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EET A B B KB L e T Kb ) AR RS F 5 B RAF 267 M, @i bt 3
AL AD] 154 7= B-RHEHBemEA, £ETA41T8MWI3 B 19437 5. “BAKT, EF
i I (Proteobacteria) 4 #. %% 11, 4 % 4F i /& (Chryseobacterium) 4 #£. %% &, S0 H 4 5 R Ak
R B-FHBGFMmE SHMEES. RZETALESFRI G E YIM B11765 -7 248 3 8
ERE, 4034 UmL, ZEAHKABKR YIM B11728 3T A K AR L H Rbl F= Rgl 45 A 544 A #
HAKLF CK #= 20(S)-Rhl. BAAESEARASHEREN, @WARE T304, EHEAT]
(Proteobacteria)#=7% £, # '] (Actinomycetota) P & F Z ;& K, 4% % F & (Sreptomyces) A L% H &, 5 />
WX AL RAB KB L P CAZY BB ER S, AT IHEE 4 NEFHILALR
F Rbl fe Rgl B A4 B-F £ 4250, RNHL S R AR R MAENEESHFRRFE; PR
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EH T LRGBS ENBELE SR RFE. #FH B (Sreptomyces) o 1% 4 & 72 i &
(Bradyrhizobium)ix 2 /™4 4 K BEx £ &49 A % F) R 5% (cluster of orthologous groups, COG)%
6. KEGG KHHERABRB KNS FE WG ETREARK. (L8] BELAR RSB AL
R B-FAEFEBME, LF 2 HR@E T oA ELARLFE Rbl = Rgl AWHAH AL LH
CK #= 20(S)-Rh1. #|F % K F 015 84548 5 AlphaFold 3 Tl 64 & & i = ALt , @it b5 43
B 4 NEA AL L3 RL An Rgl B 49 B-F) B 4B 5B, H 4T B itk T E24ML. B A,
PRER T LR EAR KOG RMAED TR LR S, AHE—FFRF AT HRIE.
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Diversity and metagenomic analysis of B-glucosidase-producing
bacteria from decaying wood in forests in different regions of
Yunnan Province

ZHANG Linbo!, YANG Wansong?, ZENG Yongjie', LI Minggang!, ZHAO Jiangyuan™!

1 Key Laboratory of Microbial Diversity in Southwest China of the Ministry of Education, Yunnan Institute of
Microbiology, School of Life Sciences, Yunnan University, Kunming 650091, Yunnan, China
2 Yunnan Yuefangji Biotechnology Co., Ltd., Kunming 650091, Yunnan, China

Abstract: [Background] p-glucosidases can hydrolyze various glycosidic substrates into
aglycones with industrial significance and have applications in food, medicine, and industry. In
medicine, B-glucosidases can produce rare ginsenosides CK and 20(S)-Rhl by transforming
glycosides in natural products. Decaying wood in forests contains abundant lignocellulose, which is
the degradation substrate of B-glucosidase. However, the discovery of B-glucosidase-producing
bacteria in the study area of this study has not been reported. [Objective] To explore the
microbial (gene) resources of PB-glucosidases by the pure culture method and metagenomic
analysis and compare the microbial diversity of decaying wood among different forest regions.
[Methods] Bacteria were isolated by the pure culture method, and B-glucosidase-producing
strains were screened by the medium containing aesculin and transformation of ginsenosides
Rbl and Rgl. Metagenomic sequencing was performed to supplement the pure culture and
screening work and explore the structures and functions of microbial communities in different
decaying wood samples. [Results] A total of 267 bacterial strains were isolated from decaying
wood samples collected from five different regions in Yunnan Province, including Junzi
Mountain in Shizong County, a primitive forest in Tuanjie Township of Kunming City, Wansong
Mountain in Wuding County, Dawei Mountain in Pingbian County, and Fenshui Ridge in Jinping
County. Among these strains, 154 B-glucosidase-producing strains were screened out, belonging to
37 genera, 19 families, 13 orders, 8 classes of 4 phyla. Proteobacteria was the dominant phylum
among the enzyme-producing strains, and Chryseobacterium was the dominant genus. The
primitive forest in Tuanjie Township of Kunming City had the highest diversity of
B-glucosidase-producing bacteria. The strain YIM B11765, isolated from Wansong Mountain in
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Wuding County, exhibited the highest B-glucosidase activity of 0.34 U/mL. This strain and
strain YIM B11728 can transform ginsenosides Rbl and Rgl into rare ginsenosides CK and
20(S)-Rhl, respectively. The results of the metagenomic analysis of decaying wood samples
indicated that bacteria were dominant, with Proteobacteria and Actinomycetota showing the
largest relative abundance. Streptomyces was the predominant genus. Among the samples from
the five regions, glycoside hydrolases were the most abundant enzymes annotated in the CAZy
database. Furthermore, four B-glucosidases with the potential to catalyze the transformation of
ginsenosides Rbl and Rgl were screened from these enzymes. The microbial diversity was the
highest in the samples from the primary forest in Tuanjie Township of Kunming City.
Carbohydrate-active enzymes were the richest in the samples from Junzi Mountain in Shizong
County. Streptomyces and Bradyrhizobium contributed the most to the main COG functions and
KEGG metabolic pathways, as well as the functions of carbohydrate-active enzymes.
[Conclusion] A batch of B-glucosidase-producing bacteria was obtained by pure culture
isolation and screening, among which two strains could transform ginsenosides Rb1 and Rgl
into rare ginsenosides CK and 20(S)-Rhl, respectively. After metagenomic information mining,
AlphaFold 3 prediction of protein tertiary structure, and virtual screening, four -glucosidases
with the potential to transform ginsenosides Rb1 and Rgl were obtained, which supplemented
the pure culture isolation and screening work. Junzi Mountain in Shizong County demonstrates
great potential for the mining of functional microbial resources, which provides a theoretical
basis for further development and utilization.

Keywords: decaying wood in forests; B-glucosidase; active strains; metagenomic analysis
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HAT, XFEARMAYRENIR, FEE D
T8 DB A ity v i 108 HL A 2 4 25 A B ) Y TR
PRUSSI eAh, A — e s S 7E LUB AR
WFFEXTGE, AT EENO . P FUET P R A P
1) 4 5 i B AF 5% 55 5 TH o

ABEFE L) 25 B 48 A TR H X8 FR AR A S ot
G, I AT EE SR A Y g K™ B 2 T
PRI L, Al - 2 A T R AR P B U
i 2T 27 B A 43 AT R AT B n] B SR DT R
A, HE R AR LA S TC TR R SR B SR P SR R A
o PHE LA AT LU 4T Uk i -3 45 b
TEREL A W0 R, i EL AT DA E B A DG X 7k
Ve AWy B A W G AR ) T
U R IRt T — M sosts, o kb Ir
KRS T B A 4l A S ANME
1 5 xFE®
1.1 HRRESLE

ARSI A S SRR T 25 A A b IX
AR REATA, A5G0 5% B B 7 LI (Rl AR
SN, 45 1ZS). BWE S 2 FIA 7R
(W FAET X5 =/, 45 8 MLSX) ., RE
BAMILFI A =mE RS, 45k WSS). Brill
BEREN@FLUAEE S EXE R E, 45
DWS), PLK 4 EarKe WA LLAERE S H
XIJE J 3, 95K FSL), AR ARE 5 2% [m] 52
W E P THAE Y s SR, MR, A HLIX K
B 10 A AR B S RE A, TR G ISR LS ¢,
—80 *CLRAEF
1.2 1EFE. FERFNEE

BG11 ¥ig bt | G MR | FAit4k
Wiz ML IR, & S ARE R
] o WA R R R 5L (g/L): NaNOs 3.0,
MgSO4-7TH,0 0.5, FeSO47H,0 0.1, £F4EZE k)
5.0, KoHPO4 0.1, BN 1.0, pH 6.0, A
K % % (g/L) : NaNO; 3.0, KoHPO; 0.1,
MgS04-7H,0 0.5, FeSO,4-7H,0 0.1, KCl1 0.5,
AZSRBAT 100 (F B R =g 21 4%

5.0), pH A%k, AS "4 RAF(Rb1 N EE
1), AS=EARFRgl HEERD), NS
AT CK il 20(S)-Rh1 #R#Edh , B RFFHERR E
FARRSABRAR ., BE TS, HMEEEs
SEARGIRAF; HEREFER, BRIl A R
Nl EIRKE S, EAECE M)A A BR A
Fl; ZIJREMIRY, Molecular Devices 2\ Fl; JiE
878K AN, BUCHI ABRAW]; SRR -
TR AL, LR A PR A
1.3 AiEFHARNSEE5LE

KRR AL, BRI A TR G
FOr BRI, WA IR ARSI &
%, 0 BGI1 K533 J6E AN B 38 5 ME A
NG IR 1:3:10 BIELBR S IR A
2% IR W . FEEAR K R, difb)e i
T RIE R R A . R Chelex-100 7521
FFRAY LR 20 DNA, FIFHE B9 PA (5-CAG
AGTTTGATCCTGGCT-3)HI PB (5-AGGAGGT
GATCCAGCCGCA-3")Y HE A 1 16S rRNA FE[A .
PCR 23 Z (25 uL): DNA #i4 1.0 uL, 514 PA .
PB (10 umol/L)% 0.5 uL, Green Taqg Mix 11 puL,
ddH,0 12 pL.PCR J i %514: 95 °C 5 min; 95 °C
30s, 56°C30s, 72°C90s, 32 KIE¥H; 72 °C
10 min, H 893 R ZFCA =R A YR B
AR FEE DM, P45 87 EzBioCloud
(https://www.ezbiocloud.net/)i#E 4T AHALYE HEXT -
1.4 = B-BEIEPEEERE KA TFIE
1.4.1 B§EEMYF

B 200 uL B KL= A 96 fL
M, Bl SRR AR B AR, 30 °CH5 3% 24 ho AR
s 90 £ A0 PR ) A5 A L T
1.4.2 BRI

PR 96 FLAR B AR R TR AR, FEEFIAR
B —FR R AL R T 50 mL Wi & e g st
30 °C. 150 r/min R 559% 5 do B2 mL KK
12 000 r/min Z.0> 15 min, Fif5 i RI AR .
143 B-EEREEHMEEECENE

200 pL ¥REHIM 00 0.2, 0.4, 0.6,
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0.8. 1.0, 1.2, 1.4 pmol/mL F X fif§ It %
(p-nitrophenol, pNP)# B Ff BEAR HEW A1 2 mL #7
BIR-BiR A M Z IR S, SMA 2 mL
1 mol/L ¥ Na,COs W 7531851, F A3 A3
SE UV W) ODaro, AR E (22 AR 1HE B £k .

B2 mL A5 R R S — BN 2% 0 T 0.5 mL
5 mmol/L X} - fiff & 7K JE -B-D- Wit IR 7 45 B 7
(p-nitrophenyl-B-D-glucopyranoside, pNPG)i% i
RE, KPS A 0.5 mL HLEFE , 50 °C/K
% 30 min, fiIA 2 mL 1 mol/L ¥ NaxCOs 7&K
Zb g, BRI AE SN ) ODao (LA,
WAL FR L A KL RAE 2 (A BR) . FE 50 °C4%
PFF 450 8K % pNPG 42 i 1 umol pNP FF 75 i
filg 18R 1 AW 1 B (U)
1.5 E#HEUASEERAR
1.5.1 #HHRIE

TCHESAET L B 4% Ml X 35 % veh 10 T AR
Fh B AR IEFR 2, 28 °C . 150 r/min 8 % K
B9 2 JA. EFRas R E IR i R, A
22N 50 mL 95% W5, 2 24 h J5
Wik, WCERIE, FRCKBIERUEAE 50 mL,
HUH 10 mL SRR 2 A WA 2 T, T1R)E
P4V 48 VR RS MRS 2% TR B 1 mL FH s % -
1.5.2 SEREIEARNEL~

W BE G RN AR VE SL VS VRS T GO0 IR AR
(5 cmx10 cm), T )5 &2 R B17RZ,
R AT k=87:13:1, JRERHSEE
T P BT S, 5 R AT AR IERE S X R
L H RS A (Re =3 0 B Ui 48 1 B 0 /0
ST U 20 S 4 2 1 B B8 ) X 2 1 o R AT R 2B
Y
1.5.3 RIEED =4

% 44 . Agilent HPLC1100 MSD/TOF,
HUBESE B IR, IR & e A, Wsha
/7K (B 0.1%F 2 , 80:20), ik 0.2 mL/min,
BRI 325 °C, TS E 7 L/min, Z24fF
B 150 V.,

ik TR SIS, SRR

B 5 A SR CK H20(S)-Rh1 FRiE S AH X
PE P A, A 1 mL HEERE, SR
0.45 pm LB AR L URER L AERE, RN, BHL
Wt
1.6 HEEREEMNF

ZHE RIS AR W R 2 R R $R B
i (%54 JZS, MLSX, WSS, DWS, FSL)Al
DNA, Itk — 2 Ay il 2 e PR 2 SO 56 i % 6 A
4 TAE
1.7 EERBEYNEERESH

A I KT =BT BT G
FPEE, ] Fastp B0 XT AT 85008 B i 4
il BRAT I B4 A s Y o s o (]
Megahit HCFXF 55 5 51 #E AT PR 2 3, il ]
Prodigal X {4 7 21 25 45 5 A 08 T il ) R HE 42
IR BRI R P8 . B 5, ilad CD-HIT
B T R 1 i R P 4 AT R IE Al R
TURHE A

i | Diamond A1 BLASTp I HoBFAEIUA
£ 598 90 & & 1 8 H JF (non-redundant
protein database, NR). F 7 [F] Ji /% (cluster of
orthologous groups, COG). &t #JE [ 3 K 24
B R4 45 58 i (Kyoto encyclopedia of genes
and genomes, KEGG)iH 47 LU XT, Ff-38 1 X i %
PEEAATAH SRS, i hmmscan T HAGAETTA
Fe R 4E 5 K AL & W0 1 P i (carbohydrate-active
enzymes, CAZy)EUHE AT LY, $RATHEDIXT
N R K AL s VE B BEE B . 52T Mothur
X AR BT, I R AT o Z2FEE
TREOIHE
1.8 LAEREMAHFE p-AEEEHEERE
JE #1712

i1 AlphaFold 3 Tl 3-8 78 IH 1 i D8] 2
BT A 11 0 = b iy, 28 BTN A Al A
(the predicted template modeling score, pTM)>0.9
A 14 55 N2 247 Rbl Al Rgl iF47 40+
X, Hoep AS B AF Rb1 Al Rgl 19 =R 450 3C
{4 M\ ChemSpider (https://www.chemspider.com/
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Default.aspx) M 35 T #Z £ 77 . F]H AutoDock
Vina FBEFT 237X H0HE, fJn ] PyMOL
AT A4, R PLIP T H(https:/plip-tool.
biotec.tu-dresden.de/plip-web/plip/index) 53 #7125 1 5 -
B AR B A 381 ExPASYy (https://web.expasy.
org/cgi-bin/protparam/protparam)Fl SOPMA (https://
npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.plpage=
npsa%?20_sopma.html) {3k 7351 X5 075 25 2 (1) B~
ZE T T 2 1 B RE R A RS i T A

I DoGSite3 (https://proteins.plus/) M i 53 H
T - 2 BE T B AR 1 MBS B S A

2 EXRE54M

21 BARMEESGIEFSTSER

A5 A1l DRI A it 53 25 31 267 £k
A, RIET 41184915 H 24 R 50 g, Hrp
A5 B 1] (Proteobacteria) 151 %k, fLAFH ]
(Bacteroidota) 63 #, HZk A ] (Actinomycetota)
29 ¥k, JEREERJ(Firmicutes) 24 kk. 425407
4> B AT J& (Chryseobacterium) 8 i e 2, N
37 Kk, HU R 5 M 74 Js (Pseudomonas) 30 £,
77 B 7 J8 (Stenotrophomonas) 18 Bk, X 3 4
J& I ZE AT 1 8 (Bacillus) Sy 5 M A, 7
WF5E 0 B 2/ 267 RANE Y 16S rRNA L[N
e 5 2 B A YR 2= 2 a0 (National
Microbiology Data Center, NMDC), %5 K
NMDCNO00069AN .
2.2 FEEREKIFIEER
2.2.1 BEETEEMIFIEE R

N5 A HB DA G 43 BRI 267 R TR R H
WEARTS 154 #k7™ B-HATHE RGN, SRIET 4 1)
8 13 H 198 37 J/. etk , & WA H
J& (Chryseobacterium)¥i i fie 22 (25 k), t 2 1 1
Wy A AR AL S LR R . B IR
(Shinella) F1 2 & X 14 J& (Raoultella) 43 51 4 2 BH
145 2 I iR AR 0 KA S AL AT R -

XA [ i DA ™ P-4 26 W T TR TR 22
PEEAT A, SRR 1 PR, R HZ

* 1 ARIEXFMEARERDS p-ABREEHEENR

EZ =k

Table 1 Diversity of B-glucosidase-producing strains
in forest decaying wood samples from different regions
Sample = Number of Number of Shannon Simpson
name strains genera

JZS 22 8 1.87 0.14
MLSX 36 20 2.83 0.04

WSS 30 11 2.18 0.11

DWS 34 12 2.26 0.09

FSL 32 13 2.19 0.12

JZS: R E A1l MLSX: RIIRIZE 2 J5lh#fbk; WSS:
iE BJTHr L DWS: BEILE KRN FSL: g F-H 5K
CE

JZS: Junzi Mountain in Shizong County; MLSX: Kunming
Tuanjie Township primitive forest; WSS: Wansong Mountain in
Wuding County; DWS: Dawei Mountain in Pingbian County;
FSL: Fenshui Ridge in Jinping County. The same below.

JE bR FRAAE S 20 2 B PR AR R IR L 2 36 BRIl
AN, AEFE 20 &, L Shannon $5%0°M 2.83,
Simpson 508 0.04, FHIZMLIX ™ B-75 % b
T BN R Z AR F & s HUOR KBRS,
e R 34 MROTEEAN A, S AAE 12 DNE s TR
LU 3 7P A it ) 7 B-/4] 2 Tl 4 T 22 A 1
ZEFANK s T LLRE b 0 7 -4 2 A T T A R
22 R DU RE R S5 A1
222 MEEENESER

K pNPG-EEFREPERS 154 Bk B- 18284
B A G RS PEACE, FRifEfi 4l y=0.415 6x+
0.073 4,R*=0.999 2, H:r}t x >4 pNP ¥ & (umol/mL),
Y R X I P R Y L o A 4k o oAl £ 35
B- AT RGNGTG , 25588, JTMILFE S A TR PR
YIM B11765 B s, 4 0.34 U/mL, HUOE KR
LIRESL AR YIM B11798, [5G 0 0.31 U/mL.
23 EMEUASEELRSER

ol 2 BRI, 457 ST AT S2 43 I XT
I AZ A CK 1 20(S)-Rhl FrdESH (&8 1), 9
AR WA PR YIM B11728 Fil YIM B11765 1] LL#F
AZRBAF Rbl Fl Rl 55l i a NS 21F
CK #1 20(S)-Rhl.
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A B i — AR R PR YIM B11728 Fil

o - YIM B11765 HfEALT=1) ., 7644 S1 1 S2 ()5
WEatrR, AZSREH CK Ml 20(S)-Rhl #14

[M-+Na]" A9 Bl A 2 (] 2). 47 ST AY 5 fur

It i [M+Na:645.43]", £ H 4 7+ X H

Si[m] [ CssHeOs, FHN 4Tk 622.43; 457 S2 WY
5 [M+Na:661.43]", £#aRHAS TN

S0 [ | [N s -
Ci6He20o, FINIAIAT TR 638.43, YT 4575
. ' . STl S2 (943 T2 R4 -1k 15 2 10 A 2 5 4F
CK 1 20(S)-Rh1 AHVCHL, A LLSEREIX 2 A~ 450
798 847  CK 20(S)-Rhl B & W50 NS B H CK Fil 20(S)-Rhl., 45

- N W], Wbk YIM B11728 1 YIM B11765 1] L
A R R A RO1 A Rel MR A S

Figure 1  Thin-layer chromatography detection o
results of ginsenoside transformation by strains. 1 CK 1 20(S)-Rh1.

2 7 S1(A)F S2 B)RYRiK
Figure 2 Mass spectra of bands S1 (A) and S2 (B).
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24 HREREBMNFDHER
241 REERFAMNFER

FLAHb DX FE A B4 S A5 2 ) clean read 2%
BUERI N 42 252 094-53 448 196, 421551
contig 7 [l 276 009-356 685, i~ [X fis 3k
Fr A EAE] 20 KA ERFSN S ST 97%, 15
2| 30 LLEMFESS ST 91%, GHC it
TN 58%—60%. N50 {EH7E 450 bp A E(55 2).
FTUARI A A b AL F0 2] 1 870 280 LA
AR b JE R P33 P S ol 405.59 bp, 38
I RAATH] 1398 448 NETUAFER IR, &
FEGIKFE R 633 247 758 bp, FHFHIKE N
452.82 bp.
242 HEYIFEINEETRE

fifi Fl BLASTp ¥ TUARFE 4 5 NR 25088 72
HEATEOXT, S5 EIR, 5 AN IXARE R A Y
RS L P 230 451 462 144 945 4NH 1909 4>
Bl 5288 M@ 27 524 4~

AR S FE T, HAEX R 97.51%;
FAZA AT R 2.08%; B AL AR T
FREEH 1.73%. PFTKFE ., ASEHE TR
AW FERK, GHAHE 35.49%F
28.79% . Y1 Fh & K- |, 5 5 1 & (Streptomyces)
WA ER, S 11.41%, HROEE 4R E
J& (Bradyrhizobium), ilth 6.05%. FHFhE
KV SR FETT 50 M Fh 2 I REE AR K (1A 3),
WA, SEEE . 12 A R e L
PR E; BRURIZE 2 R AR, LT
IR 7 J& (Edaphobacter ) #1118 4= #2983 i )& 1 4
WE; TR, 8 A R TR e s R IR
1 J& (Nocardia) A LG & 5 K F L Aoy K e

*®2 HEREFRANFER

Table 2 Sample metagenome sequencing information

an L B AERVE R IR R E

Wi CAZy Bila e bty Xt FEReah A
BN, B K f# i (glycoside hydrolase, GH)F B¢
A IR BER L, A 196774, HKJEhE
¥ (glycosyl transferase, GT) . i /KAL& W
fiff(carbohydrate esterase, CE). i Bl %A fbid I i
(auxiliary activity, AA). k/KIG YIS BRR
(carbohydrate-binding module, CBM)#F1Z # %4
fi# i (polysaccharide lyase, PL), VB2 H
By B 15 159.7 513 .5 064 .2 143 F11 351 ;
Ak, B FERER] 20 42T 4 K B AR

TS DXAE S rh S ME T K S ik R 3
R Z, HAmEFIERE] 4 394 4SFEHK
i g EE R FN 12 27 2 3R BB L 5 B W ]
2k S IR AR MTE R 4 278 AT /K fft il 3L 1A
TRSIIERR] 5 254 DR K i HE R FD 4 4>
AR AL KRELEREE] 2 890 4
PEH KRB IEI s 3 /KIG RS 2 861 T
K Fif Bt 5 DR R 4 A1 2 28 WA AR B ]

243 F& o ZHMESH

X5 ASHLIXRE S i AT HEVR 454 o Z2HE0E
Mr, 32RIKVh species, SERANEE 3 s, 54
MO DXAE b P P & E VL RIAE 13 23417 195
ZIa], Shannon f8EGEHITE 5.74-6.17 Z 0], B
45 & i i SRR X I AP =E & ey,
5 2Rt R, R X YR 2
FHRFEE.

XF 5 AN DXRE S A TR K AL S PIE VR o
R T, ORI family, S5RWNFE 4
FI7R, 5 A Hb DXRE S R K AL G 0 T PR =
FEVE I 7E 362—415 Z[1]; Shannon 8§ £ [ 7E

Sample Clean read Clean base (bp) Q20 (%) Q30 (%) G+C (%) N50 (bp)
MLSX 43 840 886 6552 962 139 97.30 92.25 59.58 531
WSS 42 252 094 6317939 708 97.72 93.33 58.87 506
JZS 43 644 460 6519 462 047 97.17 91.93 60.30 812
DWS 46 472 686 6970 457 533 97.93 93.84 58.28 460
FSL 53 448 196 8 027 777 549 97.91 93.74 59.13 452

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



SRR 55 | =R B AN R X RR AR A ™ -1 46 W T A 1 2 R R T S A

(R 28 43 #7 2763

100 -
80

60

20

Percent of community abundance on genus level (%)
=
>
T

I Unclassified_p__Acidobacteria
W Streptomyces
M Unclassified_p__Proteobacteria
[ Unclassified_c__Alphaproteobacteria
W Edaphobacter
Granulicella
B Unclassified_o__Hyphomicrobiales
W Nocardia
Unclassified ¢ Acidobacteriia
I Unclassified_c¢__Actinomycetia
W Unclassified ¢ Gammaproteobacteria
—
N —

W Bradyrhizobium

W Paraburkholderia

B Methylovirgula

I Unclassified_f _Steroidobacteraceae
[ Unclassified_p__Verrucomicrobia

M Unclassified_p__ Bacteroidota

W Sphingomonas

I Unclassified_o__Myxococcales

=]
g|-|
=
w
>~

WSS IZS DWS

3 AREMXEmYTHEK TR EERE

1 Silvibacterium
M Others

Figure 3 The community histogram of sample species in different regions at the genus level.

*3 AMMXEFREELSN o SRR
Table 3 Alpha diversity index table of sample
community structure in five regions

Sample code Sobs ACE

Chaol Shannon Simpson

DWS 13234 13234 13234 5.74 0.02
WSS 15495 15495 15495 5.96 0.02
MLSX 17195 17195 17195 6.17 0.01
FSL 14186 14186 14186 6.11 0.01
JZS 15957 15957 15957 6.08 0.02

x4 IMHXER
it e

Table 4 Alpha diversity index table of carbohydrate
active enzymes in five regions

Sample code Sobs  ACE

BRI EYEILES o S

Chaol Shannon Simpson

DWS 362 362 362 4.57 0.02
WSS 413 413 413 4.65 0.02
MLSX 403 403 403 4.65 0.02
FSL 374 374 374 4.67 0.02
JZS 415 415 415 4.78 0.02

4.57-4.78, Jiksil . RIS & R 4G AR 53
JK I KL & ) Shannon F8 8N 2= A K, HYPH
FINFES B EE M eI B &, #

HH 32 Ml DXRE e K Ak B 1 T M il 2 2 T A
F&.
244 HRPIMEINGEREKE SR

SHBUIE i/ S dt o OE = s 1 b i @ o= 915
HI 10 MRCAE P 28 AN 2209 COG UIRE . KEGG
PRI A2 A K A6 A Y006 PR T P Fh 5 T R
TUHRBE AT o X ST YIRBFI Y S 4 Fh
FER COG HhEE(E d LM ia ffil . G ik
KAEG P A . R AL — D) RE F0 Fn
K #%5%). 6 FifixF & 1) KEGG fRihd e (g
wAE . WA DA R ASFREREE )
A PR R AR . B AR . E R A YA R
Ml ABC #5314 ) LA K 6 Rl K Ak & 13 1 il
(K 4K

IR FE 12 AR . Bk AL W 132 i A
X 2 4~ COG TRERHILL K 6 Fl KEGG 1R
AR AR 38 B B T i AN E A AR 1 i ok A
K, X 2 MAEYEHAERFILFES S 5 E
TR o e ST RE HP ) R B B T i RN G B TR
(Achromobacter) T ik & fit K .

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



2764 A i AR

Microbiol. China

[Function01| [Function02| [Function03| [Function04] [Function03| [Function06| Ml Streptomyces
00

Relative contribution (%)

All

1
80
60 -
40
201
B |
— e
All All All

B4 PS5kt &1E BT RESIR 5 AR E

0 Edaphobacter

M Unclassified p_Acidobacteria

W Bradyrhizobium

[ Granulicella

W Kribbella

I Nocardia

M Unclassified_c__Aiphaproteobacteria

M Unclassified_p__Proteobacteria
Achromobacter

I Others

M Function01: Carbohydrate esterase

W Function02: Auxiliary activity

M Function03: Polysaccharide lyase

M Function04: Glycoside hydrolase

M Function05: Glycosyl transferase

B Function06: Carbohydrate-binding module

All

Figure 4 Histogram of species and carbohydrate-active enzyme function contribution analysis.

ANFOK LA P R, R R E
T WIS DT R B AR A, W 7K A Tl A 2 2
fEig s, SRR R oI EkE Lo R,
A W 2 B R REAE B 1 LLRE S b o Ee R Bk
A YITREE D, R R AR R sk
R W R M, R R AT R A
J& BTk e R (K 4).
25 H5E B-EEBEEMEREEMNFIE
FR

L AT R 35 7 vk KR oy B i e B HLA
B- ) 25 W A W UG 1 FHLREFE L A S AT Rbl AN
Rel MWBERE, RG22 3L R A1 P B s T FE
i HOBETT K A L D T R B B B e 2 o TR,
E— 2o B K S, 2 A LA S B
15 Rb1 1 Rgl DIREVE 1 0 B 4 1 AL [A

SRR, R MR K L R R A
258 MFEE, Hbha s 115 MEEKR, KEH
B L ST GH1 . GH2 . GH3 . GH15, GH23 .
GH74 #1 GH109 ZJi% , J& T B-#i A Wi 11 g GH1

F GH3 G H B 53301 439 NFiT 793 A
MO K il GH1 I GH3 F b ik 5] 25 4>
Ui LRy S B T 400 19 B-A8 2 BT g
HH

fifi 1] AlphaFold 3 Tl 25 > B8 78 Bl 11 i Ik
DXl G A ity 2R 11 %) — 454, 26 4 > pTM>0.9 119
B-H NG, /05 NS A Rbl Al Rgl 40 F
T, RN S ME S s, 44 p-a BT
RIS F IS B T ILRES,, XL AW
Wi 2R U R 25 A 1 48 B % A (R R 4y
T, I HXHERZE A REYMKT-8.0 kcal/mol, £
BT 2I Y - AT IR A U 5 A S 2
1F Rbl Fl Rgl 454, I HENBRETE lifa e m)
BEY .

i BLASTp HUXT ik £ 4 4> B-H & 7
WEEE 1 JZS k97 221105 3.JZS k97 304729 6
5555 T B (Streptomyces) S U5 1) B~ 25 T i
ARARUME e i CB SR 593 51 WP_050362547.1 FlI
WP _255947269.1), B[ JZS k97 56797 3 512
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Table 5 B-glucosidase protein tertiary structure prediction scores and molecular docking results

Enzyme number Prediction score of tertiary structure of Minimum binding energy for molecular docking

B-glucosidase (kcal/mol)
ipTM pTM Ginsenoside Rb1 Ginsenoside Rgl
JZS _k97_304729_6 0.85 0.90 -9.20 -8.10
JZS k97 221105_3 0.86 0.90 -9.90 -9.70
JZS k97 56797 _3 0.88 0.92 -9.40 —9.50
JZS k97_180145_3 0.88 0.90 —10.90 —10.80

ipTM: S B A A 70 ; pT™M: TN AR AT 7).
ipTM: The interface predicted template modeling score; pTM: the predicted template modeling score.

Ginsenoside Rbl

Ginsenoside Rgl

178 k97 56797 3

7S k97 304729 6

JZS k97 180145 3

JZS K97 221105 3

5 N p-AEEEES ASEH Rbl § Rgl FE5MRIREER BN I AS B ECRLE T

5% S WY EROE A RS
Figure 5 Surface model for predicting the binding of B-glucosidase with ginsenosides Rb1 and Rgl. The
red circle is the relative position of ginsenoside ligand on the predicted enzyme protein.

AR AR (Bradyrhizobium)si I 1 B- I METT S A0S BT S5 RERIT, ASHIESE 0 ik i e
MR PE R OB 5o HUN99778.1), BEEH HLSEH N . HOLRE. B-HAsmALED
JZS k97 180145 3 5 +HEfPIRHJE (Edaphobacter) 435 1 5 X SEHGE 1Y B-4 A W B A7 AE 2 5
RVEHY B-# A R AN MR S (BT (R 6). X 4N CHER B-HIA R T NS

WP _299377524.1), [AFEHL, XT 4 D HIEM
B-HI AT WA T T HAR AR . S R N

B Rbl Al Rgl M4 F X Ee0F58 Ia A 8L, AHE
FASHIF 52 i 0 (A B 1, AE TR Rl U i Bl ML
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Table 6 The results of differential analysis of B-glucosidase protein

Enzyme number Theoretical ~ Extinction B-turn (%)  Binding pocket
pl coefficient Volume [A?] Surface [A?] Depth [A]

JZS k97 304729 6 5.74 105 310 8.64 399.87 470.54 16.90
WP_255947269.1 5.51 108 415 8.44 467.97 554.56 20.02
JZS k97 _221105_3 5.00 95 340 9.49 314.37 397.18 13.62
WP_050362547.1 5.04 95 340 9.07 309.25 386.63 12.87
JZS k97 _56797_3 5.70 89 270 8.61 173.06 278.53 11.62
HUN99778.1 5.66 90 760 6.86 176.13 252.83 8.04
JZS k97_180145_3 7.09 99 365 8.64 315.90 457.16 13.69
WP_299377524.1 6.81 100 855 9.05 276.48 394.72 14.97

Z: 5 QB 1S VA 5 PR A SE A i AR AR
25

iyt AlphaFold 3 it s Hh 50 25 1 o
YRS, S5 AL B X R
FRATT 68 8 I\ 7% DR 21 5tk rh U o LA R 4
FRAAE SO E A YT R A . X — i AR
AU T MK S B Hh 0 32 LR A A 2 2R
5T, 1 H R e Sk i 52 56 56 Uk AN B T & 24
TR
3 Wik

A TE T IRETIRGEE, PR i
LB ERAESEM, 28 T ERMHFMN
HEBRGV L FEBNEY 2R, SRR
ST, WUEWE I B SE R b %5
I X LG, B RSy, Xt T
KARFEBWGI, HPEERENARRA4ER,
TXLE) T B 2 W T R A 0 A . [RIE
JEAR E&MMAEYREEL, BN TR RN
AEWIRETR, o R AR W ] RE LA I AR Y
- A WE AT W BE 7 o 38 7% 3 P A Iy A AT
AT R A BRI AKE Srh, AR & 3 T O35
L, T E R FE RN 1.73%, £
Y DA 2 R A B~ A T I Y A R

T AT B~ AT R DA R Y R T R T O
il FRATT R BN TT B 1R 5 b 43 2545 21 0 B Rk
YIM B11765 F I f = 06 P o 2% A bR g 4

E N RIA KR (Leifsonia), JERTAIBIFEHT,
He S5 Leifsonia H it vi I35 T —Fh
BT BRI AT, R IR A S O A
it Z k. FEHEM BRI wpEHFRET
Leifsonia f)—~ GH3 Z M B RE R, %]
T UGRELIALZE AR &L LA 1 . TEAF
R, Bk YIM B11765 Al YIM B11728 74 A
ZB21F Rbl fil Rgl /0l A NS BT
CK #120(S)-Rhl. HFl, X7T Leifsonia §#4{k A
ZRATIHGEA S AL, B, XS aR Y & B
HATEMNAE T, 1Lsh, HHk YIM B11728
W YT I @ (Microbacterium) , Cheng 251
e FBERF A S B AF Rbl 5{ Rd #41kl Rg3 1Y
T B B R o Quan SERPOVSLE RN T U IR
PRRRIY B-HI AT L R, 2 AR AN S
A Rbl 746k Rg3. Quan 5PV s - RAE
TR AR B-H A AR, i E A
MERE¥s NS 21T Rbl $5 WA AS BT Rd
Ml CK. Kim ZE2200] 53 2 8 GE4E A 2 247 Rbl
A °H Rd F1 Rh2 AT B bk . 28 F ik,
A HIBFFE ] IR ZRIX 2 MR B BodE AR KA
RN S B0, U AS BT
Y AL i

FATIEIN CAZy B e 13 R 45 2R vh i 128 3
4 A BRI B, X SOl R I TR B R
TG, 4 4 B-HEIAHTTiEE N 5 A B
Rbl Fl Rgl #f700 x4, HXHESSARESILT
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—8.0 kcal/mol, Wi (1) B~ %5 W5 11 g AT LA
5 NZH2FF Rbl F1 Rgl AREE4 . XFHACHTT
5%, Hong S5 >l 5 T B2 ph 2% (Aspergillus
nigen) AR B-H AT 5 A= 21T Rbl i
o, HEAEFIE A -14.39 keal/mol,
B-#iZg M BaBgllA Fl BIBG3 5 AZ A
Rb1 43 F X5 RS 5 B8 73 1 4 —7.0 keal/mol 1
—9.1 kcal/mol®¥, Zhong %551 12 X%} B~ 2 bl
TG AI A S BAT Rbl 70 XS, BoR
HAR AR 26 F{E S —8.9 keal/mol . i BT Z5E 2O 5% &k
B, BPAERIA AR B A S A S 2
Rb1 70 XF 42 i B AR 45 5 BB 5351 o0 —5.93 kJ/mol
F1-9.02 kJ/mol., £ /3 FRHEMFSY, RUIZ I
D] 2EL 0 7 235 SR w0 ) ) B 2 T I L 45
b NS F Rb1 #il Rgl i T1.

Wk 2 R R R, AT R g A
HOJRE B8 JE M B T LR S AR B R . X 2 M
AR Z R D) RE DTk A f R, FFH S AN
XA, R FIIFES R b iR 5%
WE/E MU R R e A=, B EA LY
B AR SEAE Y A K VR o 12 A R TR U B
55 GRS AR T AR, B A EA,
RO F AR AR = B B L AT TR
iR AR BRI 2 NMERE, Fi, %)
ZHL X SRR R R A, A R BRENS e A E
Pk R HA TGP B B iR, O R 25
K AEPIG . W R I R S RRAR B R
PIoER, AW A AT B G 1 R A 3

4 2w

KRN =FEE 5 DAFHIX, BIIfSE 5
F . RIS, S s iaepk . s BOTRs L
J5t 120 BT L A 4 L3 7K U B 2R A A B i
HAr BRI 267 ARANER , TRBEIRAS 154 BRI
APMETTIEAN R . o, FRE YIM B11765 19 B4
EPWEF IS B, N 0.34 U/mL, ZEFRF YIM
B11728 ¥ Al ¥ A\ Z: 51 Rb1 #l Rgl 43 5544k Hy
i NS4 CK 1 20(S)-Rh1. 22 55 2H I

ST AR N T IRAZ AU 0 0 BB AR S b i £
HAHE, I HANTER R YR B 2 T e
PEUR . MR R R 4 AR T IR
i BRI AR, X EEE A R A S AT
Rbl 1 Rgl M1, EAh, s BB F il X
B F 5 10 7 AR e AR 2R A W T A Y
REMA TR, HAR KW LI T, A
9% HR Al 8% IR 0k 5 72 3 DR A A BT AR 45 1 O vk
TR B A AR T O A O O IR ) LR AR
WF T2 45 F MR AT &R F AR P 9% U 4R 48 T 3
WA, IR TR MR 2 T LR
YE# Tk F

SRR WIS TR PR, LR
gt . E REUIE S M AL
s WA DhEBVBAEACEE; RN AARIE S
WOCH R B BXTTIR . 38 SO AR B

1B & A 25 o RN W
{5 7 W04 A7 T R W A SR A 5
AR I BRI R g s AR
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