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Abstract: [ Objective ] Worldwidely, banana production is severely hindered by banana Fusarium wilt, a devastating soil-borne

disease caused by Fusarium oxysporum f. sp. cubense (Foc). With no widely adopted effective methods available to control or
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prevent the disease, it causes serious economic losses every year. In this study, complex biocontrol fungal agents were introduced
and effects of their application preventing banana Fusarium wilt and potential mechanisms were explored, in an attempt to
provide certain references for controlling disease on the large field scale. [ Method ] A pot experiment, lasting for 2 seasons were
conducted and designed to have three groups of pots, namely, CK (no controlling agent applied), NFP (NFP for application of a
complex anti-fungal agent prepared by combining non-pathogenic Fusarium oxysporum sp. and Paecilomyces sp. in 1 : 1 ratio),
and NFPT (application of a complex anti-fungal agents prepared by combining non-pathogenic Fusarium oxysporum sp.,
Paecilomyce sp. and Trichoderma sp.in 9 : 9 @ 4 ratio) for comparison between the pots for effects of the applications controlling
banana Fusarium wilt and effects on soil microbial diversity. The Illumina Miseq high-throughput sequencing platform was used
to analyze bacterial 16STRNA gene and fungal ITS regions, the real-time fluorescence quantification PCR (RT-qPCR) was to
determine number of pathogens in the soil. [ Result ] Applications of the complex fungal agents (NFP and NFPT) have good
effects of controlling banana Fusarium wilt disease, with control efficiency being 43% and 48%, respectively, and improve
richness and diversity of bacteria and fungi. Principal coordinate analysis (PCoA) based on Bray-curtis distance matrix shows that
significant differences in composition of the bacterial and fungal communities exist between the pots applied with the complex
fungal agents and the pots in CK. The first principal component (PC1) explains 29.45% and 43.14% of the variability in the
bacterial and fungal communities, respectively, and differs sharply between the treatment pots and the CK pots in composition of
the overall bacterial and fungal communities. The microbes (non-pathogenic Fusarium oxysporum sp., Paecilomyce sp. and
Trichoderma sp.) introduced into the soil are found quite limited in survivability in this study, and their abundance has only a
marginal direct effect on the number of F. oxysporum and disease severity of the Fusarium wilt disease. However, they suppress
the disease by altering composition of the soil microbiome. In particular, application of the complex fungal agents (NFP and
NFPT) increases relative abundances of the beneficial indigenous microbial groups, such as Marmoricola, Nocardioides,
Nonomuraea, norank_c__Acidobacteria, DS-100 and norank_fBlastocatellaceae__Subgroup 4. Their relative abundances are
good indicators of the disease suppression effect and may play a keystone role in the process of the complex fungal agents
suppressing banana Fusarium wilt disease. [ Conclusion ] In a word, application of the complex fungal agents (NFP and NFPT)
significantly reduces the banana Fusarium wilt disease severity index. All the findings presented above show that relative
abundance of the introduced non-pathogenic Fusarium oxysporum sp., Paecilomyce sp. and Trichoderma sp. has only a marginal
effect on F. oxysporum. In contrast, the changes in abundance and community structures of the bacteria and fungi after application
of the agents are the key factors suppressing the disease. Application of the agents stimulates the potential beneficial indigenous
microbial groups that are significantly and negatively related to banana Fusarium wilt disease severity index. Thus, the effect of
the complex fungal agents suppressing the disease seemed to be a joint one of the actual antagonism of the introduced microbes
with the pathogens and their promoting growth of beneficial indigenous microbial groups.

Key words: Complex biocontrol fungal agents; Banana Fusarium wilt; Illumina Miseq High-throughput sequencing; Soil
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combining non-pathogenic Fusarium oxysporum sp., Purpureocillium sp. and Trichoderma sp.in 9 : 9 : 4 ratio. The same below.
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Fig. 1 Influences of the complex fungal agents on disease severity index of banana fusasium wilt disease and disease-control effects of the agents
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Fig.2 Influences of the complex fungal agents on number of
Fusarium oxysporum determined with qPCR relative to treatment
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Table 1 Richness and diversity index of the soil microbial community relative to treatment
M4 Bacterial6S H. Fungus ITS
Rb3
Sobs 54X Chaol 8%% ARG Sobs f&5 %k Chaol $5%% AR AE R
Treatment
Sobs index Chao 1 index Simpson index Sobs index Chao 1 index Simpson index
CK 1 442+20a 1 647+30a 0.01+0a 370.0+4.0a 446.5+14.2a 0.15+0.00a
NFP 1 439+16a 1 651+5a 0.01+0a 404.3+57.0a 458.7+45.9a 0.08+0.02b
NFPT 1453+3a 1 644+25a 0.01+0a 393. 74£22.2a 455. 854+20.0a 0.08+0.01b

. BPRUEY AIE « bR, FIBEE /NS F AR /RAGFRA] 2 53 5.3 . Note: The values in the table were of mean +

deviation. Different letters in the same column mean significant differences at the P<0.05 probability level according to ANOVA.

< 3 e CK
J
§ ‘. A NFP
= 005 . + NFPT
2‘_(:1/ °
Ry I .
=8 0.00 2
=T . .
ﬂ £-0.05}
=
&
,g—o.lo-,
(=W}
~0.05 000 005 010 015

TR
Principal coordinate 1(29.45%)

TARFRINS2

< b) A o(CK
fg 0.1 A NFP
3 . + NFPT
= R .
S 00f-®
<
£ . A
2
g -0.1
(]
=
§=
202 A
£ . ; . .
-02 0.1 0.0 0.1 0.2

FABFRIN ST
Principal coordinate 1(43.14%)

Kl 3 A ALBRIET Bray-Curtis BB A SR YIREE (a) A, b) HE ) MAUTEDHT

Fig. 3 Similarity analysis of soil microbial communities (a) for Bacteria; and b) for Fungi ) based on distance martrix calculated using the

Bray-Curtis algorithm relative to treatment
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Fig. 4 Relative abundance of soil microorganisims (a) for bacteria phylum, b ) for bacteria genera, c ) for fungi phylum and d ) for fungi

genera ) relative to treatment
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MEEEREA 5 AR DB R unclassified
B B E R
unclassified p _Ascomycota. Gibellulopsis J& . W%
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(NFP F1 NFPT) #tJI )& Fusarium. Gibellulopsis
JEARXTEREB BT, unclassified ¢ Sordariomycetes
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HUEEIE Paecilomyces

KEJE Trichoderma

Calcarisporiella J& . E7CH & Chaetomium FHX} F-FE
CERTAN

&l 5a) AT, 5 H R NFP Ab B 25
J& Paecilomyces FHXF=FETE 3 ARy, {HAS
Ab R 22 SR i 2 A ERHIR NFPT AbHLARE
J& Trichoderma AHXT FE# CK A3 (18] 5b)),
A2 RN R EAKF-. s, MK 5c) ATLLAEH,
it & A WA AL E (NFP AT NFPT ) 4 JJ 3 Jm A Xt
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Fig.5 Relative abundance of Paecilomyces (a)), Trichoderma (b)) and Fusarium (c)) genera relative to treatment
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23 TEREYSHEUESEERERIEXNE
ti Mantel Test 4347 AT %1, 39840 BR RN L B RETS
M A A N R A E A O (A,
R=0.509, P=0.001; HE.[&, R=0.370, P=0.035), Hi
&2 AIAL, AN TABY SR A I A G A A B T A X
FER, WHIHF ] Bacteroidetes F1 i £& W 1]
Actinobacteria 5 FEM ZE RN G R E AAHE, H

AHCPEN 3 . BT 2 Pl DA T AR Y K TR )
Glomeromycota AHXJ = & 5 F A4 229 i 17 1 B ds
To e A M. HREEIE ] Proteobacteria, % HL.
Ml ] Gemmatimonadetes, EEEE [ ] Firmicutes #ll
T ] Ascomycota X =F B 5 7 ARG 25 1%
FREC 2 IEAHOG, FRFT AT Acidobacteria AH XT3
557 RERG 2 5 A 3 TG

R ITRAFNERNENFEESEERERFHREERRBXREY

Table 2 Pearson correlation coefficients between the abundances of selected phyla of bacteria and fungi and Fusarium wilt disease severity

index
(N AR HE /% e LIPS S o
ASJE B ] Proteobacteria 32.60 AFIE 1] Proteobacteria 0.854%**
JiXZE 1] Actinobacteria 28.62 JEETA ] Actinobacteria -0.379
4T T] Chloroflexi 17.23 L3417 Chloroflexi 0.039
FRFFIE ] Acidobacteria 11.20 JRFF IR T] Acidobacteria -0.758*
ZEHUEE ] Gemmatimonadetes 3.111 ZE MR ] Gemmatimonadetes 0.708*
AL ] Nitrospirae 1.499 AL fII 1] Nitrospirae —0.350
FIFFH ] Bacteroidetes 1.383 HFF ] Bacteroidetes -0.131
JEBER ] Firmicutes 1.305 JEREETH ] Firmicutes 0.703*
WA ] Cyanobacteria 0.961 AN ] Cyanobacteria 0.520
JF BRI ] Planctomycetes 0.369 T8RRI 7] Planctomycetes —0.605
T# 781 Ascomycota 89.85 F#W] Ascomycota 0.664*
unclassified_k Fungi 4.852 unclassified_k Fungi —0.633
ZE A ] Zygomycota 1.968 255 W] Zygomycota —0.154
HF ] Basidiomycota 1.727 HHFH ] Basidiomycota —0.372
ER#EE ] Glomeromycota 0.009 FR¥EFE ] Glomeromycota —-0.192

T TR S%K 2R B TRRMIETE 1% K FZER B, TR, Note: * indicates significant correlation at the 5%

level; ** significant correlation at the 1% level. The same below. (DPhyla, @Relative abundance, @ Correlation coefficient.

mo*£ 3 0 A 40 W norank f
Gemmatimonadaceae , Variibacter . % WM H &
Sphingomonas . ZFHIFT T J& Bacillu FAXT F 5 T4
i 22 1 8 H i 2 IEAHOC . B unclassified ¢
i & &
Calcarisporiella . unclassified p__Ascomycota. E5¢
W& Chaetomium HFHXF = & 5 3 5, 25 3 i 1 15
B A, B A NB A &5 I R W02 2F AT
W J& Paenibacillus . K% )& Trichoderma %} = i
5N T IR B G AR B3, — SR
R BB U norank ¢ Acidobacteria, FRIHA MER

)

Sordariomycetes Aspergillus

J& Marmoricola . 2K K IK W J& Nocardioides .

norank _c__ Gitt-GS-136 .norank_f Blastocatellaceae
_ Subgroup 4 . norank f Planctomycetaceae .

DS-100 & . B ¥ AT X J8 Nonomuraea . Gibellulopsis
JRAEXS = B2 5 A ARG 2 o 1 18 U 2 TR G AT
M, WIAWEIE Fusarium FXS 35 585 A ZE RN
TEREBER I GARSG, ARG RE . & 5¢) 7]
VIAH, EARFLIE (NFP #I NFPT ) 4k 1 58+
PR T CK AR, (2R RRH] WK #E—
B QPCR E52R (181 2) BRE S WHALE (NFP I
NFPT ) i Ji b AR Fe i 0 o e i IR CKO AR B
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Table 3  Pearson correlation coefficients between the abundances of selected genera of bacteria and fungi and Fusarium wilt disease
severity index

J& Genera AR /% J& Genera KRB
norank_c__Acidobacteria 9.591 norank_c__Acidobacteria —0.755*
KA RER S Marmoricola 7.187 KILABER B Marmoricola —0.628*
KR RS Nocardioides 2.813 K -RICIHJE Nocardioides —0.638*
norank_f Gemmatimonadaceae 2.393 norank_f Gemmatimonadaceae 0.784*
Variibacter 1.672 Variibacter 0.843%*
=B R A 8 Sphingomonas 1.230 S BE TR B Sphingomonas 0.749*
ZEAFFIR Bacillus 0.530 ZEHUFFEUR Bacillus 0.737*
norank_c__Gitt-GS-136 0.117 norank_c__Gitt-GS-136 -0.776*
norank_f Blastocatellaceae Subgroup 4 0.216 norank_f Blastocatellaceae Subgroup 4 —0.808**
norank_f Planctomycetaceae 0.207 norank_f Planctomycetaceae —0.742*
DS-100 0.096 DS-100 —0.705*
PP 20 J8 Nonomuraea 0.057 BB 4 2 8 Nonomuraea —0.736*
KIEAT R Paenibacillus 0.120 KIFEFF B Paenibacillus 0.279
HEFE T B Streptomyces 2.830 HERE R Streptomyces 0.407
ik J1H @ Fusarium 18.42 I @ Fusarium —0.544
Y Tifl)E Acremonium 0.157 X IHIE Acremonium -0.308
HEMSIOIE  Alternaria 0.031 HEMS )R Alternaria -0.337
HRE W) Penicillium 0.619 HE W )E Penicillium —0.261
unclassified_c__Sordariomycetes 22.52 unclassified_c__Sordariomycetes 0.749*
unclassified p _Ascomycota 15.14 unclassified p _Ascomycota 0.851**
Gibellulopsis 5.183 Gibellulopsis -0.769*
Calcarisporiella 1.334 Calcarisporiella 0.752%*
BFW S Chaetomium 1.138 B A Chaetomium 0.75%
25 i J8 Aspergillus 2.756 Hh 25 5 & Aspergillus 0.737*
K& Trichoderma 0.192 K% JE Trichoderma -0.287
BB Paecilomyces 0.583 W E %R Paecilomyces -0.038

(DRelative abundance, @Correlation coefficient
3 0 '

31 EEEAMARERERNUR

B R B R H A I R B AT
W, ColRERSHEEATEENZ0F, £Y
B 163 e 7 FE AL AR 250 B 1A I BAR R 42 U0 AR SE
R B FE A TR0 ) B RS 220 1 mT REAIL AR . F
AR RN, EEW AL (NFP Ml NFPT) 74

M 2259 1 18 £ E R T CK A3 (& 1), XA
W2 A B m s, H9R IR R qPCR 454 WoR
524 NFP A NFPT Ab B Ji b 400 i KT
CK 4b¥ (& 2), X5 Larkin #1 Fravel £ 58
1) 22 B 45 B0 TR TR 6 it FH B8 B A Ml B 3 7 i A 22
45 R — 3
32 EAEFXMNRE TIEMAEY S HF RN
T BRI VIR T A R B R g B Y
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Bhn, TIERUE YRR R DI R R G S R AR
MR E B, AL 55 W 25 X B i6 A%
A B A AR SR AE Y, AT iE Nlumina
MiSeq & #1740 16S rRNA FIEH ITS illF,
GIHT T RIEAER B AR 2R . SR ID AR E
PCR ( qPCR) 7341 1 ik JE T A it . WIFE 4t SRR
524 I NFP I NFPT Ab 5 + 396 241 7 1 B 1T R v
Fm@ BRI PR ENT, B W E I T B
MRt (1), HABER IR 5 5
A I HEVE T R ARV B = IO I Y o
A EEWEM . ARE i E S %R NFP A
NFPT &, THEMAYIRETE A T EWAEL, 5
T Bray-curtis FEE PR PCoA srii &KW, &
77 NFP Al NFPT #i45 45#4 5 CK AR BRI 2 AN
[i5) F1%) 441 o AN EC PR RV (16T 3), H Mantel Test 434145
SR W S A0 T R L TR AR 7 2H AN A AR A 2 1

BACEMISE (4IE, R=0.509, P=0.001; H.J,
R=0.370, P=0.035; % 2 5 3), L0 LAY
HE V& 45 1 22 5 7] BB R TR ARG 20 A AR 1 2L A
TP ZE LRk, 7E Bl AW RN A
LT BRI RE T A 1 SELE AR L) T3S Y, X s
PR K Y AR W AT e s i — 2P R e - rh
TR ) B AR AR ELAT BB B TE R B BUIE . AT
5 Bl A e Y

it F A A TR ) R 08 b R A W R TR A
DR SR PN Ry e N N B - a7 N
AT E i G R AL BT W PR T
BT8R EE A REW B Marmoricola. 25 K K
W@ Nocardioides. % ¥ & L HJE Nonomuraea
FNBRFT B ' JHY norank ¢ Acidobacteria. norank f
Blastocatellaceae  Subgroup 4_. DS-100 J& A8 X}
(K 4), Hixe)E i £ 85 & EH E RN
BB & MM (£ 3), U LJE AT HEX)
TREMBROME A EEZAEN . S AR
KA HE® J® Marmoricola . 28 R [N H J&
Nocardioides . 7 %7 ¥ X & J& Nonomuraea fig ¢
KRG BHESEDEDREORSGP, ek
WK B0 H B RE J) o A B 5T 45 R b R AT TR T
Acidobacteria HHXJ - B 55 75 £ 4l 22 055 9 17 5 2L
BEEAME (F2), X5 Sanguin 2 PO

I 1T 7S S < R L = T I - S R |
Acidobacteria 825 R —5 . AR5 IR AT A
T W norank_f
Blastocatellaceae _Subgroup 4_F1 DS-100 J&AHX}F
FESHURTE S W ERAHE (R 3), HEENNH
WALH M AR, CANREN, FHRETEE
Bacillus REANHI L LLAEY) 1) AL EDT, (HIRFEA
WF9EH, Bacillus AHXF = B 5 7 A AL 220509 16 18 2L
EAHSE (£ 3), XATREEh HIgepa v . 115
FRAL 2 o 4 4 M T 1) AR s 52 B R MR
MITTSE M PR 54 35 3 0 Ta) A A 56 R B, it )
HAWHRSE T ERFEEA A . A5,
FHER ] Ascomycota FIZE G K] Zygomycota 7E ft
AFEA AR F B e (1B 4c)). oAb, A
WA T 7% ] Ascomycota MIXF=ERE, HTF
PETR [ TAR N 5 B 5 i AR 22 09 i 5 98 208 3 IR A
XK (R 3). CHMERVFEEPEE L
B, H AR TR B A T B A AR S
Tl FER R X REY, EAREEKT L, it
BERF B ERE T Gibellulopsis BN FE, H
Gibellulopsis &A% = 5 F R4 2205 15 H8 £
FEHMAK (R=-0.769 ) ( 3 3 ). Gibellulopsis j&T %
BT — R R A JE B, o TS A 2 O FR A
KB, AR P E SR AR T EBxER
Chaetomium R[5 H )& Aspergillus #X} £, HE
50 I Ja 0 B e R X B S A A e e A
WEIEMXK (FR3), fkiE, BRWE SMMEHE
i & A FRIE R OEAROCPY . HF s RV EES
DA 25 T 4 o I R BCR KRG N, S B0EE
ViR K9k
33 EEEFIMEEEMERMATEILE

AR SCHIBE ISR R, 55 57 NFP A NFPT )
AT BE R ( non-pathogenic Fusarium oxysporum
sp., Paecilomyces sp.Fl Trichoderma sp.) 1 +XEh
A AFRE AT BR 0 7 A 2 o i L oA L 4 0 T o
FAR/N, HAUm LB AT GEN . 5l A LR Difig
AT RESEAE M OG0, T R A s e
Preo HAW TR R PTR, S n T HIERAE Y 2R
PE, WU T IR B R S5, XA A B
THAEELAE T 52 2% G 22 U0 W i 41 o 2 — A2
ARG, S A= 0T WA o ] BE XS 415 A e 1
PERRY, #Fsem, febumte HiEd, B IES0R
P75 T T RN B0 1 S 76 i U1 T B A AR 3L

norank_c__Acidobacteria .
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TR PUE T s AEBOR ES A i T T B 1D
FELR TR X AE T, AREOR AR ) AR R
NI SHER AT R G FERY L™ 1
F2 A e IR TR AT 4 R 0y AR B0 M R ik ) R
( non-pathogenic Fusarium oxysporum sp.) F] HE23Hl
o3 JEL TR (1 AR AT BRI A e (v a5 s [ i A 38
R K EE B ( Trichoderma sp. ) PRHR A1 E5H Al 33
53 W WCRE T RT RE 2 (5 9 T o 4 < A BIR £%) 37 20
23 [ U0 2T I SRR A A K S s it A R
RO A B ELRIR LT B ( Paecilomyces sp.) ¥ HH
Y25 A AR ZE A — 2 B AE B RO, Wb TR 45
28 MU AR R AR50, DT T SRR 112
e, KLECHLHIAH AR, AHEPE, X gmEan
T %) A= 975 250 TT e U AR 21 o

AT G — AR Y ) R R A T Ry T
fiE ¥ ( non-pathogenic Fusarium oxysporum sp. ,
Paecilomyces sp.fl Trichoderma sp.) J&15 X £
Hili 2200 S A AR AR IR . REE B ER
579 NFPT ZbBEAFE & Trichoderma X} F JE#: CK
AbPEE (1 5b)), [HR AR RARXS 55 A 25
oo 1 4R BOR IR B B A C (R 3), dh, &
A E R 71 NFP b #R4UH %8 Paecilomyces FHXT
BETE 3 MR E (8 5a)), {HJ& Paecilomyces
JE AR B 5 A A AL 2 e 17 i A AR A 3 e Y
A (R 3), AUFRPESHERLE (NFP I
NFPT ) #ieJJ @A T CK AR, fH225 R
RFNREKF ( 5¢)), BT EAX £ 5
HZE M I S ECR U OC (RIA 3 B K ), HAR
JR AR I Y qPCR T4 R E A B R W
FIALEE (NFP A NFPT ) g Jit i A2 f 8 71 B K0k 1
FHLT CK 43 (& 2), (B2 T Hlumina MiSeq
T 00 P BE BRI, IUF S5 RN RETE M R ) T
PEATTEAN 0 40 ERF AR A, Il LA X 43 B0 R 2R
L ) AN AE B RS T . £ B AT, AHT
FEAEREY], SIATHEPRMAY (FEBoRHER
H J1 & Non-pathogenic Fusarium oxysporum sp.. A
W Trichoderma sp. IR EWLE RN Paecilomyces
sp. ) TEZEAL I ALERE AR, JF e TRy 4R
X F. oxyporum 3= FE R i6 B B 2290 (1) ELHE 2
AR/, FEAK o I o 7 A R AL E

A5 38 3 P 2 ) e, XTI TE 16S
rRNA JEEFIELE ITS KB s &y, oh58 1

026 TR 7 4 A BEAL 220 RO 38R S LA Ak W2 L 1005
A2 A TR 1l R 0T A A A 0 1) B TR SR B LR
{HZH T 16S rRNA F ITS F L e R EH )2

AT, PRI, i 2k s g o 2 i (R 2 MG Sx
YA TR T Btk — IR R B R 2 K
A B OGS R R S LI BESE TN, D7 i A AR A 22 2
PRI . AR ST A 25 R T A,
2B AE T RAE R 8 iE, SRJ5 BRI T A7

4 % ik

BT AR R, i HE A N B
ERRAR T A MR IEEE, AR B IR AR
HiZEH 5 S A FLRH R S T A R A
FERZAEE, e TR AR A5 s A+
8 v i A 7 L T TR PR TE & PR LA B A 1 [ B
T YA B SRR, 52 P EE
PR T A A A R X A R 2 Y B VR AR
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