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Abstract: Gram-negative bacteria belonging to the Xanthomonas genus include plant pathogens
representing a major challenge in the field of agriculture for a wide variety of economically im-
portant crops, such as tomato, pepper, and lettuce. Due to the massive usage of agrochemicals,
Xanthomonas spp. are developing resistance to copper pesticides typically used to control microbial
infections. An interesting alternative approach to control bacterial phytopathogens consists of using
eco-friendly biocontrol agents, often beneficial microorganisms. Here, following the targeted, broad-
spectrum screening of thousands of microorganisms isolated from different environmental locations,
we isolated Bacillus velezensis strain 71 and Paenibacillus peoriae strain To99 displaying potent antago-
nistic activity against Xanthomonas spp. We found that oxydifficidin and polymyxin A secreted by
B. velezensis 71 and P. peoriae To99, respectively, are mainly responsible for the anti-Xanthomonas
activity. We further evaluated the performance of cell suspensions and cell-free supernatants of these
isolates in controlling tomato bacterial spot disease in growth chamber and greenhouse conditions to
validate the in vitro results. The overall results demonstrate the potential of treatments based on the
secondary metabolites from both isolates and their cells as an alternative to copper-based chemicals
to control leaf spot diseases caused by Xanthomonas spp. phytopathogens.

Keywords: Bacillus velezensis; oxydifficidin; Paenibacillus peoriae; polymyxin A; Xanthomonas perforans;
bacterial leaf spot

1. Introduction

Bacterial spot is one of the most serious infectious diseases of tomato, pepper, lettuce,
and strawberry plants, caused by four closely related species of Xanthomonas—X. gardneri,
X. euvesicatoria, X. vesicatoria, and X. perforans [1–4]. Bacterial spot can cause dark lesions
on the foliage, stems, and fruits. On leaves, with the progression of infection, the lesions
coalesce to form large dead spots. Once more than 50% of the leaf is affected, it rapidly dies,
which entails reduced photosynthetic capacity and consequently crop yields [4,5]. For more
than 60 years, bacterial spot has been economically devastating to growers and its control
has proved to be challenging, with limited efficient available measures [6]. For several
decades, copper-based chemicals and their combinations, along with dithiocarbamate and
ethylene bis-dithiocarbamate classes of fungicides such as mancozeb, have been used to
chemically control bacterial spot disease, with only partial effectiveness [7]. Furthermore,
the efficacy of these formulations is falling due to the inherent emergence of copper-tolerant
plant pathogens, due to decades of use [5,8–11]. Moreover, the reiterated application of
copper-based formulations may not only result in the accumulation of toxic levels of Cu
in the soil but also can cause plant stress and affect the diversity of beneficial microbial
communities [12].
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Overall, the emergence of pathogen resistance, non-target environmental impacts,
along with the consumer demand for organic food has driven research efforts into the
development of effective and sustainable disease management strategies. In this regard,
biological control products based on microbes have become attractive alternatives to
chemical control when managing plant diseases. This has led to numerous studies exploring
the possibility of using plant-associated microbiota or their metabolites to control the most
important and devastating bacterial and fungal crop diseases [13–15].

Given the importance of managing bacterial diseases caused by Xanthomonas species
in a variety of economically important crops, several studies have reported the isolation of
potential biocontrol agents from phyllosphere, rhizosphere, leaf, or endosphere samples
with in vitro antagonistic activity against Xanthomonas species [16–21]. While effective
in vitro, these studies have not yet led to the development of acceptable commercial
biological control product against Xanthomonas pathogens. Indeed, reports of successful
disease control in planta with such biocontrol agents are rare [22], as successful in vitro
results do not always translate into in planta conditions [23–25].

In this study, by adopting a screening strategy based on direct antibiosis, we performed
targeted, broad-spectrum screening of thousands of microorganisms isolated from differ-
ent environmental locations to found strains possessing an antagonistic activity against
Xanthomonas species. The performance of the two most promising isolates in controlling
tomato bacterial spot disease was further evaluated in growth chamber and greenhouse
trials to validate the in vitro results and help to select the best isolate for the development
of a potential biocontrol product. Moreover, genome mining and an analysis of secondary
metabolite biosynthesis gene clusters, along with the activity-guided fractionation of the
crude culture extract from the selected isolates, led to the identification of bioactive sec-
ondary metabolites involved in antimicrobial activity against Xanthomonas species.

2. Materials and Methods
2.1. Bacterial Strains and Growth Conditions

Unless otherwise specified, the bacteria were stored at −80 ◦C in tryptic soy broth
(TSB) (BD) amended with 20% glycerol and were routinely grown from frozen stocks
by culturing them at 30 ◦C in TSB at 240 rpm in a TC-7 roller drum (New Brunswick
Scientific Co., Inc., Edison, NJ, USA), or on tryptic soy agar (TSA) (BD) plates. For growth
chamber and greenhouse assays, TSB and Landy medium were used as the cultivation
media for the preparation of cell-free supernatants from P. peoriae and B. velezensis isolates,
respectively. The Landy medium contained the following ingredients: 20 g/L glucose,
5.0 g/L L-glutamic acid, 1.0 g/L yeast extract, 1.0 g/L K2HPO4, 0.5 g/L MgSO4·7H2O,
0.5 g/L KCl, 1.6 mg/L CuSO4, 1.2 mg/L Fe2(SO4)3, 0.4 mg/L MnSO4. For the identification
of secondary metabolites, cultures of P. peoriae To99 and B. velezensis 71 were carried out
in 2000 mL Erlenmeyer flasks containing 250 mL of the medium for 3 days in incubator
shakers. Glucose starch calcium carbonate (GSC) and ANBV003 media were used for
P. peoriae To99 and B. velezensis 71, respectively. The GSC medium contained the following
ingredients: 20 g/L glucose, 20 g/L starch, 20 g/L (NH4)2SO4, 10 g/L yeast extract, 2.6 g/L
K2HPO4, 9 g/L CaCO3, 0.5 g/L MgSO4, 0.5 g/L KCl and 2 mL/L of trace element solution
(TES: 5 g/L FeSO4·7H2O, 2.5 g/L MnSO4·H2O, 2.5 g/L (NH4)6Mo7O24. 4H2O, 2.5 g/L
ZnSO4·7H2O, 0.25 g/L CoCl2·6H2O, 2 g/L Sodium citrate·2H2O). The ANBV003 medium
contained the following ingredients: 34 g/L glycerol, 3 g/L KNO3, 4.5 g/L KH2PO4 1 g/L
Yeast extract, 0.5 g/L MgSO4, 0.5 g/L KCl and 2 mL/L TES.

The strains P. polymyxa ATCC 7070, P. polymyxa CR1, P. peoriae LMG 16104, and P. peoriae
LMG 16111, as well as the three type strains P. polymyxa LMG 13294, P. peoriae LMG 14832,
and P. jamilae LMG 21667 received from the Belgian Coordinated Collections of Microor-
ganisms (BCCM), were used as references. The pathogenic strains used as indicators for
evaluating the antagonistic and antimicrobial activity of bacterial isolates were as follows.
Xanthomonas campestris ED1985 was isolated from Sherrington lettuce leaves. Xanthomonas
campestris 901 was received from MAPAQ-Agri-Réseau-Phytoprotection. Xanthomonas
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perforans T4 and Xanthomonas euvesicatoria R4 were provided by Gary Vallad, University
of Florida, FL, USA. Xanthomonas gardneri DC00T7A was provided by Agriculture and
Agri-Food Canada (London, ON, Canada).

2.2. Environmental Samples for the Isolation of Microorganisms

Different plant organs (leaves, stems, and fruits) and seeds of tomatoes, peppers,
onions, corns, eggplants, strawberries, and raspberries, as well as soil samples from agri-
cultural fields, were collected in 2011–2013 from various locations (Table 1).

Table 1. Characteristics of environmental samples collected for the isolation of microorganisms.

Sample Location and Date of Sampling Quantity

Soil from agricultural fields Laval (Québec, Canada), November 2012 60
Soil from agricultural fields Sherrington (Québec, Canada), November 2011 11
Soil from vegetable garden of INRS Laval (Québec, Canada), November 2012 2
Soil from a strawberry field Florida Area (USA), April 2013 2
Dead plant leaves, stems, and roots from agricultural fields Laval (Québec, Canada), November 2012 12
Dead plant leaves, stems, and roots from agricultural fields Sherrington (Québec, Canada), November 2011 4
Fruits and leaves of fresh plants from vegetable garden
of INRS Laval (Québec, Canada), June 2012 6

Fruits and leaves of fresh plants Sherrington (Québec, Canada), November 2011 4
Fruits and leaves of tomatoes Florida Area (USA), June and July 2012 4
Fruits and leaves of citrus Florida Area (USA), June 2012 2
Leaves of garden strawberries Florida Area (USA), July 2012 2

Vegetables seeds (tomatoes, peppers, onions) Provided by farmers from Laval (Québec, Canada),
November 2012 8

Ditch water Sherrington (Québec, Canada), November 2011 2
Mud from a river Rivière des Prairies, Laval (Québec, Canada), June 2012 2
Soil from rhizosphere from vegetable garden of INRS Laval (Québec, Canada), June 2012 2

Total 123

2.3. Isolation of Microorganisms from Environmental Samples

Three solid non-selective media (Reasoner’s 2A Agar (R2A), TSA, and Plate Count
Agar (PCA)) and three selective media (Benedict medium, for the isolation of Streptomyces
sp. [26]; BCSA, for the isolation of Burkholderia sp. [27]; and Gould medium, for the isolation
of Pseudomonas sp. [28]) with cycloheximide (50 mg/mL) were used for the isolation of
bacteria from environmental samples. To isolate microorganisms from different plant
organs and seeds, ten seeds or three randomly cut segments (0.5 cm2) of each plant organ
were vortexed in 5 mL of 0.85% NaCl. Aliquots (100 µL) of each suspension were spread
on non-selective and selective medium plates. The plates used for the isolation of bacteria
were incubated in the dark for 2 days at room temperature (approximately 21 ◦C). To isolate
microorganisms from soil and water, suspensions were prepared with 1 g of soil or 1 mL of
water added to 9 mL of phosphate-buffered saline (PBS) under agitation for 30 min. For
the isolation of sporulating bacteria, soil suspensions were heated at 80 ◦C for 30 min. The
sample suspensions were submitted to serial dilutions. Here, 100 µL of each dilution (10−2,
10−3, and 10−4) was spread on non-selective and selective medium plates for the isolation
of bacteria. The plates were incubated under the same conditions described above. The
isolation of microorganisms was performed in triplicate. For the preservation of isolated
bacteria, colonies of bacteria with different morphological characteristics were transferred
to tubes containing 3 mL of TSB and were cultivated overnight at 30 ◦C. The bacteria were
preserved in TSB amended with 20% of glycerol at −80 ◦C for further manipulations.

2.4. Screening the In Vitro Antagonism of Isolates against X. campestris and X. perforans T4

The antagonistic activity of bacterial isolates against X. campestris was determined
using Spot-Check and Top Agar assays. In the Spot-Check assay, individual bacterial
colonies were picked for each bacterial strain and incubated overnight in 3 mL of TSB
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at 30 ◦C. Next, 5 µL of each bacterial suspension was dropped on a lawn of the target
bacterium, X. campestris ED1985 or X. campestris 901, on TSA plates. The plates were then
incubated at room temperature (approximately 21 ◦C) for 2 days. Bacterial colonies with
a clear growth inhibition zone around them on the lawn of X. campestris were selected to
determine their antimicrobial activity against X. perforans T4 in the second step of screening.
In the Top Agar assay, bacterial colonies that appeared on Petri dishes with non-selective
and selective media after 2 days of incubation at room temperature (approximately 21 ◦C)
were covered by a layer of 5 mL of Top Agar containing 100 µL of X. campestris ED1985
(OD600 = 0.2). Bacterial colonies with a clear zone of growth inhibition of X. campestris were
selected to determine the antimicrobial activity against X. perforans T4 in the second step of
the screening. To evaluate the extracellular antimicrobial activity, bacterial isolates were
cultivated in 3 mL of TSB at 30 ◦C and 150 rpm for 2 days. Then, the cultures of bacteria
were centrifuged at 18,000× g for 10 min at 20 ◦C. To obtain a cell-free supernatant filtrate,
the supernatants of bacterial isolates were separately collected and filtered (0.22 µm pore
diameter) [29,30]. The antimicrobial activity against X. perforans T4 was assessed using a
well diffusion inhibition assay [31,32]. First, a lawn of indicator bacteria was produced
on the surface of the agar plates. Next, 50 µL of X. perforans T4 (OD600nm = 0.2) grown
overnight in TSB at 30 ◦C and resuspended in sterile water was spread on TSA plates. Wells
were bored into the agar layer with a sterile glass tube (10 mm diameter) and filled with
200 µL of cell-free supernatant filtrate. The plates were then incubated at room temperature
(approximately 21 ◦C) and the growth inhibition diameter of X. perforans T4 around the
wells was measured after 2 days. To establish the controls, 200 µL of TSB was added to
the wells on the lawn of X. perforans T4. Plates were incubated under the same conditions
described above. Three replicates were performed for each treatment.

2.5. 16S rRNA Gene Sequence Analyses

To identify the isolates that showed the strongest anti-Xanthomonas activity, PCR
amplification of the gene coding for 16S rRNA was performed using the primers pA-27f-
YM (5′-AGAGTTTGATYMTGGCTCAG-3′) and pH (5′-AAGGAGGTGATCCARCCGCA-
3′) [33,34]. The PCR amplifications were carried out in a 50 µL reaction mixture with
1XTaq buffer, 200 µM dNTPs mix, 0.4 µM pA-27f-YM (forward primer) and 0.4 µM pH
(reverse primer), 1-unit Feldan Taq DNA Polymerase (Bio Basic Canada Inc., Markham,
ON, Canada), and 50 ng of extracted DNA. The amplifications were performed in a C1000
Touch TM Thermal Cycler (Bio-Rad Laboratories Inc., Hercules, CA, USA) with an initial
DNA denaturation step of 5 min at 95 ◦C, followed by 29 cycles of 30 s at 95 ◦C, primer
annealing for 40 s at 55 ◦C, primer elongation for 1.5 min at 72 ◦C, and the final extension
step for 10 min at 72 ◦C. After DNA amplification, the PCR products were analyzed using
agarose gel electrophoresis (1.0% of agarose, 100 V, 60 min), and the DNA was stained
using ethidium bromide (0.5 µg/mL) and visualized under UV illumination.

2.6. Whole-Genome Sequencing and In Silico Analyses of Secondary Metabolite Biosynthetic
Gene Clusters

Genomic DNA was isolated from an overnight culture of each strain using a Qiagen
DNeasy blood and tissue kit (Qiagen Inc., Valencia, CA, USA). Genome sequencing was
performed using an Illumina MiSeq sequencing system (Illumina, San Diego, CA, USA),
achieving > 50X average genome coverage. A de novo assembly was created for each
genome using SPAdes 3.0.0 (St. Petersburg genome assembler) and annotated with the
NCBI Prokaryotic Genomes Automatic Annotation Pipeline (http://www.ncbi.nlm.nih.
gov/genomes/static/Pipeline.html (accessed on 23 May 2016)). The taxonomy of each
isolate was assigned using Kraken [35]. ABACAS was used to scaffold the contigs [36]. The
two-way ANI calculator (http://enve-omics.ce.gatech.edu/ani/index (accessed on 5 June
2016)) was used to estimate the average nucleotide identity between genomic datasets of
the best anti-Xanthomonas bacterial isolates and type strains of Paenibacillus and Bacillus
species from the NCBI database (http://www.ncbi.nlm.nih.gov/nuccore (accessed on 25
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May 2016)). The recommended species cut-off of 95% was used [37]. The genome mining
of biosynthetic gene clusters including non-ribosomal peptide synthetases (NRPSs) and
other secondary metabolites was achieved with antibiotics and the Secondary Metabolite
Analysis Shell (antiSMASH) [38,39] web server (http://antismash.secondarymetabolites.
org/ (accessed on 6 May 2019)).

2.7. Growth Chamber Trials
2.7.1. Plant Materials

Solanum lycopersicum L. var. cerasiforme (Dunal) cv. Bonny Best (OSC Seeds, Waterloo,
ON, Canada) or Florida 47 (Harris seeds, Rochester, NY, USA) tomato seeds were planted in
Pro-mix BX Mycorrhizae (Premier horticulture Inc., Quakertown, Pennsylvania, USA) with
all-purpose NPK (20-20-20) fertilizer (Plant Products Co., LTD., Brampton, ON, Canada).
The tomato seedlings were grown in plastic pots (6.0 × 6.0 cm) in a growth chamber
(23 ◦C, relative humidity (RH) of 45%), with a photoperiod of 16 h (light intensity of about
200.0 lum/sqf) for two weeks (the four-true-leaf stage) prior to inoculation by X. perforans
T4 or X. gardneri DC00T7A. The temperature, relative humidity (RH), and light were
monitored hourly during the research using a Hobo™ digital system (Onset Computer
Corporation, Bourne, MA, USA) that was placed in the center of the shelf with the tomatoes.

2.7.2. Plant Pathogens

To prepare cell suspensions of pathogens, X. perforans T4 or X. gardneri DC00T7A was
incubated in TSB at 30 ◦C for 16 h (overnight). The culture medium was centrifuged at
10,000× g for 5 min. The supernatant was discarded and bacterial cells were resuspended
in sterile distilled water at a final concentration of OD600 = 0.2, which was empirically
determined to represent 2 × 108 CFU/mL by plating serial dilutions of the suspension and
counting colonies. Prior to spraying tomato seedlings, a cell suspension of the pathogen
was mixed with the surfactant Silwet L-77 at 0.025% (v/v) to help the penetration and
infection of the plants.

2.7.3. Preparation of Bacterial Cell-Free Supernatants and Cell Suspensions

The production of metabolites by bacterial isolates was carried out in 2 L conical
flasks with 200 mL of medium and shaken at 250 rpm at 30 ◦C for 48 h. To obtain cell-free
supernatants, the culture medium was centrifuged at 17,700× g for 1 h. The pellets were
discarded and the supernatants were filtered using a Stericup vacuum filtration system
(0.2 µm). Fresh cell-free supernatants were used in the present research. To prepare suspen-
sions of bacterial cells, isolates were cultivated in 3 mL of TSB at 30 ◦C for 16 h (overnight).
The cell culture medium was centrifuged at 5000× g for 5 min and washed twice with 0.85%
NaCl. The supernatant was discarded and bacterial cells were resuspended in sterile 0.85%
NaCl, adjusted to the final concentration of 3× 108 CFU/mL (OD600 = 0.3). Cell suspension
of the bacterial isolates was achieved on tomato leaves immediately after preparation.

2.7.4. Curative and Preventive Effects of Bacterial Cell-Free Supernatants and Cell Suspensions

To evaluate the curative effect of cell-free bacterial supernatants, tomato seedlings were
sprayed on their abaxial and adaxial leaf surfaces to wetness with a hand sprayer, applying
approximately 2 mL of X. perforans T4 suspension per plant. After 30 min of inoculation,
the seedlings were treated by spraying cell-free supernatants, water, or TSB using a hand
sprayer until run-off. A combined solution of Kocide™ 3000 (copper hydroxide) at 2 g/L
and mancozeb (a mixture of zinc and manganese ethylene bis-dithiocarbamate) at 1 g/L
was sprayed as the industrial standard. Each treatment was replicated 4 times (1 plant
per replicate). The tomato seedlings were maintained for 48 h under plastic bags and then
placed in a growth chamber (28 ◦C, RH 60% with a photoperiod of 16 h) for 10 days. The
plants were assessed for disease severity via the visual estimation of the percentage of
leaf tissue with spots and lesions 10 days after infestation. Symptoms on the leaves were

http://antismash.secondarymetabolites.org/
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recorded for each plant by two people independently. Disease severity assessments were
made based on leaf ratings compiled from four plants.

To evaluate the preventive effect of bacterial cells and their supernatants, tomato
seedlings were sprayed on their abaxial and adaxial leaf surfaces to leaf wetness with a
hand sprayer, applying approximately 2 mL of cell-free supernatants or cell suspension
per plant. Water and TSB were used as the controls. Each treatment was replicated 4 times
(1 plant per replicate). After treatment, the plants were placed in a growth chamber (28 ◦C,
RH 60%, with a photoperiod of 16 h) for one week. Then, tomato seedlings were inoculated
by X. gardneri DC00T7A in the same way using a hand sprayer until run-off and placed in
a growth chamber. After 10 days, the effectiveness of the cell-free supernatants and cell
suspensions was evaluated as the reduction in spot numbers per plant compared to the
pathogen-only control.

Non-inoculated, water-treated plants and non-inoculated, TSB-treated plants served
as the negative controls. Tomato seedlings that had been inoculated and treated by water,
inoculated only, and treated by TSB only served as positive controls. Bacterial cell-free
supernatants from each strain were applied to test their phytotoxicity in plants.

2.7.5. Microbial Viability of Bacterial Isolates on Tomato Leaves

To evaluate the microbial viability of selected bacterial isolates on tomato leaves,
a foliar treatment of the tomato seedlings was performed by suspending bacterial cells
(3 × 108 CFU/mL) of various Bacillus and Paenibacillus isolates and respective control
solutions using a hand sprayer with application on abaxial and adaxial leaf surfaces until
run-off. To confirm the presence of bacterial isolates on tomato leaves, a serial dilution
method was performed 1 h and 6 days after treatment.

One leaf from each plant was cut onto segments (0.5 cm2), placed in tubes containing
5 mL of 0.85% NaCl and 0.01% Triton-100, and resuspended by vortexing for 5 min. Then,
100 µL samples of each dilution (10−2, 10−3, and 10−4) were spread on TSA plates to
isolate the bacteria. The plates were incubated in the dark at 30 ◦C for 2 days. The number
of grown colonies was counted and the CFU/leaf rate was calculated. Assessments of
microbial viability were performed in quadruplicate.

2.8. Greenhouse Trial Assay

The greenhouse trial was conducted by FarmForest Research (Almonte, Ont., Canada).
The production of cell-free supernatants by bacterial isolates was carried out in 2 L conical
flasks with 500 mL of corresponding culture medium and shaken at 250 rpm at 30 ◦C for
48 h. Then, the cultures were centrifuged at 17,700× g for 1 h. The pellets were discarded
and the supernatants were filtered using a Stericup vacuum filtration system (0.2 µm). To
prepare suspensions of bacterial cells, isolates were cultivated in 25 mL of TSB at 30 ◦C
for 16 h (overnight). The cell culture medium was centrifuged at 5000× g for 10 min and
washed twice with 0.85% NaCl. The supernatant was discarded and the bacterial cells
were resuspended in sterile 0.85% NaCl, adjusted to the final concentration of 3 × 108

CFU/mL (OD600 = 0.3). The trial was designed as a randomized complete block (RCBD)
with a minimum of 4 replications. Each plot consisted of at least 6 tomato plants (Bonny
Best cultivar) raised from seeds in the greenhouse (a total of 24 plants per treatment). The
plants were maintained in similar conditions to those of commercial greenhouse practice,
with the appropriate use of fertilizers and insecticides. The plants were inoculated with X.
gardneri DC00T7A two days after the initial application of the treatments. Kocide™ 3000 at
1.58 kg/ha was used as the industry standard. The application rate was 200 L/ha of water
volume. The initial treatments were applied 2 DBI (days before infection) as foliar sprays,
followed by foliar spray applications every 7 days ± 1 day for 3 additional weeks for a
total of 4 applications. Efficacy assessments were carried out every 7 days after the first
application for a total of 4 assessments. Significance differences between treatments were
tested using an ANOVA followed by Tukey’s multiple comparisons post hoc test using
GraphPad Prism (Significance level = 10%).
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2.9. Bioassay-Guided Fractionation and Isolation of Active Metabolites

To extract the metabolites from the cultures, the biomass was removed from 700 mL
cultures by centrifugation at 17,700× g for 20 min. Thereafter, pre-equilibrated Amberlite
XAD-16 resin at 4% (w/v) was added to the cell-free culture supernatant and shaken
overnight at 120 rpm and 4 ◦C. The resin was then removed by filtration, washed with 1 L
dH2O, and eluted with 1 L of 100% methanol. The methanolic elution was evaporated to
near dryness in a vacuum rotary evaporator and the crude extract was further lyophilized
after being redissolved in a small volume of ultrapure water (Milli-Q system; Millipore,
Bedford, MA, USA). Thereafter, the lyophilized extract (20–120 mg) was redissolved in 50:50
MeOH/H2O and subjected to the semi-preparative HPLC for fractionation using a Thermo
Fisher Scientific Ultimate 3000 high-performance liquid chromatography (HPLC) system
equipped with a reverse-phase Hypersil Gold (250 × 10 mm) column, a charged aerosol
detector (CAD) from Corona Veo, and a fraction collector. The separation was performed
using a mobile phase consisting of a MeCN/H2O gradient containing 0.1% formic acid
over 60 min at 4 mL/min. Fractions containing the same chromatographic peaks of interest
were pooled and evaporated to dryness using a vacuum rotary evaporator. To identify the
fractions containing anti-Xanthomonas activity, each fraction was redissolved in 2 mL of
50:50 H2O/MeOH solution and its activity was tested using an agar disk diffusion assay.
Briefly, 40 microliters of each fraction solution was applied to a blank filter paper disk
(D = 6 mm) and then air-dried in a biosafety cabinet for 30 min. The disk was then placed
on a TSA plate freshly inoculated with a lawn of X. perforans T4 and incubated at room
temperature (~21 ◦C). The growth inhibition area was measured after 48 h.

2.10. LC-ESI-MS Analysis

The active fractions were further analyzed using a HPLC system (Waters 2795, Milford,
MA, USA) equipped with a 250× 4.6 mm i.d. Luna Omega Polar C18 reverse-phase column
(particle size 3 µm), using a MeCN/H2O gradient containing 1% acetic acid at a flow rate
of 400 µL/min. The detector was a quadrupole mass spectrometer (Quattro Premier
XE, Waters, Milford, MA, USA). Analyses were carried out in the positive electrospray
ionization (ESI) mode with mass-to-charge ratio (m/z) windows ranging from 130 to 1930.
The capillary voltage was set at 3.5 kV and the cone voltage at 30 V. The source temperature
was kept at 120 ◦C and the desolvating gas at 200 ◦C.

3. Results
3.1. Screening of Isolated Microorganisms with Antimicrobial Activity against Xanthomonas Species

In this study, about 5000 bacterial isolates were recovered from 123 environmental
samples (seeds, different vegetable tissues, and soil) from different geographic locations. In
the first step of the screening, these bacterial isolates were tested against X. campestris 901
and X. campestris ED1985 using antagonistic activity assays. A subset of 612 bacterial isolates
exhibited inhibitory activity with diverse clear zones for different strains (Figure 1A,B). In
the second step of the screening, the antimicrobial activity levels of cell-free supernatant
filtrates of these strains were further tested against both phytopathogenic indicators. From
612 bacterial isolates, 108 isolates produced growth inhibition activities in their culture
supernatants (Figure 1C).
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Figure 1. Screening and antagonistic activity of environmental bacterial isolates against X. campestris:
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a bacterial colony against X. campestris ED1985 using Top Agar assay screening method; (C) example
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3.2. Identification of Isolates

Out of 108 isolates that showed extracellular inhibitory activity against Xanthomonas,
22 isolates with the strongest anti-X. perforans activity were selected to be further identified
via PCR amplification of the gene coding for 16S rRNA. The results of 16S rRNA analysis
along with the sequencing of other functional gene markers such as gyrA, gyrB, and
rpoB (data not shown) revealed that strains exhibiting the strongest cell-free supernatant
antimicrobial activity against X. perforans T4, no matter where these strains were isolated,
all belonged to the Paenibacillus and Bacillus species (Table S1). Isolates 71 and To99, with
the strongest antimicrobial activity from Bacillus and Paenibacillus species, respectively, were
selected for a further analysis. Cell-free supernatants from these strains showed almost the
same antimicrobial activity levels against X. campestris 901 and three other Xanthomonas
species (Table S2).

To confirm our identification, Bacillus strain 71 and Paenibacillus strain To99 were
subjected to whole-genome sequencing. Genome annotations for these bacteria are sum-
marized in Table 2. The high genome coverage rates (88–110%) and very low (2.06–4.53%)
percentages of unclassified reads reflect the accuracy of the affiliation.

Table 2. Genome sequencing and annotation details of the most active bacterial isolates
against X. perforans.

Isolates 71 To99

Genome coverage (%) 97 110
N50 (bp) 93,762 92,187

Number of contigs 105 203
Unclassified reads (%) 2.06 4.53

The average nucleotide identity (ANI)-based analysis of bacterial isolate 71 showed an
ANI value of 98.22% when compared with Bacillus velezensis FZB42 (Table 3), confirming
our previous identification based on the sequencing of the gyrA, gyrB and rpoB genes (data
not shown) specific for the Bacillus subtilis group. Respectively, by comparing the genome
of Paenibacillus isolate To99 with two closely related and well-known strains, Paenibacillus
peoriae HS311 and Paenibacillus polymyxa SC2, it was found that the ANI value of isolate
To99 with P. peoriae strain HS311 reached 99% (Table 3). However, To99 showed only 89.24%
nucleotide identity similarity with P. polymyxa SC2. Thus, Paenibacillus isolates To99 was
identified as P. peoriae.
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Table 3. The average nucleotide identity (%) values based on complete genome sequences of Bacillus
and Paenibacillus isolates possessing anti-Xanthomonas activity vs. type strains.

Isolate

Type Strains Bacillus amyloliquefaciens subsp.
amyloliquefaciens DSM7

Bacillus
velezensis

FZB42

Paenibacillus
peoriae
HS311

Paenibacillus
polymyxa

SC2

71 94.17 98.22 - -

To99 - - 99.03 89.24

Following the screening for antimicrobial activity-producing bacteria against
X. perforans T4, the inhibitory effects of cell-free supernatants of the To99 and 71 iso-
lates were tested against each other. B. velezensis 71 inhibited the growth of P. peoriae To99,
showing a clear inhibition zone with a diameter of 26 mm, while P. peoriae To99 showed
the antimicrobial activity against B. velezensis 71, with a 25 mm growth inhibitory zone
(Table S3). Interestingly, peoriae To99 produces metabolites inhibiting its own growth (Table S3).

3.3. Curative Effect of B. velezensis 71 and P. peoriae To99 Cell-Free Supernatants in Controlling
Tomato Bacterial Spot Disease Caused by X. perforans T4

The potential of inhibitory culture supernatants for controlling an infection in tomato
seedlings was then investigated. The disease severity was evaluated as the percentage
of leaf tissue with spots and lesions 10 days after infestation. The disease severity was
70% among plants infected by X. perforans T4 then treated with water and 90% among
plants infected by X. perforans T4 then treated with TSB, as compared to non-infected
tomato seedlings (Figure 2A–D). Susceptible reactions manifested 7 days after infestation
as small, greasy, water-soaked spots (about 3 mm) on leaflets. The older spots became dry
and brown, often surrounded by yellow halos. The spots increased in size to form large,
irregular dead spots. The lesions were frequently surrounded by large chlorotic haloes and
perforations, referring to the holes in the leaf following infection by the bacterium.
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Figure 2. Curative effect of bacterial cell-free supernatant treatment on the severity of leaf spot caused
by X. perforans T4 on tomato seedlings. Representative samples: (A) non-infected and treated by
water; (B) infected by X. perforans T4 and treated by TSB. Infected by X. perforans T4 and treated
by water: (C) adaxial and (D) abaxial leaf surfaces. Infected by X. perforans T4 and treated by
combined Kocide and Mancozeb: (E) adaxial and (F) abaxial leaf surfaces. Infected by X. perforans
T4 and treated by cell-free supernatant of B. velezensis 71: (G) adaxial and (H) abaxial leaf surfaces.
Infected by X. perforans T4 and treated by cell-free supernatant of P. peoriae To99: (I) adaxial and
(J) abaxial leaf surfaces. Not infected and treated by cell-free supernatants of (K) B. velezensis 71 and
(L) P. peoriae To99.
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Treatment with the cell-free supernatant of B. velezensis 71 (Figure 2G,H) reduced the
disease severity by almost four times compared to the control (Figure 2C,D). Thus, only
20% of the leaf surfaces showed signs of infection by X. perforans T4 after treatment with
cell-free supernatants of strain 71 cultures. The cell-free supernatant of P. peoriae To99
cultures reduced the disease severity by half compared to the positive control (Figure 2I,J).
Thus, about 40% of leaf surfaces of tomato seedlings were infected by X. perforans T4, which
is comparable with treatment using a combination of Kocide and Mancozeb (Figure 2E,F).
Of note, spots and lesions appeared on only one of six leaves per plant infected by X.
perforans T4 and treated by bacterial cell-free supernatants, while infected and non-treated
plants had four of six leaves with these disease symptoms. The bacterial cell-free culture
supernatant of the two isolates did not cause any phytotoxic effect on the tomato plants, as
shown by the examples with B. velezensis 71 and P. peoriae To99 (Figure 2K,L).

3.4. Preventive Effects of Bacillus and Paenibacillus Cells and Their Cell-Free Supernatants in
Controlling Bacterial Spot Disease Caused by X. gardneri DC00T7A

We then asked whether the two bacterial strains or the culture supernatants could
protect the plants from an infection. For this assay, we tested a different tomato pathogen.
In contrast with the yellow-brownish lesions caused by X. perforans T4 on tomato leaves in
the curative assay, a susceptible reaction caused by X. gardneri DC00T7A manifested 10 days
after infestation as well-defined brown spots, appearing on leaves and stems (Figure S1).
Thus, the preventive effects of cell-free supernatants and cell suspensions of B. velezensis 71
and P. peoriae To99 were assessed as reductions in the numbers of spots per plant.

The treatment of tomato leaves by cell suspensions of Bacillus and Paenibacillus iso-
lates or by their cell-free culture supernatants 6 days before X. gardneri DC00T7A infec-
tion reduced the bacterial spot disease rates by 2–5 times compared to untreated plants
(Figure 3). The cell-free supernatant of B. velezensis 71 was twice as effective in controlling
this disease than the treatment with the bacteria themselves, while the cell-free supernatant
of P. peoriae To99 was 1.6-fold less effective than its cell suspension. Interestingly, both B.
velezensis 71 and P. peoriae To99 isolates (cell suspensions and cell-free supernatants) ap-
plied before pathogen infection showed 2-fold suppression of bacterial spot disease caused
by X. gardneri DC00T7A compared to the pretreatment with combined Kocide and Man-
cozeb, which is frequently used by growers in controlling bacterial spot disease caused by
Xanthomonas species.
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3.5. Microbial Viability of Bacillus and Paenibacillus Isolates on Tomato Leaves

Six days after treatment of tomato leaves by B. velezensis 71 and P. peoriae To99, bacterial
cells of both strains were still viable, and the CFU/leaf rate increased by almost 1.5 log from
the initial measurement 1 h after treatment. As expected, there was no significant difference
in the quantities of viable bacterial cells (the natural phyllosphere) on untreated tomato
leaves 1 h and 6 days after treatment (Figure 4). Interestingly, using the serial dilution
method, 2 fungal and 4 bacterial morphologically different colonies were isolated from
untreated tomato leaves, while only B. velezensis 71 and P. peoriae To99 colonies appeared
on TSA after their isolation from respectively treated tomato leaves.
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Figure 4. Counting of the viable microbial colonies on the tomato leaves at different time points (1 h
and 6 days) post-treatment with the B. velezensis 71 and P. peoriae To99 isolates.

3.6. Greenhouse Trials

The objective of the trials was to evaluate the efficacy of treatments based on cell-free
supernatants and cell suspensions of B. velezensis 71 and P. peoriae To99 isolates in the
suppression of the leaf spot disease caused by X. gardneri DC00T7A under greenhouse
conditions. The greenhouse trial results in terms of rates of disease control as compared to
the untreated control are shown in Figure 5. In general, the results show that 5 weeks after
the first application, both the cell-free supernatants and cell suspensions from strains 71
and To99 demonstrated more than 60% efficacy in controlling the leaf spot disease, which
is not significantly different than the industrial standard (Kocide 3000). In all cases, the
treatments were also significantly better than the untreated or Mock (TSB).
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Figure 5. Effects of B. velezensis 71 and P. peoriae To99 based treatments in controlling the bacterial leaf
spot disease on tomato plants caused by X. gardneri DC00T7A in a greenhouse. The disease reduction
% values related to the untreated control (UTC) 5 weeks after the first application of the treatments
were measured.

3.7. Gene Clusters for Secondary Metabolites

To predict biosynthetic pathways that are responsible for the production of metabolites
with anti-Xanthomonas activity in B. velezensis 71 and P. peoriae To99 isolates, antiSMASH was
used. Hence, for B. velezensis 71, the antiSMASH results suggested the presence of biosynthetic
gene clusters responsible for three polyketide synthases (PKs) with known antibacterial
activity: Bacillaene, Difficidin, and Macrolactin [40,41]. Furthermore, biosynthetic gene
clusters were detected coding for non-ribosomal peptides synthetases (NRPSs) responsible for
the production of the cyclic lipopeptides surfactin, bacillomycin D, and fengycins, along with
a gene cluster for the biosynthesis of the dipeptide Bacilysin (Table S4).

Similarly, performing the antiSMASH analysis on P. peoriae To99 resulted in the detec-
tion of one polyketide synthase with a yet unknown product, which shares 28% similarity
with Bacillaene. Moreover, two gene clusters responsible for the synthesis of NRPSs such
as polymyxin and fusaricidins were also detected (Table S5).

3.8. Bioassay-Guided Fractionation and Identification of Active Metabolites

To identify the produced metabolites exhibiting anti-Xanthomonas activity, bioassay-
guided fractionations of active crude extracts of B. velezensis 71 and P. peoriae To99 cultures
were carried out using reverse-phase chromatography. The fractions that showed activity in
a disk diffusion assay were subjected to LC-ESI-MS runs (Figure S2). The mass spectral data
obtained from the active fractions and their comparison with mass spectral data available
for the products of antiSMASH-predicted gene clusters led to the identification of inhibitory
molecules active against Xanthomonas. Thus, analyzing the active chromatographic fraction
of the B. velezensis 71 crude extract led to the identification of ion peaks corresponding
to the polyketide oxydifficidin as the major active molecules (Figure 6), which are also
produced by B. velezensis FZB42.
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Similarly, performing the activity-guided chromatography on crude extracts of
P. peoriae To99 cultures led to the identification of ion peaks at m/z = 1157.7 and
m/z = 1143.8, corresponding to polymyxin A1 and A2 as the main inhibitory metabo-
lites against X. perforans [42] (Figure 7).
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4. Discussion

In pursuit of identifying potential biocontrol agents effective against leaf spot disease in
tomatoes, we conducted an extensive screening campaign focusing on direct antibiosis. Our
goal was to identify bacteria that produce antagonistic metabolites against phytopathogenic
species of Xanthomonas.

Interestingly, despite using multiple selective and non-selective culture media to
ensure a broad diversity among the isolates, most bacteria that exhibited the highest
activity against Xanthomonas species were predominantly from the Paenibacillus (16 isolates)
and Bacillus (6 isolates) genera. This was consistent regardless of the sample origin or the
nutrient medium used for isolation (Table S1). A significant proportion of these isolates
were derived from soil in the rhizosphere or various plant organs collected from agricultural
fields previously affected by leaf bacterial spot disease. This observation aligns with the
hypothesis that natural competitors might exist in environments previously afflicted by the
disease (selection based on ecological niche) (Table S1).

It is noteworthy that the Bacillus and Paenibacillus genera, both members of the phylum
Bacillota, are renowned for their extensive biosynthetic gene clusters. These clusters
often encode for non-ribosomal peptide synthetases (NRPSs) and polyketide synthases
(PKSs), leading to the production of a diverse array of antimicrobial compounds such
as lipopeptides (LPs) and polyketides (PKs) [43]. The roles of LPs and PKs in antibiosis
and biocontrol are well-documented [43–45]. However, the distribution of NRPS and PKS
gene clusters is not uniform across the different orders of Bacillota. Notably, the Bacillus
and Paenibacillus genera, from the order Bacillales, are predominant contributors to this
secondary metabolite gene cluster count [42]. In fact, known metabolites from Bacillus
amyloliquefaciens and Bacillus subtilis account for a significant portion of the LP and PK
diversity within the Bacillus genus [43].

The combined results of the whole-genome sequencing and ANI analysis revealed that
Bacillus isolate 71 and Paenibacillus isolate To99, possessing the highest anti-Xanthomonas
activity, belong to the B. velezensis and P. peoriae species, respectively. Both species are
well known for their vast capacity to promote plant growth and suppress plant pathogens
through diverse mechanisms [46,47]. Regarding direct antibiosis via the production of
antibacterial metabolites, few studies have identified the secondary metabolites implicated
in anti-Xanthomonas activity secreted from B. velezensis and P. peoriae species. In B. velezensis
FZB42, difficidin and bacilysin display in vitro and in vivo antibacterial activity against
Xanthomonas oryzae pv. oryzae and X. oryzae pv. oryzicola [21]. In another study, in vitro
and in vivo results demonstrated that Bacillus subtilis mutants deficient in the production
of bacillomycin or iturin A, similar compounds that are also produced by B. velezensis,
completely lost the ability to control bacterial leaf spot and soft rot pathogen of cucurbits, X.
campestris pv. cucurbitae [48]. Similarly, in a study with a Bacillus isolate, an iturin molecule
was found to have in vitro inhibitory activity against X. oryzae pv. oryzae [49].

In the case of Paenibacillus species, in a study similar to ours, da Silva et al. [50]
reported a Paenibacillus sp. isolate with strong in vitro and in vivo inhibitory activity of
cell-free filtrates against X. campestris pv. campestris. However, the active metabolite was not
identified. In another study by Ghazalibiglar et al. [51], several Paenibacillus spp. isolates
were reported to display inhibitory activity against X. campestris pv. campestris. However, no
correlation between the in vitro antagonist activity of isolates and their in vivo biocontrol
of black rot disease suppression in cabbage was found [51].

In the present study, the antiSMASH results along with the bioassay-guided fraction-
ation of culture extracts demonstrated that oxydifficidin and polymyxin A secreted by
B. velezensis 71 and P. peoriae To99, respectively, are mainly if not solely responsible for the
in vitro anti-Xanthomonas activity under in vitro conditions.

Oxydifficidin, the oxidized form of polyketide difficidin, is a broad-spectrum macrolide
antibiotic containing a highly unsaturated, 22-membered lactone with a hydroxyl sub-
stituent at C-5 and a phosphate group at C-15 [52].
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Chen et al. (2006) highlighted the detection of difficidin and oxydifficidin exclusively
in their deprotonated forms ([M-H]– = 543.4 and 559.3) when using the negative ioniza-
tion mode [40]. Conversely, while utilizing the positive ionization mode in our research,
we primarily identified oxydifficidin in its dephosphorylated state (m/z 463.4) and as a
dimer (m/z 1121.3), aligning with the findings by Wilson et al. (1987) and Dagher et al.
(2021) [52,53]. A further analysis in our study revealed other oxydifficidin species, with
potential annotations presented in Figure 6. The discrepancies in m/z values between our
study and previous ones could be attributed to variations in experimental conditions or
differences in instrument calibration. Only a few studies have previously reported the
antibacterial activity of difficidin produced by B. velezensis against phytopathogens such as
X. oryzae [21] and Erwinia amylovora [53,54]. Here, we extended the potential application of
oxydifficidin to suppressing Xanthomonas-caused tomato leaf spot diseases. Indeed, while
the antibacterial activity of these metabolites and their analogues is well established, their
functions with regards to plant associations and triggering plant defense mechanisms re-
main to be established [55,56]. Overall, difficidin- and oxydifficidin-producing species such
as B. velezensis are recognized as potent biocontrol agents that play a crucial role in plant
health [47,57]. Difficidin is also able to cause the downregulation of the expression of genes
involved in Xanthomonas virulence, cell division, and protein and cell wall synthesis [21].
However, additional studies are required to further understand the exact mechanisms
involved in their antibiosis action on the leaf surface.

Polymyxin A, a less-studied member of the polymyxin family with potent antimicro-
bial activity against almost all Gram-negative bacteria [43], is a cyclic cationic decapeptide
possessing an unusual α,γ-diaminobutyric acid (Dab) residue with a D-configuration at
position 3. Polymyxin A, as reported previously and identified here, consists of two species,
polymyxin A1 and A2, which are N-terminally acylated by (S)-6-methyloctanoic acid and
(S)-6-methylheptanoic acid, respectively [42].

In spite of displaying excellent antibacterial activity and while being considered the
last resort option in fight against multi-drug-resistant Gram-negative bacteria, the clinical
utility of polymyxins is limited by their toxicity [58]. In protection against phytopathogens,
reports of studying the activity of polymyxins against phytopathogenic Xanthomonas spp.
are rare, and such reports date back to 70 years ago when polymyxins were newly dis-
covered [59]. Similarly, there are only a few studies that have demonstrated the role of
polymyxins produced from Paenibacillus spp. against other phytopathogenic bacteria. Niu
et al. [60] reported on the in vitro antagonistic activity of polymyxin P from P. polymyxa
M-1 as the main component of biocontrol in the suppression of E. amylovora Ea273 and
Erwinia carotovora.

In the present study, direct antibiosis was used as the screening strategy and the
screening was designed to discover isolates that secrete the antagonist metabolites, it should
be noted that achieving consistent and efficient field performance in suppressing bacterial
pathogens will also depend on other capabilities of the isolate, such as competition for
nutrients and space, indirect antagonism, and host plant immunization [61]. Indeed, one of
the advantages of microbial biopesticides compared to most other phytosanitary products
is their multiple mechanism of action. Hence, in our growth chamber and greenhouse
assays, apart from testing the cell-free supernatants of spent cultures, we also evaluated
the capacity of the bacterial cells for leaf surface colonization and pathogen suppression.

In the leaf surface colonization assays, B. velezensis 71 and P. peoriae To99 remained
viable after 6 days, and even the CFU/leaf rates of both isolates increased over that period.
Furthermore, contrary to the tomato leaves treated with either B. velezensis 71 or P. peoriae
To99, several morphologically different colonies were isolated from untreated tomato
leaves, which suggests the role of B. velezensis 71 or P. peoriae To99 in ecological niche
exclusion. The ability of Bacillus isolates to colonize plant leaves, thereby protecting them
from different phytopathogens, was shown in other studies. Bacillus sp. strain 5B6, isolated
from the leaves of cherry trees, exhibited leaf-colonizing capacity and promoted the plant
growth of Prunus avium L [62]. In another research, bacilli spore preparation significantly
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improved leaf growth parameters such as the leaf thickness and photosynthesis capacity,
indicating that bacilli treatment directly promotes leaf growth [63]. In addition, foliar
treatment by bacilli improved fruit quality indicators including the water, glucose, and
sucrose contents [63].

Interestingly, in this study, the preventive application of cell suspensions of both B.
velezensis 71 and P. peoriae To99 alone demonstrated better or comparable efficiency in
disease suppression than the combined use of Kocide and Mancozeb when tested in growth
chamber and greenhouse conditions. These results suggest that the biocontrol mechanisms
of both isolates against leaf spot disease in tomato plants is not limited to the direct antibiosis
and is likely attributed to other well-reported plant-growth-promoting mechanisms of these
two strains [46,47]. Moreover, the curative and preventive growth chamber results, along
with the greenhouse trial results, validated our screening strategy based on the secretion of
anti-Xanthomonas metabolites as cell-free spent culture supernatants of both B. velezensis
71 and P. peoriae To99, which demonstrated comparable efficacy levels of leaf spot disease
suppression when compared with combined Kocide and Mancozeb, which are widely
being used by growers.

5. Conclusions

Collectively, the results of this study demonstrate that B. velezensis 71 and P. peoriae
To99, at least partially thanks to the production of their metabolites (including oxydifficidin
and polymyxin A), have potent antagonistic activity against Xanthomonas spp., the causal
agents of leaf spot in tomato plants, under both laboratory and greenhouse conditions.
Therefore, in future work, a potential biocontrol product based on cells of B. velezensis 71 and
P. peoriae To99, together with their metabolites, could be a potential suitable replacement for
copper- and dithiocarbamate-based products in controlling bacterial spot disease caused
by Xanthomonas species.

6. Patents

Dagher, Fadi, Eric Déziel, and Snizhana Olishevska. “Bacterial And Fungal Metabolites
Possessing Anti-Microbial Activity Against Xanthomonas Species, Compositions, Methods,
Kits, And Uses Relating To the Same”. Patent No. US 11,089,785.
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