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Research Progresses in Low-temperature Resistant Cellulose Degrading Microorganisms
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(1 Key Laboratory of Soil and Sustainable Agriculture, Chinese Academy of Sciences, Nanjing 211135, China; 2 University of

Chinese Academy of Sciences, Beijing 100049, China; 3 College of Resources and Environmental Sciences, Nanjing

Agricultural University, Nanjing 210095, China; 4 Agro-Environmental Protection Institute, Ministry of Agriculture and Rural
Affairs, Tianjin 300191, China)

Abstract: Cellulose is the most abundant polysaccharide with extremely high utilization value in the world. The degradation and
transformation of cellulose plays an important role in the current situation of severe energy demand. However the complex
structure of cellulose has become a major obstacle to its degradation, resulting in a low utilization rate. The degradation of
cellulose relying on the synergistic effect of microorganisms is an effective way to realize resource recycling. However in cold
regions, low temperature greatly limits microbial activity, which can seriously affect the efficiency of cellulose degradation. This
paper overviewed cellulose structure and biodegradation mechanism, summarized and prospected cellulose degradation and
low-temperature resistant degradation microorganisms, which can provide scientific references for the screening of
microorganism strains, the resource utilization of cellulose in cold regions and future research in this field.

Key words: Cellulose; Degrading microorganisms; Low-temperature degradation; Ecological environment
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SRUBET A RS S A R AR B R
T AOZT Y 2R AR AR TR, (ELELB BOG T 2 4 3% il
WEEB TSR 2 TP IR SRR A R, AR
R EH il BT A a] LA B B A R OR , — B
PR R, BT P 2 IR 2k 00 1,
T — ARG il A R ok A 35 v sl dE LA & 3 4 . I
I, TE A AL 2T 4 2R P Gl E W B B R BT E A
EAE S, AR SR, th TR, A
A7 AW R A AR RS T A S s 18] 9 AN RE e 5
JEE A, S R B R BT IR B, SR T P iR E R 2 4 2R
WA R 0 P LR B s AT TAO R 8, i e 0
NE 3 5 AETolk OB, %2R Py T IR AT 4
AL PR A S BERE , 4 AT 26 e A TR N 1]

1 FHERLEYEBHARHE

1.1 FHEZELRMER

RPN R B R EENA LAY
Z—, R AR RIRAEY R A Y, JEHA T HE
JR J LT TG R B T B A A R IR 27 4k R 2
A AN RE I Z5R Ky, BT AN . AbE . 40

AP IR R A Y — B, BrA R R
A LT 4 R BESE A 200 33% , AR BT 4E Z i 75 2k
S7/ip iy

R —ME s AV E Y, ICEC Fi 4G
WAL A, FE L B-1,4 BEF B e E—E
YLK 5y FiE AR R IEE BT 9 R M 1)
AT, NIRRT B R SR 4%, 1 2 R A5
ATHESIE B 235 & X LA B AN D) HE 51 77 A 1 TG s 78
DX VR B i o B 45 o ) B PR 4, S (i A 2T 4
REAE T KK ZEA DA
1.2 FHEEEBRED

1 Web of Science #Z DG, UL “ef4i x4
VIKESR” ORI T T SOk R (B 1A), R
#3003 FSCHk. BdERY], OB RETE 20
2 90 AFEATFIRT IO, EEETFG T,
T EA A B, (H R A IR RS, 3R B+
NS T BRI R . tbAk, DL BB 1“4l
TR R 3 AR X £ 4 R R A A gk A T SR 4
Fr(# 1By, Hrh B SEgLXI LR, E— e L
SR W T LR 2T 4 2R A TR 52 B TR R YOG .
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Fig. 1 Literature number annually published in cellulose biodegradation
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120 HiE 7RI BRI R OR

F MR 2 0 0T o HE 1Y TR 22 55 2835 I AR BETE A
MEREPS, 3 M K AT AE R, PR B ) S0 2
IREF e R B ™), I BB 1 47 4 K il
FRWERNFEE, FEkA TIMEEspergillus) .

ARE & (Trichoderma) . H % & (Penicillium)&, 40,
Tt 1 AT N 4PV B B 8 5K T B (Penicillium
expansum)W4, 10 d J5 214k Z MR RF =18 59.06%,
WA YR A Y RAR L T R R R . TR
MK B it FH A HLAE B A 9 v Ay 8 T K R TR

(Mortierella), TERPIKIEAhIEM 35 d 5, PIREREX)
INEREFFIRE R A3 30% LU L, ARUESE TS
FEREAR

B TELT R i PR 2] E 2R B AR R
rE YR BN AT AR R, OF HHA S B2 R0
WARE A H P A i M SRR 28 B 55 4, R AT LA
PR GEE A LA K% 3 (6] 2800 S5 AT S A L R TR 2T 4R R %
fiff it R RIS H o SR H T LR 0 A R PR ) BURS
PR, WNTE R R P R BE A BURR A K pHL Y 2
B SEF [ R H B, 5 BT 4 2R R e L TR R RE IR AL
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930 +
& AR
1.2.2 40 S5HEM, MEEEEN, ok

K, oAz, HEAEZR G2, ol
— SO Ui B PRI SRR, A TR SR R AR R 1A P
Y1 TR T R A 2T 2 K B o I 41 2 Rl , LA 21 4 2R /A
TR 35 ) FH il 225 4 v 1) 2 4 25 25 5 38 (CB D) I fff
rELrdE R Fm ", RS AR RS PRk
B, B YER L 1S IR TR 2T 4
B S 20 TR R 22 43 AT A 27T TR & (Bacillus) R
)& (Pseudomonas) . 121w )& (Clostridium) . 5575 # &
(Streptomyces) 5 o PhFLAFE P REAE AT S 483 43
ik th—Hkk CMC-red i, #%E N Massilia arvi
J&, 10 d ADIFEFTRERE 24.14%; 4R855 S5 AR
Ko AE H g b o D — R ZF AT T (Bacillus)YC-2,7 d
XU RS FF AR AR R 10.14%, 29 BERIRE T
[y 4.5 fi5

TE AT 22 B2 3R M SR rhol il 48 T Bk
h—2, FEFHEMA A EAZA Y, YA 41
PR AOORUER T o U0 T oA i T 24 2% A R R R I 2
NEERL T JE (Streptomyces), 1228 MR K £ BETE 5 i
SERBR Y 2% A F AR AR i s T A M B R
PSR A . IR TR Rt B v, ARAUT LA &
L R KEEYE, HEZA g R BB RN 5
AEHN, IMIBEIRZE A AR 2T 42 . Riddech 25U TAA
3 ik L — k% B 1R (Streptomyces)CDF2L1D13,
SR SRR INL R T LA LUOKRIER IS =4 B -2
BEH A, BTG PEELRT 35 0.401 U/mL.

1E4 M0k, EF 4 22 AR A0 TR A 5T U T —
FEHEIE, TR 3 2 BA BRI RE 1 TR R
— ST S A TR T 53 AT 125 A A D AT Ak Rl , DR AU 0
T AT B AT Y 2R A A D 2 DL — PR Y £ 4 2
CREgIN A | 21 4 /M (Cellulosome)™ i JE 20
212 2R B B AR MR L, DT A 250180 0 o fie 21 4
o AR A o RO A B 25 f o | AR R PREE:
T TR A= 7=, AHH = A B 27 2 R R
PEATR, BTG PEARXTRAG, PR AR O R B L R
B2 34

25 b AR AR R O 2 BUS T 10 i
A, R R A R R0 A iR VAT AR 1) 7 6 55 T 2 A 8 e 11
FERAETT I o VF 290 N Bt B 28 AN [R) A 355 v 0 g 4
8 KA B S AT 4 R WA B T BT B R 38
H AR B LT Gt R BRI AR WA Tk, R T — &R
BAZYIREM RN, X LERRAES UM EER],
R 3 i S AR (4T 4 2R 2548 o (R A S B o AN LS

R PEEADPR SR8 B a0 2F 4 R B (G5
L FH 20 R R 15 ) 7E B 86 25 10N AT R R 1 B IR 3%
PEECER PR, WS . pH. I 50 A A Rk
P& e 21 Y B AE Tolk Az 7 ik A v i S PR A M
KR Z — ; BARC M E Y RERS - A T e R
ok it T, (LG ey e 3K S il 1 2075 LA ST 3 4R 2 P )
R YR I TIRAMIGE . BRILZ A6, 7E HARMIR L T
v AR Z 27 4 3R R A P mT e 52 B HAb A=
Vi se g, HAKHRE | AEAERE RN ET 4t 3 R AR
ARpiesr, DIRIRTER 2 E B RGP s g i
1.3 FHEZREYPEFINE

AT, PR ER F & ERZNAEY IR,
BAZA RIFRHE, IF BBk ik 2 dh A k2 v] #
AEGEIR BB EOR R, PR R i T R A= )
HAMEEE ., R E R TR R e,
erlER . AL KRR A5 T R A O A
TR AR TR A SR SRR, A E R
W P R AS , ) FHET 4 28 04 AT A= ) ek g
A AR K AR B T B O .

H A5G T R AR 2T 4 2% Tl A 8K it MILBE ) I 32
B 3R EE: C-Cx R, BFIERIS ) SNl
B, C-Cx BULTE 19 4D 50 4EARHE Reese 45 A4t
 ZMRUEGN R C) WS E ITELT 4R R WY 25 i X
A4 R A AE TE R BILF 2R 2, AR5 43 i Y
B~ 2 LT it | £ A — WK A Bl RN B~ 2 0 il ) 1R
FRP=H: S0 . 2R 4 PRI A B B R e R
ZECNTIZ NS e Th AR 4 R B AR R R
ISR ARG . AN SRR - AT B G 3 P
LR F U RIVE FHSE L, N U SR R A 2T 4R 1)
R4 X e RV, SN SRR | — 2D BRI ™
A B A S ) T AR A, SR, B-H AT
RS LK e A AR TR I O e R S R A S R
o ik 2T 24 25 1 e R v R B, S L A T R i 4 B 4T
He R PGB B2 T 80T 4 R I HUAR 35 PR AIK,
BRI, A 8 A Y
Coughlan™ 45 H JF47] 52 17 AT LA IR £F 4 28 (1 245 fh 45
F, T AT MR B Rl tE ke, (4 4 R K S s
SO A T

BEXTLA L B s A Be , & BLAF 4 R 1Y B2 —
RN E SR PN S ) e B S I = G 8
IR Z AR o (E 2N NV SRR . AN R
WEBE LA K B~ 76 W5 17 1) D [ FH 56 BUAT 4 25 K
fife st A o SR X A iR R VE FHAS AU AN 2 26 % 1Y
1117 LT ) ) B AR AS 2 B — R i PO, R R
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F14) i XoF £ 0 i £ 4 25 A ML B 9% B G F L,
BRE AT R AR, BR80T AdnE . 4
PR BT A2 14 L Al , — 2 DR A 20 B LA £F 4/ MAR
(Cellulosome) B 5 75 4H i - >f 52341 4k 32 11 755 3%
FEfi LYY, Wi 22T E Cytophaga hutchinsonii
S — BB B £ 4 B A ARHE WilsonP* 4
W AR 2l & AR B AR 4 K IR & |,
Y15 I8 2 T A I A2 PR o o AR 28 1) AR T A
TEIh S I 2T 2 K A s, BIA0 M S LA —Fh R
R AR, ALK A4 R B S A e R 4438 . 16X
T A5 RS MISEE T 2R R PR RIVE R, 27 2 R e
BB s ], eyl N DI B A

14 NMA

CT Y WA G B D 0 S U R R
N 22 A0, FEAR bR RT3 i £ 4 R
fift S A ok s ARV E RS FF A I 2, n e HLR
P, RIS, NI TRIRIR AR | V5 YIRS
ZEAHIEI . Han FI He 2 ) AN IR 2T 4k % B F ik
FEAE AT F/INZ REAT | 2B RT3 IRIE 505 29 °C A
25 CHOTRZE TP ibAT i 45 d BORRERIR S, FEFFIE
BRI T 6.30% ~ 26.00% F1 6.80% ~ 28.00%,
A5 R R ATERS A48 A G AR il 27 4k Z 6 rT g
— PR SRS, KT B A RS B (R RE A % BR Ot
PR IR S, AN, BRI SRR SA N, P
T T2V AT 4 2R R EE (50 Ulg).

FE T, R P = A A 4 R i T
AT . YiSURVEGT 4, FEE I, AT A
2T 2k 22 Bl OB P ) 21 4 2 10 R i SR SR 4 T
T AR T B TR, X RERT LR IR Z E B T 448
B, N 29— R RO BEJEAALAS o BH W45 B0 1k iy
— R TR 2T 4k 2 R A R ORG R 2F ST B Bacillus
subtilis)B2, F-¥s HLN F ENE R A T 25, 1
St T2, HREREfE R 15.23%, 1EZ54
T3l fifi FE2F 4 2 il b P9 ] LUK iR i D B e 4L
VIR AT B0, TR 2T 2 SR T A, T Ak
ZALEFYE, SRR LG e s, T eGE 2 b
WA, R ) AR R B e T R
B, BEALFLS ARSI R | BRI A T
RKAGHE R, Widsm BE AT T R . — 2L =21 4 R Y
2T Y R WA B TE B2 251 Tk R 22 0% F v 2 % B B
SMRE e 2y R RE T, A 4k 2R A R e A
OO AT AL, T AR A 25 AN vh i 2T 4 25
0 R A RO PR R . Tk eIk iR
FHET 24 2R BRI A v ) B T, FE e fE T 2401

T, $RBCRRS] T 2.45%., M, AE AR
s A i — ey AR AR PRt e B B 25 AR, B
2459 Fp B — S0 T 020 DU 3 e A A A A B

2 THRRI U R ERREY

HuBRA=WIVE 2 80% JEIEVRHY PN 5 °C,
IS ZMHEY TR, X RUEY R EAA S AEY
FAE 05 FORIED . B RS o E AR
AR . TR FIER R R RGP Rk R AR GLAE Y,
BT AT MR A A 3 A A IR B 53 B A RN A T A ) T
K, DXONTE TR A Y A RIR BT R 5E, 43 A
Rz, MGV AR PR B U, H e A
PRI Y R BE TR 345
2.1 RIFERKFHE

AR B AR W v [ Al 5 B 21 4 3R e fidk e T 1Y
WK, EATI A A e 2 i T LR AR IR P S v &
FEVER, SEEUIGIR AR T 4R 4L R 0 70 o B R o
HAETC At I 1V 45 A B v 0 2 1) — 2L 1t
RIRAF A KR E R 1, £ 2). HAmD iRk 550
MIFEX JEARTIE T 4 R, G5 N TR
(Penicillium chrysogenum) . 1% % K % (Trichoderma
citrinoviride)2 ¥k . WK (Neurospora sitophila), 45
REIIX 4 BRETHTLE 4 °C ATRIEH K, sy 1
MRIREE, TERCGEIRAE(20 C)F, 15 d JExt T RRFFY
PEARRIAS] 40% LU L SgsgE L v 3
FEAYE , M3k — kI M (Pseudomonas)
YSX-3, f£9 °C. pH 6.5, 53 71 h BT, 75
LBMTIR A A R SR E 13021 U/mL, XEfIGR
212 L R 00 R B R R v FE X 2R 4 2 1
FHE X T FE X BRI A H A SR /4 AT S 2 3
22 THERFUEMBESHR

SRR SR . RBTRILF AR5
S AR ST AE R MIAEAE , DR 2 2R i A
BB AR IR B Bt . K PSR L E R A AR
YERBICRE TR A HEY, Guevara Fll Zambrano ™!
FIRTHBE R B 4 AR EAT £ 4k 25 AR e T i TR 4L AR
DIReis A= Y RE , & B o A R e 16 T LWL
) H A BRAR T T o A T . BRI LT 4 R
e Aok AT AR A 7 52 BC TG LR AT AR L 15 d X/ INZZ R T
LY Z W ERR IR 28.79%, Xf T3 RS AT R AR H
A B ARIEER Rtz s, R AR R, h2
Tl TS U YL 2T 24 26 2% A ol AR ) R TR R B S R 45 T
VR, B2 X 7 4 3R I 0% o i s i F
ALl G, P LABI A 2R A N R H s &
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F1 WREFHEZEBERZR
Table | Low temperature resistant cellulose degrading fungi
[ERiE S k=3 PRy Fefaiss  FElR(%) 2T 4 Z WG P (U/mL) SCHR
It 2 F7 - 8 K BB - - - SYIFE R BERE 1.73 (15 C) [38]
T L-14 PUTCI Be - - - CMC i 63.60 (16 'C) [39]
Paleasum DW-1 X 28 i M IKAGFEFE 10°C, 7d 4430 FPA i 33.10 ~34.90 (10 'C)  [40]
MR L-8 IR/GEEIIN - - - CMC i 53.40 (16 C) [41]
HE W JITFOL T T 10°C, 25d 46.53 44.30 [42]
R A% ZS-10 S by 1 g FKRFEFE 15°C, 30d 34.22 CM fff 101.86 (10 C) [43]
TR C47-3 RIS + 15 FRMEFRF 15T, 15d 23.89 - [44]
FHH W Cl FAIE | JEHARIETE - R REFFAER 18°C, 10d 55.60 CMC i 54.30 (18 C) [43]
i)+
A 1P FBIL MR RS AT R 2 e FRFEFF 15°C, 15d 27.66 - [46]
H¥ER DT S7 o D T KRR Hil, s0d 46.57 23.01 (20 C) [47]
PRI T T 438, 4 - - - FPA i 11.23. 5.59 (15 C) [48]
FF2-2. MR
F-31
IR A2 - g - - - CMC i 39.27 (15 C) [49]
L-11
FR % SD-25 +-4 FKRFEFE 10°C, 15d 39.50 993.30 (10 C) [50]
TR R M11 -4 - - - 33.08 (13 °C, 94d) [51]
/NMATET F5 Rt TRAEAE WA 8T, 12d 49.10 - [52]
TE: 455 AR E il 15 M A T R 5 55 1R B AT ], R TR
F2 MKBAEREBRATERE
Table 2 Low temperature resistant cellulose degrading bacteria
RGBS [k 30 REfIE Y 4515780 R A 4(%) Y BHE PE(U/mL) SCHR
FhELZEALFF I K1 FRAR A1 FORFEFFHEAE Adb3—sS A >40.00 B-7HI H i 24.69 [53]
R EAETE LKR-1 S A + 4 - - FPA i 4.79 (13.7 °C) [54]
AR ZF AT T W18 14 (R 20 C, 14d 27.00 CMC i 3.16(20 'C, 14d) [55]
BB F21 14 - - - AT EEEE 12.91 (10 °C)  [56]
AP E FLX-1 + 1 - - CMC [} 14.12 (10.5 C) [57]
A 2RI C-4 4% - - 136.79 (20 °C) [58]
ML TE B6-15 I 5 1 - - 24.94 (20 C) [59]
ZHE X37 i AT 34 H i b - 38 FKFEFE 12°C, 45d 36.84 CMC fi 20.82 [60]
HERFFI CF11 Fe AR E 1+ - - 56.00 (10 C) [61]
X FEAE AT mgz-5 B FARFEFT 16 °C, 30d ~29.00 FPA fiff 22.59 (16 C) [62]
BT A4l TSR FF FOKRFEFT 12°C, 10d 31.52 CMC #f 8.79 (12 C, 6d)  [63]
PR R BRI CF11 RJ2 5~ 10 cm LT+ 4 - - 56.04 (10 'C) [64]
FTBEEERE A LD19 7 LR g - 1 - - 221.60 (20 °C, 102 h) [65]

R, T AL A Y R S ST R AR A P RE TR
FRACEOA, FETE X AW o SR A 7 AT ) I B
FHRI S o MR IRLET 4 3R A 5 B AR IR T 52 15
REASTERCRIR EE R BT T ORI R OGRS 5 15
FEVS 2 AL 5 R Tt DX A AR 0y S5 A v S8R
o RIS 5 T 2 P A AN TR ] LA™ A 22 Rt 4 3%
iy, I HixLefign] fEHA EAMER, i e AR LT
HER AR, AN TR AR 1] A A ) S e tho m] i

PEER M A MEFGE R o0 o HeAh, AR BETEMRIR T
AR LT AR 2R, WA AT BE DR X ol g 1 257 21 T3
A RT3 VR B, SR AT B T IR A W B RE IR AR 7 i
it A TUAR B SAS FTRERE o PR SR A7 75 14 PR 9 A
WIEE SRR, SEilRBM L, ORAZRE T 21
— R B TR A AR BE A . I,
ST LA LA, Ay M APl 21 20 3R e 5215 T AR B i
FREISCTE (R 3).
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Table 3 Low temperature resistant cellulose degrading composite strains

¥ [EE ST FEfRIRY)  REARIRI Wi AfE (%) S YEZ WS ME(U/mL) SCHik
ATETETT . SUFFRATT . JRRETET X 41 FKAEAT 15°C, 15d 29.23 FPA [if} 4.69(15 C) [68]
TR TR

HIAIPRIA JIGDZTX2, I + TAFEF 10°C, 15d 31.80 CMC fif} 53.00(10°C) [69]
JGDZTX3 . KAHAE IGDZTZ2,
IV RAEF I SDT2NF3 A H2E 1
FH KC. BHEZF A GSY

PESF: MR . RURER AR RS IRt 4°C, 7d 18.80 FPA il§ 158.02(4°C) [70]

B2 11

- HENE . KFERSFF 20°C, 10d 59.00 103.50 [71]

AR A JEA . IRIRMEAD  FORAEAF 20°C, 7d 64.60 SIS ERE 54,3020 'C)  [72]

KRG, HH. RWE ., TR, Sk, BE B FREF 15T, 15d 32.21 FPA i 15.87(10 C, 4d)  [73]

FR TR PERGAT . A0
ME RS HRIE . i)
SR /3N SN/
4. ZEREFTE

4%

23 RIBAHEREHELCRIERANIE
TEMRGIRPREE | 21 2 22 R ik A ) 3 5 (PR 41 4
R RIEER], SR E5 0 5 W IR 4ER TR, 1Y
WA T £ Yk 2R 45 5 3 (CBD) 5 41 4 2 4 5 2 [8] 1)
S54RI ) RIS AL 25 A B (CD)F 1
S g R EAE ML (RIRLE 4k K T L
18 W FEV IR R A B i T v, RS
[ R PR IR, M R P91 . =5 M LA
KA DX B RE A, e B SO o EL AT R Y 43
THIZAERE G KEEAER, AT Er7EmR
TIME N R Es R e tE I RETR T . X 55 R4
X YR IR LT 4E R W AT TR, &bl
25 S i S A 2R A IR A AR L, B
TS R L 3 D 55 8 BT 9 B A AR R RN
SRR o F 5 R Z A EAE R, i {2
BT AR E PEREAR, T SO AR 25 40 B R o DX ) 22
PRSI, LA RE B TR . Violot 205 T
WEY A Pseudoalteromonas haloplanktis FJT r= Y%
RMENG Cel5SG MR, T AN | X 4
PRI X SGPERBI R AL ZE A RN 2 e R 45 6
W2 B X (LR)BA T 0BT 5 B, % 1 X R AE
AR, I B R W KBS W, R R S E
TG 49 DX S SR 8 A i PRI i 4 X A 3 e g v il
ERRESTINEUN LAY E L S (= I DR B W A i .7
P B, HErE @I skt R8T 2 A AR
IEPER A A R B, IR I AEA R 0 1E £ R G ik
TR, DAk — D5 D Re R e N FH A -
Dhar 255 % T Paenibacillus sp. THB B 3084 N 2t

BIEMEN I R EGSC MR, IR KA
BL21(DE3) ik, 45 /R EGS5C B KRG 5 KA
AT R 53 WA , 7 0 RS AN A e S 4 43 rh A L
FARAERTE Y, OF H S5 BEEOK IR R S(GHS)Y L
VA TG AR E , 20 F 21 i e X, (IR TS
FUL B LA —FlBr 2B W AL . Kim Z78%—
Tl 254 %) B 1 P9 AT -B-1,4-D 6 SR B (GluL ) A A G 1
JHEAT T HRER , AR I PR 25— el A A
BoK o5 8(GH) LS A IR M) AE BRI Z IR,
KINZE A N Y)-B-1,4-8 BB (rGluL)fE 3°C Al
PRES R ARTEYERY 23%, JFH AT/ i 3 ~ 6 4>
D-7ij %% .CMC FIK 2z B- R D-2F 4L 550
Iyo F Forsberg! "%} B8 FIBRLT 4EAT B S85(—FhIE IR
DA ) P N DD SR B CelG A1 EGD #4717
FTAE, CelG MMM REZLIL I T I A S BUAY 4 6
fiti, JE#AE 0°C BHRFFHEIIEIEN 70% LA, 1
EGD 7£ 0 °C B s Hag Kid Y 18%.

T AF R B X IR IR 2 24 2% A s A W 0t 9 1 O
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Fig.2 Endo-1,4-B-glucanase BpEG randomly cleaves cellulose polymers at low temperature

B A= W R g, I3 2 S AT A = HE I T K R AR AR AR
T BT A R st , P R A Wkt vh sk 2 ] 21
AEZRNY B- 1AW SR, LR 2T A AR A b
ey, X — R g R ALY AL TR . TERE
fif o AR v, N R A 3 PR R G I (TCA) 2 T fit
(EMP)JEI, EMP if¥s RV 3-580k-2-T
B, 2,3- T, WIR. TR, LA, FiX—
AR TS 7 AR R T =B R R T (ATP), AT iff
LKR-1 A4 KAt
24 NH

TV ¥k 2T 248 3% 4 A il A= W A 2 A G LA
NHHE, ENTRESTERARIREE T AEAE IR RIS PE
X FAb B S £ R 2 AR T 3 AR i EVS X
AT WL o3 A DA B A= W e s A 7 A5 T EL AT Rk
BRI o TR FER MK, 36 s 32
SR A K B , TR 2T 4 K i A T LS
SRR AV IR, $Em e gy, 42
HEREI AR o I FH AR T T 24 28 B e TR A 7 4 2R HE AT
AEFE, A7 BTNl I 57 A £ A R R o0
VB HERE R, B v HEE R AEE 2 M . Chang 4501
TRIT T AR A W 300 % KA AT HE AR G 52 , 45 5%
FIAFEIM AR RS, HEAL B S iR s s 3l AL
GRET BRI, AR T HEAL A . — LRI Y
2T Y R A oA T AEARIR T A K I F o WA 2T 4k R il , 3 8
it o] AR T2 2 AR B | dEAR Tolk . £ dh Tolk
b LT e e B . AN & S om Tad #
TR AT YR bR T 2 A FARBRIRIE AR L oh , i n]
FEORFFE S0 JRA S BT A HTER T, 982D — b3 XU (1Y

P LB HABAS BRI 1 & A2
3 RE

T 244 REVR I BRI, 1T P22 BEIR A 42 45
PN E G2 o 1 4 3R K A I A ) AR L 2T 4 2 A ok
EYIRIZ I BARC LT T —E R, (B — Lk
R, M, ZRE PN T AR MR S5
A RERT B IR ASZ IR T 1#) -

1) AR 2T 4 2% 6 A T 08 -5 BT T R BT IR A T
Ko FURT TR IRLET 48 3R i T O BIF 7 AR AR 0 A
b, BIREAE A SR I PN Wi Hh 77 22 2T 4 3% 1A
B, (ERAEFER IR P RO N IRz, PRt
it A IR AR AE DAL, AT AR BB M B
(7 AR R PRI 27 248 2R e Ak R A AL BRI 5, B v
R TLET 24 2 I A T 114 3 figp 003 4R G BRI S AR
¥

2) (RRET A RIEMOLRIOTIE . HETED T4
I, CA RN EREEOAR | ARG | RS R
ST S5 DT EE AR IR AR ST e 2R A i AL , {E2
KT R figp et e P il TR 2 R ST ;L €1 4E 2R I
fifp S ISE Bl 325 | ET 4E 2R T 2 AL A FHLERA i) 22 57 25
) REATS 13 fifp e o IE A, B RS FEVe 26 1R BT S SR A
—SCAR I A e TR 4V PR i S BTG, e iR TR T
2 2R AT v PRI 0 B W LB, PRI 25 1F T dnger
RN A R TT BRI B 7 J7 1 R4 T 235
B, A REdt— 2 P BESEXE DT, M SRR
7 AR AR RS RL AR

3) fIRUREF A R M A A F R OL AL S G

http://soils.issas.ac.cn



%5

RUPFAF AR T 2T 24 2% R Gl 2 A o e

935

YR BRI ), B E A2
HSE T, AEATS A2 B AR 7 A T L R RIS AN
T S5 IR A PR A, R A Bl k- A R 17 28 B
BSCHE, AT LT A 1 22 i S REL S, il e A=
PRI T H A, DAL R 2,
AT A BRI 1 TR, 10RO S A RE IR G ML AT
HEEL,

S

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

(14]

[15]

[16]

[17]

Kumari P, Sayas T, Bucki P, et al. Real-time visualization
of cellulase activity by microorganisms on surface[J].
International Journal of Molecular Sciences, 2020, 21(18):
6593.

Coseri S. Insights on cellulose research in the last two
decades in Romania[J]. Polymers, 2021, 13(5): 689.

SR, SKEME, MEIE, A, LT RLME 9K OB 3 E 1Y
e S M AT 4k R A R s AT S (D], LSRR,
2022, 59(5): 1457-1467.

Aziz T, Farid A, Haq F, et al. A review on the modification
of cellulose and its applications[J]. Polymers, 2022, 14(15):
3206.

Zihare L, Blumberga D. Market opportunities for cellulose
products from combined renewable resources[J]. Environmental
and Climate Technologies, 2017, 19(1): 33-38.

HERRE, LA, WREMI, 5. 22 38 ootk K N R
PERE[T]. &f TR, 2020, 41(10): 332-338.
Smuga-Kogut M, Zgoérska K, Szymanowska-Powatowska
D. Influence of the crystalline structure of cellulose on the
production of ethanol from lignocellulose biomass[J].
International Agrophysics, 2016, 30(1): 83—88.

W, SE. SFAERMBTBER]. RDRE, 2004,
21(4): 72-76.

EULE, JTN A, SRR e RCRE AT T 4 2R R AR L I A T
B HERBOR 1], WUE2#4R, 2010, 50(7): 870-875
THE, BRAR, 255, . PHEERN LIRS A R
PR BORE MR [T]. 32447, 2022, 59(1): 206-217.

Ili¢ N, Mili¢ M, Beluhan S, et al. Cellulases: From
lignocellulosic biomass to improved production[J]. Energies,
2023, 16(8): 3598.

FASR, BUEM, BOELL. ARBTLR 4R Y R LI
JHC I fige v O UL 7 R TS HEJR (D). AR AUk AR 4R, 2010,
25(S1): 313-317.

NS, SRS, RN, 4. R4 B R AN B W ROKES
FF A B i 2 SR [J]. 35 AR A R 24254, 2019, 41(4):
402-407.

AR5, BUA, TEAEM, . — MRS R R S
YeoE REEFME ISR [J]. 13, 2016, 48(5): 939-945
Budihal S R, Agsar D, Patil S R. Enhanced production and
application of acidothermophilic Streptomyces cellulase[J].
Bioresource Technology, 2016, 200: 706—-712.

FEUPYD, TRAdE, WIMGSE. o7 48R B AT S
R[], TolkigA), 2021, 51(2): 46-52.

R TR A v B A 2T A 2R TS T ) T B R

(18]

[19]

[20]

(21]

[22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

[32]

(33]

(34]

[35]

HUCO-GS316 Hiff {9452 [D]. M/REE: M/RERMER Y,
2020.
Riddech N,
Multifunctional cellulolytic activities from Streptomyces
osmaniensis for agricultural and enzyme industry[J].
Malaysian Journal of Microbiology, 2016, 12(1): 85-90.
Bayer E A, Belaich J P, Shoham Y, et al. The cellulosomes:
Multienzyme machines for degradation of plant cell wall

Saharm N, Chaisawang C, et al

polysaccharides[J]. Annual Review of Microbiology, 2004,
58:521-554.

Sanchez-Jiménez P E, Pérez-Maqueda L A, Perejon A, et al.
An improved model for the kinetic description of the
thermal degradation of cellulose[J]. Cellulose, 2011, 18(6):
1487-1498.

WRT, 220k, B fe. R B g DL BT 5T ).
RO E, 2013, 41(23): 9728-9731, 9740.

I, BRI, JRAR. S 4 ER R K BT BUIR R
1] (TR, 2006, 14(2): 51-56

A, By, BESC SF UE YRR G A 4E R (B
FEMEAL[D]. H A A 4, 2010, 26(1): 231-236.
Sugano J, Linnakoski R, Huhtinen S, et al. Cellulolytic
activity of brown-rot Antrodia sinuosa at the initial stage of
cellulose degradation[J]. 2019, 73(7):
673-680.

Coughlan M P. The properties of fungal and bacterial
their
application[J]. Biotechnology and Genetic Engineering
Reviews, 1985, 3(1): 39-110.

KR, VR, SR, S TR R AR PR A AT ST 0E
(1. AR BT R 222 iR (AR FL2 ), 2019, 47(9):
121-130.

iR, Mz, L8, 5. WA YRER LT 48R B AL S
[0]. AR, 2015, 42(5): 928-935

Wilson D B. The first evidence that a single cellulase can

Holzforschung,

cellulases with comment on production and

be essential for cellulose degradation in a cellulolytic
microorganism[J]. Molecular Microbiology, 2009, 74(6):
1287-1288.

Han W, He M. The application of exogenous cellulase to
improve soil fertility and plant growth due to acceleration
of straw decomposition[J]. Bioresource Technology, 2010,
101(10): 3724-3731.

FHRI, #0, & S0, 5. HI09RY 2F 2 25 WA ol A 0
e B TR WA T 0). AR TR AR, 2020, 36(13):
212-221.

Wi #l. ARG AR MR AT Bl RgiRE,
1994(1): 18-19.

JmZR, X5, 4R IR A ke 5 T2
24,2002, 39(4): 16-17.

KM, TR L YRR MR AR b B R 2 R B
R[], B TR, 2013, 34(1): 188-190.

IEt o, . LR AEER G KA T 2 R I Y2 R[]
BV B BUEE, 2016(17): 65-67, 72.

Perfumo A, Banat I M, Marchant R. Going green and cold:
Biosurfactants from low-temperature environments to
biotechnology applications[J]. Trends in Biotechnology,

http://soils.issas.ac.cn



936 + 1% %5 56 &
2018, 36(3): 277-289. [52] BEAEEH, 20T, WEF, S5 —BROGIE - 285 7 BR

[36] MHFRAK, 282, ROk, 5. s X g AR b= 0 16 e AR R AR SE [J]. ARALAI R 24241, 2008,
2T 24 32 0 A R 00 07 8 5 AR TR AR M (0], WVl 23R, 39(11): 36-38.

2021, 33(8): 1468-1476. [53] He Z G, Ding B P, Ali Q, et al. Screening and isolation of

[37] Hgoe, &f%, KA, & —WIURL 4R MR cold-adapted cellulose degrading bacterium: A candidate
0 0k 5 e WA AR (0], AR AR AR, 2021, 40(4): for straw degradation and De novo genome sequencing
1128-1136. analysis[J]. Frontiers in Microbiology, 2023, 13: 1098723.

[38] ik, BiWEH, WA, 55 —HRIIAREEEaRE F7 A9k [54] Sun S S, Zhang Y T, Liu K R, et al. Insight into
e AT 2 25 i 5 VR X L AR S ML (7], 5 PR A biodegradation of cellulose by psychrotrophic bacterium
Yy2# 4, 2022, 28(1): 190-200. Pseudomonas sp. LKR-1 from the cold region of China:

[39] Zheng G X, Lu Z X, LiJ, et al. Screening and performance Optimization of cold-active cellulase production and the
of L-14, a novel, highly efficient and low temperature- associated degradation pathways[J]. Cellulose, 2020, 27(1):
resistant cellulose-degrading strain[J]. International Journal 315-333.
of Agricultural and Biological Engineering, 2020, 13(1): [55] Wang Y, Cai J L, Li D M. Efficient degradation of rice
247-254. straw through a novel psychrotolerant Bacillus cereus at

[40] Jiang G F, Chen P J, Bao Y Z, et al. Isolation of a novel low temperature[J]. Journal of the Science of Food and
psychrotrophic  fungus for efficient low-temperature Agriculture, 2023, 103(3): 1394-1403.
composting[J]. Bioresource Technology, 2021, 33I: [56] BEIKBH, BRRS. (RIEFEMRLT 4t R AN 0505 S8 S i
125049. IR T[T, NS AT T, 2015, 41(7): 11-13.

[41] Wang R X, Tao D X, Li J, et al. Screening and [57]1 Z=&M, TH, B, %5 (R4 R MR BHEE
characterization of a low-temperature-resistant cellulose- K= W AR ]. AdbgRoll 24, 2015, 46(10):
degrading strain, Trichoderma harzianum L-8, from a 74-81.
primitive forest[J]. BioResources, 2022, 17(2): 3303-3319. [58] MF4AI. LF 3% [ A0 N 1 A b PR R O RCR K HARIR

[42] Dong X L, Ji J, Zhang S H, et al. Study on a £F 2 2 AR DR DY TR (D], PRANE AR NS Rl K2,
low-temperature cellulose-degrading strain: Fermentation 2015.
optimization, straw degradation, and the effect of [59] MiWEEE, FUBHE, EIEH, 55 1 BRHEARTRMICIE L 4 % %
fermentation broth on seed growth[J]. Biotechnology and FRTE I TRE . % A KRR B (0], Aol
Bioprocess Engineering, 2022, 27(4): 652—667. Kz, 2012, 31(5): 558-562.

[43] Zhang S, Shan D X, Liu X, et al. Cellulose-degrading [60] FHEE. MR FARFEFF M &0 0% I E AW R
strains: Their screening and application to corn straw in ZAHEARID]. YEBH: PRBHAR L K2, 2019,
low-temperature  environments[J]. Polish Journal of [61] DuY, Yuan B, Zeng Y H, et al. Draft genome sequence of
Environmental Studies, 2018, 27(5): 2349-2355. the cellulolytic bacterium Clavibacter sp. CF11, a strain

[44] /04 (RIS FT AR AC 25 0 158 B X il AT A P 2B producing cold-active cellulase[J]. Genome Announcements,
BEK D], ¥ LR K#, 2023, 2015, 3(1): €01304—14.

[45] 26, sk, &), . —BRARIRR AT 27 48 KRR [62] ExfoR, FIMM, GRFETWY, 5. —BRAHFT B AR I 8 40
M3 B . % KRR PE (D], EORERE, 2019, 27(1): 1953 B8 S F AR R [T]. SRR R, 2022, 50(8):
159-163. 85-89.

[46] TRENTE, Zeks, BEsE, % A Ilumina /=558 20075 [63] FKAEDY, 24k, B, 5. ERFEFRIRLT 46 R 0
R AT IR P A RS AT B[], £ T B, 2020, PR 9 7 28 R o0 i SR U 2 (], ROKRBEE, 2013, 21(5):
41(20): 99-103. 147-150.

[47] JUSRHR, i, EAEME, S5 #7/K 3 O b Y TR A [64] WS, 2o, BEIRPH, 5. MRIRLT 2 3 R 1 19 40 25
Vi AN AR IR 2T 2 R e i LR AR AE ()], T BE A, 2017, HUGE]. RS IEA YR, 2014, 20(1): 152-156.
48(4): 830-836. [65] W E, fEtbEk, skiEH, 5. 5 AR LT 4 R 7

[48] AKIE, EWE, T8, & MWKRK A L XAGE L4 DA 18 S5 A R R (D], TR Tk, 2021, 42(8): 36-41.
R A LT 1 7 0 2 R S LR AR AR [T, R [66] Guevara C, Zambrano M M. Sugarcane cellulose utilization
FIR(H RBL2EIR), 2015, 54(5): 115-121, 129. by a defined microbial consortium[J]. FEMS Microbiology

[49] FREIF, 3L, T, S5, Tl I PR A 2T 4k 3R T bR Letters, 2006, 255(1): 52-58.

Y B BB RAR D). ZRAbAR R 224, 2019, 50(2): [67] ZREF, 5%, KRBT, 5. &4 8RR /INZE 7 FF 05 Al
79-89. AR HERER L A YRR A R R (0], 1, 2019,

[50] TR, KoK, S, 5. —HRAGIER TORFE AT 51(5): 955-963.

B L . S5 KRR LT]. BRI E AR, 2020, [68] BUMUE, IR, Whi, . MRS RREMEEGH
47(9): 2923-2933. RMITHEE[]. REEREEST, 2023, 36(7): 1404-1415.
[51]1 &R, KRR, 2R, 5. KR4 E /M ke [69] %3, XIHEME, FhET, . MR R L7 4 R Wik

e | M AT AR R AR R[], A A, 2013,
40(7): 1193-1201.

e e E AW R[] ZEURALE#, 2022, 50(10):
6-10, 27.

http://soils.issas.ac.cn



%5

RUPFAF AR T 2T 24 2% R Gl 2 A o e

937

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

WA, FEAAR, DTMNAA, 4. T =R RIE AR R
PR R IR A R KRR RE 0T [0]. AR
WEHR, 2019, 35(8): 77-84.

BRARTE, RRUE, AR, 5. MIRFARERE SRR
R E MAERETHTI]. WIdbAR R, 2013, 52(8): 1814
1816, 1828.

HRA, AL, A%, & RIRIRIEREALT 4R E
R EF ] RILAO KA, 2012, 43(2): 83—
87.

BEUNL, mERAK, TREDY, S EORRH IR &
HARMIHLED]. PEREE, 2013, 46(19): 4082-4090.
#HW, BTIE, £, . RIRL 4RI R
Y ARE IR, 2011, 27(2): 37-41.

XIFAE, XK, S L e AR IR 2T 4k = mE T
T[], AR, 2012, 40(3): 1281-1282.

Violot S, Aghajari N, Czjzek M, et al. Structure of a full
length psychrophilic cellulase from Pseudoalteromonas
haloplanktis revealed by X-ray diffraction and small angle
X-ray scattering[J]. Journal of Molecular Biology, 2005,
348(5): 1211-1224.

Dhar H, Kasana R C, Dutt S, et al. Cloning and expression
of low temperature active endoglucanase EGS5C from
Paenibacillus sp. IHB Bjgga[J]. International Journal of

[78]

[79]

[80]

[81]

[82]

Biological Macromolecules, 2015, 81: 259-266.

Kim D Y, Kim J, Lee Y M, et al. Novel, acidic, and
cold-adapted glycoside hydrolase family 8 endo-B-1,
4-glucanase from an Antarctic lichen-associated bacterium,
Lichenicola cladoniae PAMC 26568[J].
Microbiology, 2022, 13: 935497.

Iyo A H, Forsberg C W. A cold-active glucanase from the
ruminal S85[J].
Applied and Environmental Microbiology, 1999, 65(3):
995-998.

Chen F F, Ye J R, Sista Kameshwar A K, et al. A novel
cold-adaptive endo-1, 4-B-glucanase from Burkholderia

Frontiers in

bacterium Fibrobacter succinogenes

pyrrocinia JK-SHO07 Gene expression and characterization
of the enzyme and mode of action[J]. Frontiers in
Microbiology, 2020, 10: 3137.

Chang H'Y, Lu S F, Huang Z Y, et al. Effect of different
microbial agents on corn stalk composting[J]. Applied
Ecology and Environmental Research, 2020, 18(3):
4743-4758.

Ueda M, Maruyama T, Kawasaki K, et al. Purification,
Characterization, and Gene Cloning of a Cold-Adapted
Endo-1,4-B-glucanase from Bellamya chinensis Laetal[Jl].
Molecular Biotechnology, 2016, 58(4): 241-250.

http://soils.issas.ac.cn



