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ARTICLE INFO ABSTRACT

Pseudomonas sp. MP12 was isolated from a soil sample collected in a typical warm-temperate deciduous forest
near Brescia, Northern Italy. Phylogenetic analysis identified the species as Pseudomonas protegens. We evidenced
in this strain the presence of the genes phID, pitB and prnC responsible for the synthesis of the antifungal
compounds 2,4-diacetylphloroglucinol (2,4-DAPG), pyoluteorin and pyrrolnitrin, respectively. P. protegens MP12
was also shown to produce siderophores and ammonia, yielded positive results with the indole-3-acetic acid test,
and was capable of phosphate solubilization. Moreover, P. protegens MP12 exhibited inhibitory effects on in vitro
mycelial growth of prominent grapevine (Vitis vinifera) phytopathogens such as Botrytis cinerea, Alternaria al-
ternata, Aspergillus niger, Penicillium expansum and Neofusicoccum parvum. The strain showed activity even against
Phaeomoniella chlamydospora and Phaeoacremonium aleophilum, which cause the devastating tracheomycosis/
esca disease of grapevine trunks for which no efficacious control methods have been demonstrated so far.
Furthermore, the MP12 strain manifested in vivo antifungal activity against B. cinerea on grapevine leaves.
Culture-dependent and culture-independent analysis revealed the ability of P. protegens MP12 to efficiently and
permanently colonize inner grapevine tissues. These results suggest that P. protegens MP12 could be worth of
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exploitation as an antifungal biocontrol agent for applications in viticulture.

1. Introduction

The bacterial genus Pseudomonas includes a variety of species that
occur in a broad range of ecological niches such as soils and water
bodies as well as plant and animal tissues (Nikel et al., 2014). Soil-
borne Pseudomonas species in particular show considerable metabolic
versatility, which shapes and affects their interactions with other
telluric biota (Raaijmakers and Mazzola, 2012; Silby et al., 2011).
Moreover, a number of Pseudomonas strains have been isolated and
characterized as plant growth-promoting (PGP) bacteria (Bensidhoum
et al., 2016; Olorunleke et al., 2015). PGP bacteria confer beneficial
effects on plant health and productivity by improving the availability
and assimilation of nutrients, through phosphate solubilization and
siderophore release, or by synthesizing specific active compounds (e.g.
indole-3-acetic acid (IAA) and 1-aminocyclopropane-1-carboxylate
(ACQ)) that influence plant development. PGP bacteria can also an-
tagonize phytopathogens and reduce the consequential loss of plant
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productivity via mechanisms such as competitive root colonization, the
production of antimicrobial compounds, the release of hydrolytic en-
zymes, the production of HCN and ammonia, and the induction of
systemic resistance (Lugtenberg and Kamilova, 2009; Hardoim et al.,
2015).

Endophytes are defined as “all microorganisms which for all or part
of their life time colonize internal plant tissues” (Hardoim et al., 2015).
Endophytes colonize the majority of plant species including grapevine
(Andreolli et al., 2017; Hardoim et al., 2015). Endophytic bacteria in-
clude species with different behavioral strategies in terms of plant—
microbe interactions, such as latent pathogenicity, mutualism, com-
mensalism and unilateral exploitation (Schulz and Boyle, 2006).

Pseudomonas spp. strains with PGP traits have been identified
among the endophytes of different herbaceous and woody plants
(Campisano et al., 2015; Wu et al., 2016). Indeed, the spontaneous
invasion of internal plant tissues by non-deleterious PGP Pseudomonas
strains often induces resistance against abiotic and biotic stress
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(Bensidhoum et al., 2016; Sandhya et al., 2010; Sang and Kim, 2014).
Therefore, the use of beneficial endophytic bacteria to control plant
pathogens offers an ecofriendly alternative to pesticides (Abdelwahab
et al., 2016).

Grapevine (Vitis spp.) is the mostly widely-cultivated fruit crop in
the world and economically the most important tree, mainly because
the berries are processed to make wine (FAOSTAT, 2011). Therefore,
opportunities to promote the healthy growth of grapevine crops by
using biological control strategies to hinder the development of phy-
topathogens are of great interest. For instance, PGP rhizobacteria can
stimulate grapevine vegetative development and mineral acquisition
(Sabir et al., 2012) and increase chilling resistance (Ait Barka et al.,
2006). Moreover, PGPR can retard water losses, induce accumulation of
abscisic acid and the synthesis of defense-related terpenes in grapevine
(Salomon et al., 2014). Burkholderia phytofirmans PsJN (now known as
Parabulkholderia phytofirmans) is the most studied endophytic bacterial
strain tested thus far that shows potential PGP activity in viticulture
(Ait Braka et al., 2000; Ait Barka et al., 2002, 2006; Compant et al.,
2005). Therefore, strains with PGP characteristics are highly desirable.

Here we report the taxonomic classification of the novel bacterial
strain Pseudomonas protegens MP12, which was found in a woodland soil
sample from the countryside near Brescia (Lombardia, Italy), and the
characterization of its PGP traits. The ability of this strain to colonize
the inner tissues of grapevine plants as an endophyte was also de-
termined using culture-dependent and culture-independent methods.

2. Materials and methods
2.1. Strains and culture conditions

The Pseudomonas sp. strain named MP12 described herein was iso-
lated from forest soil sampled in Brescia, northern Italy, a region
dominated by hardwood forests predominantly containing the tree
genera Fagus, Castanea and Quercus. Briefly, 5g of soil samples were
stirred in 45 ml of physiologic solution (0.9% NacCl) for 1 h. The samples
were serially diluted, plated on R,A-agar (Oxoid) and incubated at
27 °C for 5 days. Morphologically distinct bacterial colonies emerging
on the plates were selected and streaked on fresh media to obtain pure
cultures. Among these isolates, the strain MP12 was chosen for the
characteristics described in Results.

The strain MP12 was grown and maintained in King B (King et al.,
1954) broth or agar (King B broth containing 1.5% w/v bacteriological
agar). Two reference strains obtained from the German Collection of
Microorganisms and Cell Cultures (DSMZ) were also used in this study:
Pseudomonas protegens DSM 19095" as type strain of the P. protegens
species and Parabulkholderia phytofirmans DSM 17436", previously
known as Bulkholderia phytofirmans PsJN. This latter strain was chosen
for comparison as it is a well-known bacterial strain tested so far for its
PGP activity in viticulture (Ait Braka et al., 2000; Ait Barka et al., 2002,
2006; Compant et al., 2005).

2.2. Phylogenetic analysis

Total DNA was extracted from cultures grown in King B broth for 2
days at 30 °C as described by Andreolli et al. (2016a). PCR was carried
out in a 25-pl reaction volume comprising ~100 ng of genomic DNA,
0.8 uM of each primer, 0.4 mM of the four dNTPs, 1 unit of GoTaq™
DNA Polymerase (Promega, Milan, Italy), and 5pl of 5X PCR buffer.
The 16S rRNA gene (1500 bp) was amplified using primers fD1 and rP2
(Weisburg et al., 1991). Each PCR involved an initial denaturation step
at 95°C for 5 min followed by 30 cycles of 95°C for 1 min, 50°C for 1 min
and 72°C for 2 min, and a final extension step at 72°C for 5 min. Gene
fragments corresponding to RNA polymerase subunit D (rpoD, 693 bp),
RNA polymerase subunit B (rpoB, 509 bp) and DNA gyrase subunit B
(gyrB, 587 bp) were amplified as previously described (Frapolli et al.,
2007). The PCR products were cloned in Escherichia coli strain XL1-Blue
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using the Promega pGem-T vector system according to the manu-
facturer’s protocol, and both strands were sequenced by GATC Biotech
(Cologne, Germany).

The phylogenetic tree was constructed after concatenating the 16S
rRNA, rpoB, rpoD and gyrB sequences. Other related sequences used in
the phylogenetic tree were selected by searching for homology using
BlastN against the NCBI nucleotide database (Altschul et al., 1997) or
were based on published data (Ramette et al., 2011). The sequences
were assembled, aligned using ClustalX v1.83 (Thompson et al., 1997),
and manually adjusted. The phylogenetic tree was assembled using the
neighbor-joining method in MEGA v5.0 with 1000 bootstrap replica-
tions (Tamura et al., 2011). Pseudomonas sp. MP12 nucleotide se-
quences determined herein were deposited in NCBI GenBank under the
following accession numbers: KJ467812 for the 16S rRNA gene,
KX236070 for rpoB, KX236071 for rpoD, and KX236072 for gyrB.

2.3. Amplification and sequencing of genes required for the synthesis of
antifungal metabolites

P. protegens can synthesize the antimicrobial secondary metabolites
2,4-diacetylphloroglucinol (2,4-DAPG) and pyoluteorin, which require
the phlD and pltB genes, respectively (Ramette et al., 2011), and pyr-
rolnitrin, which requires the prnC gene (Hammer et al., 1995). We
therefore amplified these genes to confirm the species identity. As
above, PCR was carried out in a 25-pl total reaction volume comprising
~100ng of genomic DNA, 0.8 uM of each primer, 0.4 mM of the four
dNTPs, 1 unit of DNA Polymerase, and 5l of 5X PCR buffer. The se-
quences of phlD (746 bp), pltB (792 bp) and prnC (720 bp) were am-
plified as previously described (Mavrodi et al., 2001). The PCR products
were isolated, cloned and sequenced as described above. Sequence
identity was determined by using BlastN against the NCBI nucleotide
database (Altschul et al., 1997). Nucleotide sequences were deposited
in NCBI GenBank under the following accession numbers: KX236067
for phID, KX236068 for pltB, and KX236069 for prnC.

2.4. Identification of plant growth-promoting traits

IAA was detected as described by Gordon and Weber (1951). The
synthesis of siderophores was analyzed using the method provided by
Schwyn and Neilands (1987). Phosphate solubilization tests were per-
formed as reported by Andreolli et al. (2016a). The presence of 1-
aminocyclopropane-1-carboxylate deaminase activity was detected as
described by Penrose and Glick (2003). Cells were initially inoculated
at ODggp nm = 0.05 and growth was monitored by UV/vis spectro-
photometry (Eppendorf” BioPhotometer). The production of ammonia
was tested in peptone water. Briefly, Pseudomonas sp. MP12 was in-
oculated in 10 ml of peptone water and incubated for 72h at 27 °C.
Thereafter, 1.5 ml of culture was centrifuged at 10,000 g for 5 min, and
1 ml of the supernatant was transferred to a new tube before adding
50 ul of Nessler’s reagent. The development of a brownish color in-
dicated the production of ammonia (Cappuccino and Sherman, 1992).
All of the above-mentioned tests were performed in triplicate.

2.5. Screening for antifungal activity on agar plates

Visual agar plate assays were performed to test the ability of
Pseudomonas sp. MP12 to inhibit the growth of 10 fungal phytopatho-
genic strains. Six strains (Botrytis cinerea BC, Alternaria alternata A41,
Aspergillus niger AN, Penicillium expansum PE, Fusarium verticillioides F3
and Neofusicoccum parvum N12) were isolated from withered grapes
(Lorenzini et al., 2013; Lorenzini and Zapparoli, 2015; Lorenzini et al.,
2015).

Three strains (Phaeomoniella chlamydospora 13/13 and 22, and
Phaeoacremonium sp. 20) came from the CREA-VE collection of grape-
vine pathogenic fungi, and were formerly isolated from Cabernet
Sauvignon plants affected by esca disease at the CREA-VE experimental
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vineyard in Spresiano (Treviso, Italy) (Andreolli et al., 2016a). These
strains were selected among hundreds of other strains as representative
of the respective species because of their high aggressiveness in
grapevine in vivo (unpublished data). The last strain Phaeoacremonium
aleophilum CBS 246.91" was purchased from CBS-KNAW collection
(Utrecht, NL), and it was chosen because it is a reference strain at in-
ternational level.

Fungal strains were cultivated on malt extract agar (MEA, 20 g 17!
malt extract, 1g 17! yeast extract 1.5% w/v agar) at 25 °C for 4-10
days. We then removed 5-mm agar plugs from the mycelial fronts and
transferred them to the center of Petri dishes containing R>A (Oxoid)/
Malt-YE agar medium (R,A supplied with 5g 1~ ! malt extract, 1g 17!
yeast extract and 15 g 1~ ! bacteriological agar). Pseudomonas sp. MP12
was streaked 3 cm from the fungal plugs. Each fungal strain was tested
in triplicate. Antifungal activity was assessed by comparing the zones of
mycelium growth inhibition with those in control plates without bac-
teria.

2.6. Antifungal activity assay on grapevine leaves

in vivo assay was carried out on young leaves excised from 15-year-
old grapevines. Detached leaves were surface sterilized by 0.5% NaOCl,
then rinsed with sterile water three times and placed on wet adsorbing
paper on Petri dishes. Five mm plugs of B. cinerea BC, grown on MEA for
5 days at 25 °C 12h light/12 h dark, were placed mycelium-side down
onto surface sterilized plant tissues. A cell suspension of Pseudomonas
sp. MP12 at 107 cell m1~* (25 ul), obtained from 24h-old culture on
King B medium washed with 0.9% NacCl, was deposited on each fungal
plug. A sterile solution of 0.9% NaCl, instead of bacterial cell suspen-
sion, was used as negative control. Detached leaves were incubated at
25°C 12h light/12h dark. Inoculation experiments were performed
twice with ten replicates. Quantification of disease development was
measured as the average diameter of necrotic area formed after seven
days, and the average disease in the control was used to calculate the
percentage of disease reduction.

2.7. Bacterial inoculation of grapevine plants

All experiments were performed using grapevine rootstock Kober
5BB clone ISV1 (Vitis berlandieri x Vitis riparia). in vitro stock cultures
were used as the source and were cultivated on a modified Murashige
and Skoog (MS) medium (Murashige and Skoog, 1962), with half-
strength mineral salts, full-strength vitamins, 20 g1~ sucrose and 0.8%
agar, pH 5.8. The in vitro plants were maintained at 25 = 1°C with a
16-h photoperiod (60 umolm? s~! cool-white light) and were sub-
cultured by node cutting every 3 months. Under sterile conditions, an
aliquot (100ml) of Pseudomonas sp. MP12 suspension with a con-
centration of 108 cells/ml was added to MS medium in which a node
cutting was then placed. The inoculation was carried out on 50 new
explants, while a further 10 non-inoculated explants were subcultured
as controls.

2.8. Recovery and identification of inoculated bacteria

The recovery of inoculated Pseudomonas sp. strain MP12 was con-
firmed using culture-dependent plate counting in axenic culture, and
culture-independent PCR-based denaturing gradient gel electrophoresis
(PCR-DGGE).

Fifteen plantlets were randomly selected and sampled 25, 75 and
125 days after inoculation to evaluate the endophytic colonization of
Pseudomonas sp. MP12 by plate counting. Therefore, the percentage of
inoculated plants was calculated as follows: % of colonized plants = (n°
of colonized plants x100)/ n° of total analyzed plants. Uninfected
plantlets were sampled at the same time points as controls. The 25-day-
old and 75-day-old plantlets were analyzed as entire plants, whereas
each of the 125-day-old plantlets was dissected into three sections:
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roots, upper shoot and lower shoot. The plant tissues were carefully
cleaned to remove agar substrate and washed in sterile water. The
surface was then disinfected for 2 min with 70% ethanol and 5 min with
1% active chlorine before rinsing three times for 2min with sterile
physiological solution. To verify the efficacy of the disinfection pro-
tocol, 100 pl of physiological solution from the third rinse was plated on
King B agar medium. The plant tissues were cut into small pieces under
a sterile hood and placed on a rotary shaker for 1h at 250 rpm.
Thereafter, samples were serially diluted and plated on King B agar
medium. The presence of Pseudomonas sp. MP12 was initially revealed
due to its unique fluorescence. The abundance of the inoculated strain
was determined by counting the colonies on King B agar plates in-
cubated at 27 °C for 48 h. At each sampling, three colonies were ran-
domly selected and the 16S rRNA gene was sequenced using the fD1
and rP2 primers to confirm the identity of Pseudomonas sp. strain MP12
(Weisburg et al., 1991).

PCR-DGGE analysis was carried out using five 125-day-old plantlets.
Three leaves at different stem heights were harvested, sterilized and
stored at —20 °C. The leaves were ground under liquid nitrogen and
total DNA was extracted using the FastDNA™ SPIN Kit for Soil (MP
Biomedicals, Santa Ana, CA, USA) according to the manufacturer’s in-
structions. Eubacterial 16S rRNA genes were amplified using primers
fD1 and rP2 (Weisburg et al., 1991), then the hypervariable V3 region
was amplified by nested PCR using primers p2 and p3 with a GC-clamp
(Muyzer et al., 1993). The first PCR comprised an initial denaturation
step at 94 °C for 5 min followed by 30 cycles of 94 °C for 30, 45 °C for
30s and 7 °C for 2 min, and a final extension step at 72 °C for 5 min. The
nested PCR comprised an initial denaturation at 94 °C for 5min fol-
lowed by 35 cycles of 94 °C for 30s, 57 °C for 30s and 72 °C for 45s,
and a final extension step at 72 °C for 5 min. DGGE analysis was applied
to the V3 region amplicons as reported by Andreolli et al. (2016b). The
8% acrylamide/bisacrylamide (19:1) gel (BioRad, Hercules, CA, USA)
was cast using a denaturing gradient of 30-60%, with 100% denaturant
defined as 7 M urea and 40% (v/v) formamide.

The DGGE bands were excised and soaked in 50 pl sterile water at
37 °C for 4 h to allow diffusion, and 1 pl of the solution was used as the
template for re-amplification. PCR was carried out as described above,
albeit with non-GC-clamped primers. PCR products were introduced
into E. coli X11blue cells using the pGEM-T vector system according to
the manufacturer’s instructions, sequenced on both strands, and finally
searched for homology using BlastN against the NCBI nucleotide data-
base (Altschul et al., 1997).

2.9. Statistical analysis

One-way analysis of variance (ANOVA) was used to compare spe-
cific pairs of means, with Tukey’s test to determine statistical sig-
nificance (p < 0.05). A chi-squared test (x?) was used to determine
whether the distribution of categorical variables showed statistically
significant differences (p < 0.05).

3. Results
3.1. Identification of strain MP12 by molecular analysis

Pseudomonas sp. MP12 evidenced fluorescent colonies when culti-
vated on King B. This medium is used primarily for the detection and
differentiation of Pseudomonas species that produce the fluorescent
metabolites fluorescein or pyoverdin (King et al., 1954; Ramette et al.,
2011). The phylogenetic features of Pseudomonas sp. MP12 were iden-
tified by analyzing the 16S rRNA gene along with the sequences rpoB,
rpoD and gyrB, encoding RNA polymerase subunits B and D and DNA
gyrase subunit B, respectively. The sequences were used to construct a
neighbor-joining tree (Fig. 1). The strain Pseudomonas sp. MP12 clus-
tered within strains of P. protegens with a high bootstrap score (> 99%).

P. protegens carries the phID and pltB genes, which are needed for the
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Pseudomonas sp. MP12 [KJ467812] [KX236071] [KX236070] [KX236072]
P. protegens CFBP 6595T [AJ278812] [DQ458677] [DQ458573] [DQ458638]
99 P. protegens PGNR1 [AJ417071] [DQ458686] [DQ458590] [DQ458654]

P. chlororaphis CFBP 21327 [AB680166] [D86036] [D86019] [AJ717478]

P. chlororaphis subsp. aurantiaca ATCC 33663T [DQ682655] [FN554452] [FN554171] [AJ717421]
E’: chlororaphis subsp. aureofaciens LMG 1245T [AB680099] [FN554453] [FN554172] [FJ652689]
P. moraviensis DSM 16007 [AY970952] [FN554490] [FN554206] [JIN590034]

P. agarici LMG 21127 [NR_036998] [AB039563] [AB039457] [AJ717477]
P. mediterranea CFBP 54477 [AF386080] [AM084337] [AM084678] [AJ717449]
P. corrugata CFBP 24317 [D84012] [AB039566] [AB039460] [AJ717487]
P. thivervalensis CFBP 112617 [AF100323] [AM084338] [AM084679] [AMO084680]
P. brassicacearum CFBP 117067 [AF100321] [AM084334] [AM084675] [AJ717436]
P. kilonensis CFBP 53727 [A]292426] [AM084336] [AM084677] [AJ717472]
P. taetrolens CFBP 5592T [AB680089] [AB039523] [AB039412] [AJ717423]
P. marginalis CFBP 13877 [AB021401] [AB039575] [AB039448] [AJ748196]
P. mucidolens IAM 124067 [D84017] [AB039546] [AB039409] [AJ717427]
P. synxantha CFBP 55917 [AB680171] [AB039550] [AB039415] [AJ717420]
P. fluorescens CFBP 2102T [HE617668] [D86033] [D86016] [AJ717451]
P. azotoformans IAM 1603 [D84009] [AB039547] [AB039411] [AJ717458]
P. tolaasii LMG 23427 [NR_041799] [AB039561] [AB039423] [A]717467]
P. cichorii CFBP 21017 [TX913784] [AB039526] [AB039434] [AJ717418]
P. syringae CFBP 13927 [AJ308316] [AB039509] [AB039428] [AJ717484]
P. caricapapayae CFBP 3204T [D84010] [AB039507] [AB039454] [AJ717437]
P. amygdali CFBP 13927 [D84007] [AB039509] [AB039462] [AJ717462]
P. tremae LMG 221217 [AJ492826] [FN554463] [FN554229] [FN554761]
P. ficuserectae CFBP 32247 [AB021378] [AB039501] [AB039418] [AJ717457]
P. savastanoi CFBP 1670T [AB021402] [AB039514] [AB039469] [AJ717422]
P. pseudoalcaligenes LMG 12257 [Z76666] [AB039602] [AB039397] [AJ717430]

Fig. 1. Phylogenetic tree generated by the concatenation of the 16S rRNA, rpoD, rpoB and gyrB sequences retrieved from Pseudomonas sp. MP12 and related strains.
Outgroup = Pseudomonas pseudoalcaligenes LMG 1225". Bootstrap values are shown at branch nodes and are based on 1000 replicates. The scale bar indicates 0.01

substitutions per nucleotide position.

synthesis of the antimicrobial secondary metabolites 2,4-DAPG and
pyoluteorin, respectively (Ramette et al., 2011). PCR with P. protegens
species-specific primers yielded amplicons of 745 bp (phID) and 791 bp
(pltB) from strain MP12 (data not shown). Furthermore, a partial prnC
gene was also amplified, yielding a 719-bp product (data not shown),
suggesting that Pseudomonas sp. MP12 is also able to synthesize the
antifungal compound pyrrolnitrin (Hammer et al., 1995). These data
provided convincing evidence that Pseudomonas sp. MP12 belongs to
the species P. protegens.

3.2. Identification of bacterial PGP traits

In assays to determine whether bacteria can promote plant growth,
we found that P. protegens MP12 was able to produce siderophores and
ammonia, to yield positive results in a test for IAA, and to solubilize
phosphate in all the media we tested except PVK/Ca medium (Table 1).

3.3. In vitro antifungal activity

The antifungal activity of P. protegens MP12, P. phytofirmans DSM
174367 and P. protegens DSM 19095" was tested against the phyto-
pathogens B. cinerea, N. parvum, A. alternata, A. niger, P. expansum, F.
verticillioides, = Phaeomoniella  chlamydospora 13/13 and 22,
Phaeoacremonium sp. 20, and Phaeoacremonium aleophilum CBS 246.917
(Table 2). P. phytofirmans DSM 17436" inhibited the growth of B. ci-
nerea but none of the other fungi. However, both P. protegens MP12 and

126

Table 1

Results of PGP traits tested on P. protegens MP12: phosphate solubilization by
adopting NBRIP and PVK media supplemented with Caz(HPO,4), or CaHPOy;
siderophores production (siderophores); 1-aminocyclopropane-1-carboxylate
deaminase (ACC); indole-3-acetic acid (IAA); ammonia production (NH,). (+)
positive, (—) negative.

Siderophore NH,4 1AA ACC

+ + + -
Phosphate solubilization

PVK/Ca PVK/Caz NBRIP/Ca NBRIP/Cas

- + + +

P. protegens DSM 19095 significantly inhibited mycelial development
in all of the phytopathogenic fungi tested except F. verticillioides. Both P.
protegens strains also induced a significantly wider (p < 0.01) no-
growth zone around B. cinerea colonies than P. phytofirmans. No sig-
nificant differences in antifungal activity were observed between P.
protegens MP12 and P. protegens DSM 19095

3.4. In vivo antifungal activity

Detached leaves inoculated by B. cinerea BC and Pseudomonas sp.
MP12 displayed a significantly (p < 0.01) lower necrotic area than the
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Table 2
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In vitro anti-microbial activities against grapevine pathogens by P. protegens MP12, B. phytofirmans DSM 17437" and P. protegens DSM 19095". The antimicrobial
activities were estimated by measuring the radius (mm) of the clear zone of growth inhibition. Results are expressed as the mean and standard deviation. Results of

Tukey’s test is also reported.

(1) B. phytofirmans DSM 17436"

(2) P. protegens DSM 19095" (3) P. protegens MP12 Tukey’s test

Botrytis cinerea BC 5.67 + 2.52

Neofusicoccum parvum N12 0

Alternaria alternata A41 0

Aspergillus niger AN 0

Penicillum expansum PE 0

Fusarium verticillioides F3 0

Ph iella chlamidospora 13/13 0

Ph i leophilum CBS 246.91 0

Phaeoacremonium sp. 20 0

10.67 = 1.53 16.33 = 3.21 1vs2,3
p < 0.01
2vs3
p > 0.05

12.74 = 1.33 14.67 = 3.51 1vs2,3

p < 0.01

2vs3

p > 0.05

1vs2,3

p < 0.01

2vs3

p > 0.05

1vs2,3

p < 0.01

2vs3

p > 0.05

4.33 = 2.52 3.67 = 2.08 1vs2,3
p < 0.01
2vs3
p > 0.05

0 0 1vs2,3
p < 0.01
2vs3
p > 0.05

15.66 = 0.57 16.00 = 1.73 1vs2,3
p < 0.01
2vs3
p > 0.05

16.33 = 1.53 17.30 = 2.52 1vs2,3
p < 0.01
2vs3
p > 0.05

12.33 = 1.53 14 =1 1vs2,3
p < 0.01
2vs3
p > 0.05

17.33 = 1.53 18.22 = 1.52 1vs2,3
p < 0.01
2vs3
p > 0.05

16.33 = 1.53 17.00

I+
-

6.5 = 0.71 6

I+
-

Fig. 2. Detached leaves at different development stages (A and B) infected by Botrytis cinerea BC and treated with P. protegens MP12 or 0.9% NacCl (C).

control. The reduction of symptomatic area calculated in the former
with respect to the latter ranged from 50 to 88% (average 75 + 10%)
(Fig. 2).

3.5. Assessment of endophytic activity in grapevine tissues

Plate counts representing grapevine plants 25, 75 and 125 days after

inoculation with P. protegens MP12 showed an infection percentage
range of 42.8-63.6% (proportion of infected plants compared to all
inoculated plants) without significant differences in the number of
colony forming units (CFUs) throughout the experimental trial
(Table 3). Bacterial cell concentrations were similar in three in-
dependently repeated tests (4.2-4.6 log CFUs g~ 1) (Table 3). No bac-
terial cells were isolated from the control plantlets or from the rinsing
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Table 3

A: Quantification of P. protegens MP12 within the whole plant. The percentage
of colonized plant is also reported. B: Distribution of P. protegens MP12 within 3
plant sections after 125 days from inoculation. Different letters are statistically
different (p < 0.05; Tukey’s test).

A
log(CFUs g~ 1) Infected plants

(%)
After 25 days 4.22 = 0.48 63.64
After 75 days 4.58 + 0.25 42.85
Afer 125 days 4.65 = 0.27 46.15
B

log(CFUs g~ 1)
Roots 3.57 = 0.64°
Lower shoot 5.91 + 0.30°
Upper shoot 4.36 * 1.44%°

solution used to check disinfection efficiency. After 125 days, plants
were dissected into three parts: roots, lower shoots and upper shoots.
The concentration of P. protegens was 3.6 = 0.6, 5.9 * 0.3 and
4.4 = 1.4 log CFU g in the roots, lower shoots and upper shoots,
respectively. There was a significant difference in bacterial abundance
between the roots and lower shoots (p < 0.05).

The colonization of internal plant tissues was confirmed by the
phenotypic and molecular analysis of colonies on plates streaked with
samples from grapevine plantlets 25, 75 and 125 days after inoculation.
The size of the colonies and their morphology (fluorescence, smooth-
ness and convexity) were very similar to those of P. protegens MP12.
Three representative isolates were randomly picked from plates for 16S
rRNA gene sequence analysis, revealing an exact match with the P.
protegens 16S rRNA gene (data not shown).

PCR-DGGE analysis was carried out on five randomly selected plants
125 days after inoculation, three from the infected group and two from
the uninfected group (Fig. 3). Correctly band related to P. protegens
MP12 was detected in the infected plants but not in the uninfected
plants. This result confirmed the colonization of MP12 strain within the
plants 125 days after inoculation. Additional bands, representing au-
tochthonous bacteria, were also observed in the DGGE profiles (Fig. 3).
Sequencing these bands revealed 97% identity to a non-cultivable

MP12 A B C D E
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cyanobacterium (band 1) and 96% identity to a member of the genus
Xanthomonas (band 2). Therefore, the analysis revealed the presence of
non-cultivable endophytes other than P. protegens MP12 in both the
infected and uninfected grapevine plants.

4. Discussion

The bacterial strain Pseudomonas sp. MP12, isolated from a forest
soil sample, was initially assigned to the species P. protegens based on
the phylogenetic analysis of 16S rRNA, rpoB, rpoD and gyrB gene se-
quences according to Ramette et al. (2011). The MP12 strain was also
shown to carry the phID and pltB genes, which allow the synthesis of
2,4-DAPG and pyoluteorin, respectively, thus confirming P. protegens
species designation. In fact, as demonstrated by Ramette et al. (2011),
Phl™ Plt* strains clustered independently from their nearest species P.
fluorescens and P. syringae. Strains of P. protegens have frequently been
isolated and identified from rhizosphere environments that suppress
plant diseases (Keel et al., 1996; Ramette et al., 2011), but also from the
phyllosphere (Miiller et al., 2016), well water polluted with heavy
metals (Bensidhoum et al., 2016) and hydroponic culture of lamb’s
lettuce (Polano et al., 2018). It was recently demonstrated that the
inoculations of strains belonging to P. protegens improve the health and
growth of annual crop plants (Bensidhoum et al., 2016; Fox et al.,
2016). Moreover, previous studies reported that P. protegens strains
such as P. protegens Pf-2 (Quecine et al., 2015) can synthesize anti-
biotics including pyrrolnitrin (Prn) (Howell and Stipanovic, 1979),
pyoluteorin (Plt) (Howell and Stipanovic, 1979), 2,4-diacetylphlor-
oglucinol (DAPG; Phl) (Nowak-Thompson et al., 1994), analogs of
rhizoxin (Loper et al., 2008), hydrogen cyanide (Kraus and Loper,
1992), monoacetylphloroglucinol (MAPG) (Kidarsa et al., 2011), the
lipopeptide orfamide A (Gross et al., 2007), and toxoflavin (Philmus
et al., 2015). Therefore, the role of this species as a biocontrol agent has
been well documented (Gross and Loper, 2009; Loper et al., 2007) and
it is not surprising to find that P. protegens MP12 can also inhibit fungal
growth. Previous investigations showed that different strains of P.
protegens can inhibit the growth of a number of fungi, including B. ci-
nerea and A. niger, both considered in this study, and various species in
the genera Fusarium, Alternaria and Penicillium (Bensidhoum et al.,
2016; Michelsen and Stougaard, 2012; Miiller et al., 2016; Saini et al.,
2016). On the other hand, the antifungal activity of P. protegens has not
previously been tested against the genera Neofusicoccum, Phaeomoniella

MP12

Control

Fig. 3. DGGE analysis on five plants randomly

I II I I I 1T I II I

128

II I 1I

selected among those either colonized (B, C
and D) or not colonized (A and E) by P. prote-
gens M12 125 days after inoculation. A non-
inoculated plant is included as a control. The
analysis was performed in duplicate. MP12 =
positive control fragment amplified directly
from P. protegens MP12. Bands 1 and 2 were
excised from the gel for cloning and sequen-
cing.
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and Phaeoacremonium. To the best of our knowledge, the work de-
scribed herein therefore provides the first evidence that P. protegens
inhibits the phytopathogenic fungi A. alternata, P. expansum, N. parvum,
P. chlamydospora and P. aleophilum. Previous studies reported the iso-
lation of bacterial strains belonging to different genera with antifungal
activity against B. cinerea (Ait Barka et al., 2002; Furuya et al., 2011),
A. niger (Bensidhoum et al., 2016), P. expansum and A. alternata (Senthil
et al., 2011; Lo Piccolo et al., 2016), F. verticillioides (Figueroa-Lopez
et al.,, 2014), N. parvum (Andreolli et al., 2016a; Wicaksono et al.,
2017), P. chlamydospora and P. aleophilum (Alvarez-Pérez et al., 2017;
Andreolli et al., 2016a; Lo Piccolo et al., 2016). However, to date only
the here described P. protegens MP12 and B. amyloliquefaciens AG1 (Lo
Piccolo et al., 2016) displayed noticeable growth inhibition against
wide spectrum of grapevine phytopathogenic fungi.

All the fungi we tested herein are involved in important grapevine
diseases: B. cinerea causes gray mold (Lorenzini et al., 2013; Masih
et al,, 2001), N. parvum is responsible for Botryosphaeria dieback
(Masih et al., 2001; Urbez-Torres et al., 2014), several strains of A.
alternata, A. niger and P. expansum can release mycotoxins at con-
centrations exceeding regulatory limits in grapes and grape products
such as wine (Logrieco et al., 2003; Serra et al., 2005), and P. chla-
mydospora and P. aleophilum are among the causative agents of tra-
cheomycosis/esca syndrome, a devastating grapevine wood disease
with no effective control measures (Larignon and Dubos, 1997).

The inability of P. protegens MP12 to inhibit F. verticillioides may
reflect the production of mycetal metabolites such as fusaric acid,
which limit the impact of bacterial antibiosis (Quecine et al., 2015).

Beside the antifungal activity, P. protegens MP12 also showed PGP
traits. PGP bacteria can improve the growth of grapevine plants by:
increasing nutrient availability and assimilation (e.g. phosphate solu-
bilization, siderophore production), synthesizing specific compounds
that usually plants require (e.g. synthesis of IAA), and/or protecting the
plants from disease by competing with phytopathogens (e.g. antitiotics,
siderophore production) (Quecine et al., 2012; Nabti et al., 2014;
Andreolli et al., 2017). Therefore, antifungal activities jointly with PGP
traits showed by P. protegens MP12 are encouraging features for the
possible exploitation of this strain as endophytic inoculum in grapevine
plants. Several studies have demonstrated the beneficial effects of in-
oculating plants with PGPB (Abbamondi et al., 2016; Subramanian
et al., 2015). Endophytes with suitable fungal antagonistic proprieties
have previously been isolated and exploited as biocontrol agents
(Andreolli et al., 2017). For instance, two strains belonging to Curto-
bacterium fungal genus could reduce crown gall development in
grapevine (Ferrigo et al., 2017), and endophytic Bacillus strains
GLB191 and GLB197 effectively controlled grapevine downy mildew
(Zhang et al., 2017). Moreover, it was demonstrated that a bacterial
strain with suitable metabolic features, although originally isolated
from a quite different environmental niche than internal plant tissues,
might potentially be exploited as an endophytic inoculum in plants to
improve growth, yield and health (Andreolli et al., 2013; Rolli et al.,
2017; Wicaksono et al., 2017). The abundance of P. protegens MP12 in
the internal tissues of infected grapevine plants was similar to or even
greater than the levels previously reported for endophytes in grapevine
and other plants (Andreolli et al., 2013; Compant et al., 2008; Germaine
et al., 2004). The persistence of large bacterial populations starting
from a small inoculum is one of the key requirements for the devel-
opment of biocontrol agents based on PGP bacteria (Germaine et al.,
2009). Endophytic colonization of the plants by P. protegens MP12 was
confirmed by culture-independent technique (PCR-DGGE). The analysis
also indicated that MP12 strain is able to migrate from the roots to the
hypogenic upper part of the plants - the higher concentration of MP12
was found in lower shoots part - and can compete with autochthonous
endophytes. The colonization and the spatial distribution of endophytes
of grapevine differs in a strain-dependent manner (Andreolli et al.,
2017). For instance, Enterobacter ludwigii EnVs6 and Pantoea vagans
PaVv7 can colonize the root surfaces, the cortex and the central
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cylinder up to the xylem vessels, but cannot mount a systemic infection
(Lopez-Fernandez et al., 2015). Moreover, Compant et al. (2011) evi-
denced that several isolates from different plant tissues correspond to
identical phylogenetic bacterial groups: Firmicutes and Gammapro-
teobacteria were the predominant genera in epidermis of the flower and
inside the xylem of ovaries, whereas high concentration of Bacillus spp.
has been isolated in the berry pulp, flower ovules and inside the seeds
(Comnpant et al., 2011).

We provide the first description of a P. protegens strain that can
infect the inner tissues of multi-annual grapevine plants. On the other
hand, Cyanobacteria and Xanthomonas spp. - here identified by PCR-
DGGE - have already been found as grapevine endophytic genera
(Bertani et al., 2016; Bell et al., 1995)

To date, Paraburkholderia phytofirnans DSM 17436%, previously
knows as Burkholderia phytofirmans PsJN (Sawana et al., 2014) is the
only strain known causing grapevine exogenous infection and coloni-
zation jointly with fungal antagonistic effect in vitro against B. cinerea
(Ait Barka et al., 2002; Compant et al., 2005, 2008). However, the
present results showed a stronger antifungal activity of P. protegens
MP12 against B. cinerea in comparison to P. phytofirmans DSM 17436 T.
Also, MP12 was able to reduce the growth of additional grapevine
fungal pathogens. Moreover, the concentration of P. protegens MP12
within the grapevine plants was found to be higher in comparison to the
plants infected with P. phytofirmans DSM 17436" (Compant et al.,
2008). These results suggest that P. protegens MP12 strain could be
developed as an antifungal biocontrol agent with applications in viti-
culture.

5. Conclusion

This investigation showed that P. protegens MP12 can efficiently
colonize the internal tissues of grapevine plants. These characteristics
suggest that P. protegens MP12 could be exploited as a biocontrol agent
for grapevine crops. The prohibition in the use of chemical compounds
like sodium arsenite has forced to take precautionary measures as the
only control for esca disease. Therefore, the ability of P. protegens MP12
to inhibit P. chlamydospora and P. aleophilum should be investigated in
vivo. However, a reliable protocol for the infection of grapevine plants
with these phytopathogenic fungi must be developed before P. protegens
MP12 can be tested in this manner.
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