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B ) GHO Rk 7 RAEBGA R, B TALI A AR F. [Fx] W58 F HA 4 cDNA
43 IDSGLUCO-25 A F, £ XMATH F#/7FREAE, M ELKOITHEFR A M, A
RELE G QB R Ao R KRR, [4R] IDSGLUCO-25 A R % 527 MR, 4 —
/> CelD N ##Fe—A~ GH9 KM L MR, TLAE& G rIDSGLUCY-25 4T =4 % 62.7 kDa, &
& B B &A= pH 5% A 40 °CH= 6.0, f£ 30-50 °CF & M43, f£ pH 4.0-8.0 76 B M A 95 1R 454%
B, % pH 4.0-8.0 £ RAE 1 h BHRAFERY KT 90%; KMk kA,

rIDSGLUC9-25 #tEfb K& B-FIHAE. TR EIBE. BFRARITESE, wiEEIH
(443.55+24.48). (65.56+5.98). (122.37+2.85)#(159.167.73) U/mg; #|/ & & & i% % (thin layer
chromatography, TLC)#= 2 20 /& 48 & 3% 7% (high performance liquid chromatography, HPLC)%#7 7K fi# =
M A I, rIDSGLUCY-25 Mt K& F s £ 24 M % =4 (L LiLRIE 64.19%+1.19%)Fa 4 4w
(b &L RAE 26.24%+0.12%), MEILIL R % 48 £ T4 s A4 =48 (B S BAE 78.46%+0.89%). [ 4
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Abstract: [Objective] Glucanases serve as one of the main components in feed additives. This
study identified and characterized a novel GH9 glucanase gene derived from rumen microbiota
in herbivores, aiming to provide a reference for the research and development of feed enzymes.
[Methods] We obtained the IDSGLUC9-25 gene from the rumen fluid cDNA of Hu sheep and
heterologously expressed it in Escherichia coli. The recombinant protein was induced for
expression by isopropyl B-D-thiogalactopyranoside, purified, and then subjected to functional
characterization. [Results] IDSGLUC9-25 encoded a protein consisting of 527 amino acid
residues, which included a CelD N domain and a GH9 family catalytic domain. The
recombinant rIDSGLUC9-25 protein exhibited a molecular weight of approximately 62.7 kDa
and the highest enzymatic activity at 40 °C and pH 6.0. The enzyme displayed robust catalytic
activity within the temperature range of 30-50 °C. After preincubation at pH 4.0-8.0 for 1 h,
rIDSGLUCY9-25 retained the relative activity over 90%. The substrate spectrum analysis
revealed that rIDSGLUC9-25 exhibited specific activities against barley B-glucan, moss
lichenan, konjac gum, and xyloglucan, with the activities of (443.55+£24.48), (65.56+5.98),
(122.37+2.85), and (159.16+7.73) U/mg, respectively. The hydrolysis assay showed that
rIDSGLUCY-25 primarily catalyzed the hydrolysis of B-glucan into cellotriose (representing
64.19%=1.19% of total reducing sugars) and cellotetraose (representing 26.24%+0.12% of total
reducing sugars). Additionally, the enzyme predominantly generated cellotriose from the
hydrolysis of lichenan (representing 78.46%+0.89% of total reducing sugars). [Conclusion]
This study characterizes IDSGLUC9-25, an endo-B-1,4-glucanase (EC 3.2.1.4) derived from
Treponema sp. The enzyme exhibited robust activity in the conversion of polysaccharides into
cellotriose and cellotetraose, establishing a foundation for the development of feed enzymes
and functional oligosaccharides preparation.

Keywords: Hu sheep; gastrointestinal microbiota; glucanase; IDSGLUC9-25; cellooligosaccharides
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AYER | L 4R FAEEH 2 (non-starch
polysaccharides, NSPs) &4+ ¥ 1A} S 217
FRB Ao Hrh - R A 4E R I FE NS
Z—o TR B R RS AR R, B
B DRARGERE , AT AL 18 T A SR R X Fh 2 1)
Freaizie, Mmsisb 1 H 5 I Al 2 6] i 4 fi
S0 S GRS
AL, BB B B-D- A AT MR S B-1.3
FlB-1,4 WETFSHE BN AR 2. DB s
noop- AR bR B S koK b & W T M
(carbohydrate-active enzymes, CAZymes)REA AL
{HER NSPs IUHUE FRIEM s[RI, S pi A ey £F
A LB I ZLER TR . BUBE AT R 55 1 A TR 3 7
s 2B TR T S B R TS0 K o et B U U e R AP b 1
W pH ., MMHIHRIBOREAER, 4ERHUARE
AR ER,

B- ] 5RO Tl A 4R — IS RE 0% 22 A ) SR Y
B-1,3.B-1,4 = B-1,6 WHHFHE)™ A= 21 4E LW 14 4
BHABELT K fi# B (glycoside hydrolase, GH)"!, fJ
5 N DR SRR T . A/ R RO T AR 2 AR T
FEAAifE GHS. GH8. GH9. GHI16 Fl GH5S5
SR R Rk K2R,
Y14 M AT 3 — 20 43 S N ) -B-1,4- 7 SR 0 ity
(endo-B-1,4-glucanase, EC 3.2.1.4). NYI-B-1,3(4)-
] Wi [endo-B-1,3(4)-glucanase, EC 3.2.1.6].
N Y] -B-1,3-%ij 2 B [ (endo-B-1,3-glucanase, EC
3.2.1.39) . NYI-B-1,3-1,4- 5 S B/ Hb AR 22 WG
(endo-B-1,3-1,4-glucanase/lichenase, EC 3.2.1.73)
FIA A W (xyloglucanase, EC 3.2.1.151)%,

L SRR R A sh IR THALIE RO N
A CAZymes' ™™ SR T B IREE 4%
PRA HAFAEZ MR SF S22 55 1F, HP 2R
ZRUR B A A ME LA SE R 3R o Bl TR
MZH BRI PE K, FET Hir CAZymes
F1%3 2 DRy 91 A 32 A3 i 7 i o 51 22 BRI B R

PR AR AT R 2 R YL R
SR A5 Z A 2E T B AR GR I T Rk H
o B U CAZymes JER S, Hidp 238 T3
Z A/~ FEL A (unigenes)H 2.65% AT K i, 5
OT Y 2 A DG S BESE I £ 204 T GH3 .

GHS Fil GHO IE" ., HAGT, 42 H ki
A ) A 51 SR B il R — ZR A I B R AE ,
HoRER 4y GHS K RpEmE" ", KR F
GH5 Z 5“1 ¥ % (retaining) AL HLH , GHO
F ] SR B R < s % 8 (inverting)” 7 =0 44D
ZEBEYM, FAE GHO R INFEIEIN A B3k
ER Ty WENORE 3 IS )T N R YN E S
A b e B AR A — S GHO S5 A SR B il ik
Kl IDSGLUC9-25, JFF7E RWAtT i ikt il
ik, WFSE AL A A SRR P K it

1 HE5xZ

1.1 R

WA A B cDNAMY | SRk Ok
pET-28a(+) . K W #F (Escherichia coli)
BL21(DE3), ¥IAASIR E R r; WML 4EsE
BEIA H Megazyme 2y F]; Super Pfx DNA H 4 il
g B A28 A PR AL s A PR v 5 PCR 7™
YraliAb iR & | e rDSesGR) & R Bk B BURR &
WA RKEAEABE AT AERA A &
Marker, 6xHis Tagged Ni-NTA agarose., RABE:
K (kanamycin, Kan)f15F P 5E-B-D-Ai A0 M2 2L
B (IPTG)W H A= T A=Y TRE( LI I A BR A
#i]; ClonExpress® II One step Cloning Kit It [ B
TUUMERE L MR R A FR 2 W)
1.2 EHEEHRAE

FIH] IDSGLUCY-25 & [KFe S5 3 (F
2 R IR BRI ¥ 5]) F (5'-ATGGGT
CGCGGATCCGAATTCA-TGAAAGAGTCAGA
AATTTT-3")Fll R(5'-GTGGTGGTGGTGGTGCTC
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GAGTCTTAC-GCGCGCAAGCAGAT-3) , H
Super Pfx DNA 4 i LU =F 98 B A 9 5
cDNA MR FEFTY 4. PCR W 4ifk 54
EcoR Il Xho DXUEEUIAY pET-28a(+)iR &), 1l
JH ClonExpress® II One step Cloning Kit 3/F4 7 [&]
Y, PUMELL E. coli BL21(DE3)ESZ 240 uf:
WA T4 50 pg/mL Kan 9 LB V-4, 37 °CHiF:
16-20 ht'* 11, {81 T7 519547 B ¥% PCR ¥4,
B Uk 5E iU PR IR ok 16 A T AR TR H i)
JBC ARy A BIR 2 A DU o
1.3 F5IoHh

FH Expasy Compute pl/Mw tool (https://
web.expasy.org/compute_pi/) il & 1 55 B 5 5
g fm, FIAH SignalP-6.0 (https://services.
healthtech.dtu.dk/services/SignalP-6.0/)F/l InterPro
(https://www.ebi.ac.uk/interpro/) Wil & H 15 5 ik
FThRELEFY, FIFH SWISS-MODEL X %K [ /5
= A R HE AT [R] R B (https://swissmodel.
expasy.org/interactive), #| H MEGA 7.0 T. 5.7
ARG AL
14 EHAXBHENFSRESAK

2 T £ BL21(DE3)/pET28a/IDSGLUCYS-25
DL 1% R R INZE 500 mL LB K5 7R3,
37 °C. 180 r/min 557 ODgoo i%%F] 0.6-1.0, JIA
250 uL 1 mol/L IPTG Jf# F 16 °C. 100 r/min i
216 h, 4°C. 5000xg &[> 10 min DLKCEERIA,
150 mL 1xPBS Z Ml 2 e 1 A5 LR )
FAF PSR TR, 355 B A A 50 mL
JCHE 1xPBS 2%t (FLHF %45 1 mL Triton X-100)
Fo oy L, TR A A (TR FPY FL R SE 5
WA RAFNLL 15%T8, 81T 1.5 s/ 6 s
ZAF T ERE 15 min BRAFAH B o

455 A1 Ni-NTA agarose R 1:50 ((RFL L)
5 FRHERRR A, A 1 mL 1 mol/L BRI, &
T UK EFFLL 100 r/min R E 1 he B H 5CUR
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g AL T R 2 2 A1) A S5 AR BT A v I Tl 1 2%
MR (3918 20, 50, 250 mmol/L BRME YRR EESE
B HARE A, F#H 10 kDa Millipore Amicon®
Ultra HAUEAE LBR HAREE 110 A 52 A DR s v 4
EA DR E M aifb & 1 H T SDS-PAGE
YA ST o
1.5 EEFEMRSH

K 3,5- g F K A% IR (3,5-dinitrosalicylic
acid, DNS) ¥k I 52 # % B g 15 1. R A
Bradford 5 2 (I B0 1 AN 7 B0 (U)
B SCAE A (min) A 1 pmol o8 JURE (LA %)
BT BT AR 2R L 43 I FC ] 10 mg/mL YR
% B-HIRME . HEf A ZHE . BB R R
JEAERE . RS R N . I 2. 2R
78 A FHEA AR SIS , HL 20 uL BHE (29 0.4 pg
FE)S 50 uL ERRYNRG, ERGESR TR
i 15 min J5 I 0 BB AR BlEe o DK A9 Tkt
TP S A At B2 a6 2 vt R 21 4
HBE 4 NHE (n=4).
151 ®RiERE

20 pL (24 1 pg 1, T ADEFRK S 50 pL
0.5%H RIHIKW IR G, 43 3IHE 20-80 °C'F
K 15 min, R ZEHRJEMA 70 uL DNS
F 95 °CFFE 10 min, FFRH 2 RG M A
BRI E ODsgo0 FEXTHREZHMMA 20 uL 2% I B,
HAZMRR—E, 3E 4 AP Dis
TEPEIT FREEVE R 100%, A5 A R T (94
X
1.5.2 &ji& pH

¥ 20 pL B S 50 pL Z»SIECHIZE pH
2.2-10.0 2 M (F I R /B R 22 v pHL 2.2-8.0;
Tris-HC1 22 0P pH 8.0-9.0; T FRAN /iR A 4h 52
IR pH 9.0-10.0)f 0.5% R BHRYIFT/MR A,
TERCEIREE T SN 15 min MERALEYE, DARms
PEHY pH AR 100%3 155 R] pH T AUAIXHE
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1.53 #HARREM

B BERAE ) BT 30, 40, 50 °CF & RIR
5. 10, 15, 20, 30 F1 60 min J7, ¥ 20 pL B
5 50 uL feid pH 0.5% # REYI iR A )5,
TE S IR BE T S0 15 min, MEMALTEYE . Lok
LA A IR 100%, THEAEE T 15k
A
154 pHFREM

BB LA 1:1 B Eu 5 pH (B 2.2-10.0 2%
WRIRA, VK ECE 60 min 5, B 20 uL EEH
5550 uL Fcid pH 0.5% 7 BRI 7B IR A )5
TEIE IR BE T SO0 15 min, WAEfALTEME . DIk
28 pH 2% i AL SRS PE A 100%, 1545 pH
TR ERARTE M
1.6 TKEEF4DNE

PIRZZ B-HIRNE . HEFHAK SN,
TE 5 mL IR P A 2 mL BHE (A 16.8 ng
HEI) o RWTE 37 °CR#EAT, 437E 0. 5. 10,
20, 30 min A1 1., 3. 6. 12, 24, 48 h [AIFFHUE
600 pL F B, 95 °CALHE 15 min £ 1E S .
4 °C. 10 000xg &0 B FIEWH TR K53,
WHE 3 AFA TR .

K 32 66335 7 (thin layer chromatography,
TLC)¥I43 4 IDSGLUCY-25 /K4y, B 0.7 pL
RS P15 0.5 mg/mL AR b IR AW [ 0
(G1). £F4E—HHi(G2). ZF4E=Hi(G3). ZF4kpus
(G4) 212 HE(GS) S £ 47 W5 (G6) o T 3 35 1
JZ#(glass TLC plate, Merck) I, SN =¥ K
R 12K, REMREWES LR 6 IR sl
ARIE TR C/R K (5:2:3, FLEL), T eIt
JE B, BT XU R o8 TR R Ay
O (R R: L BE=5:95, 1RRLEL), REHT IR
105 °Ci2. %, 10 min, FAMICF.

i — 0k TR 0RO 3% 2 (high performance
liquid chromatography, HPLC) /M1 /K f#r=4 . #
] Asahipak NH2P-50 4E {64 (Shodex 23 &) Al

LC-1200 =380 A (0 151 (Agilent 23 7)), WahAH
K 65%Z. M, FElE 40 °C, W 1.0 mL/min, %
FH RID-20A 78 Z= 37 YA 35 50 T S W) /K Fd At o o

2 BER54

21 EFEmESEISH

MIIEIE B MEY) cDNA P 153 —A4
A I IDSGLUCO-25 (GenBank & 5 5
MT832759.1), WJF&5 R Hbr)vsl—2, HIF
BRI ERERC S 1 584 bp, Zwhd 527 MR LR
(amino acid, aa), HiEsrFHHN 58.2 kDa. J¥4
S R, IDSGLUCY-25 fu 55— CelD N %%
P 3, (1-86 aa) Fl— 1~ GHO 5% I it 1k 25 #)
(96-523 aa), R AIUEFIITFH] . [FITRERLEIR,
IDSGLUCY9-25 [fEALAE a3 2 Bl (o/ o) AR SS
(D), J8F GHO FiE MM ARFAEN T, P41 L
Xf B, IDSGLUC9-25 53k B % 12 jiE 1k J&
(Treponema sp.) GH9 %5 [1(GenBank % k5 .
MBQ1795108.1)/ %5 AHAL BE £ 75 (81.63%) ,
IDSGLUC9-25 ARk A B IRIEIRR AN . RS
RE LM FEI A 2), IDSGLUC9-25 #J1A
GHY9 Z %, 5 GHS Z % i % b Ay i |
IDSGLUC9-25 5 MBQ1795108.1, ABB51609.1
I ACY24809.1 %5 GHY ZEHE IR M —E, AH

IDSGLUCY-25,

()]
fas)
<°

523527

1 IDSGLUCY-25 EH[EIEEE

Figure 1 Homology modeling of IDSGLUC9-25.
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L Cellulase Treponema sp. (MBQ1795108.1)

100 ,—Endo B-1,4- glucanase uncultured bacterium (ABB51609 1)

TN m_1_. 01

J7 T LU L11U1UOV ULIVUILUL VU LD

—
0.20

2 IDSGLUCY9-25 ARG L 947

I DR | A AOXTAAONAN 1IN

VIUVIEQIIDIIL \L AL IV I UV /e d ) a1

Figure 2 Phylogenetic analysis of IDSGLUC9-25. Multiple sequence alignment was performed to generate a
phylogenetic tree using MEGA 7.0 and the maximum likelihood (ML) statistical method based on the WAG
correction model. The tree was drawn to scale (length=0.2), and branch length was measured according to the

number of substitutions per site.

PEAF SR 81.63% . 41.37%FH1 41.23%, FHorfr,
MBQ1795108.1 FIIREAREHIE , ABB51609.1 F
ACY24809.1 ¥ Y] B-1.4- A B, 4R
IDSGLUCY-25 i3 4 7] g 51X 2 B AL
22 EHREAFRESEMERINESH
SDS-PAGE #5547~ , TFE K BL21/pET28a/
IDSGLUC9-25 ikt & & B MZ a4,
PR T TREZN 62.7 kDa i rIDSGLUCY-25
FHEME 3), X H5HIIE s F12(4 58.2 kDa)
IR BAR T B 4.5 kDa)bl—3k. W61
YIS HT s, rIDSGLUCY-25 BEfEAL K B-
HIRNE . BEEH A 2 | BN BT R R
Wi, FohxRAZ BRI RS M i s, iR
(443.55+24.48) U/mg (% 1), SR, ZEFARHRH
FEFHERN . T 20 S R T BRI
TR IO TS AT I, rIDSGLUCY-25
X} 58K GleBl—3Gle 1 Gle1B—4Gle K7 B-#iK
B EEEHIA M . AR R I AT RS )
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BT 2 A
rIDSGLUCY9-25 %} Manf1—4Man

HEAEYE, [AXF Glepl—3Gle 4
Wtk sk,

kDa M 1

180
140
100

70

55
40
35

62.7 kDa

25

10

3 SDS-PAGE 73 #iEHEH rIDSGLUCY-25
Figure 3  SDS-PAGE analysis of recombinant
rIDSGLUC9-25. Lane M: Protein marker; Lane 1:
Purified rIDSGLUC9-25.
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%1 rIDSGLUCY-25 5E M 4t
Table 1  Substrate spectrum of rIDSGLUC9-25

Substrates (10 mg/mL)

Typical structures

Specific activities (U/mg)

Y LY L

Barley B-glucan

Icelandic moss lichenan

Konjac gum

Tamarind xyloglucan

Ivory nut mannan

Beechwood xylan Me-O

B4y B4 AOB4

443.55424.48

65.56+5.98

122.37+2.85

159.16+7.73

NA

NA

NA

NA

.: Glucose; ‘: Mannose; O: Galactose;*: Xylose; @ : Glucuronic acid; Me-O: Methyl. Data represent the mean+SD (n=4);

NA: Not active.

5 Xylp1—4Xyl 41 ) H e R EUR R Ih
WS VER, 32758 rIDSGLUCY-25 2 S it
{2 BWE FHER) Glepl—4Gle Mt B AT K i
it VR SR
2.3 rIDSGLUC9-25 BB M R4

fif 2V S 40 A s , rIDSGLUCY-25 [ i
FZNEHREE K 40 °C, AE 30-50 °CYE Bl N HA &
FIHEAL TS TE(>70%), (H 4R TR 2 60 °CHY,
HARAL TG S22 (B 4A), PEEEM i B
71, 1IDSGLUCY-25 1E 40 °CLL N8 kg , 40 °C
AR 1 b, T4 62.58%+1.10%H 5 A TR 1,
SRIMAE 50 °CFALFE 10 min J5 BEE 5841 26 (&
4B). rIDSGLUCY9-25 A& N pH M 6.0, 1E
pH 5.0-6.0 1 Bl A A AL 15 P3R5 (>80%) (1] 4C).
pH FaEMELSE R B o5, rIDSGLUCY-25 fE pH
4.0-8.0 Y Bl N REUE PREFRSE R 1, Ab 3

1 h JGERRIGEVES RELRFFTE 90%LA I (& 4D).
DL F4ERFEH], rIDSGLUCY-25 &—Fh 55 ik 1
IR
2.4 rIDSGLUCY9-25 7K F=49 47 ¥r

TLC %55 EW, oI rIDSGLUCY-25
ok i R 2 A SR A2 R B BE 3R WK AR ), L
N1 h RS I B 2 e A A —FE(G3) R AT 4
VUME(G4); BEZ RN 4kSE 64T, rIDSGLUCY-25
AR G R s SRR B V77, B
YR G3 i G4 K BF(E 5A). rIDSGLUCY-25
IK il 5 B AR 22 W 110 1 A 5 RS A SRR A
X AETF RV ZS= ) F2 ok G3 (B 5B). IAHER
WEFIEE 2 A I, rIDSGLUCY-25 b3 30 min
JE JLP RIS BIRE A s SO 1-48 h 5, &
REEEW R R, RN LT ) F B R
HEE>6 MEERE(E 5C. 5D).
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120 - B 120

[+ 30°C =40°C  50°C
100

[ —

Relative activity (%) >

Residual activity (%)

& T | Il "

20 30 40 50 60 70 80 0 10 20 30 40 50 60
Temperature (°C) t/min

D
120, Citrate = Tris-HCI -+ Carbonate 120
100

0

[ Citrate = Tris-HCl -+ Carbonate

E < 100
> fnd

£ 80 R
S 60 2 60
2 40 £ 40
-] =

£ 20 Z 20
Sl %0

2.0 3.0 40 5.0 6.0 7.0 8.0 9.0 10.0 2.0 3.0 40 5.0 6.0 7.0 8.0 9.0 10.0

pH pH
4 rIDSGLUCY-25 RIEE= 14 R
Figure 4 Enzymatic properties of rIDSGLUC9-25. A: The optimal temperature. B: Thermostability. C: The
optimal pH. D: pH stability. Data represent the mean+SD (n=4).
A B

Gl Gl
G2 G2
G3 G3
G4
Gs o
Gn 0 5102030 1 3 6 12 24 48 Gn 0 5 1020301 3 6 12 2448
C #/min t/h D t/min t/h

Gn 0 51020301 3 6 1224 48 Gn 0 5 102030 1 3 6 12 2448

t/min t/h t/min t/h
B 5 TLC 4347 rIDSGLUCY-25 7K =4
Figure 5 Analysis of hydrolytic products released by rIDSGLUC9-25 using TLC. A: Barley B-glucan. B:
Icelandic moss lichenan. C: Xyloglucan. D: Konjac gum. Gn: Cellooligosaccharides with different degree of

polymerization (n=2—6); G1: Glucose; G2: Cellobiose; G3: Cellotriose; G4: Cellotetraose; G5: Cellopentaose;
G6: Cellosehexaose.
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PE—2FIFH HPLC S Hr i K fidr= 5 1,
rIDSGLUCY-25 Lk A M H B G3 H G4,
[F) s A RO 2T 4k TUHE(GS) L 21 4 — W (G2) T %
BE(G); Mtk 24 h JERBIROV TS, G3 Fl G4
) 77 4 43 B A (8.72+0.08) mmol/L  Fil (3.57+
0.03) mmol/L, 5 il JHER 64.19%£1.19% I
26.24%+0.12% (&l 6A, 6B), rIDSGLUCY-25 fi
A A ZoM AR N G3,  [RIINAR B 1 G4
G2 1 G; Hrf, G3 RN 24 h J5 ik 5 P,
& BN (3.50+0.14) mmol/L , 5 B8 J5 o
78.46%+0.89%, #R1M G4 7E 0 3 h ) Bl ik 5]
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Figure 6 Analysis of hydrolytic products released by rIDSGLUC9-25 using HPLC. A: HPLC profiles of
hydrolyzed barley B-glucan. B: Reducing sugars pattern of hydrolyzed barley B-glucan. C: HPLC profiles of
hydrolyzed icelandic moss lichenan. D: Reducing sugars pattern of hydrolyzed icelandic moss lichenan. Data
points from the first 3 h of each hydrolytic reaction are shown separately to provide a clearer representation of
this phase. Data represent the mean+SD (n=3). G1: Glucose; G2: Cellobiose; G3: Cellotriose; G4: Cellotetraose;
GS5: Cellopentaose.
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