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Abstract: Northern China is a major agricultural region, primarily producing cereal crops, which are associated
with large amounts of residual straw. To efficiently utilize this natural agricultural resource and identify efficient cellulose-
degrading bacteria, 100 samples were collected from 20 sites in three northeastern provinces. After preliminary
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screening, 2 052 strains capable of decomposing cellulose were isolated, which were provisionally identified as 1 207 strains
of bacteria, 598 strains of mold, and 195 strains of actinomycetes. These strains were stored in an ultra-low temperature
freezer at —80 ‘C for subsequent establishment of a functional cellulase-degrading strain library. After re-screening,
16 functional bacteria with high cellulase production ability were obtained, which were identified based on 16S rDNA
analysis and physiological and biochemical identification as Serratia marcescens, Bacillus licheniformis, and halotolerant
Bacillus, among which B. licheniformis NF-101 was found to be characterized by the most efficient enzyme production.
Following single-factor and response surface optimization, the optimal enzyme-producing medium for cultivating NF-101
was identified as a medium comprising sodium carboxymethylcellulose 0.75 wt.%, peptone 0.6 wt.%, potassium
dihydrogen phosphate 0.2 wt.%, and magnesium sulfate 0.05 wt.%. The optimal process conditions were a 4% inoculation
amount, initial pH of 7.0, temperature of 37 °C , and incubation time of 72 h. Optimized filter enzyme activity reached
181.22 U/mL, which represented an approximate 3.63-fold increase compared with that prior to optimization. Whole-
gene analysis of NF-101 proved that it was a dominant strain for efficient cellulase-mediated degradation. It also provided
information on a dominant strain and an experimental basis for cellulase degradation experiments.
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optimization of fermentation enzyme production medium of strains
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Table 2 Sixteen strains of dominant functional bacteria

R B /(fjfL) /n;/g;‘/‘c
1 NF-101 Bacillus 49.92 37
2 QZSL-126 Salmonella 49.52 55
3 NF-31 Pseudomonas 46.19 37
4 TR-35 Pseudomonas 43.29 37
5 NF-55 Corynebacteriaceae 40.57 37
6 NF-61 Actinomyces 40.36 37
7  QZSL-109 Fusus 39.98 37
8 QZSL-146 Brachybacterium 39.98 55
9 NF-44  Amphibacillus Nijmura ~ 37.25 55
10 QZSL-108 Pseudomonas 36.87 37
11 NEF-67 Bacillus 36.79 37
12 ZYL-107 Bacillus 36.50 37
13 QZSL-117 Pseudomonas 36.29 37
14 ZY-111 Actinomyces 36.50 37
15 TR-93 Salmonella 35.62 37
16 NF-39 Klebsiella Trevisan 35.66 55
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B 5 NF-101 B
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Table 3 Physiological and biochemical characteristics of

strain NF-101
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67 NR_043083.1 Bacillus seohaeanensis BH724
NR_025553.1 Planococcus rifietoensis strain M8
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i o
242 EGRRER

x4 BMABTBERERUERRBERS ST
Table 4 Results and analysis of optimized orthogonal experiments

in fermentation enzyme production medium of strains

K% A B C D ﬁﬁﬁf
I 100 100 100 100 17682
2100 200 200 200 18096
30100 300 300 300 17392
4200 100 200 300 17542
s 200 200 300 100 17716
6 200 300 100 200 1779
7300 100 300 200 17831
§ 300 200 100 300 17856
9 300 300 200 100 17672

K1 17723 176.85 177.77 176.90
K2 17633 17889 177.70  179.06
K3 177.86 176.19 176.46 17597

ME 153 2.70 1.31 3.09

XFERR RTINS, WRPEI4ERN. &
FR, BRIR — S B EE 4 MR N E, IEX
IR AR UK 4 Jror. oM aRBRE BT &1, 24
W ARSI R SRR, B AR . RIS A

T 4 NP 20 i AR A I 1Y) 52 0 A R B 1 R > TR ER
B> AW >R R YgEER.

FH T % D] 2 ) B PR 7 i I S e AN B, Utk
B AT R 5 vk B S BRI A A kR AR 7 B
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243 RiEFEREAAIE

W IER R P HATH R A N, &IRHAE%
R R FEAYEZEN 0.75%, FAM 0.6%, B
TEA 0.2%, R BE 0.05% . B 2 o b
Ja, HA AB,C,D, 3 A G ¢ &, U 4R S Ik
F| 181.00 U/mL.

*5 EXRBHESN

Table 5 Analysis of varianceo for thogonal experiments

FERR FrA BEE HF F ¥ e
A 3.236 2 1.618 0.202 0.821
B 23.883 2 11.941 1.493 0.276
C 6.465 2 3.232 0.404 0.679

D 30.281 2 15.140 1.893 0.206

®RE 72.000 9 8.000

2.5 EALNF-101 7B & 4

251 RREFEMMRELER

W AR R R, AEREIENZE
) RS W LK, S B TR) B 5 — M, an B 1o By
TNe AR EYEFRAE 37 CW, 4R ik
178.92 U/mL, [ b5 2R 5058, 35 9% 5 M 4k #F
1637 Co HEEFELE 4 wt.% I, 248 KBHE
i5176.83 U/mL. 4 pH {ATE 7.0 B, £F4E KBS
7715 175.01 U/mL. 4K BERT[RIZE 72 h ), £F4E 3R
fitgi% 7715 181.09 U/mL.
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b I RZIR A« 2 b B > pH >HE FRIR S >k BE [A]
179
SE‘ * 6 M miREiZit RER
é 1781 Table 6 Response surface test design and results
R 177+ s B 3 %9 3 b 2 3
e /h e [(wt.%)  AU/mL)
B¢ 176 +
&
S sl 1 800  72.00 37.00 5 175.39
el oo 2700  72.00 37.00 4 181.09
26 28 30 32 34 36 38 40 42 44 46
BRI ) C 3700  48.00 37.00 3 176.04
4 700  96.00 37.00 5 176.81
c
= 175¢ 5 600  72.00 45.00 4 174.25
£ 174}
2 6 800  72.00 37.00 3 175.02
43 173+
o 7 700  72.00 37.00 4 180.29
& 172t
Zﬁ\ il 8§  7.00  72.00 37.00 4 180.32
oy
1701 9 700  72.00 40.00 4 180.53
33 6.0 6.5 7.0 73 10 700  96.00 28.00 4 175.05
pH{E
11 700  72.00 28.00 3 173.47
d L 12 700  48.00 40.00 5 177.02
=)
£ 16y 13 700 7200  28.00 5 174.69
< 175}
R 14 7.00  48.00 45.00 4 175.99
§ 174+
% 1l 15 7.00  72.00 45.00 5 174.91
&
& 1k 16 800  72.00 28.00 4 174.21
17— 3 4 5 6 17 800  96.00 40.00 4 177.67
R/ % 18 600  96.00 40.00 4 174.92
10 = SRR 4
B 10 RERTRER 19 600  72.00 40.00 3 173.42
Fig.10 Results of univariate experiments
‘ 20 7.00  96.00 40.00 3 175.75
252 e EmALIREE S R
e » ] : 21 7.00  48.00 28.00 4 176.02
HE A B DR 2RI 45 B, X R i 21 4 R s 1) 4
AEEFFAATISE AL, R BE SRR 2 800 7200 a0 a7
60 I > BT 45 B e SAE A 4E R B (YD) 23 7.00  72.00 45.00 3 175.01
S > Sl 7 e
A pH (A)y REERFE] (B)y B Fr i i (C) ATk 24 600  72.00 28.00 4 173.02
g (D) Mk Z W EHBER: Y=180.69+
25 7.00  72.00 37.00 4 181.22
0.42*A+0.041*B+0.39*C+0.51*D+0.59*AB-
0.37*AC-0.55*AD+0.50*BC+0.020*BD-0.33*CD- 26 8.00 48.00 37.00 4 176.03
2 2 2 2
321*A-1.41*B-3.45*C-2.71*D 27700 96.00 45.00 4 177.01
FHER 7 WIHN, R I B2 (P<<0.000 1),
28 600  72.00 37.00 5 175.98

KAV R, R=0.9813, R’,;=0.962 7, F W
A, AT ARG T . X T 4 2K AR 29 600 4800  37.00 4 175.62
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®7 DEARBMFESHR
Table 7 ANOVA for regression models

7E e B0 sz ok opm B8

;g 151,72 14 10.84 52,56 <0.0001 **
A 2.13 1 2.13 1035 0.0062  **
B 0.020 1 0.020 0.097  0.760 0

C 1.81 1 1.81 878 00103 *
D 3.09 1 3.09 1499  0.0017 **
AB 1.37 1 1.37 6.64 00219 *
AC 0.56 1 0.56 269 01231

AD 1.20 1 1.20 582 00302 *
BC 0.99 1 0.99 480 0.0458 ¥
BD 1.600E003 1 1.600E-003 7.761E-003 0.9310

CD 0.44 1 0.44 211  0.1681

A’ 66.92 1 66.92  324.61 <0.0001 **
: 12.82 1 12.82 62.18 <0.0001 **
c 77.19 1 77.19 37439 <0.0001 **
D’ 47.58 1 4758 23078 <0.0001 **
kA 2.89 14 0.21

KPR 212 10 021 111 0.500 1

iz £ 0.76 4 0.19

4t 15460 28

(@)

D: Hefiit

36
48 56 64 72 8 8 96 3, 566472
3048 B: KB i)
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B: K RER [H] C: HiFRiBE
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Fig.11 Contour plot (left) and response surface plot (right)

3.5
3.0 30 3

of the effect of different enzyme production conditions on

enzyme activity in strain filter paper

MR Design-Expert 73§ £3 21| (1) % {1t T. 25 4 14
s NF-101 KB 7= B3 77 5k do A 2 AR 2 FR L 4 4
075 wtY%- AN 6.00 wtY%-. FREREE 0.05 wt.%-
IR —ZUH 0.20 wt.% 5 3z FH g S T %o [5] U5 5 RE kAT
BRESNT, BRRETESEN: BE3TC, ¥
A pHAE N 7.0, FERNE: 4%, FE 5T 18] 72 h, B0,
AL 5 4K R IA F) 181.22 U/mL, 514k AH
FLiemn 1729 3.63 fifo BT 3 RIGIERE 5, HE4l
Mgy 41 REIA 2 175.00 U/mL.

2.6 NF-1013 F 4 947 B sh fe 2 B

26.1 ARZEEKSFIE

E 12 EFEAEE LT
Fig.12 Genome circle mapping

JE @ circos AIPE] AR K R L 45 R P AT 25 4 scaffold.
Ao (S04 QAR RE A, A AHEERESH ) g dFH
A (F2 KA 1000bp). geskew (A5 A (& 2 K 1000 bp ).
tRNA 5#7 . rRNA 5-A A B R R E a8 X A&

K H Circos 2l & K ZH B, NF-101 &[4 i
— IR Y AR LR, S FERKE N 4 467 043 bp,
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837 bp s BEK P IKE, i S KRR 43
H24 60 bp F17 909 bp 5 H IR IE K 4H 7R = B 0
Kl 12 Ao, BELEEE N 4 350 4, 74 S (RNA %2
[RIAT 18 4> rRNA 2K, GC & it 42.88%.
2.6.2 A HEIERARX AR T

Wi 13 frs, NF-101 # 3 A 2 7] i 3 B
ISERECA 1 164 45, BLAF, COG I NR % A i+
BEERHON 1 633 25, NR M KEGG HHs ) 13 B 3
R 56 4.

1492 NR
KEGG

COG

E 13 ZEEEEE
Fig.13 Gene Wayne diagram
263 COGHER R EBTHFHEBLR

W1 14 R N TE NF-101 3£ F 40 COG 13
Rer K. COG MFBAERHL 2 547 %, hwminE O
FER Y 78.44%.

5 g b5 B B A DGR R H St 1 254 5%,
b4 38.62%. E N 5 LU f ik 2] 11.58%, AH OG5
R 295 %%, G MR 0N 232 %%, (i EEA
9.11%. XPHITREVE I COG i d5 22 g i) 1) 25 11 5
Rl 22 5 LA TR, X LEAH G D Re L [
A LU IE NF-101 X M4 138 1

350

300

250 +

200

150 +

100 |

50 +

ABCDEFGHIJKLMNOPQRSTUVWYZ
14 COG Ihae s EERLER
Fig.14 COG functional classification annotation results
Z 5K & Wiz 5 A0 E L COG R
He N B G N 226 2% oy B R A A1, COG i FE 45
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B, AT E IR 4 KB RTEMCHER, B
RN Y KGR 2 5 27 Y 22 B SN 16 A 26 2R
[ ctg00004-000887. ctg-00005-001054. ctg00013-
001887, LA J 37 A VA SR BB I ctg00034-003378,
F I NF-101 76 25 4k 2 Wi AH O¢ 25 1 JF B B8 7
PN U SR B T
264 GO LB P iiin

GO VEREF R EECHN 3081 2%, A gmtda 2t
IR 84.25%. XM 15 AT 40, &R ZRAELH &
ZHUNAEYELRE, BERRRIER) 19 Fh, 5 540
M AR SR IZE R, 5 R B OARE. & & AR
FEY: 10 5 5F IR R R .

100 1157
X 10 116
2 I
= ! 12
g K
= 0.1 1
s
O e s 220 2 2 2 © SZo R OF ARRAARREAR
LR F TR
#fuid AR
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Fig.15 GO function classification annotation results

E Ll AMRAYE; 2 wminkRE: 3 MR R
AWM IR 4 mieiAE; 5 MEA 6 A FEAR; T
AK; 8: &Mx; 9: iEFh; 10: ARatidAE; 11: % Adikidss,
12: 3mpekanidsz; 13 A4da2e fEY; 14 it
EEPAT 15 AIARGRET; 16 FIh; 17 RS R
JE; 18 455 19 "AzeyE 55 20 : MRS R3S 210 &
FORAAY; 22 BE; 23 g 24 whe; 25 REME
My 260 BALEAS 27 FELEN; 28 TS EM; 29 4o
FHEAT A 300 - TFHALEFM; 31 LT EN; 32:
R RENE; 33 AEARE M 34 BEIAH A E M.

R 8 PR, GO FEREL R h R 5 8 SR 47 4
REMIDCHE N . SRR EF 4 3R BRI 15 1) GO0008422,
FAE O A4 R P ) B-1,4- BEE S8 EAT A /K
ARPH s 37 ) B B PR GO0015926, HAEH
AL BB IR A W K R
2.65 KEGGHfEn KizM o) 4 4 F Bk B

2 KEGG R F AL 1942 %%, (HgmidiE A
LRI 53.10%. M 16 HHaf &0, B #k NF-101 AR
AR, BRAKA A YA AH DG IR S R E R 22 241 2% .
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% 8 GOHXERER
Table 8 GO-related gene information
JH ID GOID GO % #4 PER =S

ctg00068_ 004471 o BEAL AR A R
ctg00015_ 002154 p-FH .D- 3115 W #
ctg00031 003192 GO:0008422 #& ¥ B K5 ﬁ_D‘j %% %
ctg00058 004292 o A B
ctg00034 003378 :

ctg00068_004471 TEALAK AR F) 248 AR
ctg00015_ 002154 REAHE Lo, BAITA
ctg00031 003192 GO:0015926 8 A FRF F4ERA
ctg00058 004292 EW EARTAMY LR

ctg00034 003378 LOEZY
KEGGAR i@ H

200

o 150

K 100

#

50

0 NS eeR eI an TR 2R AR AR,
/ / [ / ,
ML HEMEE MR BRI ARG

[ 16 KEGG e LT RER
Fig.16 KEGG functional classification annotation results

E L mfAd KA 2. mRiE ) 3. iR 4,38
Ae s fRRAt; SR 6.5 7.5 TAME
YA 8. A& AR 9. A A A5 5 10, 563 11, &
A B ey Rl 12, AR ARG 2SR 13, RS H
ey R 14, fe 2R 15 B4R 16, R A& ARAK
W 17, B8 AR 18, #5 KA KA K 5 19, A6 ZIR B AR
20. # Ao % BARALS M 6 Rl 21. 425 B AR 22. 45
R 23, Sk A M) A D TEREARAT; 24. AL 25 THIL A4
26. Wik B 405 27. FRBLIE R ; 28. HE A 4 29. BRI A4
30. AP A 4.

W 9 fros KEGG R4 R o 3t 1 648
FRACHIERS, trRel A, JEk SRS+
A R BEMEA G BE R 3L 5 %%, SRR NI 5
BB, X BRES 5 EC:3.2.1.4,

#* 9 KEGGHXERER
Table 9 KEGG-relatd gene information
ABEID KOID 2 AR Bt 5 BEAR L AR

A YIERAEE L, ko00500Starchand
Endoglucanase sucrosemetabolism
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3 g

AR AR B0 Tk ) S B B AR - TR R IR, e
Mg e T2 N . R A 4R 0.75%. &
I 6% BRFREE 0.05%. BERE — A48 0.2%. 774
Yemlg i fE L 24 R 37 'C, ¥R pH 1H 7.0,
MR 5%, WIRIE 72 he WRIGEW, ik
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