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Sporosarcina sp. N2: isolation and degradation of lignin at low
temperatures

XU Yiming!, WANG Jinghong!, XU Hongmin!, DENG Changyu!, FAN Hanxue!, ZOU Shijie!,
Aman Khan?, LI Xiangkai®, ZHAO Hongyan*, WEI Dan"5, WANG Weidong"!*?

1 College of Life Science and Biotechnology, Heilongjiang Bayi Agricultural University, Daqing 163319,
Heilongjiang, China

2 Key Laboratory of Restoration and Reconstruction of Salt-alkali Vegetation in Northeast China, Ministry of
Education, School of Life Sciences, Northeast Forestry University, Harbin 150040, Heilongjiang, China

3 School of Life Sciences, Lanzhou University, Lanzhou 730000, Gansu, China

4 College of Agriculture, Yanbian University, Yanji 136200, Jilin, China

5 Institute of Plant Nutrition, Resources and Environment, Beijing Academy of Agriculture and Forestry Sciences,
Beijing 100081, China

Abstract: [Background] A large amount of crop straw as agricultural waste is produced in
northeast China every year. Low temperature leads to slow degradation of straw under natural
conditions. [Objective] To screen the bacterial strain capable of degrading lignin efficiently at
low temperatures and explore the pathways of lignin degradation. [Methods] The strain was
identified by morphological observation and 16S rRNA gene sequencing. The lignin degradation
conditions were optimized at low temperatures, and transcriptome sequencing was employed to
predict the pathways of lignin degradation. [Results] A strain Sporosarcina sp. N2 capable of
efficiently degrading lignin at 15 °C was screened out. The degradation rate of lignin was 20.8%
after 8 days of low temperature culture and increased to 31.7% after degradation condition
optimization. The differentially expressed genes in different time periods were identified by
transcriptome sequencing. The functional genes related to cold resistance and lignin degradation
presented down-regulated or up-regulated expression in different degradation periods.
According to the gene expression pattern, we hypothesized that the strain degraded lignin via
the benzoic acid pathway and protocatechuic acid pathway. [Conclusion] This study enriched
the microbial resources for degrading lignin at low temperatures and provided data support for
enhancing microbial degradation of straw at low temperatures.

Keywords: lignin; biodegradation; Sporosarcina sp.; low temperature; enzymatic activity

2022 4 E RS FF LS PR R Rk 9.77 4241,
FEFF B gER | RO HR . RKFERSMN.
FErpOR i & —Fh 3 18 22 11 i SR 1) 2 30 5 4y
TANY), LT 2 Z B A S RS AT
U R A O AE TR B2 19 = 8500 i sl 3Bk
TR AE AL FH R T R i 0 O B PR o A0 3R

SR TP B A R T 3R A 28 T R
FLEARIAHPER A 2 P L T 3 B U

FE R AR ARG L, Horh U HA BB A
JR R SEAREfRN CO, Il HoO S5 2 WAk 40 14
F B i BR B (micrococci sp.) . A B A
(Acinetobacter sp.). ZI.BkE (Rhodococcus sp.).

BRI IR (Xanthomonas sp.) %781, FH#F B IR,
2 AR A7 P pHL L IR R A e i R R

Mei & U015 85 1) fff UE K 2F 98 #F 187 (Bacillus
amyloliquefaciens)7E 37 °C & 1 15 d, K ERF
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fif KN 28.55%. M\ EHLJfLTE (Comamonas sp.)
B-9 7£ 30 °CHl pH 7.0 £/ TFH53% 7 d, 3 g/L
RJTR BRI 32% 1 JLF 4 TR A 3 R 5%
N RE ST, HATTEMGR IS TR R,
T 7EFEWS Hb X A5 I8 A 52 932 31 00 .
IR 2 AT 2 GF-20 76 10 °CHE 37 30 d )
FORFEFFIREMRRIRE] T 31.97%. HKFEF 15
B EORFEFHIR IR = R A 2 5 TR R M 44,
1E 15 °CH;F% 20 d, EARFEFFEEMARL GF-20
1 12.25%. Cagide S8 A A 43 25t 1) 1 B
Jfl i (Pseudomonas sp.) & B 1 V& i P YL R (1
HHEALYIE, IR T AR R R s 2]
fit o Jiang S¢S 160535 H G 5 T 1 (Arthrobacter sp.)
C2 MG 14.9 °C, fifbE AR
A ALY (lignin peroxidase, LiP)Fl4# it S LW
@ﬁ(manganese peroxidase, MnP)@ﬁﬁi‘@ﬁ%U N
29.8 U/L 1 56.4 U/L, AJ5T % fitli BR 4h Rk i 25 5
ik 40.1%. JEZEM A AR o Tz
I A Joit 2R AR e T ) A AL o

T E NI, WV IR A G 5 Ak
AL, bR . RSN E . B
PE . G S R R s AR e AR
WITE TSR 7% 5 TR IR BT, PR L R A
BTN IOBUN Sy /Y (R NTTY T [TARRNNE A7 L LN
T AR [ SE R R AR A IR SE IR DNA 456
E, A RN sk . BHE . AT
B PN B IR Bl RO EYA TR AN g v 2\ S
FK I (Sporosarcina  psychrophila) it 31 A #ffF 5% J&
TR R A P il A TR A T B A
TP 53 BT B TCIR SR AE A ¥ 44 VB V2 2R 1 AT
i (Bacillus psychrophilus)if f& 3t Fi 44 & ¥4 216
J\Z FK & (Sporosarcina psychrophila), #iA ¥ A
UK (RTINS IR EPSE 81

N T T A RILFEXARE T RFEEAR TR
ik, AT B T AR IR - SR A v 2 B AR

ik XA o 2R R AR TR, I TR 1) A B 3R A
AT, MEAR PR AR JFE— 255 B bR
FRRR I DI RESE [N, 3615 A Jo 2% e A DG 119 S RE
BEDRI AT IS, LA e WD T R e AR 5T R
AORRAL , AR 2% 1F T A R e A AL S 1
R P BT

1S

1.1 Hm

2021 4 11 H od) TR e VA S5 57 R T e
IR 713636 (125.27°E, 48.24°N) R4 13, +
BERRUG RS+ TGRS T 2 50k FE, BUR:
WRERIZZE 25 emo HAEHHTCH E.OE 036,
R P MISEES %, FFT 4 CCHABEIRAT
1.2 EFE

AR AT (g/L) : BPEAR TR 2.00,
(NH4)2S0O4 1.33, MgSO4 0.50, KH,PO4 0.20,
pH 5.5-6.0.

ENDIESE [T S N S AU 5
fih B AZAE 18.0 g/L.

R JHe W T €8 1 44 1 5 5 (g /L) BERE A 10.0,
HAGHE 10.0, K 0.1, BiflE 18.0,

LB AR 723 (/L) : BEEERY 5.0, BREEEA
ff 10.0, NaCl 10.0, pH 5.5-6.0.

LB AR AEE R A (g/L): WA R
0.5, Webby 2.5, BRI 5.0, NaCl 5.0, pH
5.5-6.0,

LB AR MRS FRHEL: LB KRR BARE
FRILILRE FMABE 18.0 g/L.

1.3 EERXFIFNEE

BEAA R R, Fighrs T AR A
BN ANBE LI ZH DNA $2BOLH &, KRR
A AR AL A R F o fE R % 5 R4 A
BB LWL, Eppendorf 23] ; 15 EZ&IR KA
#%, Sanyo 2~ Hl; Jifi K-, Ohaus A H]; i%ig
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TAER, JER AR RAES RS A R AR &
AR OKAE , WA A A HAw 7 8
(scanning electron microscope, SEM), HITACH
YN

14 EHMHTBE5%E

T 100 mL #EIEIHEHMA 50 mL Jop A3
k5 1g 1, 15°C, 150 r/min TR HEFE 1 h
JEHE 30 mine MU LVEW, MR ATLTE
LB AT F F A IR B TIRAG, 15 CHE
B53% 7 d, g E AL ARG SR O Al Ak A ] 41
TR P v AR Al B bk o R R Mg e € ik ik A T
PR E , A 43 2 B R I R BT R i e
W 8 0 £ R ) M TR AR RN 2 LB WA IR
KR 100 mL #EIEIEH A 50 mL i35
e, 150 r/min, 15 °CIRZGHFE 7 d.

XoF i P AR AT TR 2 g, AT
AFRA AL RE o R T U L ff
Bk, BULE AR 6 000 r/min, 4 °C&4F N E
O3 min i, BURBEERBAZES 2.5%K FEH
1.5 mL (2 mL) .08 H T 4 °CUKFHE 2 12-24 h,
[ %€ J& PR 2% i (0.1 mol/L, pH 7.0)ZE3E 3 ¥K,
T 15 min; B — A [F] 9 B2 19 £ B TR
(30%. 50%. 70%. 80%. 90%F1 95%)XHE i
HEAT K AL FE, BEIK 15 ming i HICK SRR
FESHUEAT 2 IRALFE, AEUR 20 min; BFEESLE T
CBE S BRI AR AW P (R R )4k
P 30 min; FZEBSIR 5 ER AL BRAE i 1 h, im 5
ST, PR, WERP,

STHIRURAY v R0 UL WSl T WAL il
JOR T 6 55 5 BT ok N2 B4 7 2 B A AR PR A T

SFEARPEST 16S rRNA LRI 543 B 24
fii 514 27F (5'-AGAGTTTGATCCTGGC
TCAG-3")F1 1492R (5'-GGTTACCTTGTTACGA
CTT-3')% HFREPEN 16S rRNA JEF /7 PCR ™
14 PCR [ WA Z (50 pL): JLH 44 DNA (20 ng/pL)

1.0 uL, 10xBuffer (7% 2.5 mmol/L Mg*") 5.0 uL,
Taq 4 l(5 U/uL) 1.0 uL, dNTPs (10 mmol/L)
1.0 L, F. FUHB#(10 pmol/L)% 1.5 uL,
ddH»0 39.0 uL. PCR JZJi £5f4: 95 °C 5 min;
95°C30s, 58°C30s, 72°C 1.5 min, 35 M§
5 72 °C 7 min; 4 °CRAF. PCR F“#14: 1%
JIE AR I FL VRS I J 36 2 1A 5 5 AR W s 2 L
FA PR w4700 7, 45 741 | 1% %2 NCBI
PAFE RS o WA FHiE T GenBank ¥4 1 i
F7 R PR He X I R FH MEGA 11.0 3 R 58
REM

XoF TR A R PR A T K R SR T
PRIAW AR RS 1077 /%, FFIE 100 pL # B it
PR, Jige 15 d, WESHRBRAEAS [H) I
TR ERGE R, #E R 5. 100 15,
20, 25, 30 °CHEMFFRAEKIEN .
1.5 IR 7K 57 3= B 1 4 o O P R 4 14
1.5.1 BEHRHE KGR RREBRENNE

Bi il 0.01, 0.05. 0.10, 0.15. 0.20., 0.25.
0.30 F1 0.35 mol/L [ B A 5t 238 /K ¥ ¥ - o
ODaso fH , AR 1% 45 153 R 51 28 b v Wz i it
NG PR 10% 2 i M 2 LB KRR W
AR, 15°C, 150 r/min 5555, 5 24 h Hi
I mL B#¥&, 12 000 r/min Z.0> 10 min, B iR
#iks 30 %, WIE ODaso fHP. FHEACANFHEM
WO 2RI R R, 3 R . BEBE 24 h B
3 mL B, 12 000 r/min 5.0 3 min Ji5 S8 EA,
i S B Eh VS W T T2 77 o P R ER VS TR 2241
Al DLETEAAE 600 nm P A AR A, 2 22 i
AR, 3IRER.
1.5.2 HE#kE&BIRES pH SEREARREEE
PR E

i LB AR R RAAR RS I 5605 il g s 57
e, 15°C. 150 v/min YR HEFE, it BR Tt
ai3E SR RARAE AR K AR pH AR A A Tl 4
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SHGAETCR A F T AT, AR A R AL (R R R B R
LR, FERTRE RS T T 3 IREEIE . 7RI
At I, i8¢ pH B9 RIAR R 1 pH #h4k .

WE B R N2 B9 LiP, MnP, & Hf(laccase,
Lac) A 16 P . = B Blanchettel 1y 7 0 &
LiP 7& M ; 2 H8 Kuwahara 25284 7 W 5 MnP
WM Lac i MERGMNE S I8 ABTS A L7EP,
B 1 d BT RFRSL, SEEC10 d.
1.6 BEHRBERARRZREHMIL

VEPE AR 1 R 5 B R R U 0 A5 (0:1 122,
1:1, 2:1, 1:0, BHINEAH 7.5 g/L), #Ih pH
(5.0-7.0), FEMEQ2.5%. 5.0%. 7.5%. 10.0%.
12.5%), WA R R RINE0.4-0.8 g/L), M|
45 100 mL =A% 20, 30, 40, 50 #1160 mL
VERDAS A TR R 2RI, A SRR 3 A4
A, FEFRIREN 15 °C, §%3#5 150 r/min,
Fi R 12 d JE I AR BT R R fR

TE AR ZIRLG AR T, 1 FH Plackett-Burman
I MBI IR pH, ZIRAS LG, B, AR
RN na, R 5 DNER L B AR R R
R sy 2 N2 SR B R,
K Design-Expert 11.0 5110 7 k5, #5417
3 A& 3 KFEH) Box-Behnken %31, N=17 ¥R
B, DAARJST R g5 e L, X35 5% a5 ik
ititl, e AR IR A IF AR
1.7 BEREAMNFESHH

it LA P B AR R S B R bR o 1ERR
PRI BT R 0 . b LRI 3l bk
FRFRMEE 1 R, 53 K57 OMEm, HMikE
5 AR W R 2R B ) 5 U sk 2
P S8R RE
1.8 ZBitoth

S 6 KO 8 Origin 2022 #4740 BN BT 5
Gt o Mo N T R 56 H A 2 A B
Design-Expert 8.0.6 #4710 Hris e 54 Kl . 5% 5%

HHAEAE LT LW = A AT~ B8, Bl
PEE GO BieE . NR 304 %2 . NCBI ##h 4y
BHHEE . EgeNOG Hl/F . KEGG $d 2 |
UniProt 045 % .

2 ERE54M

21 EHMHPESEESER

A SRR O R H Al B SR bR 135 Bk, L
4 R T HL AT R i R W T L RE T (R AP 44
N2, S2. J5. K1) WPk N2 B RE T 5ok,
S2. J5. K1 B RE AR . dEFF A s AR
RIEMRN R N2 S T — 2058 .

FPE N2 I EIESWE 1A Pios, LB R
BrR SR AL EA KRR RO . . 5
FHRE, RIS, SEM MR A U2 H) 1 (k5
BEFPIR, 294 1.00-1.25 pm (& 1B). Hikk N2
B PQPHME L A AU S BH A A AR R
KRG . AR (K 1). BEE N2 [ 16S
rRNA R FH4#2E38 GenBank 04 & 47 [R]R
PEHLXT, PR N2 588 250 USRI — 0tk &
ik 99.85%, @it MEGA 11.0 &K {42 #ikk N2
RGEREW(E 2), DIEHH R N2 13800 2741
J\ & BK A J& (Sporosarcina) . K 1 bk i B 7E 5.
15, 20, 25, 30 °CY¥EFfh i, MWEICRHE
PR N2 FEAN FRELE 5 T ARG Ol . &3 15d
(RIS, & PLEAR N2 16 15-30 °CixX JLFPR
FE A N R B A K U . BeAh, BARTE
5 °CHI 10 °CHFREE TAMSRBEIEAE K, (HHAK
PR EE AR . H IR RI 20 H E R N2 BT
FEMRME
2.2 Sporosarcina sp. N2 HOP& R4S

R N2 78 1-3 d /b X040 E K, 3-9d,
BRI PR 1) 184 4 T TR LR R , AR R B A R 1
BT R A 8 RETBRIRK, N
20.8%, % 9 KREFEMREAZT-TE 3). Wk
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Figure 1

1 EFk N2 FEIBE M

Table 1 Physiological and biochemical characteristics
of strain N2

g i H

Experimental item

TER IR S Starch hydrolysis test

BH 7K fi# 856 Gelatin liquefaction test
IR R J2 W 3336 Urea acid reaction test
YRR IR 7K A 1 e

Hypoxanthine hydrolysis test

B 75 138055 Casein test

A A AL R B

Glucose oxidation fermentation test

75 -80 Tween-80

TS IK fiF iR B Xanthine hydrolysis test
1% 52 1R /K ff iR 36 Tyrosine hydrolysis test
AL S R Oxidase activity test

i EAL S EFHR K Catalase test

o B - B

+: Positive; —: Negative.

45

Result

+

N2 1) pH 2 IUSCHES K 2 8.0, JFZ& 1B,
G BUETE 8.3 B THE (8 4A). pH X HRZH Ny
TR KRR, KU 5 R i pH {ER 5.7+0.1,
PR A R b 3 e A Bt 95 P A A DL
&l 4B, TESCEG RIS 1-2 K, MnP BEEPEHGE -
Th, x# T A e 152.26 U/mL, R, 1
% 6-7 K, MnP (¥ 8 iG P S T B E
28.80 U/mL. LiP 7E55 3 K i B 6 PE i 80 1 Bk

Colony morphology (A) and scanning electron microscopy images (B) of strain N2.

HIK, 53T 25.08 U/mL B, Lac 17
TG RAE 32.47 U/mL., MIEHEEREME,
R N2 BB S ) MnP B#5 1, Lac 5 LiP fi
PR
2.3 Sporosarcinasp. N2 PEREARRZEHEML
WILG pH. HeRh e . ZIRAS LB | R
KO NN 45PN RS S ES IR 7N N
5 B RAE pH 6.0-7.0 Z 8] S PSS FH R Y
FaF. pH 6.5 i, AR E MR R N 23.8%.
PP RTE 5.0%-10.0%Z [Al 4 i, Hiho AR
ot i R AEFE RN A 7. 5% ik B i i 22.8%
4 1 B MR SRR R S B 83 E R
11 B, REERAFEMERRE, N 27.7%. H4A
RSB 1:0 B, BEfRREEE, Ch
7.12% 0 Ji 22 52 30 T a5 O VR ZUIR IS N L 451 7
2:1 2 1:2 Z[a) 75 .
BE WK 30 mL/100 mL BF, A J5 25 PR A 2%
. M 25.7%. TEREWIEA 30-50 mL/100 mL A,
R MR T0 0 2 25 57(P<0.05).. PRI, JE2L5E
I R A TR AR 30-50 mL/100 mL 22 [d] .
W1 Plackett-Burman i %6 5 [H 23 56 43
Mr, HA A R B R N 0.957 7, H52m /MK
WHER A . GBI IN H > b B> P00 4y pH>2%¢
WS> AR IR

=4
V7

I=A
)7
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10

54

—_
0.02

2 BEHE N2 &TF 16S rRNA EEFIIHMENRG LB

0 Strain N2 (0Q569363)

Sporosarcina psychrophila strain DSM 6497 (KU569324)
Sporosarcina luteola strain NBRC 105378 (NR_114283)
Sporosarcina saromensis strain NBRC 103571 (NR_114249)
Sporosarcina contaminans strain CCUG 53915 (NR_116955)
Sporosarcina pasteurii strain NCIMB 8841 (NR_118963)

Rhodococcus erythropolis strain DSM 6344 (MN238868)

Z 5% L R GeneBank 41 THE 5 H 5

Oy SRR MR AUR AR AR 0.02 BT IR B R

Figure 2 The phylogenetic tree of the strain N2 constructed based on the 16S rRNA gene sequence. The
preservation numbers for the standard strains included in the comparison are indicated in parentheses; The
values for self-expansion are represented by the numbers in the branch positions; Scale lengths correspond to

a rate of 0.02 nucleotide substitutions.

25¢ 11.0
< 20 108
8
g
8 15+ 106 _
g g
=] Q
[+
810t , 104°
3 —o—Degradation rate
=1 —o—
5 S5t *= O 102
&
L
ot 0.0

23 45 6 7 8 9 1011
Time (d)

3 EHK N2 KREMEBEREKERNE
Figure 3 Determination of lignin degradation rate
and growth of strain N2.

2.3.1 FIRAMMEEARUARRZMERE
Plackett-Burman {5045 R B~ , #HFhE .
Wte pH B SRR 1R S I B A0S I L 51 B
PRRFEFRAT R B MR &K . /KR Box-Behnken
LA BT R, %5 3 MREERBAAE
i AR EUE N 5.0%.7.5%F1 10.0%),
B £ W 1k pH (BUE A 6.0, 6.5 F1 7.0), C U
FER B, 11 R 5 T BB I S I B A (R 2:1, 101
1 1:2)o WARAE AT R B (%), #1773

A [ -=-CK
- N2

Time (d)
B 180 o LiP
-o- MnP
~ 150 F ~-Lac
—
£
S 120t
2
Z 90Ff
3
2 60
)
N
(=]
Q|30
0 2 4 6 8 10
Time (d)

B4 EHR N2 BERERETS pH (A)SEEEB)E
GALPH

Figure 4 The changes of pH (A) and enzyme
activity (B) during the degradation of strain N2.
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Lignin degradation rate (%)
Lignin degradation rate (%

2K S0 78 1mnn 17 5

Lignin degradation rate (%)
Lignin degradation rate (%)

0.4 0.5 0.6 0.7 0.8 20 30 40 50 60

T ianin rantant (/T ) T iomid valiime (mI )

t
¢

\®]
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(e

Lignin degradation rate
o

W

0:1 1:2 1:1 2:1 1:0
The proportion of nitrogen source addition

5 AREIEZENE N2 KEREBENZM A Wi pH. B: #ME. C: KERFME. D: 3
W E: RIS ). ARVNE PR B3 P22 7 (P<0.05)
Figure 5 Effects of different factors on lignin degradation rate of strain N2. A: Initial pH. B: Inoculation

amount. C: Lignin content. D: Liquid volume. E: The proportion of nitrogen source addition. Different
lowercase letters represent significant differences (P<0.05).
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2 3 AOF R AR . R 17 MR
B, SELA BR300 o 45 SRR P 0L TRT AR 43
RE B

K ST P AR (%)=24.96+0.048 8xA-0.207 5xB+

2.32xC-0.057 5xAB+0.740 0xAC-0.397 5xBC-
0.225 0xA™~1.92xB*-4.17xC?,

Xof [E] U ABE TR0 S A7 T 2 43 A o T L T 3BT )
R EOR, IERE R R (adj) (0.843 4>0.80),
AR 5+ 2 % (coefficient of variation)h 5.52%., iX
2 W2 T B8 L 52 S B S () SE BRI Ol o BT
P<0.000 1, Ry 0.931 5, X ZWAiZ [ )5 Ty
2R IF H S WE AR i 2 0] A A DG
5 o ARSLEG R I F{Eh 0.247 7 CK T 0.05),
X R RIS 25 R BLA A R, AR R
o LR, XU BT A R — 2 3R TR
R RAFLG U0 RE , AR AS ] T X sl 85 57 1
PR N2 76K 5T 2 B i aok 72 vh 000 20 43 B 5 30

{58 FH W 7 1T 43 BT 8K Design-Expert 8.0.6
A FRSZIGZE A o A R I PR e (O R
22 1) H 4 e 2R R AN = i) 107 L (D 6) o

WK 6A. 6B B, ZIRE NG fRFEA
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TR0 FH A 7 113 A pH L IR ES N EE 4] 5
R 3 NP R 2 I] 1) 58 ELAE A J5 3% e A
R o TEADIF T, W R SLE L
W T B fi i 9.21% . ¥l pH o 6.45 .,
ARG 1.3:1.7 (BERE R 7.5, It
AT AR BIEFEMAR 25.328%. HimfE
FAHEIEPIE pH 6.5 R LLBI R 1:2 K A%H
A 9%, KRR, AT RBR MR R
T2 31.7%, AT Z AT B4 RAR = T 10.9%.
WA, TEX— 5N, I8 B R R 3 s 1Y
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R IR FEH PO (18] 8).
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metabolic process). 4 2 f/E Al (sporulation
resulting in formation of a cellular spore); 7E MF

grdevh, REIN B R R T I-CoA 22 BEHG
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i SRR AR FUR B AR YRS 2 —ZEma N T, C 1 D Rl 55 SIS I LE 52 0 1 O AR Bl 3R
Wi fif 3 — 4S5 iR 5 = 4R N TET. E A F e pH R IR SN FL 15200 T 1R BT R B A RS e 2 5 — 4
W 1
Figure 6 Curved surface of the interaction effects of inoculation amount, initial pH and nitrogen source
addition ratio on lignin degradation by strain N2. A and B: Two-dimensional contour and three-dimensional
response surface of lignin degradation rate under the influence of pH and inoculation amount. C and D:
Two-dimensional contour and three-dimensional response surface of lignin degradation rate under the
influence of inoculation amount and nitrogen source addition ratio. E and F: Two-dimensional contour and

three-dimensional response surface of lignin degradation rate under the influence of pH and nitrogen source
addition ratio.
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A GO enrichment analysis (all NEWGENE)
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Figure 9 GO functional annotation (A) and KEGG annotation enrichment analysis (B) of new genes.

**: P<0.01.
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Figure 10 GO functional annotation of three gene expression trends (A) and GO functional enrichment of
trend 1 (B). *: P<0.05; **: P<0.01; ***: P<0.001.
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Figure 11

Thermal clustering analysis of differentially expressed genes related to lignin degradation (A) and

low-temperature adaptation (B). A1-A3: Three samples in the early stage of lignin degradation. B1-B3: Three
samples in the middle stage of lignin degradation. C1-C3: Three samples at the end of lignin degradation.
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Figure 12 KEGG pathway enrichment analysis under different control groups. A: KEGG pathway
enrichment analysis of B vs. A. B: KEGG pathway enrichment analysis of C vs. B. GIP: Genetic
information processing; M: Metabolism; CP: Cellular processes; EIP: Environmental information processing;
OS: Organismal systems; HD: Human diseases. ** P<0.01; ***: P<0.001.
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Figure 13 Regulation of cold resistant genes and lignin metabolic pathways in different stages of strain N2.
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