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Abstract: Olive quick decline syndrome (OQDS), which is caused by Xylella fastidiosa, poses a severe
threat to the agriculture of Mediterranean countries and causes severe damage to the olive trees
in Italy. Since no effective control measures are currently available, the objective of this study was
the screening of antagonistic bacteria that are potentially deployable as biocontrol agents against
X. fastidiosa. Therefore, two approaches were used, i.e., the evaluation of the antagonistic activity
of (i) endophytic bacteria isolated from two different cultivars of olive trees (Leccino and Ogliarola
salentina) and (ii) epiphytic bacteria isolated from the phyllospheres of different host plant species of
X. fastidiosa. In vitro dual culture tests showed that 12 out of 200 isolates inhibited X. fastidiosa growth,
with appearances of clear zones between 4.0 and 38.6 mm. 16S rRNA gene sequencing revealed
different species of the genera Paenibacillus, Bacillus, Pantoea, Microbacterium, Stenotrophomonas, Delftia,
and Pseudomonas. Furthermore, an investigation for antimicrobial activity identified 5 out of the
12 antagonistic bacteria, Paenibacillus rigui, Bacillus subtilis, Bacillus pumilus, Microbacterium oxydans,
and Stenotrophomonas rhizophila, that were able to produce culture filtrates with inhibitory activities.
Our results are promising for further investigation to develop an eco-sustainable strategy to control
X. fastidiosa using biocontrol agents or their secreted metabolites.

Keywords: subspecies pauca; in vitro screening; dual culture; biocontrol agents; antimicrobial activity

1. Introduction

In autumn 2013, a disease outbreak affecting olive trees was reported in the region
of Apulia (south of Italy). It was named Olive Quick Decline Syndrome (OQDS) disease
and is caused by Xylella fastidiosa subspecies pauca ST53 De Donno strain, a xylem-limited
phytopathogenic bacterium [1–4]. Xylella fastidiosa has very high pathogenicity on the local
olive cultivars ‘Cellina di Nardò’ and ‘Ogliarola salentina’ and different ornamental and
perennial hosts [5]. In the plant, X. fastidiosa shares many characteristics with vascular
pathogens in terms of symptom development, beginning with leaf scorch and ending dra-
matically with total decay [6]. The incidence of the disease has increased rapidly through
the heavily olive-grown countryside of the Salento peninsula. The epidemic has caused
the decline of millions of olive trees, despite available containment measures being taken.
Unfortunately, there are still no effective measures against the bacterium. Thus, there is an
increased interest in biological control through antagonistic microorganisms [7,8]. Some
bacteria may possess direct antagonistic activities against pathogens through hyperpara-
sitism or antibiosis. Meanwhile, indirect antagonists can control diseases by inducing or
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enhancing plant resistance to pathogen infections or competing for nutrients [9]. Bacterial
antagonists may be rhizospheric, phyllospheric, or endophytic microorganisms, which are
classified according to their inhibiting environment. Direct antagonists, which actively
produce a broad spectrum of antimicrobial metabolites, are considered the most effec-
tive against competitors, allowing advantages for antibiotic-producing microorganisms in
resource-limited environments. There are a large number of known antibiotics produced in
small amounts by many endophytic microorganisms and released into the environment [10].
The production of antimicrobial metabolites, mostly with broad-spectrum activities, has
been reported for biocontrol bacteria belonging to Agrobacterium, Bacillus, Pantoea, Pseu-
domonas, and many other genera. Bacillus genera have been observed to produce several
antimicrobial substances such as non-ribosomal lipopeptides (LPs), iturins, fengycins, sur-
factins, and serine proteinase subtilisin [11,12], while Pseudomonas genera have been more
associated with antibiotic metabolites such as pyrrolnitrin and phenazine [13]. Indeed,
the lack of any therapeutic formulation for curing infected olives further emphasizes the
need to develop effective and sustainable control strategies. So far, few studies have been
conducted to retrieve direct antagonists for a better biocontrol strategy of X. fastidiosa. Par-
ticularly, the endophyte Curtobacterium flaccumfaciens was found to limit the in vitro growth
of X. fastidiosa and reduce the symptoms generated in Catharanthus roseus [14]. Moreover,
the endophytic bacterium Paraburkholderia phytofirmans strain PsJN was reported to control
X. fastidiosa infections in the grapevine [15]. Recently published studies have stated the
absence of native antagonists isolated from Apulian olive trees to inhibit X. fastidiosa ST53
growth in vitro [16]. Furthermore, other research explored the involvement of microbial
endophytes residing in the sapwood of Apulian olive cultivars that might be a promising
control strategy for xylem-colonizing pathogens such as X. fastidiosa and in the expression
of resistance characteristics against OQDS [17]. In our study, we targeted olive endophytic
and epiphytic bacterial populations inhabiting the leaf surfaces of different host species by
in vitro screening assays for their direct antagonistic activities. Moreover, we tested their
abilities to produce antimicrobial substances against X. fastidiosa subspecies pauca ST53 in
liquid culture.

2. Materials and Methods
2.1. Sampling and Isolation of Endophytic and Epiphytic Bacteria

A sampling of plant material within the Apulian demarcated area of X. fastidiosa
was carried out at two sites, an Xf-free area and an Xf-infected zone, as defined in the
Commission implementing Decision (EU) 2018/927 and in the Decision of the Regional
Plant protection Service. A total of 16 samples were collected from different host species:
Olea europaea, Polygala myrtifolia, Rosmarinus officinalis, Nerium oleander, Laurus nobilis, Myrtus
communis, Prunus dulcis, and Prunus avium (2 samples from each plant species, 1 sample
per site). Moreover, a total of 20 symptomatic and asymptomatic olive trees were randomly
selected at the two sites. The trees under study were 10 from the resistant cv. Leccino (5 trees
per site) and 10 susceptible olive trees from the cv. Ogliarola salentina (5 trees per site).
For the endophytic bacterial isolation, four twigs were sampled from each olive sample
tree in relation to the different cardinal points of the canopy. After washing with running
tap water, 8–10 cm long twigs were surface-sterilized using 2% sodium hypochlorite for
2 min and 70% ethanol for 2 min and rinsed three times in sterilized water. Thereafter,
plant sap was obtained through the patented sap extraction method (CIHEAM/MAIB,
Patent number WO2017017555A1). With this method, twigs and sterilized rubber tubes
were attached with parafilm to a syringe containing 2 mL of PBS buffer or sterile water.
The syringe was gently and slowly pressed to push the plant sap out of the twig, which
was collected in an Eppendorf tube. Aliquots of 0.1 mL from a 10-fold serial dilution
of the extracted sap were plated onto nutrient agar and King B media [18,19]. For the
epiphytic bacteria isolation, 10 leaves were picked randomly from each plant species,
washed separately in flasks containing 50 mL of sterile distilled water and gently shaken for
2 h at 150 rpm [20,21]. Subsequently, a dilution series was made of each washing solution
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and, as previously described, 100 µL were spread onto king B and nutrient agar media.
After 3 days of growth at 25 ◦C, the single bacterial colonies were purified by repeated
streaking on the same medium.

2.2. Screening of Antagonistic Activity In Vitro

The antagonistic activity of the isolated bacteria against X. fastidiosa was studied on
BCYE solid nutrient medium by the modified dual culture method previously described
by Zicca et al. [16]. To evaluate the antagonistic activity, bacteria were co-plated in the
following order: Three drops of X. fastidiosa suspension (106 CFU/mL), each containing
20 µL, were placed at the top of the petri dish, 1 cm apart, and allowed to slowly flow
down to the opposite side of the plate, resulting in three parallel rows of X. fastidiosa
cultures. After 24 h of incubation at 28 ◦C, a 5 µL aliquot of a suspension of the potential
BCA (108 CFU/mL) was placed on top of each row of X. fastidiosa cultures, and ampicillin
(20 µg/mL) was used as a positive control. After 7–12 days of incubation at 28 ◦C, the
antagonistic activity was detected as an inhibition zone of X. fastidiosa growth, which was
measured as the distance between the edges of X. fastidiosa growth and the growth of the
tested strain. The tests were performed in triplicate.

2.3. Molecular Characterization and Identification of Antagonistic Bacteria

DNA fingerprinting was performed to investigate the degree of differentiation in
antagonistic bacterial isolates. ERIC-PCR was performed on bacterial DNA extracted
by the classical phenol-chloroform method [22] and used as a template in a PCR re-
action with the primer pair ERIC1R/ERIC2 (5′-ATGTAAGCTCCTGGGGATTCAC-3′/
5′-AAGTAAGTGACTGGGGTGAGCG-3′) [23]. The PCR reaction was performed in a total
volume of 25 µL and contained 12.5 µL of 2X Master Mix PCR (ThermoFisher Scientific,
Milan, Italy), 0.5 µL of each forward and reverse primer (10 mM), and 2 µL of genomic DNA.
Amplifications were performed, starting with an initial denaturation at 95 ◦C for 7 min,
followed by 30 cycles (94 ◦C for 1 min, 52 ◦C for 1 min, and 65 ◦C for 8 min) and a final step
at 65 ◦C for 16 min before cooling at 4 ◦C. Amplicons were separated by electrophoresis in
a 2% TBE agarose gel, and banding patterns were visualized using the Gel Doc EZ system
(BIORAD, Milan, Italy). The gel image was exported to Gel-Quest software for smoothing,
baselining, peak detection, and fragment size determination. Meanwhile, the software
Cluster-Vis was extensively used to construct a phylogenetic tree (1000 bootstrap repeats)
based on the amplified bands, which were analyzed and scored (0) for absence and (1) for
presence among the lanes (Supplementary File S1). For bacterial identification, the 16S
rDNA gene was amplified by polymerase chain reaction (PCR) using approximately 50
ng of genomic DNA in a final volume of 25 µL. Almost the entire gene (approximately
1300 bp) was amplified using primer pairs 63f (5′-CAGGCCTAACACATGCAAGTC-3′)
and reverse primer 1387r (5′-GGG CGGWGTGTACAAGGC-3′) [24]. The PCR mixtures
contained 2 µL of 50 ng/µL template DNA, 5 µL of 5X Phusion Green HF buffer (Ther-
moFisher Scientific, Milan, Italy), 0.5 µL of 50 mM MgCl2, 0.5 µL of 10 mM dNTP, 0.4 µL
of 10 µM solutions of each primer, 0.6 µL of DMSO, 0.25 µL of 2.0 U/µL Phusion DNA
polymerase (ThermoFisher Scientific), and nuclease-free water to a reaction volume of
25 µL. The PCR cycle parameters were as follows: 98 ◦C for 30 s, followed by 35 cycles
at 98 ◦C for 10 s, at 55 ◦C for 30 s, and at 72 ◦C for 45 s, and a final extension at 72 ◦C
for 7 min. The reaction products were analyzed by electrophoresis in 1.2% TAE agarose
gel, and DNA bands were visualized on the Gel Doc EZ system (BIORAD, Milan, Italy).
The amplification products were sequenced in both directions using Eurofins Genomics
(https://www.eurofinsgenomics.eu/, accessed on 26 January 2021). The accuracy of the ob-
tained sequences was evaluated using FinchTV (version 1.4.0, Denver, CO, USA) software
(http://www.geospiza.com/finchTV, accessed on 26 January 2021). The sequences were
submitted to the National Center for Biotechnology Information (NCBI) BLAST online
search engine. The assigned sequences that had ≥ 98% identity to a valid sequence were
deposited in NCBI under specific accession numbers.

https://www.eurofinsgenomics.eu/
http://www.geospiza.com/finchTV
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2.4. Antimicrobial Activity against X. fastidiosa in Culture Filtrates of Antagonistic Strains

All the antagonistic strains used in this study were evaluated for their antimicrobial
compound production in liquid culture against X. fastidiosa ST53 by a well diffusion
test [16,25]. In detail, a 2% bacterial suspension (106 CFU/mL) was inoculated in 20 mL
of PD3 broth and incubated under shaking (150 rpm) at 26 ◦C. After 48h of incubation,
the cultures were sampled and cell-free culture filtrates were obtained by centrifugation
(10,000 rpm, 4 ◦C, 10 min) and filtration through 0.22 µm filters. Thereafter, PD3 agar plates
were seeded with an X. fastidiosa suspension to obtain three rows, as previously described.
Subsequently, at the end of the middle row, a well (8 mm diameter) was made and filled
with 200 µL of culture filtrate. Tests were performed in triplicate. Plates were incubated at
28 ◦C for at least 6 days and the antimicrobial activity was detected as an area of X. fastidiosa
growth inhibition and was measured as the distance between the well and the X. fastidiosa
growth.

2.5. Statistical Analysis

Statistical analysis was performed using GraphPad software (Version, 8.0.2, San Diego,
CA, USA). Data concerning antagonistic activity were compared by applying a one-way
ANOVA followed by Tukey’s test to determine significantly different values (p < 0.05).

3. Results
3.1. In Vitro Antagonistic Activity against X. fastidiosa

Seasonally, an approximate average of 3400 bacterial isolates were obtained, belong-
ing to the sampled olive varieties. Among them, 111 isolates were selected as the most
frequently isolated, and based on the morphological properties, they were clustered into
16 groups. Additionally, a total of 89 bacterial epiphytic isolates were obtained from the
different sampled host plant species. Overall, differences were observed between the
bacterial population sizes of various leaves. The highest bacterial population was recorded
on Polygala myrtifolia leaves (1.23 × 105 CFU/cm2), and the lowest was observed on Laurus
nobilis leaves (2.30 × 103 CFU/cm2). A total of 200 endophytic and epiphytic bacteria were
screened for their ability to inhibit X. fastidiosa by in vitro dual culture assay. The results
showed that 12 of the tested isolates had antagonistic activities against X. fastidiosa (Table 1).

Table 1. Epiphytic and endophytic bacteria isolates and their antagonistic activities against X. fas-
tidiosa ST53. Different letters indicate statistically different antagonistic activities of epiphytic and
endophytic isolates with p < 0.05 as determined by one-way analysis of variance (ANOVA) followed
by Tukey’s test.

Bacteria Isolate Host Plant Accession
Number

% of 16S rRNA
identity

Inhibition Zone
(mm)

Epiphytes

Pseudomonas graminis BA2 Rosmarinus officinalis MW769929 98.28 6 ± 0.82 f

Delftia acidovorans BA30 Rosmarinus officinalis MW769937 100.0 8 ± 0.82 ef

Pantoea agglomerans BA69 Nerium oleander MW769928 99.91 34 ± 1.63 a

Microbacterium oleivorans BA91 Olea europaea S MW769930 99.03 4 ± 0.81 j

Stenotrophomonas rhizophila BA102 Polygala myrtifolia MW769932 100.0 12.3 ± 1.63 de

Microbacterium oxydans BA104 Polygala myrtifolia MW769934 99.82 16.6 ± 1.26 bc

Microbacterium phyllosphaerae BA111 Polygala myrtifolia MW769936 99.91 7 ± 0.81 f

Endophytes

Paenibacillus naphthalenovorans L49 Olea europaea L MZ047304 99.91 38.6 ± 0.94 a

Paenibacillus rigui S55 Olea europaea S MZ047306 99.25 21.6 ± 0.47 b

Pseudomonas hibiscicola L77 Olea europaea L MZ047305 99.50 15 ± 0.4 cd

Bacillus pumilus L36 Olea europaea L MZ047307 99.69 9.8 ± 0.23 ef

Bacillus subtilis L39 Olea europaea L MZ047308 100.0 19 ± 0.4 bc

L: Leccino; S: Ogliarola salentina. The letters are indication of the mean differences significantly.
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For epiphytic bacteria, isolates BA69, BA104, and BA102 showed the highest activities,
causing very large inhibition halos (Figure 1), with mean growth zones of 34, 16.6, and
12.3 mm, respectively. BA91, BA2, and BA111 isolates were weak inhibitors of the pathogen,
with mean inhibition zones of 4, 6, and 7 mm, respectively. The antagonistic activities
of endophytic bacteria were also remarkable. L49 isolate exhibited a complete inhibition
on s BCYE agar plate (Figure 1). Furthermore, S55, L36, and L77 isolates were able to
strongly curtail X. fastidiosa growth, as indicated by the clearing zones of 21.6, 19, and
15 mm, respectively (Table 1), suggesting that these isolates could efficiently inhibit the
growth of X. fastidiosa.
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Figure 1. Dual-culture assay of antagonistic activities of epiphytic and endophytic bacteria isolated
from different host plant species against X. fastidiosa ST53.

3.2. Molecular Characterization and Identification of Antagonistic Bacteria

From the sequences and BLAST results, epiphytic antagonistic bacteria were isolated
as follows: M. oleivorans (BA91) from Ogliarola salentina, M. phyllosphaerae (BA111) and
M. oxydans (BA104) from P. myrtifolia. Two species of the genus Bacillus, subtilis and pumilus,
were isolated from Leccino plants. Endophytic bacteria S55 and L49 showed the highest
similarity with Peanbacillus rigui (99.25%) and P. naphthalenovorans (99.91%). The genus
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Pseudomonas was also isolated from the cvs. Ogliarola salentina and Rosmarinus officinalis,
with isolates belonging to the species garminis and hibiscicola. Furthermore, other species
assigned to the genera Delftia, Pantoea, and Stenotrophomonas were isolated from different
ornamental plants, namely, R. officinalis, N. oleander, and P. myrtifolia. The results from the
ERIC-PCR analysis highlighted diverse ERIC-PCR profiles, indicating the genetic diversity
of the epiphytic and endophytic bacterial antagonistic isolates, even if obtained from the
same host plant and belonging to the same genera (Figure 2) (Supplementary File S1).
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Figure 2. Gel-like image of ERIC-PCR profiles of endophytic bacteria isolated from olive plants and
epiphytic bacteria isolated from different host plants (Table 1).

3.3. Antimicrobial Activity against X. fastidiosa in Culture Filtrates of Antagonistic Strains

All the antagonistic isolates used in this study were also tested for the production of
antimicrobial compounds against X. fastidiosa ST53 in liquid culture. Our results indicated
that the cell-free supernatants (CFS) of B. subtilis L39, B. pumilus L36, P. rigui S55, S. rhizophila
BA102, and M. oxydans BA104 showed relevant antimicrobial activities. These activities
were statistically different between the species (Figure 3). The lowest antimicrobial activity
was recorded from M. oxydans BA104, whereas the highest inhibition of X. fastidiosa was
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observed in the presence of CFS of B. subtilis L39, with an inhibition zone of more than
30 mm, followed by S. rhizophila BA102, B. pumilis L36, and P. rigui S55, respectively. Cell-
free supernatants from these three isolates formed inhibition halos of between 15.0 and
25.0 mm on X. fastidiosa cultures. Interestingly, the isolates proved to be strongly inhibitory
in the direct antagonism assay (Table 1) and produced CFSs with no visible inhibitory
activities against X. fastidiosa ST53.
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B. subtilis L39, P. rigui S55, M. oxydans BA 104, and S. rhizophila BA 102. Different letters indicate
statistically different antimicrobial activities with p < 0.05 as determined by one-way analysis of
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M. oxydans BA 104 against X. fastidiosa ST53 on PD3 medium.

4. Discussion

Microbial communities inhabit both the external surfaces (epiphytes) and internal
spaces (endophytes) of crops, playing a key role in protecting them against plant
pathogens [26,27]. A high number of epiphytic bacteria have already been reported
successfully as biocontrol agents (BCAs) against several phytopathogens [28–30]. The
implementation of sustainable approaches in the plant protection sector has become a
major research topic over the last years, and new strategies, such as nanotechnology tools
combined with the circular economy starting from agro-industrial waste, could support
the exploitation of active compounds produced by BCAs such as those isolated in this
study [31–33]. Indeed, there is also increasing evidence of the beneficial effects of bacterial
endophytes on the host plants, as they are considered to be able to promote plant growth
and health through indirect mechanisms, such as plant pathogen inhibition [34,35]. This
last feature makes endophytic bacteria promising biocontrol agent candidates that are
potentially able to compete with plant pathogens inhabiting the same niche. Our results
clearly indicate the in vitro antagonistic activity of seven epiphytic bacteria belonging
to different species of the genera Stenotrophomonas, Pantoea, Microbacterium, Pseudomonas,
and Delftia.

It is interesting to note that these species were previously reported from diverse plants
and microenvironments. They are also able to live in the endosphere of plants, [36–38] and,
in the case of X. fastidiosa, it is essential to select a potential biocontrol agent among the
epiphytic bacteria able to colonize the xylem. Therefore, further research is necessary to
ascertain the efficiency of endophytic colonization by the epiphytic antagonists identified
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in this study. Microbes arrive on the phyllosphere rather stochastically via the air, soil,
rain, or insects, and only selected taxa successfully colonize the phyllosphere [39]. Fre-
quently occurring genera in phyllosphere communities are Methylobacterium, Sphingomonas,
Pseudomonas, and Pantoea [40–42]. In these findings, Stenotrophomonas, Microbacterium, and
Delftia genera were successfully isolated from the leaf surfaces of Polygala myrtifolia, Olea
europaea, and Rosmarinus officinalis. Among the different epiphytic antagonists observed
in our results, Pantoea agglomerans BA69 demonstrated the strongest antagonistic activity
against X. fastidiosa ST53 in a dual-culture bioassay. The genus Pantoea contains several
plant pathogens as well as biocontrol agents that are effective against a range of pathogens,
such as Botrytis cinerea, Xanthomonas campestris, and the most extensively studied, Erwinia
amylovora [43]. In our results, a high level of antimicrobial activity was observed in two
epiphytic isolates, BA102 and BA104, which were closely related to S. rhizophila (100%) and
M. oxydans (99%), respectively. This result is in agreement with previous studies about the
potential to control pests and the antimicrobial activity of M. oxydans [44,45].

Other studies have reported the capacity of S. rhizophila to antagonize different plant
pathogens in vitro, such as Verticillium dahliae, Pythium ultimum, Rhizoctonia solani, Col-
letotrichum gloeosporioides, and Sclerotinia sclerotiorum, among others [46,47]. In addition,
the detection of protease [48] and VOCs was previously reported for S. rhizophila. In fact,
bacterial VOCs can have direct antagonistic effects against other bacteria. For instance,
Pseudomonas fluorescens WR-1 produces volatiles such as benzothiazole and 1-methyl naph-
thalene with bacteriostatic effects against the tomato pathogen Ralstonia solanacearum [49].
Indeed, VOC production by S. rhizophila has already been identified as an antagonist mecha-
nism toward phytopathogens, mainly by the production of b-phenylethanol and dodecanal,
although there are still different VOCs produced by bacteria that have not yet been identi-
fied [50]. In particular, the antimicrobial properties of b-phenylethanol have been found to
alter the permeability of the plasma membrane, disrupt amino acids and the sugar trans-
port system, and inhibit macromolecular synthesis, preventing phytopathogen growth [51].
Although it remains to be ascertained in further studies, the involvement of one or more
VOCs produced by S. rhizophila in the antagonistic activity against X. fastidiosa is plausible.
Moreover, the findings of this study provide evidence of the antagonistic capacity of the
species P. garminis BA2, M. oleivorans BA91, M. phyllospahrea BA111, and D. acidovorans
BA30 against X. fastidiosa ST53. In general, these species have been cited in previous
studies for their potential antagonistic abilities against other phytopathogens [52–56]. To
our knowledge, this is the first report about the potential antagonistic activities of epiphytes
against the phytopathogen X. fastidiosa ST53.

Importantly, our results point out the highest in vitro antagonistic activity of Bacillus
isolates and P. rigui, even with the production of culture filtrates that inhibit pathogen
growth, likely by secreting active substances in the liquid medium. Those isolates, together
with the above-mentioned M. oxydans and S. rhizophila and differently from the other
isolates, show antagonistic and antimicrobial capacities, suggesting that the mode of action
of these isolates is different from the other bacteria used in this study. In general, Bacillus
strains are well-known for their ability to secrete a variety of antimicrobial compounds,
and some of them have already been considered and registered as biocontrol agents against
various plant pathogens. As an example, the strain Q713 of B. subtilis produces lipopeptides
belonging to the families of the surfactins, iturins, and fengycins [57]. Moreover, the genes
responsible for the production of these substances as well as antibiotics, such as macrolactin,
bacilysin, and difficidin, have been identified in its genome [58]. These findings coincide
with recent results, which concluded that several Bacillus strains were able to inhibit the
in vitro growth of X. fastidiosa ST53 [16]. Furthermore, the results of this study provide
evidence that P. rigui is able to produce substances with inhibitory effects in liquid culture.
Many Paenibacillus species compete with other microorganisms through the production of
a wide range of antimicrobial compounds such as peptides that are extremely significant
for biocontrol in agriculture [59]. Overall, different studies have indicated the effects of
pH, temperature, and enzymatic degradation on the activities of culture supernatants [60].
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In this regard, several Bacillus species were shown to be insensitive to different enzymes
and chemicals and were heat-stable and active in a wide pH range [61]. Temperature
and pH stability were also observed in Peanbacillus species [62]. In this context, future
experiments are recommended to confirm the stability of the antimicrobial activity of the
culture supernatant identified in this study.

It is noteworthy that P. naphthalenovorans showed complete antagonistic inhibition
in vitro; however, no antimicrobial activity was observed. Moreover, P. agglomerans, P. grami-
nis, M. oleivorans, M. phyllospharaea, D. acidovorans, and P. hibiscola showed only antagonistic
activities without inhibitory effects by cell-free suspensions. For these isolates, it is unlikely
that the production of antimicrobial compounds is important because growth inhibition
was only observed when there was a direct cell-to-cell interaction. A possible explanation
for this result is that the antagonistic activities were mediated by mechanisms such as lytic
enzymes, space, and nutrient competition [63,64]. Moreover, the production of secondary
metabolites in dual in vitro culture assays also depends on the nutrient concentration and
composition of the chosen medium. In particular, the fastidious growth of X. fastidiosa and
the faster growth rate of antagonistic bacteria allow them to deplete the nutrient availability
and thus limit X. fastidiosa growth [65].

5. Conclusions

In this study, bacterial control agents against X. fastidiosa were successfully isolated
from different host plants. These agents were different endophytic and epiphytic species
belonging to the genera Paenibacillus, Bacillus, Pantoea, Microbacterium, Stenotrophomonas,
Delftia, and Pseudomonas. More specifically, M. oxydans, S. rhizophila, B. subtilis, B. pumilus,
and P. rigui were also able to secrete inhibitory substances in cell-free suspensions. There-
fore, their mode of action requires further study. In addition, research on the secreted
antibacterial compounds is also recommended in natural field conditions.
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