR 5 L8 2

TAE VIS AR Bl 4-2F FIH 403 8 58] 4-2G T HRCR SO W s, /) BEE
HIN4r 5124 15.33 pmol COy'm™s™ . 26.67 pmol CO,'m™-s™ A1 37.57 mg/g F1 40.3 mg/g, 4>
BEZE TR L 2% (0 BE R 40% 81 15% » 150w R I S 36 BRIVl & 6 s i 1 A A m] A=A
AR EZ AEA .
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o CK o CK” o ZIW-6 mmwj 1 mm ZIW-6-+wijl

B 4-2 25 AL B /KRS 2R B AR (5 1
A: WiE7); B: IRTE; C: PHRER: D: RARE: E: RUEH; F: @idEER; G HEREE
Fig.4-2 Effects of different treatments on physiological indexes of rice
A: Root vigor; B: Root dry weight; C: Average root diameter; D: Number of root tips; E: Root-shoot ratio; F:
Net photosynthetic rate; G: Chlorophyll content

4.2.3 WX HIEH RGN, P, K BN RE SN

30 KA 60 R&EAHHIFAYLR S EWAE 4-3A Fin, HAFXHE (CKO. JEHERAAH
(CK*) F wjl 4bBETE 30 KA 60 K4 H1iEF] 11.67 mg/kg. 12.33 mg/kg. 13.33 mg/kg
13.33 mg/kg. 13.67 mg/kg. 14.67 mg/kg. WNANETAERRFN wil B 70T HIA MR & =280
ER o ZIW-6 AL BRI AE MI-E A Ab BEAE B JUTAN 73 BE ST DL & ALK, 737l
14.33 mg/kg. 15.33 mg/kg A1 16.33 mg/kg. 22.67 mg/kg. ZIW-6 Fll ZIW-6+wjl 4477 3
B R . ARRKEEE . AR R AL T S . AR RBERE . AR R I S
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VL S AL B R4 E A MU () Sk R . SETWIANIIRE MR & 28k, Y
AR ZIW-6+wjl th ZIW-6 fERACA AL R SE T EEAEH . 30 RN 60 K& A3 115
[ A &S = a1 4-3B P, ZIW-6 F wil BPE % & & 239 9 190.33 mg/kg. 192.67 mg/kg
F1197.76 mg/kg. 203.98 mg/kg, 57 X HEAN G AE R AL EEAH LU A 238G 0. A 0B 4
ZIW-6+wjl AN SHI R R & & 58 201.07 mg/kg F1 214.36 mg/kg, TE 60 K& E
FHABAL R, EERBE S ENEL D, CK. CK*F ZIW-6 4bBELE 30 KA1 60 KT E &
Z5, AN 6.79 mg/kg. 7.21 mg/kg. 7.3Fmg/kg Fl 7.03 mg/kg. 7.76 mg/kg. 7.9 mg/kg
Bl 4-3C. CK*F1 ZIW-6 (14 20t S S35 m 1 CK SR PR -5 8 i s A R A 4 26 42 v 771 e 3t
IR 5. GERTW], wil AEFEAGE YA AR TE WA BRI AU S B
SERE, 29N 8.78 mg/kg. 12.01 mg/kg 1 11.84 mg/kg. 14.14 mg/kg. I pH 281k,
B, CK. CK*Al ZJW-6 AbEETE 60 RN REL, wil ARG R ZIW-6+wil 1)
pH {EA FTFEAK . wjl bR IECE R A HLRE, (R BE I K [FI, mE BRI T
-4 pHo PUFER X BB (R B R 3, o CK*. ZIW-6. wil FIRAE Y& R b 3
(1) - 37E 30 KA 60 KRR & & 735N 119.04 mg/kg. 126.06 mg/kg. 132.37 mg/kg.

145.61 mg/kg 1 125.63 mg/kg. 130.50 mg/kg. 140.02 mg/kg. 163.48 mg/kg, izt T AT

) CK AbEE
250
A e . cx a ];), C s
= Iy 200 - 14
6 2 P
=4 o8 = 12
B0 E ")
E = 150 SRT)
e ) g
: i
Z 100
2 s I
s = =
=3 = e 4
o z S0 :
< 2
0 0

Available k (mg-kg™1)

30d 60d 30 60
Time (D)

B 4-3 & AbFEX /KRG I (1 s e
A: AVUREE; B: #AAE; C: AW D: HAE; E: 13 pH
Fig.4-3 Effects of different treatments on rice soil
A: Organic matter content; B: Available nitrogen; C: Available phosphorus; D: Available potassium; E:
Soil pH
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4.3 ¥1ig

WAEIBRA B R R B i B EIER (R A48 B NEE KR AR, *+
BEHEAL NV Py K FE LB ECH A AL B A B2 18T, AL & =0T 3 2ok B R
AR ARAE s AL N Py KU PRI O AT LR A A AR A i B 5
BER T, XK R E R 25 u R, R FEFT R AR T
fRi R T A KAREE (Plant growth-promoting bacteria), HAEH &35h i L3ERE
VS EAE, F8E LIEEFROR, REEYAEK. BiED A KRS E AR 2
FLFFNH: Shiva Rahnama S5 N 7T RIIEM A KRR (P aeruginosa, A. chroococcum
M A lipoferum) PIRIFEIEIFZ ALK, FAE RS L B2 F1%, AR T 2485050
P ™. Christian Adler Phares S5 KB A KAL B (Bacillus spp 1 Pseudomonas spp)-
AW IR AN BB AR SR P T 8, 3R v o oRRL ™ B R G N KR A UAE B A 2503,
I SEES T ey IR g b, AR NE AL R, R A e B . A R A0 R AR I
BEAAE AT 25038 T3 AR AL PR . R 280 TR 1) I UACRT ) FH 02 DA R KPR = i
1M HLEAIE TR B, N2 R AT G R 0 T g A2 — b LA AR Rk o X S, R A 6 AT LA
AR T T R I EOR A P O E B AR B =, S0 T B S B8 S ARE

4.4 INgE

(D) DA ZIW-6+wijl X/KFEEMRAEIER, BEERARE . IRTE. P
RESRAREER RAEKIER, & T /KBARKH 25 8RB /KRBT L& 3R,
PR AR R S R .

(2) WAEMBEAR ZIW-6+wijl BEREIN T L3EpRiELS N. P K FIENLUR & &,
osE T HEEE RIS
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FRE WMEMEEEIEST Cdy Pb TR THIEREE

TR B AT T 5 7K 8 FE 3 ()78 FR A B B S G AR A, Rk AR . &
oA AR T Cdy Pb i5 438, T RUEIECA AR Cdy Pb V5413
B . MK S AR
51 tRt57E
5.1.1 KA F

Fr AR AR 4.1.1, BANT R R

(1) DTPA $EHF]: FREX 1.967 ¢ DTPA ( —Z. =T T 1492 g (13.3 mL)
TEA (=) FU/bEKRY, K 1.47g 45 RAEE (CaCly « 2H0)E T K, —Iff%

2 1L A ERF, /KA 950 mL, #25), FEWT pH vk LTS E pH o~ 7.3, K
ERBZE, RORAGEH.
5.1.2 X HIERIE, KiEmMEIZHF X

5 412 fER B8 RKRESFAE . 557 7E IR s BUE R R & /KRG S5 i
13, EHBER 15 cm. & 30 em M EFETEAZIH R, RMERKL 5 kg, KR
B 10 em KB, 7R IMAS S IHFE 5 g, BEAESE 3 48, 7E 10-15 cm - Z R 71 GF
BEE>10 12/7) . /0 NUL R VR ALEE . ToAR ] e i Ab BE A IE 5 3R AL BE (CKD At il
A YIBES R B AL B A IE 3 LIRS AL B (MA), BE&RTs YA TR (CKL),
it A A Bk AR TR R A B & S e AR AL B (CT) o I =Rl L, RN AT
Wit 8 RLAKFEAE T, ik 07 5 AN 3 S1 B AE AR 0 « R Be/K G RE 2 RIFAT — IRFEE
RN LRE, BIERN 60 K, SN EHEAHRER.
5.1.3 Cd. Pb j5iE1IERIUSCIG

BEBIT YA PR I AN THI 54 (10 mgkg) AT (300 mg/kg) AOHIEEEM,
WS G5
5.1.4 KIERASH EEFLAL0 cd. Pb ZEME

BN AL 3 AT K FERE AR, B JE &8 7K 3, 105°C /7 30 min,
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AHEE T0C T 2EE, HIESESMRE, o 0.15 mm RN, HEFMPRERE
an 1 g TR, BiEXWEN, HBEREIENHRORA CnFAETIA 2 mL HNO; PASZ #4435
51, HELM. HE LGP NKNL, ZEFRZE 500°C, K4k 9h, WHIFEUH, A 2 mL
HNO;s. WEAIRY), #3550 mL K&, HEBTKER. IHEHE TR 66T
(AA-7000, HAZHE) WlE Cd. Pb FiE.

5.1.5 FEFIIET Cdy Pb i3 IEMARNE

5.1.5.1 LIEBHREENE
MWEHER 41.6 (4).

5.1.5.2 TIEAREKSH

BRI T, REEHARAANER (5 mm, 2mm Al 0.25 mm) Xf+
BTy B, KR RIS 5 g O\ HIEPBIRAE T (LD-TRTL, 11143
BB BRI A RATD BT, IEEEAK, (LR EEBIMALIRE, HEH %
B #RIE 15 min, IEHTE, LR RIRAE KRG 8. 0B 58 B R 4 a
HARFLERT T, SR ARERSE. &, ¥EAESHIHMN R LR IEFRE, 4
T & e A ZRAR I 2 AT 15 Lo
5.1.5.3 XiEf cd, Pb ZEEMNE

K FH DTPA $EHGHIZ $&-JE TR E « AREOGEIE 2 mm 5 i T 3% 5 g JON 100
mL #ETE M F, A DTPA $#2HUf 25 mL/E=E T (25+2°C) LL 180 rpm M ZERY; 2 h
HUR RIS W, A TR e T (AA-7000, HARRED JIE Cd. Pb &

=

Ho

5.1.6 HIRWEMZHEMLED

T IEREAR I BARR L1 2-15 em B35, HIEREAREG S, FH DNA 371 & (Shanghai
Starvio Biotechnology Company Limited) M 34 5 HH 52 HU A58 DNA . By IE AR B e L vk
T PG EI R 2R R 2H DNA Bk EEAZERE . IE[R 514 338 F (5'-actectacgggaggea 3') %
75| 4) 806 r (5-GGACTACHVGGT-WTCTAAT 3") H-F43 16Sr RNA [r[ 48X, HRHE%%
R FL I 773347 PCR 471, 4li4k PCR 79 JF @47 mil &l 7 . Sk QIIME2 (2019.4),
R (4.2.3), ggplot2 1% 7 Shannon. Simpson. Chaol F1 Observed species #&%{H:#i{E
ASV/OTU F B, e B EE LT AE RIS I LA FR 04 (PCoA) 4ETH T CK1 5
CT MA@ B8 22 S o i IR Gt 1 3 32 222 ARl B i ) A 4 i
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5.1.7 BB+

P {5 A FE A Origin2021 AT Excel2019, ##iE 4t 11434114 SPSS Statistics 27, 4
HHEVK S BHRTE = F & (https://www.genescloud.cn) AT 43 HT .
5.2 BER55h
5.2.1 BRI ESRBISHETKENF I

Cd. Pb {54 N LI /KR bR =28 T M B (& 5-1): CKI1 4b#EE CK A7 L,
IKFEH AR K AR R S Y 2 B A K E], ISR CT & (F
5-1D), BERBFEESENFEFIEMAIFLRSE TRAMEH. EAEKIREGT TN MA 4
#O(E 5-1B). MWEKRARE, MEYBA AR —EfEE LR 7 EE 80 KFE s,
FHAEE KA K

5-1 % Ab KRR A K R
A:CK; B: MA; C: CK1;D: CT
Fig.5-1 Effects of different treatments on rice growth
A: CK; B: MA; C: CK1; D: CT

5.2.2 HEHP AR ENEMARF 2 HIBER
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WK 5-2 fron, BEEEFRIEHT, CK 45 CK1 AV B, 30 KA 60 K
B kg s, BI4ERRTE 4.25 mg/kg-16.56 mg/kg JEE . MA K38 A2 i A AL
FRITE G R0 Ry 30 KA 60 RIFAHL & &5 H14 7.26 mg/kg, 17.65 mg/kg 1 29.94
mg/kg. 7E Cd F1Pb FIEA R, CT AbFER)HIETE 0 K, 30 KA1 60 RITAHUT &= 075N
7.18 mg/kg, 14.92 mg/kg Fl 24.65 mg/kg. TIERKFRMA ChifE>2 mm) K54 5% A EE
AN S EE2IEN, CK H CK1 ACEE ) T3 KHTI R AR S B 15.82%, CT AABERIK
IR AR b A RSB 60.2%, 1 MA 43K B R A & Bl CT A3 10.45%. 45
RRE], HE IS A I, B2 5 1 RS LS AR B3R AR AT
BHANESBE T HE.

N 2 mm

- 2-0.25mm
- 0.25-0.053mm
 <<0.053mm

D 10.19%

] 5-2 AL B -3 oA AL B AN B R A A1 R
A: VIR AEEA NS B B: 30 REMEAPRETE: C: 60 REAHANIEE; D: CK AH
MRS o E: MA BRI EIERIA S F: CKI ACBRA L3P R A SE i G: CT AR
I R AR ge i (IR B AR G DL I BURE S 18] 60 %)
Fig.5-2 Effects of different treatments on soil organic matter content and aggregate distribution.

A: Initial organic matter content of each treatment; B: The organic matter content of each treatment on the 30

th day; C: The organic matter content of each treatment on the 60th day; D: Soil aggregate statistics of CK

treatment; E: Statistics of soil aggregates treated with MA; F: Soil aggregate statistics of CK1 treatment; G:
Statistics of soil aggregates treated with CT; (The sampling time for the statistics of aggregates in the figure is

the 60th day). The sampling time of aggregate statistics in the figure is the 60th day

41

hEIM  hitps://www.cnki.net



BRI A F B L F AL X FRE MAENKEAECd, PhFREENEE

5.2.3 KiEIRASH LARLALRAF Cd. Pb ZESH

KR RS AN Cd, Pb S ES &AM THEWE 5-3 s, ££60 K, CKI
AL PR B S R R A 2 Cd B 253708 3.39 mg/kg M 3.90 mg/kg, CT AbBEA
RABFAR T PANER 70 1 Cd & 5, 7EH B35 1 R 580 20 Sl FRAK T 99.5% A1 98.8% .60 K CK1
(Pt b35S R 5 A H A P S AN 2.21 mg/kg A1 1.25 mg/kg, CT AbEELERH A
3 Pb S B CKI1 AF BB T 96.3%A1 30.0%. 30 RA&ALFE AR T E A 5-3C
Bz, CK A1 CK1 1E 30 KA1 60 RIARTH A 8.79 ¢, 6.89 g F111.73 g, 9.56 g, 5 EIRH
ANMEERAE B MA FITCT AN B AR B AR K AB L R 4F, 78 30 KA1 60 KIFHRTE 4 17.63 g,
16.10 g £ 30.55 g, 26.83 g, ZERBIRTMAEMEA AR B SR T Cd 1 Pb XA R A K
s, R KFERAEK.

~ Bl cK

- CK1
[__REY
[ __Ka)

=]

PR e
E L £
) a

e 1 1
h < h

2
S

-
S @
Dry weight of root (g
B
=
=

Cd content in plant (mg/kg) #
— w .

Pb content in plant (mg/kg)

-
n
th
e o

=

0 30 60 - 30 60
Time (d) Time (d) Time (d)

—=— CKI (Overground party—— CT (Overground part)—— CK1 ( Underground part )—— CT ( Underground part)

Kl 5-3 Kb HE 0T KR AR K AR S
A: JKAERER 5L E 2 ) Cd & & BUKREIR bR 5 B i) Pb &8 CARTH
Fig. 5-3 Effects of different treatments on rice growth
A: Cd content in rice rhizosphere and aboveground parts; B: Pb content in rice rhizosphere and aboveground

parts; C: Root dry weight
5.2.4 TIRE Cd. Pb RERHAIRAKIRHMI Cd. Po €

Gt I T BROKFEEWIER B (0 ) JETH (30 KD FASrEEHA (60 XD TAEMIERS
P g . ARBR SHRERSE Cd AT Pb & EBEAE I AR, Wikl 5-4 Fios. 1E 30 K,
CK1 Kb F/KFEMARBRFIMRBRSIN Cd & EISA N, MAMGETCHEZES, 755k 9.52
mg/kg 1 9.57 mg/kg. CT JHEFEARPRANIE IR THEZ M) Cd, ZHFR%FN 56.8%, Hbrt
2 Cd £Br%N 36.3%. 60 KEF, CKI1 AFE N/KFEMIAR R T ZEFIAR bR ok +3% Cd & & IEH
BN, CT AFEELRR Cd MACREER S, WL Cd ZFRFE 99.1%, st Cd
ZBRE 91.2%. MAEMIBCARTE LI P (RS L% Cd iEAME, 30 K,
R B - 3 AIAR B Ah - 3580 4% Pb & 870 514 183.8 mg/kg Al 200.4 mg/kg, 60 FARFR 11
FRERAh 3 42 Po & &0 51N 3.67 mg/kg A1 6.33 mg/kg. 30 K[ CK1 AbFR AR Br 13 A0
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HRBR A1 - 43 S0 & & 70 N 7.21 mg/kg Al 7.30 mg/kge CT AbFE ML R -3 AIAR b oh £
e R & B0 BN 8.78 mg/kg Al 12.03 mg/kg. CT ALFE N L3 i) 2tk & B 7E 60 K
SR LT, TEARBR LIEAARPRAM 1383 7N 11.84 mg/kg Fl 24.14 mg/kg. F4h, BIERM
IR B T #4> Cd A1 Pb, 7E 30 K, Cd 1 Pb 7E CK1 Kb 1) K AR 843 7118 0.64 mg/kg
A15.21 mg/kg, 60 K4371M 1.50 mg/kg A1 40.00 mg/kg. CT ALK AR 2 Cd F1 Pb
IR B LT, 30 K Cd A1 Pb 7 CT AbBEK K B SRR 5 &40 71l v 0.92 mg/kg AT 16.23 mg/kg,
60 K 51N 3.35 mg/kg Al 86.57 mg/kg.

T
A o] Br a8y u . N B g n s« C Ezs
- 1 E
¢ B2l =
=4 = E 2
gt El \ gn
= = 200 » = £
] = £
2§ H S5
= 150 s 3
E -5' ' i =
EE H En
2 § 100 é e g b
< = e -
s0 E
2
0 0 :
] [ n <
Time (d)
I Kt (Bulk soil) I €T (Bulk soil) I CK1 (Rhvicospherc soiy || €T (Rbizosphere soil)

E

: v
/ The content of Cd in aggregates (mg'ks) / The content of P in aggregates (my'ke)
0135 10 05

100 80 60 40 20 o

304 M 60d

K 5-4 £3E Cd. Pb &R BRI Cd. Pb &
A: IRPREIEGRERSN LA Cd &8 B: MR HBGRERIPLIETR P S8 C: LA
WS D: HIRKCd&E; E: BIRAEPY 88
Fig.5-4 The contents of total Cd and Pb in soil and the contents of Cd and Pb adsorbed by aggregates A:
Cd content in rhizosphere soil and extra-rhizosphere soil; B: Pb content in rhizosphere soil and
extra-rhizosphere soil; C: Soil available phosphorus content; D: Cd content in aggregates; E: Aggregate Pb
content

5.2.5 TIRMEMBRIRENH
5.2.5.1 HEMEMS MRS

A R B A ok S AU A W R 2 R AN 45 R A R B B an 1] 5-5 B, N T B
Mr AN b R BEVE A R 1 22 5, 34T UPGMA BVERI A SRR (K 5-5A), CK 5 MA
AbFRTE B 2= AN Cd AT Pb |1 CK1 4bFE (D1-D6) 5HAh =ANbHE, fFAEE ZR,
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CT AbFEE R R E B IIEM, REF T LIBEASE R IR AR, RS CK Ml
MA B ZR. KM QIME2 (2019) M it 1 &N b BEAH S IR 7R3 22 FE R 4R
0 (FE 5-5B), MA AR [ H3ERE Y BE% Shannon F5 505 CK ALFE R Z 2T (P<0.05),
VAR SR AR T 8 LIRS Z e, 1 CK1 A R EIR AN #EA B 2
IR F% (P<0.05), FWIIIA Cd F1 Po Al xf LIty e A s & =R, KM
BEAR T LM E . CT 4LFE Chaol fBEE: CK1 A% BEIRTF (P<0.05), i
HIAE — B FE R _ B NBAE DB A R AT % Cd A Pb & /E . 7€ Simpson, Shannon iX
PN RAEAEY) 2 FE 1 1) 5 B AR b b ] B B AH R 834, Observed species iX—73 1l
AL FER EFR AR R I T R b, [FIR B EDE 7 35T UPGMA SEME )2 R IS
(Bl 5-5A)H AR HAE H IR 2 AEE B B B 22 R I K H QIIME2(2019)
IINTERAFRIR (4.2.3), XF&NBEEHEAT AP 4T, CK A1 MA 212 [8] 1) 25 AH X 00
X R F AL BSR4 N TR BRI 4500 R A TN 2 %, CKL & RA F RD #f, Wt
BBE Cd A Pb BRI, 3X = Fh b3 RS2 BRART F AR R EZ R, CT 5 CK. MA
PR AL T 2 TA] (R B T . DURRALFE () ASV/OTU 5 B IIE 5-5D fis, BREAR b
LENILRAS, FEEH®EANRIKI N: MA, CK, CT Ml CKl.

ZREFTE, TN Cd A Pb 77 A4 (1 2 e 75 ™ B PR L SR E AL S E I &
PEAR T L s R R, REFRK T Cd, Pb xRS RIREN, A7 R T R
EMEEEIWE . St AR TBELEMAEYRE R, R EsREEEIEN.
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Groups

5 ) - v v v v v . - o
5 Ca A CAEE A B
4 =

= Shanton Observed_species - =
: .

8
750

B
—ilk

BR&EER
3250 3500
-_l"
09975 09978  0.9981 09984  0.9987
L L 1 2
.—-
0
.
'_.
. .o

w
10.6
.
0
]

8[8
104 105
¥

T
I
k'

2800
A

0.0 0.1 0.2 0.3

PCo2 [8%]

-I‘;.ﬁ '&.4 —&.3 ‘CII.Z —l';.‘ D‘.O D‘.I 02
PCo1 [22.8%]

K 5-5 F AL B0 T3P 2 R IR SN
A: UPGMA # (& A,B,C A1 D 43537~ CK, MA,CT #il CK1);B: Alpha ZFEMEFE%: C: PCoA
5rH: D: ASV/OTU B
Fig.5-5 Effects of different treatments on soil microbial diversity
A: UPGMA tree (A, B, C and D represent CK, MA, CT and CK1, respectively); B: Alpha diversity index;
C: PCoA analysis; D: ASV /OTU Venn diagram

5.2.5.2 BN EERSRIEREVRHRREHFMW

T D R AR WA M s e IR U E YRR 18 B IR SR i R A A
KL, #F5 7 CK1 5 CT fE MR GBI 3P e E AR 2 7. (EiB R E 4
JE R HER LB, IMAAEWE A K (CT) ff - 3 5 B I
METH-ACETATE-PWY (ZFR4AEH #¢) Al CODH-PW ( ZFEk4#MEE a iR42) N, 0T
LR B S OB a WAL, 185 T QRS EEEI L —1. M H, LIPASYN-PWY
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(Bifalg B4R 1 EIRA A T B IE KN B TR, B R e 7 5 RIRE & NS,

[FIf, CT 4b¥5 CK1 AbEEAHEL, @ i 5198 METHGLYUT-PWY (H3Z,
TREMIBEARD, BT SRIG ) L A A R T LR B RAR AT, A YRR AR AL A
AR RERERYPIAR R, G E R S s, X AT AR Y, Hoh
FEONHFIEZ % (Methylglyoxal, MG), MG S #iEYI K EW I, 7ERYIA N & F 401
HF R AEYIIE « WAEVIBCE RITIMNA R T LI EMTE & B IS T KERR T

T, FEEEFRIEREN, BT AR E R T .
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Fig.5-6 Metabolism differences of microbial flora in soil based on MetaCyc metabolic pathway database,

Control group: CK1, Experimental group: CT

AT H IS SEY I AEINLE], K 5-7 458 878, METH-ACETATE-PWY

(AR (E 5-7A),

Ramlibacter~ Sphingomonas 1E. CK 5 MA A4bEE T JCHH

B ZER, £ CKI B PEFERAD, CT M= EFERIT, #
METHGLYUT-PWY (HIEZ IR o (B 5-7B), K Sphingomonas A =4~

VUSSR XS
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A «lg

4004

3004

CK MA CKi1 CT

wnclassified_Comamanadaceae
KD4-96
Eilin6067
= Subgroup_7
w unclassifiedGemmatmonadaceae
- RB4Y

CK MA CKIl1 CcT

5-7 £T MetaCyc AU AR HE A 38 v Gl A 400 T e 1) 2 S A QU B PR D b 2L Bl AL
METH-ACETATE-PWY #IFh4Hl; B:METHGLYUT-PWY YIFhZH ., XfHEZH: CKI1,55804H: CT
Fig.5-7 Species composition of differential metabolic pathways of microbial flora in soil based on
MetaCyc metabolic pathway database: A: METH-ACETATE-PWY species composition; B:
METHGLYUT-PWY species composition, Control group: CK1, Experimental group: CT

5.3 1518

TAEBA R e B KRR BRI A K, KRR E S B EEH . AT
EHEE T HIEEIRE &, MEAIR S EREN, TP R RAN & ERE 2R,
T 28K A SR AR B 1 B 4 J S B G 0, B EDAE TN ZIW-6 {E N LR E LR R
REANE R ATHE . BeAh, BrRREIRMA CRife>2 mm) 4, HAdRAR R B SRR TC B2
P8 b T R R

EYeE %, HRIEEW K O, He S N8 g BAG A6k A0 fig 4 1)
REEH, R LIAETy, W HER IR AE K Yu S N M it i T L,
Wb P BIEMRAR DS, R EE R IEYIN I P ISR . Zhang B T AR
DABREESL Ot APk (PBC) NEUA, FImiE R Cd 54y ASEIG R AE YA 14 i
FHBE T Cd. Po W LIERUEMREE TS, AT A AE IR & R A FE I B R TS
13, Chaol. Simpson I Shannon #3732 " #&5, PCoA &5 /3 thidt— RS T 1l AEPylk
G ES R LENBEEER . FEDREHREE Cd Al Pb I, St T
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MetaCyc AU 1% 15 Ho 4 7 1 L 38 v Al A W e B AR 22 5, AR WD IBE & 4k = (R i
LIPASYN-PWY (ffEHFH£42) 1 METHGLYUT-PWY C(HI3E 2 &M ACHHE R,

(I R 7K e fd N R T PR 2 5 B 42 8 IR ek F i 2 —EFE AR 2 AR BRI 5 L5,

PR RR A K, §0%] T METH-ACETATE-PWY (ZFRAERFF%E) A1 CODH-PW ( 214
By a d4e) AR, 6] T LAY, REEZ ORBEEEERE.

METH-ACETATE-PWY (Z4 M H %¢) 1 METHGLYUT-PWY (i3 2 IR 1
VIR, RIG A BEA AR S Z N T Ramlibacter. Sphingomonas W JE . TR,
Ramlibacter 7=y F VB, NGRS &I 20E, £ 8 LIS 7M.
T E g, Kang S NWFFLKB, Ramlibacter W] S AR RA %R, F&
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