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i E: AQLZERESAEFTORTRBHEAY TR, ZBHAY AT AR, HARFKE
WHERA AT RARMNL. [B 6] AAsiE Bk G XA F o) & RARGRAE D WA % 4514,
KWRALTRAARRERS ZWONE S HRERE . RAWREW, [Fx] RAZALAR A
T M 3% I T ikt @) EALAD AR TR A D BAT A S AR AT, R B R & 2UR A8 &3 (high
performance liquid chromatography, HPLC). #2 & & 48 &, 38%- /i 1585 ) % (ultra-performance liquid
chromatography-mass spectrometry, UPLC-MS)%:&~“#k & K A A% “IUMik % % BIETh 1L R
LR IPAE TR AR B F G RARTME. [ER] AT @ F KRG LB RGMRED X
#4E ¥ 7 (operational taxonomic units, OTU)# AT £ 28, #3222 17 5440 105 B 187 # 316 /&
856 FrikA 4y, LPRFBABRAZAARBE B, HITHRERTF 27 B 54 # 905 MRT AR FA IR, @i
20 B 33 4% sS4 kmE e T B 21 A AL KA H, REBAAF NG BAFERE. LT, | heE
Pseudomonas tolaasii ZTB4 #= 3 #k A & Aspergillus tabacinus ZNF17. Lecanicillium aphanocladii
ZNF15. Umbelopsisnana ZTF31 &k A Kt = B A J i@ E . R, Btk ZTB4 = ZNF17
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Species diversity and anti-biofilm components of rhizosphere
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Abstract: There are abundant plant resources of Astragalus in the high-cold region of
northwestern Yunnan. These plants have obvious rhizosphere effect and their rhizosphere
microorganisms are considered medicinal resources with great antimicrobial potential.
[Objective] To understand the species diversity of rhizosphere microorganisms of Astragalus
forrestii growing in the special high-cold environment of northwestern Yunnan, and the chemical
diversity and the antimicrobial and anti-biofilm activities of the secondary metabolites produced
by cultivable strains. [Methods] Metagenomic sequencing and culture-dependent method were
employed to explore the microbial diversity in the rhizosphere soil of A. forrestii. High
performance liquid chromatography (HPLC) and ultra-performance liquid chromatography-mass
spectrometry (UPLC-MS) were combined with broth microdilution and microplate assays to
evaluate the chemical diversity and antimicrobial and anti-biofilm activities of the ethyl acetate
(EA) extracts of strain fermentation broths. [Results] The operational taxonomic units of the
rhizosphere soil samples of A. forrestii were classified and annotated to 856 species belonging to
316 genera, 187 families, 105 orders, 54 classes, and 22 phyla. Bradyrhizobium was the dominant
genus. A total of 95 cultivable strains of 54 species belonging to 27 genera were obtained,
including 54 bacterial strains of 33 species belonging to 20 genera and 41 fungal strains of
21 species belonging to 7 genera, among which Bacillus and Penicillium were predominant. The
secondary metabolites of the bacterial strain Pseudomonas tolaasii ZTB4 and the fungal strains
Aspergillus tabacinus ZNF17, Lecanicillium aphanocladii ZNF15, and Umbelopsis nana
ZTF31 displayed broad-spectrum antimicrobial activities. The secondary metabolites of strains
ZTB4 and ZNF17 showed strong inhibitory activity against the biofilm formation of
methicillin-resistant Staphylococcus aureus (MRSA). The main active components of these two
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strains were cyclic lipopeptides and flavonoids, respectively. [Conclusion] The rhizosphere
soil of A. forrestii harbors rich microorganism, and the secondary metabolites of some
cultivable strains have high chemical diversity and strong antimicrobial and anti-biofilm
activities. The results provide a theoretical basis for the development and utilization of
characteristic microbial medicinal resources in special environments in China.

Keywords: special high-cold environment; Astragalus forrestii; rhizosphere microorganism;
anti-biofilm activity; Pseudomonas tolaasii; Aspergillus tabacinus
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PRI A= PR 25 IR ST, I 40 s 28080 A D
T PEUCEACH 1, X5 T e B RTHT AR PR
RIRLG PR SR A HAT 7y B BB

v f) 7 1 (Astragal us forrestii), 51|44 i V1.8
K. BEEE, 2hESamY, €T
ZH LR (AL . )t FATR ILAE
fr 2 T rp ) i R IE . AR RRE A o F
A P F IR M 7 RS BLRL T R AR /D A 4H
(R 3 225 m)t b ) s A AR B il A= ) kA
WFFE, FI IR BRI e BoR AL GE A Wy ik
It v ) B EEAE ) AR PR AR A A 2 e i
TTR5E, FERI B RGRAH (1 (high performance
liquid chromatography, HPLC) . #A =50 (5% 5t
TEHX F i (ultra-performance  liquid chromatography-
mass spectrometry, UPLC-MS)X} i ¥k ¥ A= AR 5]
PR T A ZREE T L, 45 G TR N R R
27 ALARESFHATHOR . PP Pk
B TEIA R v ) 8 FE A AR B AT 85 3R AR )
P, ARAS R BT« 70 BRSSP I ok S ek
A, izl AR BRI ) B A
PERL I3 TR A B HE R S A AN TR R A

1A

1.1 #&
1.1.1 H@mEEERT. (F

BEERESL T 2021 4E 9 A 24 H (Fpa B EEAE
T RAE B 2= 4 1l POEUE B 6 M A A% BT
BT/ N (27°26'N, 99°49'E, 4K 3 225 m),
28 2= T 48 TEL VP B0 i A ) 0 05 7 1 F 9
52 #2286 B %€y b ) B S (Astragalus
forrestii). K b fa) B ECAE RERRAZ Y, BHEAR
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M E LIS, WKk R REE 5 om )
TR BEAKRS T A B2, Rilis 25
1, 4 °C UKFATRAE, 48 h NI BURATALFE
Hhfa) B ECAR PR LIS MR AN . pH 529, A
ML OM 55.125 g/kg, 4% TN, 4 TP K 4/
TK &35 3.372, 1.659. 13.036 g/kg.

R S A TR ZH DNA $2BGAH
&, RRAMRE AL ARA A, AR
41 DNA P20 & PCR ¥ 15149 [
PCR il Taq PCR Master Mix, 4= T/E4 TR (
TR PR/ w] ;3 Lysis Buffer for Microorganism
to Direct PCR, TaKaRa BIO #:z<#l. PCR
1, FER KRB (P EDARA A s e ik
V4%, Scientific Industries 2] ; I B EE RS
HLIKAX, Bio-Rad A H]; 1260 RIS R0AH (i
10, ZHERFHCA R A 5 UltiMate3000 %Y
R A TS, 84N F] 3 Compact B i
4t , Bruker Daltionics 2] o
112 HIERR T EEFTE

P TR A - T AR 40 PG PR < B 60 4 BR T
(methicillin-resistant ~ Staphylococcus  aureus
ATCC 43300, MRSA ATCC 43300). 4 #& o

jER (S aureus ATCC 25923). 2 #i%gakiE
(S epidermidis ATCC 12228) . JG #l %% ¥Rk i
(Streptococcus agalactiae ATCC 13813), FAbfE 2
HrEE T (Listeria monocytogenes ATCC 19115),

s 3 i % & #€ B BK 7 (vancomycin resistant

Enterococcus faecalis ATCC 51299, VRE ATCC
51299). FEMEKTE (E. faecalis ATCC 29212),

JR 73K (E. faecium ATCC 35667). B 251
FF 14 (Bacillus subtilis NCIB 3610)., fili#¢ 72 F5 111
#i(Klebsiella pneumoniae ATCC 13883). Hil¥%
IR (Mbrio parahemolyticus ATCC 17802).
DL B Pk BRI R 22 A= i 5 W TR R 22 22 B A
B A, AR E AR E S A
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VEL P 47009 it A0 T WL O 2K B 9 L S 0 = R

R2A K53k | PDA B53R3E . LB Bigedt.
MR IG5 R A A B TG (R A
FRAF]; BHI Kigesty B Jb st RN E R A
FR/Aw]; PDBIRIAIGFRAEL: H4055200.0 g, H
EBE 20.0 g, ZRIBKESLRZE 1 L, AL pH;
SGTYP }i#idk: FIVAEIER 5.0 g, %05 5.0 g,
JREFE 1.0g, AN 1.0g, BRHEEW 1.0g,
FRIRAKERZE 1L, P pH £ 7.5+0.2,

1.2 E#HHSE. GURIFHEE
1.2.1 HHELEEMNEH

TR BTMER: WIE1 g MEE THEYR
R0 LA AICEZE KL 11 B EL R
4, 28°C. 150 r/min #E¥% 4 h, 8 000 r/min 25
> 10 min, B EIEW A -

W% - R ETBR EERR R AL 1071107 %,
A AR BRI 200 uL 50/ T R2A . R
=K 1 5F PDA i3tk KOk mE T
28 °C fH AR 3 B 155 2-5 d.

1.2.2 EMBIS B

Fr PR V% S A 2 A 58 UL T 7
A BN, iEELR. KA —
PR T, JF R mEE R E T aifl R R
ARAT A AT B IR B AR
1.2.3 EHHEE

2 BRSO R O iR A T, A A
SEFFEAERY PCR 9738724 (16S rRNA 1 ITS
PRI 348 13 31 )ik 22 4 T AR TR (i) iy A B
O EV AT o AR A, K DR )T
FI7E NCBI #dfs i i##47 BLAST LbX}, dsRAH
RLRE f5c v PR TR BR A4 AR ARARARLRE L, LAKTF 97%
PIRARAE AR, B0 WHRYIRME R . TR pk
WM FFEHRT 438 F44 2 NCBI GenBank, &35 M
0Q851775-0Q851828 11 0Q851831-0Q851871 .,

1.3 FREFEIRFR IR AR G EE BN F
1.3.1 ARG

K F CTAB 7% v fa) # BEAR WML B 1 3
an AT LR 20 DNA 4 HC, FIH] Agilent 5400
Kl DNA WU RE . se etk DU aifir
1.3.2 XEMERER

{di Jf} NEBNext® Ultra™ DNA Library Prep
Kit for Illumina (NEB)FJZESCIE ., -G 4% Y
DNA ¥ ] Covaris #7 I i R A BEALFT K7 A%
KEEZ)l 350 bp WY Br DNA Jr B &R ol
K. ployA F&. fnilfpdesk . glifbAn PCR ¥4
BSOS % . )5, A AMPure
XP R4 PCR jJ=#ittr4lifk, i Agilent
2100 XFSCJER insert size BEATHIN, I 52
fF PCR X SCPE MR BE A7 2 = 3 AT o
1.3.3 MFRER BRI

FI A Illumina NovaSeq =38 &M 7 & i7F
Froz BEDIALI 7, 00 25 o 1) R i 2R
KneadData F{A4X HFA 7 f 24 (R nn e
FH FastQC ARG S i) & BRAE AR . il it
WY I 8 3 s SRS 35U 51124 22 458 082 bp,
BRCEER 92%, 70450 Q20 F-325°% 98%,
F 534 Q30 LR 93%, GC &t fith
60%, RS B WA ROEHE I i R T A Yy
B Do
1.3.4 HRERBAHESH

i Kraken2 XJ#EAS A 0% 51 361 T 1E R
425, SRJG ] Bracken SEXTREAS th ¥ Fh it S2 BR
FEHATMETT. #H HUMAnN2 #0F, $5s
218 £ ZJ5 WP 9115 28 1 B E P2 (UniRef90)
PEATEEXE, $E UniRefo0 (1) ID F14&% I RE &I
JEID BIXFR R R, WA D RE SR T BRI
ST ILTh R AN R . ) AR BRI A
FR ARG EE 2 F 5% NCBI SRA 1, %k
57 PRINA960883.,
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* 1 PERKRERIIRME YRS E BN F SR

Table | Data of rhizosphere soil microorganisms of Astragalus forrestii by metagenomic sequencing
Sample  Raw data Clean data GC (%) Cleaned
Reads (bp)  Base (GB) Q20 (%) Q30 (%) Reads (bp) Q20 (%) Q30 (%) (%)
AFS-R1 26404220 7.92 95.95 90.05 24 501 763 97.89 93.11 60.00 92.79
AFS-R2 24573856  7.37 96.17 90.51 22 814 567 98.04 93.49 60.00 92.84
AFS-R3 21678 605 6.50 96.10 90.39 20057918 98.03 93.47 60.00 92.52

14 EWRABIERRELABRCE CEMHE
REBHRE

PR Sl by A e 2 LB IR KGR 5
B, 28 °C. 160 r/min & &3¢ 1-2d, ¥iEsR
U HIFP T LLAERI R 4-5 mL #%4%%] 80 mL
SGTYP ¥k, BT 28 °C. 150 r/min $&/K
ERE 3 do PREL 0.3 g A A I B AR 2=
100 mL PDB 535 3£ P4, 28 °C. 150 r/min &%
BigF 3 d JE W 20 mL FP PR 4 B AOK B 5
K80 g FKMA 100 mL ZE18/K)H, 28 °C ##
EIGEE 30d. R RERRIILL 1:1.5 (R )1
Z.FR C g (ethyl acetate, EA)ZEHL, &35,
S 10 min, #E 12 h J5 00 EA, EA HLIZE
FF B2 R R 2 mL B.08 Y, ET)5E
Jn A W K2 K (dimethy] sulfoxide, DMSO)¥%§
i E R 25 mg/mL (40 1E)ak 50 mg/mL

(L) &
1.5 FAIEFERABRCKCEERZEN
WETHIE R HEE

fifi ] HPLC XTItk AR 1) EA MR E i
Frfb2gimke, Plas il SGTYP 15 3# (40 ) ak
PDB #5573 I KOK 25 55 7R 5L (L) S v R
PRk & BRIG SR AL I T AR K BT EA MR E
HEAT I PRI A

FAOBRAR TR . L HEE Agilent 1260
3%k . Agilent ZORBAX SB-C18 (BiA% 5 um,
4.6 mmx250 mm); AiE5E1F: FE 1.0 mL/min,
PR 5 ul; A 190, 210, 254 1330 nm;
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WA : K(A)-HFEEB). 41HLBH EA M=
BRSEVEDIFE R : 0-35 min, 5%—100% B;
35-40 min, 100% B; 40-41 min, 100%—5%
B; 41-46 min, 100% B. A BEHK EA 7
R E VR FLF . 0-45 min, 5%—100% B;
45-50 min, 100% B; 50-52 min, 100%—5% B;
52-57 min, 100% B.

UPLC-MS 3% 45 1F . 415 4E: Agilent
ZORBAX SB-C18 u#if+(2.7 um, 2.1 mmx100 mm);
WA A: UK WA B: LMo BEEEVEL
0-3 min, 5%—100% B; 3-8 min, 100% B. i
0.4 mL/min, PEFERE S pL, AIHEK 210 nm.,
B st LLESI I B U8, IE B
KPEATHH, 253.8 kp Z54b# K J1, He T4
SR, 8 L/min SARVHE, 220 °C &Ik
FE, 350 °C TR, 4 kV BAEHIE, mz
50-2 000 i [F N 44 .

1.6 FLEVEMENE

PR VA R T N R L, S
ZSCHR[10,161 7 5 64T, #9848 /R T 45 Fh 22
WAk LB Higedkrh, F 37 °C. 160 r/min K555
8—12 h, KSR R RRG B2 5%10° CFU/mL,
1 mL Wk a O O AR 48 LAk, A
WA R EA HIREHWE, MEEE
LR (e MR FE ol 50 pg/mL),  BHA X B
4 2 uL DMSO, BHPEXT BRI 12.5 pg/mL
) R R (22 R PH M D SR N TP 2 (22 1R
BIPE ), 25 1% Ay [ AR B AS o ey 8 0 A
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) LB BigRdt, B MRERE 3 NEE . K48 4L
B & T 37 °C fHi 55 3R 40 15 5% 24 h 5 I BEbR
ASC 5 AL B IR FE A
1.7 IEVIEFEMENE

DL MRSA AW fixt 42, PRk BA T
TP PE H AL 2= 20 3 8 W T R A A
FER) R EA BT A S T A Y B AREE S . BT
A 0 S P D A 435 41 1) A 0 BT 8 R Ik
BAEYEE Py . B 2 BOCHR[17]
HAT
1.7.1  HNHAE YRR RS BRSE 1 7 i

PEHL MRSA HLEA 75 'E T LB AR 3L
37 °C. 160 r/min ¥5FR%, HEFAFHI IR
TR 22 5%x10° CFU/mL, 1E 24 fLAEFL3m
A1 mL %, KFERSEREZE MICIRELLT,
W 4 DURBEREEE , ARYUCR R B O FE S A
FEARFRAHA], 2 uL DMSO AE R BT
HR ., &Y FE 12.5 pg/mL A7 5 2= A R BH X
M, ANREMERE 3 AER, BT 37 °C
FrERIE, 24 hEFH L2WW, A FRRBUK
W PBS I E VRS 3 K, IR,
37 °C T4 30 min J5 [\ B FLANA 1 mL A9Z5 4 58
(crystal violet, CV) (0.1%)&#'E 10 min, LK
INCTHBEFLAR, 1 mL 30%F0 2 BRI % fift
ARG AP, BEAR [N E & fL ODssoo 1%
B )15 M B PE i F GraphPad Prism 8.0 YEA74E
K53 #7 -
1.7.2  TBBRER A ARSI ik

W2 Bk B A 5%10° CFU/mL B 1 mL i
A 24 FLHr, FLBCE T 37 °C B 3846h 5%, 24h
JE SR, A FRBUKE PBS ¥ s &2 k%
2 Mo LA 0.5% MY LB Brs Jf i bk &
FE EA MR BB ZE 300, 250, 200, 150,
100 pg/mL, HC 1 mL FBEAE b in A BEIR S L
Merf, B EEBAMEXT 42 uL DMSO)EEA4H 51

3R . MRS FLIRCE T 37 °C B5 3241 1%
3% 1824 h )5, B 1.7.1 YEATUERE )G, FrAmBEms
i#% (thiazolyl blue tetrazolium bromide, MTT)¥t
I R X MRS A R S A 4 JIEE 58 DY 335 T 1Y)
THBRE M W O R IS A H bR TR R BT
EA HLIZH XT MRSA A= R FERR .
HRAZ Ny MR AERR = ODsso fH—FF
it ODsso {EL)/FHE ODsso fEx100%. 132 fE 4K
$&1d FH GraphPad Prism 8.0 Y4 71E K447 .
1.8 HFELIERSH

il Excel 2019, GraphPad Prism 8.0,
SPSS 25.0 S5 HFXF B s i AT 583t 40 B e
s R BRI 2R J7 22 20 B K S B ot AN W]V B2 1
BT TR T 1 S e A O FBE e 1

2 HZRE5OM

21 ETHREERANFHEDIRRNED
NFH 2 HEME S

ffi ] Kraken2 Xif i) 85 S - SRR AS A 2L
FEANHA TR R 28, HE RIS 3] 22 1] 54 49
105 H 187 & 316 J& 856 FhistA=4, HIAEN]
L 7K P XA X = B2 B e 1 R B AT ) R oy
B, ZERERETTNBILET. RLH T
BRFFIA ], AEXSFEBE4r AN 64.42% . 11.63%F
2.09%, MXFEEMT 1%ME R & s i
ST RER1(0.75%) FIIERER1(0.30%) (Kl 1A);
S e AR R . R v IR A8 R A
J& . S ETIEIE . STl R AR R, H
FHRE 32 BE 4> 91k 49.13% . 5.23% . 5.14% .
1.82%F1 1.80% (& 1B), MEAAIKY &/, &
Fb e b 3 & 1SR AR TR TR 1] HP 418 AR AR TR U
HEERE S AT 20 #9118 B ACH 128 15
1. \FPETT 2 ANMITAEHERE 1 ANMENE
W, HARYNATE
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Wt KEGG VERGE T f) i EE AR B T34
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A% 3 2 P TR BRI (metabolism) ,
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e i 1 At A B Sk 2 3 R X ) (amino  acid
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metabolism, 11.31%), ik 2S4bE& 9 F1 R il 1k
AW (metabolism of terpenoids and polyketides)
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of other secondary metabolites) 7 Fb#/b, 4345
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Figure 2 Functional annotation of KEGG in rhizosphere soil microorganisms of Astragalus forrestii at the

levels 1 (A) and 2 (B).
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8 tk; HEILHEANERE, HL5F 144k, H
woAMEE, L3R 108k, AR B
B9 5 A 8 ko DU LZEREW], Hhf) e EAE
PIR bR AT 15 SR A ) A BT R Rl AR
AIRE S AL 2E S 20 L TR R AR
W

Ligr BRI a5 R S L i B 5
T3 15 B A AR Dy Rl o3 A 4 Sy A BT el i, AR
T E RS LA R R B — ke, RRIE
W JERERTT . W], FRETIMEE
WAL E R, JF BAE R FE 2R
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Table 2 Bacteria isolated from Astragalus forrestii rhizosphere in special high-cold environment of northwestern

Yunnan

Phylogenetic group (genus)

Nearest type strain (accession No.)

Number of strains

Sequence identity (%)

Bacillus

Paenibacillus

Arthrobacter

Microbacterium
Streptomyces

Streptacidiphilus
Kutzneria
Amycolatopsis
Collimonas
Cupriavidus
Duganella

Pseudomonas

Ewingella
Pantoea

Stenotrophomonas
Serratia

Mesor hizobium
Pedobacter
Mucilaginibacter
Chryseobacterium
Flavobacterium

o8]

> >» U U W W W

M
S
S
S
S

K.

M

C.
F.

weihenstephanensis (FR727703.1)

. velezensis (MT649755.1)

. mycoides (MT586023.1)

. subtilis (MT645613.1)

. terrae (KR085811.1)

. terrae (LC127093.1, MT634584.1)
. bambusae (MN710453.1)

. bambusae (LN890163.1)

A.

nicotinovorans (FN908773.1)
. phyllosphaerae (MT533897.1)
indigoferus (KY407747.1)
graminifolii (OK668241.1)
fildesensis (MK 742730.1)
carbonis (MW597713.1)
chonburiensis (NR_145619.1)

A. regifaucium (AY129769.1)

C. fungivorans (AB740926.1)

C. basilensis (KF312291.1)

D. zoogloeoides (JQ689172.1)

D. alba (NR-170532.1)

P. orientalis (CP027726.1, MT605336.1)
P. koreensis (AB495131.1)

P. koreensis (MN602520.1)

P.
P
P
E
P
p.
S
S
M
P

tolaasii (MT561438.1)

. yamanorum (CP012400.1)
. rhodesiae (MG571697.1)
. americana (KY400216.1)
. vagans (KC139414.1)

agglomerans (MT561437.1)
maltophilia (MN922522.1)
plymuthica (CP053398.1)

. shangrilense (NR_116163.1)

. wanjuense (MT071385.1)

. celer (CP032869.1)
gwangjuense (NR-135722.1)
johnsoniae (KC122700.1)

2

100
100
100
100
99
100
99
100
99
100
100
100
100
100
99
100
99
98
98
97
100
99
100
100
100
100
100
98
100
100
100
100
99
99
98
99
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Table 3 Fungi isolated from Astragalus forrestii rhizosphere in special high-cold environment of northwestern

Yunnan
Phylogenetic group  Nearest type strain (accession No.) Number of Sequence
(genus) strains identity (%)
Aspergillus A. fumigatus (MK887927.1, MT597442.1, MN588060.1, L1, 100
MN634608.1, MN473284.1, MK419096.1, MT558945.1) 1, 1,1
A. versicolor (MT582751.1) 1 100
A. tabacinus (MT102849.1) 2 100
Penicillium P. cluniae (KF296406.1) 1 100
P. vasconiae (MH861218.1) 10 100
P. suaveolens (MH864249.1) 1 99
P. thomii (MN955120.1) 1 100
P. glabrum (MH865723.1) 1 100
Lecanicillium L. aphanocladii (MN944423.1) 1 100
Cladosporium C. cladosporioides (MH425309.1) 1 100
Trichoderma T. atroviride (MT514373.1) 3 100
T. paraviridescens (MN900599.1) 1 100
T. koningiopsis (KU645324.1, MT131273.1) 1,1 100
T. viride (MN594481.1) 1 100
T. longipile (AY737763.1) 1 100
Mortierella M. minutissima (MH474282.1) 1 100
M. alpina (MH859872.1) 2 100
M. verticillata (MT028128.1) 1 99
Umbelopsis U. vinacea (KT354998.1) 1 99
U. ramanniana (MF417273.1) 1 98
U. nana (MT344188.1) 1 100

N FE (B 3A), X EETE AR AR Y 1Y)
(P E) AR P AE 1823 min, J& TPtk
&Y, B JE Ak Pseudomonas tolaasii
ZTB4 B A=) H BAE 37 min 2247, R/
WrEALG Y, MRS EHiiER) P. tolaasii 1
AP RR RS FE R E R AL, R e A AW
il 995 JE L B AR 2 A R UYL 5 OOk
PDB Wi i thi, it 5 bk F0 0 R PR K B 1Y
EA HiRE 2N fb2= 2P 3B, 30), {1
a2tk )| . 2 bkH & B A 1 bR B FLIA
Hfb % Z 8 e F & 19 J& Aspergillus
tabacinus ZNF17, HRAACE ™ Y10 8 i a)
MAE 27-40 min, WS RN, 2 RAHSESC

R & B B bR B BT SE AR D, A T
A8 B RN BRIk LA R A P T e T
DA B AR 11125 35 v 43 25 45 B 1% R R B EA
MR RE = S B 2R AL S i aiE >y [, &
Mt TLC KB WP AP Bk Mtk ZNF17 1
WA ) F 2R IR G, Xl
55 3Ok TE 1 R 1L 25 S ke YR A R i A R
EA MRE b5 28— 3
2.5 AIEFEHOENRSEZYRIREIE M
#Hs Bk HPLC {4k a5, xifb# 2
FEPEECN F & AR R R B EA HLIRE
PEATPURIS R . gk 4 s, 3L 1 AR
Pseudomonastolaasii ZTB4 F1 4 #£E.[# Penicillium
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Figure 3 HPLC spectra of crude ethyl acetate (EA) extractions of fermentation broth of rhizosphere
microorganisms derived from Astragalus forrestii. A—C: HPLC spectra of crude EA extractions of the broth
of blank SGTYP culture medium and the fermentation broth of bacteria Senotrophomonas maltophilia
ZNB16, Bacillus subtilis ZTB23, Arthrobacter bambusae ZTBS5, and Pseudomonas tolaasii ZTB4 (A), the
blank rice culture medium and the fermentation broth of fungi Aspergillus tabacinus ZNF17 and A. fumigatus
ZNF1 (B), and the broth of blank PDB culture medium and the fermentation broth of fungi Penicillium
glabrum ZTF22, P. vasconiae ZNF5, and Cladosporium cladosporioides ZNF18 (C).
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Table 4 Anti-bacterial activity of the ethyl acetate crude extracts of microbial fermentation broth against the

tested pathogens (pg/mL)

Strain Pseudomonas Penicillium Lecanicillium Aspergillus Umbelopsis
tolaasii vasconiae aphanocladii  tabacinus nana
ZTB4 ZNF5 ZNF15 ZNF17 ZTF31
Bacillus subtilisNCIB 3610 7.50 - 50.00 15.00 50.00
Enterococcus faecium ATCC 35667 7.50 - - - -
E. faecalis ATCC 29212 7.50 - 50.00 - 50.00
vancomycin resistant 14.38 - 50.00 - 50.00
E. faecalis (VRE) ATCC 51299
Streptococcus agalactiae ATCC 13813 6.25 50.00 50.00 15.00 50.00
Staphylococcus aureus ATCC 25923 20.00 - 50.00 20.00 50.00
methicillin-resistant - - 25.00 37.50 50.00
S aureus (MRSA) ATCC 43300
S epidermidis ATCC 12228 - - 50.00 20.00 25.00
Listeria monocytogenes ATCC 19115 - - 50.00 30.00 50.00
Vibrio parahemolyticus ATCC 17802 - - 50.00 - -
Klebsiella pneumoniae ATCC 13883 - - - 50.00 -

—: No anti-bacterial activity at the concentration of 50 ng/mL. Bold fonts represent the ethyl acetate crude extracts of microbial

fermentation broth have more significant anti-bacterial activity.

vasconiae ZNF5 |
ZNF15. Aspergillus tabacinus ZNF17., Umbelopsis
nana ZTF31 k& [k EA HLIZ & X} MRSA ATCC
43300, 4R AERE ATCC 25923, JLFl sk
BRIA ATCC 13813 45 11 Ffvig Jit 11 H A A [R) R 2
PR TE M. HA R EEE A ZTB4 K
W EA HLIZ A BRI 22 M IS M (MIC
Tl 6.25-20.00 pg/mL), JoHX TCFLEEEK A
) MIC 2N 6.25 pg/mL, X 2 k5K 3 FIAG 5 28
FOFFHE 9 MIC ¥4 7.50 pg/mL, {HX} 2 ke >
FIME IR AR R I & v a8 Wbk ZNF17 &
Mk EA MREEA T ISPIEEYE, BIXF 6 Bk
B BHE 20 R A e 1 RS 2 B B R T
HAAW ATCC 13883 ¥R I 45 BT
B PE(MIC Y8R 15.00-50.00 pg/mL); #B4%
&8 FLIR ZNF15 R EA R 5 0 i) 5 %
PR TR L T34 S50 B (BT S M (MIC i
A 25.00-50.00 pg/mL), AN A R EIE MR

Lecanicillium aphanocladii

P ATCC 17802 A HLHTE EMIC 4 50.00 pg/mL);
DIE B W ZTF31 K I WORLIR B 4 8 Ak 2% [H
P TR 2 B AP AR B BT B S M (MIC YE LN
25.00—-50.00 pg/mL). DL |25 5 3% B v fa) 5
HR B AT 55 F5 AR & B EA HLIZ B HA BT
EIETE, UHIE M ZTB4 Ml ZNF17 W B
TGP 2TIRAE R A 1A
2.6 BFRREKRIITEDEE M

i bbb 2= 2 R S TR T O O A
B, B HiT R B Pseudomonas tolaasii
ZTB4 Fl4H % fh % Aspergillus tabacinus ZNF17
W AR E, X ERR EA HEE L
MRSA A=W R5 A 32 X6 G2 HEA 740 A= 0 B3 2 O
. CV REAZERGFRMAEYIEREA S, MTT
Qe 5 5 RBENIE WA ¢, CV ek ghiiR
WK, TPk ZTB4 KK EA FLEETE 25 pg/mL
Xf MRSA A9 A K 7R H BH S 08 4 i 7R
(A 4A) AR 50% (B 5A), HiZHIR
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BAIE 25 pg/mL WIJGHT MRSA & 1E; Bk
ZNF17 KR EA KL A 2 AR T3 MIC {E (HP
1E 30 pg/mL T % MRSA AWl KA 1 B
k1R (K 4B), (BHIEEZALT 50% (K] 5B).

MTT Q45 R B8, Wk ZTB4 &k Wl EA H
BETIEWEE N 150-300 pg/mL B XF MRSA 4
Wy AT B S 3 R T EL AT P % R AR
(Kl 4C #1&l 5C), HAEWRE M 200 pg/mL B} 5
BRIk 58.86%; Mk ZNF17 & Bl EA L=
EAEWRE Jy 150-300 pg/mL B [FE4E @R
(AR B MRSA A 9 [ LTI B S %) 751 A
PE(E 4D FfIE 5D), HAEWE N 100 ug/mL
BRFIEE 50%L b 24 RikiEELs Rk
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Figure 4 Anti-biofilm activity of methicillin-resistant Staphylococcus aureus (MRSA) of the ethyl acetate
(EA) crude extracts of the fermentation broth of Pseudomonas tolaasii ZTB4 and Aspergillus tabacinus
ZNF17. A, B: Biofilm inhibition activity of the EA crude extracts of strain ZTB4 (A) and ZNF17 (B)
fermentation broth against MRSA with CV staining assay. C, D: Biofilm eradication activity of the EA crude
extracts of strain ZTB4 (C) and ZNF17 (D) fermentation broth against MRSA with MTT staining assay.
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Figure 5 Analysis of the anti-biofilm activity potential of methicillin-resistant Staphylococcus aureus
(MRSA) of the ethyl acetate (EA) crude extracts of the fermentation broth of Pseudomonas tolaasii ZTB4
and Aspergillus tabacinus ZNF17. A, B: Biofilm inhibition activity of strain ZTB4 (A) and ZNF17 (B)
fermentation broth against MRSA with CV staining assay. C, D: Biofilm eradication activity of strain ZTB4
(C) and ZNF17 (D) against MRSA with MTT staining assay. The same volume of DMSO was used as
negative control. Results are presented as percentages of the control. The data represent mean+SD (n=9); ***:

P<0.001.

i UPLC-MS M, 7EiE &R T i 7
i, W1 MHH]h vz 1 111.686 5, 5431
3 Cs3HogN 005 (IM+AHT AR : 1 111.697 3)4H
5, W RSP (& 6B), 1FEIEF B T4
m/z828.477 8., 700.418 1, 617.385 7, 594.384 1,
518.318 0. 495.315 9. 412.279 1 #i1284.220 7
4%, Hon] BB iYL SR AE K 7 R L viscosinamide
B ABIFT/R, S5GEhA Yok 55 SOk B Lt
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Figure 6 Chromatograms (A) of Pseudomonas tolaasii ZTB4 and MS spectra of peak 1 (B) and peak 2 (C).
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Figure 7 The proposed chemical structure of compounds 1 (A) and 2 (B), and the ESI-MS/MS fragmentation of

viscosinamides B/A.
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