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1.1 ERRIE

B SR B T AR . PRI . U
RAEAE | RS AT AR T L4, BUE A
[FIRE RS E RN R IR G, T 4R R 0 R A -
1.2 HFEE

i e B R B (g/L) . FEFE MR FH LR 2 R A/
MRRETHER/D-/K T 5, BEREKS 2, KHyPO40.5,
MgS0,-7H,0 0.5, Hiiflg 20,

[ A Fi ke (g/L): KH PO, 0.2, K,HPO, 0.8,
MgSO,-7H,0 0.2, CaSO4-2H,0 0.1, FeCls f##t,
Na,MoO,4-2H,0 i, MEERRy 0.5, HEEEFE 20, B
fg 15, pH 7.2,

LH SRR (g/L): KAEFEFE 8, BER:Ry 2,
KH,PO, 0.5, MgS0,-7H,0 0.5
1.3 EEHR

(1) WIGFEMHEERD 5 mL, (2) BIGFEM
A HERD 2.5 mL, (3) [& 55 5% I A0k R 25 4
1.66 mL, (4) BH557 I EEAR T 2 HeFP 1.25 mL.
14 RHRHABHZE

DL s e s I TR AR B O A, AR A IR
i 55 A AN SR WS AR SS G (9 0 1 5 2R e 3R 4 i 1A R
[ 280 R — — AL OO o, E UK RS FF 43 % L Tt
FOR R FI G T T — A, B2
FOREE T SO PR T 5 45 I 4
1.5 FEHREE

W IR IR 20T KT, FIFTZHTE DNA 2
B (At PR R AT 2 ] ), e ol FH U B A5 4R
PS4 DNA, DATEFN G DNA B, FIH
2 1 38 5 |9 27F (5'-AGAGTTTGATCCTGGCTC
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AG-3)F1 1492R (5-GGTTACCTGTTACGT-3")j#
11 PCR Y 3G o 435 7703k A8 LE W o vl Py LA AR
PRSI HRRAY 16S IRNA ¥4I, iy 4 RAe
NCBI #1417 BLAST 437, K1 5iZE M 16S
rRNA J7 51 [l f5 = i 2 81551, 3\ GenBank
B e R EEORR R 5 5 P A O TR AR S 181 91
HERGLEM
1.6 FEFFREMRE

B FRRE B2 6000 tr/min B.0> 10 min, % b
TS PR R Mgt LU BR B4, k2L 5.0 10 min,
70 °C JET S PRI, FIFSH Bt SRIRFEA B 2
22 NFERTREMR B, S PR EARCE 3
5, WOFME,
17 SFYERBHENE

2F 2 2 T A 0 1 D E 2 B B 3R 5 0 ]
b 228K G 23 (TUPAC)HE 77 1Y W 72 £F 24 3% W 05 1%k
FUSPL BE IR N BUR BT 3 mL, 10000 r/min
B0 10 min, B 0.5 mL B3, MARISEHE 1%
HI AR LT 4E 2R /D-/K ¥ 17 /CMC-Na il 1.5 mL 715
1% 2% i (0.05 mol/L, pH 4.5)fik45H, 30 °C /K
% 30 min, >R DNS 30 E i bl & it Scge
BAPEARBE 3 AERE DL h I 4R KR E
B 1 pmol 5 WE BT (4 B L8 A — NS ) B

£ U, A U/mL R,
1.8 HASERWE

I FH % AR 2 vl B 7K BT AW A i 5% 7
WREE SR, SRPEMEARE 3 MEE, I
FHIE
1.9 5341 GC-MS 2t

FEAALERL: B 0.1 g FEFF @ 9, fn 1 mL
s, Fe0PRY, #0812 h 5, RS T
W, F 0.22 pm FLARALITIERS, U1 pL SFFE
W o ABTHR 25 W0 A B o A5 . fif
FH A A QP 5050 Y RIKHL(GC-MS)AE
4. CP-Chirasil-Dex CB B 414 H:(25 mx
0.25 mm); S NAS, WHEM 1.0 mL/min, #F
FERJE 250 °CoAERBI IR R B 50 °C, f/FF 2 min,
L 6 °C/min 2 280 °C. ff4F 10 min, /i #EFE,
SYULEL 10:1, MS: HLFRER 70 ev (ED), HLfaf i
T m/z: 40-600, FHEHSE 1 scan/s. HLUEGIREE
230 °C. FMRAE 250 °CP2Y,
110 =Pt s

IR 1 IR 4 R BRI
FRERIETT GC-MS 4347 J5 o7 0 T AR 5 3 b
HEMhZR, LAASE 4 RGPy i e xs & &t

R 4 FRHIARAE i 2 E BL bE

Table 1. Four kinds of metabolites standard curve determination ratio

Number Sct)alllrllt(iliﬁ% z:indt /agdecanoic Z;Iir:le/:;adecanoic 2,4 Di-tert-butylphenol/g 6-tert-butyl-p-cresol/g ~ Methanol/mL
0 0 0 0 0 0 100
1 0.002 0.002 0.002 0.002 0.002 100
2 0.004 0.004 0.004 0.004 0.004 100
3 0.006 0.006 0.006 0.006 0.006 100
4 0.008 0.008 0.008 0.008 0.008 100
5 0.010 0.010 0.010 0.010 0.010 100
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FREE P RREZS , Excel SRAHIVERR VR
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2 ERFAM

2.1 EHERDFEE B AL

F 4 A [R5 5 A 77 2 15 57 5 185 7 e e
HREFYER R, LA R 19 ARANTE . I UG R
ooy Bk S AE R AR, AR 3 PRANE . i

TEMPRL K AR S a3k 2 s .

TR A 5 10 S XoF 5% 21 4 3R 03 Ak T EA T /K RS A AT
Rt R R RN 21 2 2R T 15 (AC WG . CB MG, CMC
TSI, XF A TR A S, 45
K1 SRR R BE, Oty 19 PREFYER 40
FBRTAE Wooh, ERREA IR b REfRK AR RS AT,
{HKFEREAT R RCR I 2 HbE B fem, Witk D,
(I ARROR R . SFHERTRG JiTH, D, WHERY AC
fif§7E >k 18.97 U/mL, CB &R 6.09 UmL, A 19 ¥
B PR o TR F) A9 CMC B s , o4 13.71 U/mL.
X Gi. G Ml Gy ARSI, 3 BRIEH

*2. WRBEFERBEREH#RKS
Table 2. Screening materials and experimental strain codes
Straw powder Microcrystalline cellulose D-Salicin CMC-Na Nitrogen fixation medium
1:1 Wl Dl C] G]
F, W, D, &) -
F; W; Ds G G,
F, W, Dy C,y -
_ W D;s Cs Gs
—: None.
I I VY, g0
e —— V. 120
[ | I I WV 88(3°0)
Bs8d ! | . W, 12250
e Wy 200 & G
D B5d b, [ 139 % s
Ed3d D, o5 £ =G,
1 D; =000 =
[ D, 3 -+ G;
""""" m— Dy g
W [ ] C, 2
W,E [ | C, S,
W.E [ [ C, S
Wit — , c &
B IR £
S [ j— 2 :
: i 18 :
B ey ' PR 5 . 5 Fi < .
0.0 0.5 1.0 & & 8
Weight reduction of rice straw/g é@'é@é@ \\4{6 ,\\4@ id
¢ q,o“éb & QO ¢
o

& 1.
Figure 1.

TARTERS BE R AEREERKERA BRI LN I KETEEFETREIETN

Comparison of cellulase activity and degradation rate of rice straw of 19 cellulolytic bacteria and

changes of ammonia nitrogen content in 3 strains of nitrogen-fixing bacteria.
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HATEWA LI, He, G MHRERSE S d i
RSP S A S ol 837.43 mg/L, WS #a T-F-F4
A G S EE R G WRTER FE 2 d

/—‘/\E

AP FR A h E AT R Bk, o~ 898.13 mg/L,
B IS IR R R, A b IR R

G W2 A THIEE/N, 3 d BFHEH] 405 mg/L J&
FAT R, UL 19 BREF4E 240 18 ELA 4%

2.2 NTHBKTETEFT IR B

SLHRIHEE S 19 BREFLER MRS 3 PRIETA
W, 5wtk B AG, WEHEG GO KRR
TR bR, 25K 2 s, Wk B
iR 3. 5. 8 d REFFIE 51518 29.9% . 34.0% .
50.9%. Wtk B+D HAREFE 3. 5. 8 d T
RORH 41.0% ., 47.9% ., 64.6%, UiHE D, fg

fRETHEZRRE ST, 3 PRIA AR BA [ A e g fe it B o A ATRE IR T, PR B+D+ W,
(A) (B)
°\o80 =3 d==5dm=8d c\°80- mm3d ==5d ==8d
2 40 @40t
z z
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Figure 2. The process of artificial combination of flora (A, B, C, D) and the final combination result (E).
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REHFR 3. 5. 8 d FEFFBERGH0N 44.3%.
52.4%. 71.0%, Jr#REFTFEBE ) B B 55 A
B+D, H G BRI, Uik W, BE
et B+D, G, 5 G WHBIEL
B+D,+W +G, 41450, 8 d I FEFF /MR N 73.3%,
ULRAGRE G, BEfEHE B+D+W, 4 AR TR RS T
REfCR, (BE R G VR R STk 22/ T B ik
D, Fl Wy, T EEREMNE, B+D+W +G 416 s
3% 5 d WM SCR AN B+D+W, ZHIRTHI R, K
FEREFTAE 5 d 1 8 d I Y20 B 4% 1] 2-D, i,
B Gy IR TERNRL RS b 4850 T RS FH o0 i R 0
2.3 BHBRIEHALHE K

SCIGTRBE B. Dy. Wi Al Gy 17 16S rRNA $2
0 o A 1 1 810 43l i 44 > HLB \HLD
HLW . HLG J5 {4 % GenBank, #REUE 35735
9 MWI131641 . MWI31625 . MWI131626 .
MW131624. fi 45 F¢ 41 #| 1] BLAST R 5 47 Ho X
VPR RIVEME 41, Fl MEGA 5.2 #F )\ GenBank
B8 P25 R SBORE L A v A G R AR R [ 91 A 2
RGUREW, SCRESRE 3 R, SEIREE B.
D,. W, fl G, B9 ZFh 4352 B. cereus . B.
amyloliquefaciens . O. intermedium 1 B. licheniformis
24 WRHERAEREREE S B ABCRIRSE

2F Y 3 2 A FF S W) 5T A W il 1Y) T A
F, S50 A S 55 K ST 4k R /Al 561 3 Fh
L AER TG . B AR M IR} AC. CB, CMC
PTG BILESS 4 RisgImK, 40k 51.98.
43.71. 50.86 U/mL. 7E%3 8 K, AC. CB. CMC
WG 239 R R 28.20, 23.87. 29.05 U/mL. 1fiZH4
B+D,+W+G, ) AC. CB, CMC &= {E /514
1770, 9.41, 16.90 U/mL, 8 d i} AC., CB, CMC
—FIEEERRE S 1503, 6.38, 14.98 U/mL. Kk
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B L 4ERFHE S, Do Wi Gy —AREEIAJS,
LR YL WG W AR BRI )N, (E IO 8 2 BT
&K, UM Do Wi Gy BISF4ERBRE RN,
NG R BRE W B IR E I g, 2 At
5 T gt PR UK RS A R 2 T (&1 4)

RBEEHE AR ELEERY T, A
SEIG ) A PRI TR A N B AR Gy IR I 2 A
AR, DU g ks 3R S b B SR T R ORI
PKFEREFT A 3 A0 SEIR A RN 5 Fos,
B+D,+W +G, 411 0-4 d B fmitliE, 4-8d 5 BH
PRE IR IR KX A, G A, AR
R AT EIGINA R, AR R
MR RERRE S, 454 B+DAW+G, AERF
8 d I REAR B K R FE FH 20 ORI 2.3%,
TR/, BTLL, MBS W T REXT K RE RS AT Y
HAERSRENARBE S EZ VIR,
2.5 FEFTHETY) GC-MS 4R

SEEG PRI FRAL(CK) . B BRI 8 d.
B+D, H&K55% 8 d. B+D+W, 41 55:5F 8 d.
B+D+W+Gy L5157 8 d [WREFFo- = Wittty
GC-MS 5. 4 GC-MS K& B, KBe=4E
LN, B2 M. ke BE. o6 5. HHEEA TR
YA S5RER CK ML RAE 6 Fin, B ik
BEETR 8 d I, HBLREMER . MKW, B+D,
FRELL B RIS IR, BRISID 87.4%, By
F /D 61.9% . B+Dy+W, 44t B+D, 24 A5 By 20
D 41.1% ¢ B+DAW +G, 4G R aksiigi s, il
DFRBEANAN B+D, Fl BADAW, 2H ., 454 F kR
NG K FEREFE B AR AR A PR T AR B (K 2), RIS
FEAF AR SR IR T R T RE S R NIR . 2k
() 7 B A
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(A) 80 Bacillus cereus strain GOM11 (MG753797)
26 —Sacillus cereus strain H3 (KC441784)
® Bacillus cereus strain HLB (MW131641)
Bacillus cereus strain 15 (MN733157)
36 — Bacillus cereus strain LXJ76 (MN746191)
95— Bacillus cereus strain SOB4F (MT904021)
99 Bacillus cereus strain TR11 (KM009129)
L Bacillus cereus strain DGT1 (KX768303)
39 Bacillus cereus strain SBMWP1 (LC189362)
99 Bacillus cereus strain SBABrB5 (LC189361)
02" STL Bacillus cereus strain ORE7 (MN685256)
S E— Bacillus amyloliquefaciens strain MPA 1034 (MH064353)

Bacillus amyloliquefaciens strain BCRC 11601 (NR116022)

Bacillus amyloliquefaciens strain DSM 7 (NC014551)

53

Bacillus amyloliquefaciens strain FZB42 (AJ634062)

® Bacillus amyloliquefaciens strain HLD (MW 131625)

76 | Bacillus amyloliquefaciens strain NBRC 15535 (NR112685)

B
0.2 9 Bacillus amyloliquefaciens strain BCRC 14535 (NR116022)

3‘1,7 Ochrobactrum intermedium strain IRN13 (MF348186)
28 Ochrobactrum intermedium strain Sq20 (KC195785)

©

32

Ochrobactrum intermedium strain XS 21-1 (MT000024)
Ochrobactrum intermedium strain OZK28 (KT696500)
Ochrobactrum intermedium strain B1 (MH934950)

10 E— Ochrobactrum intermedium strain 2-2 (KT831435)
8L Ochrobactrum intermedium isolate ADV21 (AF526514)

Ochrobactrum intermedium strain HI129 (LR135570)

12 ® Ochrobactrum intermedium strain HLW (MW131624)
— 4|
0.2 34

Ochrobactrum intermedium strain KI17.10 (MT113104)

50 Bacillus licheniformis strain East 11 5B (KX842435)

29 Bacillus licheniformis strain NBRC 12200 (NR113588)

| Bacillus licheniformis strain DSM13 (NR118996)
991 Bacillus licheniformis strain ATCC 14580 (NR074923)
Bacillus licheniformis strain TRC-18-2-a (AF047176)

Bacillus licheniformis strain BCRC 11702 (NR116023)

® Bacillus licheniformis strain HLG (MW 131626)

21 Bacillus licheniformis strain M2-3 (EU882848)

—

02 Bacillus licheniformis strain NCDO 1772 (NR118959)

3. ARERAHEEAS B(A). D:(B). Wi(0). G (D)ERRLERE 7
Figure 3. Phylogenetic tree of B (A), D, (B), W (C) and G; (D). The GenBank accession numbers are given in

parentheses. The number at each branch points is the percentage supported by bootstrap. Bar 0.2 at the bottom is the
sequence divergence.
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Figure 4.

activity; C: CMC enzyme activity.
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Figure 5. Changes of ammonia nitrogen content in
B+D,+W;+G; group and B alone culture.
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Changes of cellulase activity in each group during culture. A: AC enzyme activity; B: CB enzyme
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B+D, £ 43 85 SR I 20 B R 28 W) o T 2+ Tk
FRFNIE +7NKE iR , /b A B2 o 280 2,4 L
THEB A 6-80 T HEXT By, Ui D, ik A D
ROt IbiiR . IETNEEIR . 2,4 ZRUT BRI
6~ T FEXT H By S AN BE . BHD+W, 4G R SR
PE— 2L DR B E N 68T BER Iy,
St TR S b, B W kAT RER
ARG 65T FER A TGRS 1 2
At B+Dy+W G ZHA R 680 T R B —IKk
b, B Gy Rtk AT REEATI A R G 68T JE
X B S A RE, DD RREEANUN W RIRR(E 7).

E=CK

E4aB

E3B+D,
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FEAEFRE =S LR

Comparison of components of metabolites in different combinations.
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P Iy (3% 3) ke T AR B I 2 v 5 k. 5 2RR I,
AR B LR 57 8 d BT TUGE R B 2 0.00586%,
100 mL K P 2ifisy 5.86 mg. 1E+ 75k

R & &N 0.00733%, 100 mL % B P4l i &N
733 mg. 2,4 TRUT HM &8 0.00028%,
100 mL A& B 2l ok 0.28 mg. 6-50 ] Xt
F R &4 0.00137%, 100 mL % B H 2l &
4 1.37 mg.

2.6 SR P RIACR

FR A2 % T SC IR ZE S, KRR B A Bl
EREIH FERREE ) T TR . 1E T /SKElR . 2,4 —
BT FEER A 6-50 T FEXTH By 4 iy o i 1 5 3k

n-Hexadecanoic acid

600000 [ B
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400000 F ;N BEDAW,
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SETURERIEYEEE

Peak area graph of metabolites with obvious changes in content.

PEATRE IR, WEETARR B X /K R RG FT R Ak R 0 728

v, ZRNE 9 FoR. LR A bR . IE T
FNBEIR | 2,4 ZURUT SEMY AT 6-80 T JLXT H iy 4 gy
FrX R B R K R RS A R R B R A
PHIER RN IETSEERR > 2,4 BT 3l > +
FBERR > 6-BU T HEXT Iy o S5 B A 5 itk B
B RE SR 8 d B AR i AHIE Y 6 mg T FOBERR .8 mg
IET7SKERR . 3 mg 2,4 —KUT FEM AN 2 mg 6-80 T
FEXTH S, e A 1.66% ., 17.53%., 4.27%.
3.35%IMHIHIACR o SCRAER, T HBEER . IE TN
BERR | 2,4 ZRUT HEM A 6-80 T Hxt H i 4 Fh) ot
XFTEAR B R KR A AT 3 A 80 S HL AT 0 )
GRS 5 KRR RS A B o i B8O B TR 4
Jir DR A I B R AR 55 30 23 400 a0 1) S
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Table 3. Peak area of metabolites with obvious changes in content

Peak area
Rt  Name Mf
CK B B+D, B+D,+W; B+D,+W+G,
25.9 Pentadecanoic acid Ci5H300, — 484388 100158 59111 -
28.2 n-Hexadecanoic acid Ci¢H3,0, 72250 931146 157170 203518 196725
20.2 Phenol,2,4-bis(1,1-dimethylethyl)- Ci4HppO 29238 209155 53292 41179 37101

35.0 Phenol,2,2"-methylenebis[6-(1,1-dimethylethyl)-4-methyl-  CpH;,0, 112151 709345 296976 164990 80914

Rt: retention time; Mf: molecular formula; CK: control check; Phenol,2,4-bis(1,1-dimethylethyl)-: 2,4 Di-tert-butylphenol;
Phenol,2,2'-methylenebis[6-(1,1-dimethylethyl)-4-methyl-: 6-tert-butyl-p-cresol. —: None.
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Analysis on the mechanism of synergistic improvement of rice
straw transformation by microbial flora

Hongliang Cui, Changli Liu", Chunya Li, Zhifeng Song, Yajing Yang, Yanwei Wang

College of Life Sciences, Northeast Forestry University, Harbin 150040, Heilongjiang Province, China

Abstract: The effect of a single microorganism in degrading rice straw is not apparent. The microbial flora,
combined with multiple microorganisms, can effectively degrade rice straw, which is currently the primary choice
for straw waste degradation. [Objective] To explore the interspecies coordination mechanism, the microbial flora
can transform rice straw more efficiently than a single strain and provide a theoretical reference for improving the
biodegradation process of straw materials. [Methods] A microbial population combination with a degradation effect
better than monoculture was constructed artificially through the combination of strains and the weight loss of rice
straw as an indicator. The experimental strains were identified by molecular biology methods. Combined with
cellulase activity and GC-MS analysis of fermentation products revealed the interspecies coordination mechanism
of microbial populations during rice straw degradation. [Results] Strain B (Bacillus cereus) cultured at 30 °C for 8
days, the degradation rate of rice straw was 50.9%. The combination of strain B and strain D, (Bacillus
amyloliquefaciens), W, (Ochrobactrum intermedium), and G, (Bacillus licheniformis) constituted 4 strains of
BD,W,G;. For the composite flora, rice straw’s degradation rate by culturing at 30 °C for 8 days is 73.3%, 22.4%
higher than that of single strain B. The fermentation product analysis showed that strain B produced a large amount
of acid, phenol, and other substances in a single culture. B+D, co-culture, the degradation rate of rice straw is
64.6%, the acid in the fermentation broth is relatively reduced by 87.4%, and the phenol is reduced by 61.9%
(pentadecanoic acid, n-hexadecanoic acid, 2,4 Di-tert-butylphenol, and 6-tert-butyl p-cresol is significantly
reduced). When B+D,+W; is co-cultured, the fermentation broth phenols are further reduced by 15.7%
(6-tert-butyl-p-cresol is significantly reduced), and rice straw is degraded by 71.0%. When B+D,+W;+G; is
co-cultured, phenols and acids continue to decrease by 10.7%, and rice straw is degraded by 73.3%. [Conclusion]
Pentadecanoic acid, n-hexadecanoic acid, 2,4-di-tert-butylphenol and 6-tert-butyl-p-cresol, and other acids phenols
can inhibit the efficiency of strain B in decomposing rice straw. Strain D,, W, and G; can reduce the content of
acids and phenols, including the four substances (A total of 82.9% reduction in acids and 88.2% reduction in
phenols), improve the decomposition efficiency (A total of 22.4% increase in decomposition effect). The
composition of rice straw is complex, and the bacteria with different functions are combined into a compound
inoculum, which reduces feedback inhibition and forms metabolic complementarity, which can effectively improve

the biodegradation effect of rice straw.

Keywords: rice straw, microbial degradation, microbial consortia, strain function
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