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B. amyloliquefaciens 17A-B3 MF062580 0 # # # # 0 0 0 1 0 0 1 1 1 0 0 0 1 1 1 1 0 1 1 1 1 0 0 0 0 0 0 0 0 + - + + 1

B. cereus 12B-B5 MF062581 # # # # 1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 1 + + + - 0

B. cereus 17A-B4 MF062582 0 # # # # 1 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1 1 1 0 1 + - + - 0

B. cereus 18A-B5 MF062583 0 # # # 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 + - + - 0

B. licheniformis 5A-B5 MF062584 # # # 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + - + + 0

B. licheniformis 5A-B61 MF062585 0 # # # # 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + - - - 0

B. licheniformis 5A-B62 MF062586 0 # # # 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + + + + 0

B. licheniformis 7B-B41 MF062587 0 # # # 0 0 0 0 0 0 1 1 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + - - + 0

B. licheniformis 7B-B42 MF062588 0 # # # 7 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + - - + 0

B. licheniformis 8B-B31 MF062589 0 # # # # 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + - - + 0

B. licheniformis 8B-B32 MF062590 0 # # # # 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + + - + 0

B. licheniformis 8B-B91 MF062591 0 # # # # 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + - + + 0

B. licheniformis 8B-B92 MF062592 0 # # # # 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + - - + 0

B. licheniformis 13A-B1 MF062593 0 # # # # 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + + - - 0

B. megaterium 10A-B31MF062594 0 # # # # 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + - + - 0

B. megaterium 10A-B32MF062595 0 # # # # 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + - + - 0

B. megaterium 10B-B3 MF062596 0 # # # # 0 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + - + - 0

B. megaterium 10B-B4 MF062597 0 # # # 5 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + - - + 0

B. mycoides 10B-B8 MF062598 0 # # # # 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 + - + - 0

B. mycoides 13A-B3 MF062599 0 # # # # 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 + - + - 0

B. mycoides 13A-B6 MF062600 0 # # # # 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 + - + - 0

B. mycoides 13A-B7 MF062601 0 # # # # 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 + - + - 0

B. mycoides 14A-B2 MF062602 # # # # # 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 + - + - 0

B. mycoides 14A-B7 MF062603 0 # # # # 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 + - + - 0

B. mycoides 15A-B2 MF062604 0 # # # # 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 + - + - 0

B. mycoides 15A-B5 MF062605 0 # # # # 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 1 1 0 0 + - + - 0

B. mycoides 18A-B9 MF062606 # # # # # 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 + - + - 0

B. mycoides 27A-B3 MF062607 # # # # # 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 + - + - 0

B. mycoides 29B-B9 MF062608 0 # # # 2 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 + - + - 0

B. pumilus 10A-B5 MF062609 # # # # 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 - - - - 0

B. pumilus 10A-B6 MF062610 0 # # # # 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 - - - + 0

B. pumilus 10A-B91MF062611 0 # # # # 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 - - + - 0

B. pumilus 10A-B92MF062612 0 8 # # 7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 - - - - 0

B. pumilus 10B-B11 MF062613 0 # # # # 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 - - + - 0

B. pumilus 10B-B12 MF062614 0 # # # # 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 - - + - 0

B. pumilus 10B-B5 MF062615 0 # # # # 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - - + + 0

B. pumilus 14A-B51MF062617 0 # # # # 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 - - - + 0

B. pumilus 14A-B52MF062618 0 # # # # 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 - - + - 0

B. pumilus 15A-B8 MF062616 0 # # # # 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 - - - - 0

B. pumilus 29B-B4 MF062619 0 # # # # 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 - - + - 0

B. pumilus 30B-B2 MF062620 0 # # # # 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 - - - - 0

B. pumilus 30B-B4 MF062621 0 # # 4 # 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 - - - + 0

B. pumilus 44R-B1 MF062622 0 # # # # 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 - - + - 0

B. pumilus 44R-B2 MF062623 0 # # 1 # 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - - + - 0

B. pumilus F7-B2 MF062624 # # # # # 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 - - + + 0

B. simplex 10B-B9 MF062625 0 # # # 8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 + - - + 0

B. sonorensis 8B-B7 MF062626 0 # # # # 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 - - + - 0

B. subtilis 15A-B91MF062628 # # # # 0 0 0 1 0 1 1 0 0 1 1 0 1 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 + + + - 0

B. subtilis 15A-B92MF062627 0 # # # # 0 0 0 1 0 0 0 0 0 1 1 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 + + + + 1

B. subtilis 15A-B93MF062629 0 # # # # 0 0 0 1 0 0 0 0 0 1 1 0 1 1 0 1 0 0 0 0 1 0 0 0 0 0 0 0 0 + - + - 0

B. subtilis 27A-B4 MF062630 0 # # # # 0 0 0 1 0 0 0 0 0 1 1 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 + - + + 1

B. subtilis 30B-B6 MF062631 0 # # # # 0 0 0 1 0 1 0 0 0 1 1 0 1 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 + - + + 1

 M
ac

ro
la

ct
in

 C
er

eu
li

d
e

F
u

n
g

i

E
n

z
y

m
e
s

L
ip

o
p

e
p

ti
d

e
s

P
e
p

ti
d

e
s

P
o

ly
k

e
ti

d
e
s

 E
x

o
ch

it
in

as
e

 I
tu

ri
n

 (
A

, 
B

, 
C

, 
D

)

 P
li

p
as

ta
ti

n

 S
u

rf
ac

ti
n

 B
ac

il
y

si
n

 D
if

fi
ci

d
in

E
n

z
y

m
a

ti
c

a
c
ti

v
it

ie
s

Direct 

Antagonis

m

Antagonism Gene Detection Virulence Factors

Bio-active 

compound 

productio

n

Antagonistic soil-borne Bacillus spp. and Pseudomonas spp. bacteria against late 
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All over developed countries the potato crop has become a major consumer of chemicals turning it into
an unsustainable production. Indeed, large amount of inputs are used to reach yield going over 40 T.ha-1

when the average production in developing countries barely reach 8 to 9 T.ha-1. The main part of these
inputs are fungicides used to control Phytophthora infestans, causing the destructive late blight disease.
Its worldwide management has been estimated to cost over four billion dollars each year (Hijmans et
al.,2000). In the perspective of developing a more sustainable approach of potato crop management,
there is an increasing interest on the microbial alternative offered by plant growth promoting
rhizobacteria able to improve crop yield and control pests and diseases.

The aim of this study was to investigate the potential of soil-borne bacteria to effectively control potato
pathogens in field with a particular focus on potato late blight disease (Fig 2).

In vivo experiments were performed in order to evaluate the antagonistic effect of seven Bacillus spp.
and four Pseudomonas spp. showing high in vitro antagonistic activities (GIP ≥ 70%) against P. infestans
on the sensitive “Bintje” potato variety. These assays conducted under controlled conditions were
designed and tested beforehand to ensure a well-established and reliable pathosystem (Fig 3). Results
coming from 72 replicas for each tested strain, distributed among four assays, confirmed their strong
antagonistic activities. Indeed as shown in Figures 3a,b and c three Bacillus spp. (30B-B6, PI: 67%; 15A-
B2, PI: 65%; 17A-B3, PI: 62%) and two Pseudomonas spp. (44R-P8, PI: 83%; 43R-P1, PI: 64%) gave
significant protection index (PI > 60 %) against late blight, as calculated on the basis of normalized area
under disease progression curve.
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A collection of 2.826 bacterial strains was obtained from 157 samples taken mainly from potato field
soils but also in potato plant tissues, manure and composts (Fig 1a). Isolates were screened for their in
vitro antagonistic activities toward at least one of the five pathogens tested : A. solani, F. solani, R.
solani, P. carotovorum, P. infestans (Fig 1b). The screening consists in an in vitro confrontation with the
pathogen in triplicate. Plates were then scanned and a growth inhibition percentage (GIP) was
calculated through image analysis.

Fifty-two Bacillus spp. and eight Pseudomonas spp. strains showing GIP ≥ 50% were selected for further
characterization (Table 1):

 Identification through 16S rRNA gene sequencing
 PCR screening for genetic determinants involved in the biosynthesis of known bio-

active metabolites and virulence factors
 In vitro screening on specific media for the production of siderophores, cellulolytic,

chitinolytic and proteolytic enzymes
 Drop-collapse screening for bio-surfactant production

Isolation and characterization
Field isolation

Greenhouse assays

CharacterizationField trial
Methodology

2.826 isolates

60 strains

11 strains

4 strains

A field assay designed in randomized complete block aimed at assessing four selected bacteria
effectiveness as bio-control agents of P. infestans. Crude bacterial cultures suspensions were foliar-
sprayed once a week for a total of 12 applications along the potato crop growing season. Fungicides
were applied six times following Belgian warning prediction system (CARAH, PCA). The protection
conferred by bacterial treatments was less effective than fungicide treatments at any time in the assay.
However, the bacterial treatments with P. protegens 44R-P8 strain provided a significant protection for
16 days after the first signs of symptoms (Fig. 3b-d) and up to 45 days with B. subtilis 30B-B6 (Fig. 3b-f).
Moreover, treatment with 30B-B6 strain allowed shifts in time of five days to reach 25% and 50% of
infection compared to controls. Interestingly, protection conferred by the treatment with B. subtilis
30B-B6 stabilized around 20% for nearly 30 days from day 14 to day 42 (Fig. 3g). At the end of the trial,
the treatment with B. subtilis 30B-B6 allowed a statistically significant reduction of late blight severity
(PI: 22%; p-value < 0.001). Fungicide

30BB6
Control

Figure 1: a) Samples distribution according the origins and b) in vitro confrontation allowing the determination of growth inhibition percentage (GIP) performed through

image analysis by comparing the area covered by tested pathogen with negative control. Each test was done three times, in triplicate.

Figure 2: a) Mean of normalized protection index (PI) against late blight observed after crude bacterial

suspension foliar sprayed on potato plants (standard deviation based on four assays). Late blight

progression observed on: b) sensitive ‘Bintje’ variety of potato plant and c) potato plants previously treated

with P. protegens 44R-P8 suspension.

a

Figure 3: a) Mean of late blight severity (percentage of symptomatic leaf area) observed in field trials on

semi-resistant ‘Challenger’ variety potato plants: non-treated (▼) and treated with: Pseudomonas spp.

strains 43R-P1 () and 44R-P8 (), Bacillus spp. strains 17A-B3 (◊) and 30B-B6 (○), fungicides

Cuprex® () and Revus® (). b-f) Mean of normalized protection index (PI) against late blight observed

after foliar spray with Pseudomonas spp. (grey), Bacillus spp. (white), fungicides Cuprex® and Revus®

on days 3 to 56. g) Mean of normalized PI evolution. Variance analysis (ANOVA) showed that,

normalized PI is statistically significant for Bacillus 30B-B6 and fungicide treatments (*, p-value < 0.1; **,

p-value < 0.01; ***, p-value < 0.001). h) Picture of the field assay taken two weeks after first symptoms

appearance.

 In this study the prevalence of bacilysin related genes was highlighted in B. pumilus and B. subtilis
strains showing strong in vitro inhibition against P. infestans.

 B. amyloliquefaciens, B. subtilis and Pseudomonas spp. strains producing both bio-surfactants and
siderophores were shown to be the most effective against P. infestans (GIP ≥ 70%).

 The interest in B. mycoides strains with a strong in vitro antagonistic activity against P. infestans, has
been raised and is thought to be mediated by competition for surface colonization.

 Taken together, this work highlights the benefit to combine molecular screening for bio-active
metabolites with in vitro and greenhouse assays to successfully select field effective biocontrol agents.

Table 1: Full characterization of Bacillus spp. strains isolated in this study and selected for their statistically

relevant in vitro antagonistic activities, evaluated through observed growth inhibition percentage (GIP),

against P. carotovorum, P. infestans, A. solani, F. solani, and R. solani.

ba

Figure 2: Methodology applied in this work starting with bacterial isolation in field and ending in a pilot

field assay.


