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Phage cocktail inhibits bacterial canker of Kiwifruit in the
field and affects the phyllospheric bacterial community

HU Ran, LIU Mengjiao, XU Xiaohan, HE Xiaoqing, JIN Yi'

College of Biological Sciences and Technology, Beijing Forestry University, Beijing 100083, China

Abstract: [Background] Phage cocktails have been reported as biocontrol agent against the
kiwifruit canker pathogen Pseudomonas syringae pv. actinidiae (Psa). However, little is known
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about the control effect of phage cocktail in the field and the effect of phage cocktail on the
phyllospheric bacterial community of kiwifruit plants. [Objective] To explore the biocontrol
effect of phage cocktail against kiwifruit canker in the field, and reveal the effect of the cocktail
on the microecology of endophytic bacteria in the stem phyllosphere of kiwifruit. [Methods]
The healthy kiwifruit plants were infected with Psa, and the incidence of bacterial canker after
application of phage cocktail or copper preparation was recorded. The changes in the
community structure of bacteria in kiwifruit phyllosphere were analyzed by high-throughput
sequencing. [Results] Compared with the copper preparation, the phage cocktail significantly
reduced the incidence of bacterial canker, changed the richness and diversity of bacteria in the
phyllosphere, enhanced the stability of bacterial community, and improved the abundance of
functional genes, thus restoring the bacterial community to the healthy state. [Conclusion]
Phage cocktails exert the role of microecological regulation while killing pathogenic bacteria,
demonstrating great application potential in the biocontrol of kiwifruit canker caused by Psa.

Keywords: phage cocktail; kiwifruit bacterial canker; biocontrol; community structure
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Figure 1 Morphology characteristics of bacteriophages and biocontrol experiment against kiwi canker disease
in field. A: The morphology characteristics of phages PHB09. B: The morphology characteristics of phages
PHR 10a. C: Spray phage cocktail to prevent Psa-induced bacterial canker of kiwifruit. D: Cankers with
exudates on Psa-infected kiwifruit branches.
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Table 1 Effects of the phages cocktail and copper compound on bacterial canker of kiwifruit

syl T R Rk e

Groups Total number Diseased number Disease incidence (%)  Effective rate (%)
fid FlEZH Healthy 20 0 0 -

Psa 4 Psa 20 16 80 -

B A4 Phage cocktail 20 4 20 75

#il i F4H Copper compound 20 8 40 50

. REA R

—: No effective rate can be calculated.
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Figure 2 Community structure and microbial diversity of kiwifruit phyllosphere endophytic microbiome. A:
Shannon index of kiwifruit phyllosphere endophytic microbiome. B: ACE index of kiwifruit phyllosphere
endophytic microbiome. C: Beta diversity of kiwifruit phyllosphere endophytic microbiome. D: Community

composition of kiwifruit phyllosphere endophytic microbiome in the family level. Asterisks denote significant
differences (*P<0.05; **P<0.01) and NS denotes no statistical significance.
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Table 2 Relative abundance of kiwifruit phyllosphere endophytic microbiome at family level (mean relative

abundance>3%)

#} Family e el Psa 41 R UNAE GopabiEl SRR
Healthy (%) Psa (%) Phage cocktail (%) Copper compound (%) Mean relative abundance (%)

7R RRTspa 5.37+0.91d 41.44+8.34b 22.33+5.45¢ 54.51+14.01a 30.91

Enterobacteriaceae

KRR 0.67+0.05c  19.88+3.28a 8.52+2.52b 5.38+1.61bc 8.61

Dysgonomonadaceae

YA AT R 0.41£0.14c  5.89+1.16ab 3.47+0.24b 8.32+1.23a 4.52

Sphingobacteriaceae

(&N akrapa 1.12+0.28b 8.41+1.15a  3.16+0.28b 4.58+0.19ab 432

Pseudomonadaceae

WHAE R 13.2044.16a 0.22+0.09b  2.08+0.37b 0.2240.04b 3.93

Glycomycetaceae

/B DA R} 13.30+4.04a 0.23+£0.10b  1.26+0.08b 0.30+0.03b 3.77

Promi cromonospor aceae

B 2o B A NI EbR e R 22 R R)/ING P REACER R]—BHE AN [F] b PR W] 22 57 8. % (P<0.05)

The data representations are mean+standard deviation. Different lowercase letters represent significant difference in same family

between 4 groups (P<0.05).
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Figure 3 LEfSe of kiwifruit phyllosphere endophytic microbiome. A: LEfSe between phage cocktail and
copper compound. B: LEfSe between Healthy and Psa. Only bacterial groups with a liner discriminant analysis

(LDA) score>3 were displayed. The bars are colored by group.
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{H(modularity, MD)Zll M L 0.478 . BER{A
ZH 0.442, 4AHIFIZH 0441, Psa 4 0.427, ¥RT
0.4, VLI 4 ZH LI 28 344 B S B ER 46l e
2H X 4% [ ) -2 i (average  degree, AD)K SR i

B, 17155, WERIRLN 16.543, T il
WA, H 16.106 (3 3). @id MLEERE(E 2,
TSR | PRI R S P B S 2% e
TIEAEL AT LT fige AR L B 0 B4 5 P e e 1k 5 4R A
SN R SLSRE  {E A BRI A PR P A 4T R
TR (R LB D00 45 R 25 R B M e, W PRT AR 4 I
2o WEDRRLL R T TS R B V35 A H A )
bt S = R S 2= E v B E O 4 N E
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W 4 AT I TR BT, P4
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Table 3 Topological properties of kiwifruit phyllosphere endophytic microbiome co-occurrence networks

GrH SR ERAR K FHIRE R AL P HZ IR
Groups Average path length Clustering coefficient =~ Modularity ~ Graph density Diameter  Average degree
{# 4 Healthy — 2.387 0.690 0.478 0.245 6 17.155
Psa 21 Psa 2.526 0.657 0.427 0.240 7 16.290
SR NGE 2.465 0.674 0.442 0.240 6 16.543
Phage cocktail
i il 57 2 2.484 0.621 0.441 0.234 6 16.106
Copper compound
A B
¢ Module I
Healthy Psa M Module I
¢ - H M Module III
e Module IV
M Module V

Phage cocktail

4 FEREHER R NERER R RIRLLIIMEE A (R4 B: Psa 2. C: MERI{AZ. D: )5

AL LI 28 1 AT R IR M 2R (B

Copper' compound

HIEH.

Figure 4 Co-occurrence network of kiwifruit phyllosphere endophytic microbiome. A: Healthy. B: Psa. C:
Phage cocktail. D: Copper compound. The nodes of the co-occurrence network are colored by modularity class.

NSRS g | RN o O SN SR N R
(Comamonadaceae) . AT BB FIFE I #K 5 FG
Fl(Beijerinckiaceae); HIHLIIIMY T i 324 A
12 % R} (Azospirillaceae) . 1A 7% & /K 15 & F
(Burkhol deriaceae) fll 42 8 [ £} (Rhizobiaceae) ; 15
BRIV 53 0 FLER A 1/ B (Lactobacillaceae) il
%R # R Saphylococcaceae) ., bk V T
BRI AT BRI 2 B B FH Sphingomonas) .

R i 2L B I 4% Hp 1 % H 0 P 9 B (closeness
centrality)5 15 5 1 B (degree) X} 11 s A T4 1143

X, RIA 41 OTU 2R 4 g ALy
JA Y (closeness centrality>0.55, degree>32).

DU AN 2 ] B H e Y S E o S R
e ¥F % J& (Amnibacterium) . 1R i F € # &
(Pseudonocardia) . F 34T I J& (Methyl obacterium)
F17INBA I 7 8 (Promi cromonospor a) . A [\ 4340
WA £ H AR O s e, g R
HIRWREAZ A AR 00T S UE D
PR B AT S O Wk P AR AL A R A O T A
Al T ) 2 F0 Psa 2H B4 HO 5 RURUEE Y 200 oy
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BT TR Jm (Sreptomyces) FIZAT I FHEE 4). Fu0T7
U 0 2 i i 3l S5 AR 2 H At R A=
I Rt G 0h A N ¥ S e AR R (B
REHP, SCSBRAE o R I 2 A MR
2.5 Taxd4Fun A= EHE IR

Tax4Fun J5 7% A] AAR Y 5 54> D g i B2 A4
ORI 5 TR = B A 0 10 8 OR [W] 2 R B KEGG
Pathways F{ 3[R & 4525 20 S kabe b A S

x4 HIOMBHOEBHRHF O RMEY

AR W HFHT KEGG Theiil, 458 kM, 1
KEGG HH8 7R3 I % level 1 /K1, FE 1)
AiE 3 K % 5 10 (metabolism) . 3% 80 T
Qb ¥ (genetic information processing). AZSENK
(human diseases) . Pl R 4 (organismal systems)
I 8% {5 B Ab B (environmental information

processing) A1 41 g1 #2 (cellular processes)ix 6 4~
A KK 5). 1E level 2 /K- 4551 30 4T

Table 4 Lists of common and specific central species of co-occurrence network

OTU_ID Phylum Class Order

Family Genus Groups

OTU_33 Actinobacteria Unidentified
OTU_35 Actinobacteria Unidentified
OTU_106 Proteobacteria Alphaproteobacteria Rhizobiales
OTU 12 Actinobacteria Unidentified

Micrococcales
Pseudonocardiales Pseudonocardiaceae

Micrococcales

Microbacteriaceae Amnibacterium All
Pseudonocardia All
Methylobacterium  All

Promicromonosporaceae Promicromonospora All

Beijerinckiaceae

OTU_372 Synergistota  Synergistia Synergistales Synergistaceae Healthy
OTU_42 Proteobacteria Alphaproteobacteria  Sphingomonadales Sphingomonadaceae Sphingomonas Phage
cocktail
OTU_102 Actinobacteria Unidentified Sreptomycetales  Sreptomycetaceae Sreptomyces Copper
compound
OTU_604 Proteobacteria Gammaproteobacteria Enterobacterales Enterobacteriaceae Psa
Amino acid metabolism T I ]
Energy metabolism
Metabolism of cofactors and vitamins
Nucleotide metabolism =
Lipid metabolism
Glycan biosynthesis and metabolism Metabolism
Enzyme families
Xenobiotics biodegradation and metabolism e
Metabolism of other amino acids
& Metabolism of terpenoids and polyketides 3=
2 Biosynthesis of other secondary metabolites ==
] Replication and repairz . Genetic
= Translation3 information
£ Transcription processing
(g Folding, sorting and degradation
0 Infectious diseases:
§ Neurodegenerative diseases Human
Cancers diseases
Metabolic diseases3
s Healthy Immune system diseases!
I P Endocrine system 3% .
s Environmental adaptation Organismal
I Phage cocktail Nervous system3 systems
s Copper compound Membrane transport P Environmental
Signal transduction information
Signaling molecules and interaction 3 processing
Cellular processes and signaling
Cell motility P Cellular
Cell growth and death processes
Transport and catabolism ) X | | X X ) ) |
0 5 10 15

5 Level 2 7K TaxdFun £ F I 870

Relative abundance (%)

Figure 5 The Tax4Fun gene function prediction (level 2).
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T RE o 4% AR A vp J50000 2 B AH X 3= B2 HE 24 Rl
10 A7 E%% 12 (membrane transport) , 28 &R X151
(amino acid metabolism) ., &2 il flf& &2 (replication
and repair), BEIEfCif(energy metabolism), H#HiF
(translation) | 5l By (R 7 A1 4E 4= 22 /i (metabolism
of cofactors and vitamins) . 4ff jfd i 72 Al {5 =
(cellular processes and signaling) . 1% & 1t i
(nucleotide metabolism) ., 411z 5/j(cell motility) .

&L (lipid metabolism). 7 il 5 2H F1 g 1 {4
Hrp, ARG . RERACH . AR, i
YRR S RN E R E ST Psa
ZH FIA il 71 4 (P<0.05) . RBEA W& B -5 A
(glycan biosynthesis and metabolism), fE§%iz |
T FRAE S E RN EE R ET Psa HY5
B il 79 2 (P<0.05)

3 Wik
30 MGG R T E BB B b
IR

H Psa 5|7 A% 40 1 M 155 X AR Ak 1 Ak
PR T R DR R o ARSI AR N AR
B B T SRR 2 Psa MERT 14, XLt
Wi ARTE IR N SRR B R A7 Psa BHTARICR
A5G T 105 T /A RS o Y 7 P B o0 522 4% 1) L i) B
I Psa PSR AR RSk A58 (0 F 1 50 50 % Hip
W43 B3 311 2 Bk Psa Wi 44 PHB09 5 PHR 10a,
X 2 BRI R AR TE R AN 5 2 55 R 6 % Psa B4
BRI B, X 2 MR B A s
RIS B2 G I TR SR A Bk 1t 9 , E—25 A T H
() 25 A7 T I TR A XS 7 A 5 ) i) 390 6 kA ik
15t 978 I BT ROR , B X B Bk AS 45 P9 A 2 TR
TR . 25 LRI, W TR AR R 50
] o) 790 P AT LA SRR AR FH R] S5  B A k15t 9
a0 A, I FLIGE AR R I 1 BB ROR LT
Y] T ) o T A XS T A FH 1] B 45 SR Bk 15t 9 e

AIZE A RCRIE T GE MR, 5 A RIEERY)
AP W ARG R A T R Oy,
B RIB ISR A  FESLRL TR , F 8 TR
BRAE B I5t 0z 1) LB 77 SR, A Bl AR SR I ™ i

HOFF &AL R = FH2
3.2 EREKIE R E X M PR 4E E B % 4H R A0
e AlabA

MAY Z AR AR AR RE N E
PERIA SRR E B LEEMMERY, R
R IE BRI IG AR 5% P AR 2
R o 2R RS IR TR R . B e a0
12 A 5 A A TR A B T B 235 i
AR N AERETE AL, PR VR
ZREPERY S WERRRALIY o ZREESR B0m TR
#41, 3 H Shannon 845 5@ RA L E &£ R .
Wi GRAZH Y B 2RV A3 A1 8 25 Psa 2H 14 il 571
2H, o7 A T AN R VG A B TT S AR R
PR PRANE AR D) o 5 B M, —aE Rk
W T MO SRR RS R, IR VR 2R
{0 A A A i 2H BCORE A T o R0 Ak 3 0 Sy 4
KRB A RS . R R Psa 2. 4
TR | Ik T A 2 it R 2 A A R BE AR IR
BB, AR 8.41%. 4.58%. 3.16%H1 1.12%.
A DA e B T A 5 0] o ) 350 S 2 AT T A
PR RR AR 2 B, L T A ol B B TR Y
ROCR AR TR B4, R M R 5 1 24
YRR, IR IE R 2 0T A R (P
syringae) } H: Z2 Fh 80 A8 B o] X 2 82 EEY
WL o T A R R TR 3 i B0 4B R (P
syringae pv. Tomato, Pst)/f: A 7 i 4H 1 P - B
AR I, 7 B A AR AR Y 2 K R B AR
SR, SR S O N
t9705 1 Psa [RIFE DR BB I, Psa £
L3 3 Y 531 32 e 4 22 P R4 2 1 5 AR )
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R RRBE T . Psa R il 570 4 0 B AT A R
AERT = B2 S0 0 v T B A SR AR 4, kT
R A0 R AR AR SR BUR TR A R 2 i
B, . BAYE%FF I (Enterobacter cloacae)2:
5 % #85 /K X I (Ralstonia solanacearum) 3t [A]
5]k LRZERL; 72 ACC & i Y AUE FR
A REPR EN-21 22 18RRI H BEAf =R . N —
AN S BRI 2] 297 i R i P04
AT 78 = AE ) i LA et A . 3K AT RE TG
HH 5E 6 Ji FF TR B B B 4R 5 A0 Bk 15 92 96 1Y
e R A TR R o A /N R S fit
JRE A (R AR = FE LSRR, IR T
/NFRLLER MM 7] PR R R TAA IR EE 2 {2
PR R A, SRR K AT AR,
B3/ B A TR I 2 TR RE 8 1l 1ok VTR R G AR
PEBTPEBCRFTIR B L0 T R S BEE I, R A
76 N AEAE A ARG N FIA P ] 22 ol S 4P,
PR, — SN P TR R TS T B T 7 2B AR K
ROk E FAEK, CRE WA S PR IR A )
AL D5 S A, PT REAE SRR CR A IR 2
F) 2k A AR T VR o R0 2 B AR BE AR
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