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Abstract: [Background] In northern China, the average temperature in autumn and winter is low, which
makes straw more difficult to degrade naturally. [Objective] Screening high efficiency lignin-degrading
bacteria of low-temperature, explore enzymatic properties and improve enzyme-producing performance and
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straw degradation efficiency. [Methods] High efficiency lignin degradation strains were screened by aniline
blue method and enzyme activity determination, and the enzymatic production conditions were optimized by
single-factor screening and response surface experiment, and the degradation efficiency of straw was
determined through solid-state fermentation experiments. [Results] An efficient lignin-degradation strain LS-1
was screened and identified as Stenotrophomonas maltophilia. When the carbon and nitrogen sources of LS-1
were lignin and pepone, pH 8.0, temperature 15 °C, time 3 days, the activities of Lip, Lac and Mnp were
23.34 U/mL, 9.37 U/mL and 50.89 U/mL, respectively. The optimal temperature of Lip and Lac was 30 °C and
the thermal stability was well, while the optimal temperature of Mnp was 50 °C and the thermal stability was
poor, the optimum action environment of the three enzymes was acidic. 0.75 mmol/L Mg and 0.5%
Tween-20 can promote Lip activity, 1 mmol/L Cu®" and syringic acid can promote Lac activity, and
0.1%—0.5% Tween-20 can promote Mnp activity. After low-temperature solid-state fermentation, the weight
loss rate of straw was 18.85%, and the lignin degradation rate was 36.14%, which was about 6 times higher
than that of the control group. [Conclusion] This experimental provides high-quality bacterial resources for
the efficient degradation of low-temperature lignin and has a well application prospect in straw degradation.

Keywords: low-temperature lignin-degrading bacteria, enzyme production optimization, enzymology
properties, straw degradation
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pH H#X, 1x10° Pa K4 20 min.

MR TRIE W 1% R B 1% 1A
FRMEOINA LB 535569, 1x10° Pa KB 20 min.

R BrEARIR 1.0g, FRFH 1.0g,
NaCl 1.0 g, HEFK 2.0 g, 258K 200 mL, pH A
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# 5.0 g HHEEFESIIA 200 mL A=FEER K,
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%1 Box-Behnken iX18 F Rk F K 4D
Table 1 Box-Behnken test factor level and coding

K- A pH {H B i C IF[a]
Level pH Temperature (°C)  Time (d)
=l 7.0 10 2

0 8.0 15 3

1 9.0 20 4

2.7 EEFMRBHAR
2.7.1 REXTEGIE RN

FREAC I B 3% 35 S5 AF Tl 2 A R, 43 B e
10, 20, 30, 40, 50, 60 °C #li%E Lip. Lac. Mnp
figs )y, Vs BEG 71 100% 3 S AH X g g,
W 3 P IE SO TR o FE B S IR BE T 40
PR AR 20, 40, 60, 80, 100 min I fHE
31, VKRG ERE RS T8 100% 315X g
J1, #hE 3 Pl IR E M
2.7.2 pH {EXEEE H KIS

il SN I T, KR 53 3IHE pH 4.0.5.0,
6.0, 7.0, 8.0, 9.0 MY ZMFME Lip. Lac.
Mnp F§E 77, Vi mBigg 718 100% 3SR X g
71, HirE 3 FhEEAYEOE pH (B KEHLERR 5 s pH
HZZ PRI FMEH 20, 40, 60, 80, 100 min il
SEMFG 1, VAARVE R A BRARES 118 100%115
ARXT TG 7, A 3 FhEEAY pH (AR EE,
273 FESFIXERE N

¥EFE 1 mmol/L 9 Cu®". Fe*', Mn*". Zn®'.
Mg, TR 3% 1E-20 X 7 Fid S0 N2 %
PR R o AANES IS S0 00 A IR 5 97 A 0
B, BEE S1Eh 100%. THEASING S50 5 i AR
Mg % 1 o

i 1 HH TS A SRV E R S0, A
[l B i SRR JI I . Cu™ | Fe™' . Min™",
TEMRASE /5149 0.75.1.00.1.25.1.50 . 1.75 mmol/L,
3620 23514 0.1%. 0.2%. 0.3%. 0.4%. 0.5%.
PIARBS NG S50 X B BERS 18 100% 15
Mg 1.
2.8 FEFFRERRIRIGIR

FRFEF G 60 B, 1x10° Pa KIg

20 min, 105 °C #t+. 5 4HH 3.0 g FiFF5 1 mL
AN Z 100 mL 7B R 3EH, 15 °C 120 r/min
Rige, WFRL Rl AR B K, BRI E 3 FATHRE
A AW 20 d J5 BUR FERSFH-E T 2 1E 8, I R AT
JedE 2, K] Van Soest FRPEDEL PO A T
i, AR R, 53 3O BRZ Fnilse gl
FEFF T 5 A T R R
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)/ R ERTFS AT E > 100;

AT AR ZR(%)=100—100(1—55 T ) x 28 2
AR E G R fR G AR i
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28 2R e W 0 I R — bk B 6 BBl AR AR
FITERR LS-1, 2550 1 fias. ®F LS-1 JHF 7T
Ji%E , Lip B§i& J1°4 20.01 U/mL, Lac BHE SR
9.78 U/mL, Mnp i 714 31.29 U/mL,
32 EHERE

Btk LS-1 MIEAF R E S R A 2 s,
PRAE LB K535t 2B/ NMORIE T, FLAa,
RN . G OGAR] WIR A SRR, 2
GBI

Bk LS-1 ) PCR ¥ /= # K550 1 442 bp,
BHZr- W5 1E GenBank B0¥5 % i1 7 BLAST L
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Figure 1 Decolorization ring produced by strain LS-1
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2 EHk LS-1 BERSAME=ZRERLER®B)
Figure 2 Colony morphology (A) and Gram staining (B)
of strain LS-1

Kl 3 Fin. 25 BRI LS-1 5L FE g R
WAER— 3 b, SRETRASERIE I CF DLAn T
ARG U ETM) PUGE, #E LS-1 WL ER
AT (Stenotrophomonas maltophilia).
33 E#HREKERANE

Wil 4 Fis, BRRAE 72 h W2 IR K, 46
72 h B ODgoo (HiB B ey, MEEEARES, I
£ 108 h J5 G2 I T Bk
34 FEEEHMRK
341 HEBREREHE

K SA Fios, IR FhRiEET Lip #1 Lac

W S8 . 43924 20.11 U/mL F19.78 U/mL;
DA ADR A RIS Mnp B ) 5 , AR R 5 HAH
FOBEAIS s 25 -G ikl SMERE, e R h
SRR

Kl 5B P, AR AR Lip A1 Lac
B s, 4390k 20.11 U/mL F19.86 U/mL,
I B A R A
342 REEFEHHE

W& 6A F7R, Lip. Lac, Mnp % f134k6# pH
(EHE IS B ETHES, pH 8.0 HIRFR A, FJS
SRR, e KIERAE pH (E2h 8.0, Uil
6B 7R, HEFRIR A 15 °C 5] Lip F1 Lac B /15 ,
1fii Mnp 7E 20 °C KIS Ty, 15 °C Hik, 456K
PR, 15 CCAENRAANEIRRE . WEl 6C
TN, 553 ORET 3 RIS SRR e, RS TR
¥, b Lac 1 Mnp 6 77 FRERCHZEE , T Lip
WG H R I, B 3 d fe s gRma],
3.4.3 EFEARER ER L

Fi# Box-Behnken .00 & ST EE, LU pH

|gif Stenotrophomonas maltophilia strain cqgsm h3 (MN826555.1)

80| L Strain LS-1 (MW646299)
57 Stenotrophomonas cyclobalanopsidis strain TPQG1-4 (MN036524.2)
95 Stenotrophomonas pavanii strain ICB 89 (NR 116793.1)
Stenotrophomonas tumulicola strain T5916-2-1b (NR 148818.1)
54| g5 Stenotrophomonas chelatiphaga strain LPM-5 (NR 116366.1)

66

57

_&&‘—

|
0.01

B3 E#k LS-1 ET 16S rRNA EEFIINRZ L S

99 Stenotrophomonas chelatiphaga strain DSM 21508 (MW227638.1)

Stenotrophomonas bentonitica strain BII-R7 (NR 157765.1)
Stenotrophomonas rhizophila strain e-p10 (NR 121739.1)

Stenotrophomonas panacihumi strain MK06 (NR 117406.1)
Stenotrophomonas koreensis strain TR6-01 (NR 041019.1)

Stenotrophomonas ginsengisoli strain DCY01 (NR 115687.1)
— Stenotrophomonas terrae strain R-32768 (NR 042569.1)

100‘— Stenotrophomonas nitritireducens strain L2 (NR 025305.1)
Arenimonas oryziterrae strain YC6267 (EU376961.1)

Figure 3 Phylogenetic of strain LS-1 based on 16S rRNA gene sequence
T B P S AR TS 7S EF R Bootstrap SCHRFRE; AR R BE R 791 22 510943 3K 1

Note: The numbers in parentheses are accession numbers of related strains; The numbers in each branch points are percentages supported by

bootstrap; Bar is nucleotide divergence
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20 (1) BERIEST Je )y 22000
sk K H Design Expert ZF35%} Lip (Y1) .Lac (Y2)
S A Mnp (Y3)BEE SRR I 25 b1 5 2ot B LA

el SYHT, A5E IR

0.5 Y1=22.95+1.794-2.92B+0.76C—0.504 B+

e 0.404C+0.51BC—6.364"-4.138°—4.03C";
0 1224 36 48 6 72(h8)4 96 108120132144 Y>=9.22+1.564+0.68B+0.69C+0.214B—0.154C—
t

0.24BC-2.704°-2.32B8°-2.06C*;

Y3=50.60+3.344+3.778+0.88C+0.484 B+
0.304C+0.85BC—8.554°—13.18B8°~7.74C",

X AT )y AR VT, A5 5 IL
{E(A) . B BRI I(C)Y 3 A FIAERE, LhLip iy 4 3-S50 MR 3-5 AL 3 FLURAR AR P
W) Lac TS JI(Va) M Mup S T (r s (/N 0.001, B SetERsT. JiRaml P (i
BT 3 B 3 BRI R IAK, ks KT 0.05, BURIUE RECR ETE 09 LR, BLAIR

4 HEFETEIIEE LS-1 £ KER A5
Figure 4 Effect of culture time on the growth of strain LS-1

A B |
£l ‘3‘2 _ = Lip ) o Lip
5 I Lac 5 40 ac
B & Mnp 2 35 &= Mnp
£ 25¢ z %
Z =
8 20+ £ 25
s [+~
o I5¢ 5 20
§ 10} § 15
= 5L £
L% 0 A E 1 5

S P

° S & 53 &

& & WY&
Carbon source Nitrogen source

5 BGERQ)MEURMB)IT E L LS-1 B85E AR IR

Figure 5 Effect of carbon source (A) and nitrogen source (B) on enzyme activity of strain LS-1

A
60, . ~60r o 1 60 = Lip
2354 =L a5t Tk 3350, Lac
S50 -aLac E 50 = Lac §50'
2451 —Mnp 2451 - Mnp S 45 —e-Mnp
z40- =40+ S 40¢
Z3s) 350 235t
3 30- ‘5 30+ .z 30
S 25- S 251 5251
4 S
- < L - -
% lg— ﬁ% % lg— A/E/A\n§ﬂ g‘ l(5) L r/ﬂ/‘\ﬂ\"\a
LS 0 1 Il 1 [_S 0— 1 1 1 1 E 0 1 L 1 1 1 1
50 60 7.0 80 9.0 5 10 15 20 25 1 2 3 4 5 6
pH Temperature (°C) t(d)

6 pH{E(A). REB)FARTE(C)XM EHE LS-1 BiE h =M
Figure 6 Effect of pH (A), temperature (B) and time (C) on enzyme activity of strain LS-1
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Table 2 The response surface method was used to design 17 experimental schemes and results
R A pH {H B iR C WfE v, Lip Bgi& Y, Lac M /1 Y3 Mnp M 7]
No. pH Temperature (°C)  Time (d) Lip activity (U/mL)  Lac activity (U/mL) Mnp activity (U/mL)
1 0 0 0 24.32 9.64 49.69
2 1 1 0 11.75 6.69 37.73
3 0 0 0 22.56 9.03 50.06
4 0 1 -1 9.67 5.28 30.00
5 =il 0 1 11.12 4.00 31.11
6 =il 0 =il 10.90 1.82 30.56
7 1 0 1 15.00 6.81 38.65
8 -1 -1 0 12.16 2.12 20.96
9 1 -1 0 17.24 4.83 26.40
10 0 0 0 21.99 8.94 49.97
11 0 -1 -1 17.90 3.53 26.99
12 0 1 1 12.70 5.67 34.05
13 1 0 =il 13.19 5.21 36.91
14 -1 1 0 8.68 3.14 30.37
15 0 0 0 23.77 8.11 50.62
16 0 0 0 22.10 10.39 52.64
17 0 -1 1 18.89 4.89 27.65
%3 Lip REE TS
Table 3 Model regression analysis of Lip
IRZEARR SEJT A H ¥y Fld P{H
Source Sum of mean square Free degree Mean square F value P value
187 Model 446.02 9 49.56 38.36 <0.000 1
A 25.63 1 25.63 19.84 0.003 0
B 68.39 1 68.39 52.93 0.000 2
(e 4.58 1 4.58 3.54 0.101 9
AB 1.01 1 1.01 0.78 0.4059
AC 0.63 1 0.63 0.49 0.506 8
BC 1.04 1 1.04 0.81 0.399 3
A 170.53 1 170.53 132.00 <0.000 1
B 71.70 1 71.70 55.50 0.000 1
c 68.43 1 68.43 52.97 0.000 2
5%7% Residual 9.04 7 9.04
KA Lack of fit 4.70 3 4.70 1.44 0.3557
4fi{3% Pure error 4.35 4 435
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&4 Lac #REEASH

Table 4 Model regression analysis of Lac

RZEARR RV F ¥y FAH P1{H
Source Sum of mean square Free degree Mean square F value P value
17 Model 106.96 9 11.88 24.30 0.000 2
A 19.41 1 19.41 39.69 0.000 4
B 3.66 1 3.66 7.48 0.029 1
C 3.82 1 3.82 7.82 0.026 7
AB 0.18 1 0.18 0.36 0.567 0
AC 0.084 1 0.084 0.17 0.690 8
BC 0.24 1 0.24 0.48 0.5103
A 30.80 1 30.80 63.00 <0.000 1
B 22.71 1 22.71 46.44 0.000 2
c 17.82 1 17.82 36.44 0.000 5
#:2% Residual 3.42 7 3.42
J#) Lack of fit 0.53 3 0.53 0.24 0.861 5
4lii% Pure error 2.89 4 2.89

£S5 Mnp RE[LE TS

Table S Model regression analysis of Mnp
IRZEARR S5 A H Hi ¥r Fid PME
Source Sum of mean square Free degree Mean square F value P value
5% Model 1 644.42 9 182.71 56.58 <0.000 1
A 89.04 1 89.04 27.57 0.001 2
B 113.63 1 113.63 35.19 0.000 6
(e 6.13 1 6.13 1.90 0.2109
AB 0.92 1 0.92 0.29 0.609 7
AC 0.35 1 0.35 0.11 0.750 3
BC 2.87 1 2.87 0.89 0.3770
A 307.66 1 307.66 95.27 <0.000 1
B 731.75 1 731.75 226.60 <0.000 1
c 252.28 1 252.28 78.12 <0.000 1
5% 7% Residual 22.61 7 22.61
Pl Lack of fit 16.93 3 16.93 3.97 0.107 9
4fii% Pure error 5.68 4 568

TSI AR LA BT, AT LA M AT dre
4t 2o a R W, pH O FIIRLEE I ZE % 3 Fh
AR BEHG F15200 P AE3/NT 0.05, R pH FNELEE X}
3 FlES oo s R E] R 206 Minp 252
R, XTHAY 2 FhEE AR B

(2) M )37 T 43

NHEERINEATH AN 3 FPRES s, X
TRIGEE I T RN TS A, HiHR o Lk

A AN 7-9 FioR, pH FREE R ZEAS HAERXT
3 P 52 A R AR E IR TIRDE , Ui S S H
YERIXT 3 FPlEEE T A B [AREH, pH S
S BE SR RS AR R 3 FiR S J 152 N B
TEREFRITEN 3 d ISF, pH 7.0 H5H11Z pH 9.0, 1RUEE 10 °C
HhnZ 20 °C, 3 FEEE I RETHRIE TR,
PR TR AR B R R A KA. [RIRE, pH 5]
R R E S E] s B AR X 3 RS2 mEa A ]
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Figure 7  Partial contour lines (A) and response surface diagrams (B) of the influence of factor interaction on Lip activity
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Figure 14 Scanning electron microscope observation of the straw after 20 days of solid-state fermentation of strain LS-1

e A RERCHREF, HOCRHECN 2000x; B: REEFEAPREF, HOCMHECH 1000x; C: LS-1 ZRBEREFE, HRMEECHK 2 000x;

D: LS-1 AbBEREFT, BORAEHCH 1000

Note: A: Uninoculated treated straw, magnification is 2 000x; B: Uninoculated treated straw, magnification is 1 000%; C: LS-1 treatment of
straw, magnification is 2 000%; D: LS-1 treatment of straw, magnification is 1 000x
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