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Abstract

The biology and biotechnology of bacteriophages have been extensively studied in recent years to explore new and environ-
mentally friendly methods of controlling phytopathogenic bacteria. Pseudomonas syringae pv. tomato (Pst) is responsible
for bacterial speck disease in tomato plants, leading to decreased yield. Disease management strategies rely on the use of
copper-based pesticides. The biological control of Pst with the use of bacteriophages could be an alternative environmentally
friendly approach to diminish the detrimental effects of Pst in tomato cultivations. The lytic efficacy of bacteriophages can
be used in biocontrol-based disease management strategies. Here, we report the isolation and complete characterization of
a bacteriophage, named Medeal, which was also tested in planta against Pst, under greenhouse conditions. The application
of Medeal as a root drenching inoculum or foliar spraying reduced 2.5- and fourfold on average, respectively, Pst symptoms
in tomato plants, compared to a control group. In addition, it was observed that defense-related genes PR1b and Pin2 were
upregulated in the phage-treated plants. Our research explores a new genus of Pseudomonas phages and explores its biocon-
trol potential against Pst, by utilizing its lytic nature and ability to trigger the immune response of plants.

Key points

o Medeal is a newly reported bacteriophage against Pseudomonas syringae pv. tomato having genomic similarities with
the phiPSA1 bacteriophage

e Two application strategies were reported, one by root drenching the plants with a phage-based solution and one by foliar
spraying, showing up to 60- and 6-fold reduction of Pst population and disease severity in some cases, respectively, com-
pared to control

® Bacteriophage Medeal induced the expression of the plant defense-related genes Pin2 and PRI1b

Keywords Bacteriophage - Biological control - Pseudomonas syringae pv. tomato - Solanum lycopersicum -
Phytopathogen - Siphovirus
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Introduction

Tomato (Solanum lycopersicum) cultivation is essential
for many countries. Pseudomonas syringae pv. tomato
(Pst) is a very important pathogen responsible for bacte-
rial speck disease of tomatoes, occurring worldwide (Wil-
son et al. 2002). Characteristic symptoms caused by Pst
are leaf lesions, defoliation, and fruit lesions via natural
openings (stomata or unintentional wounds) that spread
in the apoplastic space with a minimal systemic distribu-
tion (Gullino et al. 2009; Xin and He 2013), resulting in
a significant yield loss. In nature, P. syringae can survive
on the surface of leaves as well as in soil, and it can spread
from plant to plant in environments that are favorable for it
(high humidity, rain, and a comfortable temperature). The
protection of crops against pathogens at all stages of plant
development is a crucial component of the agricultural
industry. The control of this disease depends mainly on
the use of copper-based agrochemical products (Wilson
et al. 2002). However, this control strategy has as a major
drawback the rapid development of plasmid-mediated cop-
per tolerance (Bender and Cooksey 1986; Cuppels and
Elmhirst 1999; Griffin et al. 2019). Streptomycin has also
been used to control the disease (Conlin and McCarter
1983) with antimicrobial resistance occurring in a short
time frame (Scheck et al. 1996). Nowadays, the use of
antibiotics for the control of bacterial pathogens in plants
is not encouraged in most countries as the development
and dissemination of antibiotic resistance could be a threat
to human health (Sundin and Wang 2018). The lack of
efficacious pesticides against Pst or host resistance drives
agriculture towards the implementation of alternative dis-
ease management strategies.

Since the last decade, scientists are utilizing biocontrol
agents (BCAs) to prevent bacterial speck disease in toma-
toes with most of the BCAs so far being bacteria (Wilson
et al. 2002; Ji et al. 2006; Durairaj et al. 2018). Another
promising strategy that supplements the use of bacteria
could be the utilization of bacteriophages. Bacteriophages
are viruses that can infect exclusively bacteria, includ-
ing phytopathogenic bacteria (Zaczek et al. 2015). They
can show high host specificity and potentially high lytic
activity against their main hosts (de Jonge et al. 2019).
Bacteriophages considerably minimize their impact on
the environment and non-target microorganisms. Thus,
phages are considered to be more sustainable and safer
than antibiotics usage (Batinovic et al. 2019).

Pseudomonas species have been at the center of atten-
tion in phage research. Several bacteriophages, members of
different families, and genera from the Caudoviricetes class
have been isolated in the past and have been used to eluci-
date several aspects of molecular interaction mechanisms
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(De Smet et al. 2017). Phage-based solutions and strate-
gies for the control of phytopathogenic bacteria have also
been designed and explored in the past (Balogh et al. 2010;
Jones et al. 2012; Zaczek et al. 2015; Stefani et al. 2021).
Nevertheless, a preventive strategy against Pst in planta has
not yet been fully explored under greenhouse conditions.

Previously, bacteriophages have shown strong lytic effi-
cacy in vitro and ex vivo against P. syringae phytopatho-
genic pathovars, suggesting that lytic bacteriophages could
own a novel role against bacterial specks (Pinheiro et al.
2019). Nevertheless, the preventive utilization of bacterio-
phages to delay Pst growth and prime plants against Pst is
yet to be explored. This study presents a newly reported bac-
teriophage against Pst and explores its lytic efficacy in vitro
and its plant protective activity against Pst in tomato plants
under greenhouse conditions. Our work could frame a mod-
ern, eco-friendly solution against Pst.

Materials and methods

Bacteria and bacteriophage isolation and biological
characterization

The Pst strain (Pst 235) used in this study was isolated from
tomato seedlings in a commercial plant nursery of Crete
Island, Greece. The Pst 235 strain was deposited in Belgian
Co-ordinated Collections of Micro-organisms under acces-
sion number LGM 32,894. Its genome has been sequenced
and deposited in NCBI GenBank under accession number
NZ_JADZGO000000000. For bacteriophage host range
analysis, three more Pst strains were examined, two of them
(Pst 237 and Pst 122, deposited in the local bacteria bank
of the Hellenic Mediterranean University under accession
numbers Pst 237 and Pst 122 respectively) isolated from
commercial plant nurseries, as well as reference Pst strain P.
syringae pv. tomato DC3000 (deposited in the Global Biore-
source Center under accession number ATCC BAA-871).
The bacteriophage used in this study was isolated from
soil samples collected from tomato seedlings under green-
house conditions (Akbaba and Ozaktan 2021). Pst 235 was
used as the main host and target bacterium. Phage isola-
tion took place after enriching soil samples with King’s B
medium liquid broth (2% peptone, 0.15% K,HPO,, 0.15%
MgS0O,e7H,0, 0.1% glycerol), enriched with 1 mL/L
MgSO, 1 M and 1 mL/L CaCl, 1 M and Pst 235 host as
described in Di Lallo et al. (2014) and incubation at 150 rpm
and 30 °C overnight. After incubation, 1.5 mL of each sam-
ple was centrifuged for 5 min at 17,000 g and the supernatant
was filtered (0.22 pm). The spot assay technique was used to
monitor the presence of bacteriophages. Petri dishes were
then placed upside down in the incubation at 25 °C. Phage
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plaques were picked and purified three times to ensure clonal
phage stocks. The filtered phage stock was stored at 4 °C for
further experimentation. The morphology of the virion was
observed by transmission electron microscopy (TEM). An
aliquot of the phage suspension with a titer of ~ 10° plaque
forming units (pfu) mL~! was negatively stained with 2%
w/v uranyl acetate for 2 min. Medeal bacteriophage was
observed using a JEOL (Peabody, MA, USA) TEM oper-
ated at 60 kV. The size of the virion was measured by using
Image] software (Schneider et al. 2012). For the host range
analysis, the double-layer agar technique was used, with a
high titer phage stock lysate (10° pfu/mL). Serial diluted
large droplets of 30 pL. were used in the top agar in tripli-
cates. Evaluation of phage lysis of the bacteriophage was
compared with the results taken from the main host Pst strain
(Pst 235). The lytic activity of Medeal was classified into
two categories: strong activity (clear lysis with same number
of phage plaques and not different plaque morphology from
the main host, + + +) and medium activity (clear plaque
with faintly hazy background, + +).

Bacteriophage growth kinetics

For monitoring bacteriophage growth, a Pst 235 liquid cul-
ture was infected with a bacteriophage aliquot at its expo-
nential growth phase (ODg,,=0.2; 2 x 10® colony forming
units (cfu)/mL), with sampling times 5, 10, 15, 20, 25,
30, 40, 60, 70, 80, 90, 100, 120, 150, 180, 220, 240, 300,
330, 400, 430, 500, 530, 600, 630, 700, 730, and 800 min
as previously mentioned for other Pst bacteriophages (Di
Lallo et al. 2013) and multiplication of infection (MOI) fac-
tor being 1, meaning that the number of bacteria and free
bacteriophages is 1. For monitoring phage adsorption, we
generated a second bacteriophage growth curve with MOI:
0.01 and sampling times 5, 10, 15, 20, 25, 30 40, 60, 70,
80, 90, 100, and 120 min. The moment of phage addition
was considered as the time r=0. From the Pst/phage co-
culture, a 200 pL aliquot was sampled and added in 100 pL.
of chloroform and centrifuged at 20,000 g for 60 s. Using
the double-layer agar technique, 100 pL of each sample was
plated in King’s (1.5% (w/v) agar) along with 100 pL of Pst
235 liquid culture and 3 mL King’s (0.5% (w/v) agar). The
plates were incubated at 25 °C. After 1 day, the lytic plates
were counted and the phage titer was calculated for each
time point. Three independent assays were performed. The
results were subsequently plotted to determine the phage
eclipse, latent, adsorption period, and burst size.

Biofilm disruption assay
The microtitre plate biofilm formation assay was performed

according to the method of O’Toole and Kolter (1998) with
modifications. Pst 235 biofilm was formed by adding 950 pLL

of Pst235 (ODg;,=0.8) and 50 pL of King’s B medium in
tissue culture polystyrene 24-well microtitre plates (Costar
3524, Corning, NY, USA) at 25 °C for 7 days. After biofilm
formation, 50 pL of the phage Medeal at MOI 0, 10, 100,
and 500 was added to the wells in triplicates. The plates were
incubated for 3 days at 25 °C. Biofilm formation was moni-
tored in terms of OD 540 nm, after staining with Crystal Vio-
let solution (O’Toole and Kolter 1998), using a microplate
reader (TECAN Infinity series 200 PRO, Ménnedorf, Swit-
zerland) at 1 and 3 days post-bacteriophage inoculation (dpi).

Bacteriophage and bacteria DNA extraction
for next-generation sequencing

DNA extraction was performed after a PEG-8 k virion pre-
cipitation as described in Skliros et al. (2016). Briefly, viral
capsids were lysed with proteinase K after treating the sam-
ples with DNase and RNase for removing the host’s DNA
and RNA. DNA was extracted by using a DNA extraction
kit (QIAGEN, Hilden, Germany). Illumina Hiseq 2000
(Illumina, San Diego, CA, USA) sequencing took place
according to the manufacturer’s protocols (Lifesequencing,
Valencia, Spain). A genomic library was generated with an
optimized size selection using magnetic bead purifications
based on the standard Illumina protocol and by using a Nex-
tera XT Library Construction Kit (Illumina, San Diego, CA,
USA). Five micrograms of the extracted DNA was used for
quality control with a Bioanalyzer (Agilent, CA, USA) and
for the construction of a paired-end library with an insert
size of 500 bp.

Bioinformatics analysis

After the phage DNA sequencing, possible contaminated
reads, primers, adapters, and 3'-, 5'- low-quality reads were
trimmed off with an error rate threshold of 0.05 from the raw
data. De novo assembly was conducted using the Geneious
platform (www.geneious.com/ R10 version; Biomatters
Ltd., Auckland, New Zealand; Kearse et al. 2012). Assem-
bly resulted in a single contig which was considered the
genome of Pseudomonas phage Medeal. In silico predic-
tion of open reading frames (ORFs) was performed with
the gene caller software Glimmer (http://ccb.jhu.edu/softw
are/glimmer/index.shtml version 3.0 (Delcher et al. 1999))
using the bacterial, archaeal, and plant plastid code (transla-
tion table 11). The Rapid Annotation Subsystem Technol-
ogy (R.A.S.T.; Aziz et al. 2008; Overbeek et al. 2013) and
the B2Go (www.biobam.com/download-blast2go/ BioBam,
Valencia, Spain) platform were used for annotation, against
the non-reductant protein database and UniProt database
with an E-value threshold of < 107%. The results from all
annotators were filtered, evaluated, and combined. The pres-
ence of analogous or homologous genes and open reading
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frames (ORFs) among the genomes of bacteriophages
Medeal, PSA1, and Lambda phage (Supplemental Table S1)
was identified through the online platform CoreGenes3.5
(http://binf.gmu.edu:8080/CoreGenes3.5/) (Zafar et al.
2002) with a BLASTp threshold score of 45. Phylogenetic
trees were generated using Geneious with certain param-
eters as previously demonstrated for dsDNA tailed phage
genes (Low et al. 2019; Jones—Taylor—Thornton substitution
model, nearest-neighbor-interchange model of tree interfer-
ence and 100 bootstraps). A bacteriophage proteomic tree
was generated with ViPtree (https://www.genome.jp/viptr
ee/ version 1.9; Nishimura et al. 2017). The genome of bac-
teriophage Medeal has been deposited in NCBI GenBank
under accession number MW8621009.

Pathogen preparation

A rifampicin-resistant mutant of the Pst 235 strain was used
throughout the in vivo experiments for screening solely this
specific Pst strain at the microbiological assay during the
in vivo study as described previously (Fousia et al. 2015).
The colonies of the rifampicin-resistant mutant strain were
selected in Petri dishes containing 100 pg/mL rifampicin
after overnight incubation at 28 °C for 24 h. The selected
colonies were cultured in liquid King’s B medium contain-
ing 50 pg/mL rifampicin and placed in an orbital incubator
at 180 rpm at 28 °C for 24 h. The bacterial suspension was
centrifuged at 5000 g for 10 min and resuspended in 50 mM
phosphate buffer, pH 7, providing a cell concentration of
5% 10° cfu/mL in a total volume of 150 mL.

In planta pathogenicity experiments

The in planta activity of Medeal against Pst 235 was exam-
ined in tomato plants (cultivar monfavet) under a challenge-
based experimental setup. For examining different phage
application methodologies, we utilized a root drenching
(RD) application method of the phage and a foliar spray-
ing (FS) application method of the phage. A positive con-
trol of only Pst bacterium was also used. Additionally, for
phage application, three control sets of treatments were
prepared without Pst challenge: mock plants, a phage root
drenching control (RD), and a phage foliar spraying control
(FS) (Supplemental Fig. S1). Positive control plants were
sprayed to run off with the Pst 235 solution but not with the
phage solution. Mock plants (control plants) were watered
with distilled water during the experiment. All plants were
incubated under the same greenhouse conditions. A filtered
(with a 0.22-pm pore filter) Medeal phage stock aliquot (108
pfu/mL) was prepared, which was diluted in a solution of
ddH,0, CaCl, 1 M, and MgSO, 1 M (total volume of 4
L) with a final titer of 2.5 10° pfu/mL. In this way, lysate
containing bacterial debris and proteins were also highly
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diluted. The Medeal phage solution was applied in tomato
plants (6 leave stage) grown in pots containing sterilized soil
(Potground, Klasmann-Deilmann GmbH, Geeste, Germany),
by root drenching (PstRD) or foliar spraying (PstFS) (Sup-
plemental Fig. S1). In each pot, four plants were grown and
were root drenched with a total of 50 mL (per four plants)
from the phage dilution, meaning that a total of 1.25x 10’
Medeal virions were used. Regarding foliar spraying, a total
of 400 mL of the same phage aliquot solution was used,
meaning that each pot with four plants was foliar sprayed
approximately with 50 mL (per four plants) of 2.5 x 10°
pfu/mL or total 1.25 x 107 Medeal virions. After 1 day, the
tomato plants assigned for the challenge experiment were
sprayed to run off with Pst 235. The plants were enclosed
in transparent plastic bags with 100% humidity. Plants were
kept under greenhouse conditions at 20-30 °C with a 12 h
photoperiod. The experiment was repeated three times. Bac-
terial speck symptoms were recorded after 14 days post-
inoculation (dpi) with Pst. Disease severity was calculated
by the percentage of leaves that showed bacterial specks to
the total number of leaves per plant.

Evaluation of the Pst 235 titer in plant leaflets

Leaflets from the top, middle, and bottom parts of four indi-
vidual plants per treatment were collected at 1 and 3 dpi.
Leaf discs of 1 cm diameter were cut off and a total of 8
cm? of leaflets were used (8 leaflets from 4 plants, 2 leaf-
lets/plant, 1 cmz/leaf). The leaf discs were sterilized in 70%
ethanol for 1 min and subsequently rinsed with ddH,O for
30 s. Appropriate tenfold dilutions from the homogenate
were plated on King’s B medium (1.5% (w/v) agar, 50 pg/
mL rifampicin) for selecting the rifampicin-resistant mutant.
The plates were incubated at 28 °C for 48 h whereas the
colony-forming units were counted.

RNA isolation and quantitative PCR for gene
expression

Leaflets from the top, middle, and bottom parts of three
plants from the virus treatments (sprayed and drenched) and
control plants (pathogen and mock-inoculated plants) were
sampled at 1 and 3 dpi. The leaflets were ground to a fine
powder using an autoclaved mortar and pestle, in the pres-
ence of liquid nitrogen and stored at— 80 °C. Total RNA
from each sample was extracted using Nucleozol™ Reagent
(Macherey—Nagel, Diiren, Germany), according to the manu-
facturer’s instructions. The RNA samples were treated with
TURBO™ DNAse (Thermo Fisher, Waltham, MA, USA), and
their concentration was measured on a Nanodrop ND-1000
spectrophotometer (Saveen Werner, Malmo, Sweden). First-
strand cDNA was synthesized using SuperScript II (Invit-
rogen, Waltham, MA, USA), following the manufacturer’s
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instructions. The expression levels of the Pin2 gene, which
expresses a component of the auxin efflux carrier (Herman
et al. 2008) and the PRIb gene, which expresses a pathogen-
esis-related protein involved with jasmonic acid metabolism
(Block et al. 2005) were studied. Both genes are involved in
a wide range of abiotic and biotic plant defense systems in
plants. For estimating their relative expression, we used the
following primer sequences: for PR1b (M69248), forward
5-GGTCGGGCACGTTGCA-3" and reverse 5-GATCCAGTT
GCCTACAGGACATA-3' (Block et al. 2005); and for Pin2
(IN091682), forward 5'-TGATGCCAAGGCTTGTACTAG
AGA-3" and reverse 5'-AGCGGACTTCCTTCTGAACGT-3'
(Herman et al. 2008). The actin gene and the ubiquitin gene
were used as housekeeping genes. The actin gene expression
levels were detected using the primer pair: forward 5'-TTG
CCGCATGCCATTCT-3' and reverse 5'-TCGGTGAGGATA
TTCATCAGGTT-3' (Herman et al. 2008). The ubiquitin gene
expression levels were detected using the primer pair: forward
5'-GTGTGGGCTCACCTACG-3' and reverse 5-ACAATC
CCAAGGGTTGT-3'. The expression levels of the phage tail
virus gene and endolysin gene were detected after designing in
silico primers using Geneious platform (R10 version; Biomat-
ters Ltd., Auckland, New Zealand; Kearse et al. 2012). The
primer sequences were the following: forward 5'-CGCAAT
CATCCTCGACAACG-3' and reverse 5'-ACCTGCCAGCTT
GTAGAAGG-3', and for monitoring the expression of phage
endolysin gene, the primers pair sequences for forward 5'-CAG
CAGTTGGGATACGAGGG-3' and for reverse 5-CACGGT
ATTTGGAGCCATCG-3". gPCR was performed on a StepO-
nePlus™ Real-Time PCR System (Applied Biosystems, Fos-
ter City, CA, USA) using SYBR Select Master Mix (Applied
Biosystems, Austin, TX, USA), gene-specific primers at a
final concentration of 0.2 pM each, and 1 pL of the cDNA as
template. Primer specificity and formation of primer dimers
were monitored by dissociation curve analysis. PCR cycling
started at 95 °C for 10 min, followed by 40 cycles of 95 °C for
15 s and 60 °C for 1 min. Housekeeping genes were used to
normalize cDNA templates and compute the relative transcript
levels for each gene, which were calculated as (14E)™2¢", ACt
was calculated as (Cty—Cty), whereas Cty corresponds to the
Ct of the targeted gene, and Cty is the geometric mean of the
two housekeeping genes’ Cts. PCR efficiency (E) for each
amplicon was calculated by applying the linear regression
method to the log (fluorescence) per cycle number data, using
LinRegPCR software (Ramarkers et al. 2003).

Plant’s DNA extraction and relative estimation
of DNA abundance

Leaflets from three plants were collected simultaneously
for gene expression analysis and estimation of DNA abun-
dance for each replicate and were ground to a fine pow-
der using an autoclaved mortar and pestle. A solution

based on SDS (sodium dodecyl sulfate) was then added.
More specifically, the pellets were resuspended in 0.2 mL
of DNA extraction buffer (150 mM Tris—HCL (pH 8.0),
25 mM EDTA, 20 g SDS/L, 10 mg/mL proteinase K,
RNAse 30 pg/mL, 2% p-mercaptoethanol) and incubated
for 2 h at 65 °C. After heat inactivation of the proteinase
K for 10 min at 95 °C, the tubes were cooled to 4 °C and
centrifuged for 10 min at 17,000 g. The DNA was pre-
cipitated at 4 °C in the presence of isopropanol for 16 h.
The DNA was then centrifuged at 18,000 g for 20 min and
purified 2 times using a solution of chloroform and phe-
nol (PIC, phenol:chloroform:isoamylic alcohol 25:24:1).
The DNA was then precipitated using 100% ethanol and
hydrated with 75% ethanol before redissolving in water.
Ten nanograms of DNA per sample was used for the esti-
mation of the DNA abundance of both bacteria and phage
DNA. Primers used for estimating DNA abundance of Pst
were targeting hrpZ gene of Pst, which encodes for a P.
syringae-specific harpin protein (Zaccardelli et al. 2005),
with primer sequences being forward F-5'-GAACGAGCT
GAAGGAAGACA-3" and reverse 5'-CAGCCTGGTTAG
TCTGGTTA-3'. For estimation of bacteriophage DNA, a
set of primers was designed targeting the phage tail cod-
ing DNA sequence (CDS) with forward being 5'-GTCAAG
GCTCCGTGGAAGTA-3' and reverse 5'-TCTTCTTGC
CGTCTGTCTCG-3'. Relative estimation was calculated
as described in RT-qPCR section by using as a housekeep-
ing gene the plant’s 23S rRNA fragment, which was highly
abundant in the isolated DNA and used for normalization
with primers being forward 5'-GGGCGACTGTTTACC
AAAAA-3" and reverse 5'-TTACCCGACAAGGAATTT
CG-3’, according to Tameshige et al. (2013).

Statistical analysis

Data on Pst titer, disease severity, DNA abundance, and
gene expression analysis were analyzed and visualized with
Sigma Plot SigmaPlot version 14.0 (Systat Software, Inc.,
San Jose, CA USA, www.systatsoftware.com). All data
passed normality and equal variance tests, except disease
severity data. One-way ANOVA statistical analysis was used
for identifying statistically significant differences. When a
statistically significant difference (p <0.05) was obtained
for treatments, a post hoc Student’s #-test followed. For dis-
ease severity data, ANOVA on ranks with a post hoc Dunn’s
method was used.

Results

Isolation and characterization of Pseudomonas bacterio-
phage Medeal.
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The bacteriophage isolation process resulted in a bac-
teriophage with strong lytic activity against Pst 235. TEM
revealed a bacteriophage with a siphovirus morphotype, a
tail length of 156.05 nm (SE +4.67; n=10), and a capsid
length of 71.66 nm (SE +2.13; n=10) (Fig. 1). Host range
experimentation showed that bacteriophage Medeal analysis
can lyse efficiently other local clinical isolates of Pst, as well
as the reference strain DC 3000, although phage plaques
were faintly hazy (Table 1). Serial dilutions did not show
differences in the number of phage plaques among strains.
Biological characterization of the bacteriophage included
a phage morphology characterization, step growth curve,
in vitro lytic efficacy, and antibiofilm activity (Fig. 2, Fig. 3).
Bacteriophage spot assay formed clear lysis zones and round
phage plaques in double-layer culture (Fig. 2A). Ninety-five
percent of the virions can adsorb to their main host within
10 min, although the total multiplication time of the bacte-
riophage was estimated at 200 min (Fig. 2B, Fig. 2C).

Additionally, the phage growth curve revealed a burst size
of approximately ~ 30 phage particles/infected cell. In vitro
host lysis experiment showed a bacteriophage that can sup-
press bacterial host to initial titer for more than 20 h. Thus,
we proceeded with the in vitro anti-biofilm activity of the
bacteriophage (Fig. 3). A twofold reduction of the Pst bio-
film was observed 1 day after the addition of the phage at
a MOI of 500. The same twofold disruption remained at 3
dpi for MOI 500, but also the same reduction was observed
for MOI 10 and MOI 100, suggesting that time and MOI are
crucial factors for biofilm disruption. Nevertheless, a plateau
of reduction of 3.5-fold was observer at ODs,,=0.4.

These interesting results led us to continue with a genomic
characterization of bacteriophage Medeal, for studying the
molecular features of the bacteriophage. After bacteriophage
nucleic acid isolation, at first, we were able to conclude by
using DNAse and RNAse enzymes that indeed this bacte-
riophage harbors dsDNA. Illumina DNA sequencing fol-
lowed, which resulted in 4 mil reads with an average length
of 250.7 bp. The assembly process revealed a single contig
of 58.919 bps and a GC content of 57.9%. In silico annota-
tion process revealed that at least 86 CDS from which we
were able to identify 29 and 57 were considered hypothetical

Fig. 1 Transmission electron
micrograph of bacteriophage
Medeal showing a virion with a
long non-contractile tail typical
of siphovirus morphotype
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Table 1 Host range of bacteriophage Medeal against different Pseu-
domonas syringae pv. tomato strains including reference strain Pst
DC3000. Strong activity (+++) and medium activity (++) are dem-
onstrated as described in materials and methods section

Bacterial host strain Phage Medeal lysis Reference
evaluation

Pst 235 +++ This work

(main host)

Pst 237 +++ Not available

Pst 122 +++ Not available

Pst DC3000 ++ Buell et al. 2003

proteins (Supplemental Fig. S2). The molecular characteris-
tics and the proposed taxonomy of the phage are presented in
Table 2. We did not detect any genes for t-RNAs. Neverthe-
less, detailed genome annotation showed the presence of an
integrase protein (Supplemental Table S1).

Comparative genomics of Medeal phage

Blastn algorithm did not detect any significant whole-
genome similarities among Pseudomonas phage Medeal
and other bacteriophages. Nevertheless, VipTree revealed
that the proteome of Medeal bacteriophage has the high-
est similarity with the Pseudomonas bacteriophage PSA1, a
lysogenic bacteriophage infecting P. syringae pv. actinidae
(Di Lallo et al. 2013). These two phages also have proteome
similarity with Acinetobacter phages vB_Abas_TRSI,
YMCI11/11R3177, and YMC/09/02/B1251 (Fig. 4A, C).
When studying only Pseudomonas phages, a proteomic tree
was generated showing similarity with Pseudomonas phages
phi2, MD8, and F10 (Fig. 4B). Specific well-established
amino acid sequences, which have been used in the past as
phylogenetic markers to better understand its bacteriophage
genomic origins, were also analyzed. By utilizing differ-
ent protein markers, we can conclude diverse evolutionary
aspects of a bacteriophage (Skliros et al. 2022).

Hence, we studied the tail tape measure protein of tailed
Pseudomonas bacteriophages with siphovirus morpho-
type, responsible for the tail length and the DNA transit
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Fig.2 Biological characteristics of bacteriophage Medeal. A Spots
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to the cell cytoplasm during inoculation, to construct a
phylogenetic tree of the known siphovirus morphotype
Pseudomonas phages (Supplemental Fig. S3). Results
confirmed the close relationship of Medeal with PSAT.
Terminase large subunit is also a key component of the
DNA packaging machine found in bacteriophages. Phy-
logeny study revealed the relationship of that protein with
Pseudomonas phages MP48, JBDS, and JD024. Interest-
ingly, the integrase amino acid sequence revealed a differ-
ent story. Phage integrases are enzymes that mediate uni-
directional site-specific recombination between two DNA
recognition sequences, the phage attachment site, and the
bacterial attachment site. Medeal’s integrase groups with
bacteriophages vb_PaeS_PMGI1 and YMC11/02/r656
show diverse evolutionary events, which took place to
form the genome of Medeal.
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tion time. C Two-step growth curve of bacteriophage with MOI: 1. D
Growth kinetics of the main host (Pst 235) with the addition of bacte-
riophage Medeal in different MOIs (SE +)

Evaluation of Medea1 plant protective activity
against Pst in tomato plants

To test the plant protective efficacy of bacteriophage Medeal
against Pst 235 in vivo, tomato plants were treated with
Medeal 24 h before Pst infection. Quantification of the P.
syringae pv. tomato on the leaflets of tomato plants was done
1 and 3 dpi. The results showed that Medeal significantly
decreased the population of Pst in tomato leaflets. At 1 dpi,
phage application by root drenching and foliar spraying
decreased the Pst population by 20-fold, when compared to
controls. At 3dpi, there was no statistically significant differ-
ence between Medeal root drenched plants and controls. On
the other hand, the Pst population was found 60-fold reduced
in the Medeal spray plants compared to the controls and the
Medeal root drenched plants (Fig. 5).
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Fig.3 Effect of Medeal Pseudomonas phage on biofilm of Pseu-
domonas syringae pv. tomato depending on time and MOI of appli-
cation 1 day post-inoculation (1 dpi) and 3 days post-inoculation (3
dpi) with the bacteriophage. Different letters or numbers indicate
statistically significant differences between treatments. Comparative
statistics were conducted separately for each dpi treatment (one-way
ANOVA, post hoc analysis for p <0.05 with Student’s ¢-test, SE +)

Additionally, RT-qPCR was used for the relative quan-
tification of Pst and Medeal populations in tomato leaflets
(Fig. 6). At 1 dpi, the Pst population in the Medeal-treated
plants was twofold lower than controls (Fig. 6A). Similar
results were observed at 3 dpi even if Medeal and Pst rela-
tive DNA was increased in all treatments (Fig. 6A). Addi-
tionally, the Medeal relative DNA content was higher in the
foliar application compared to root drenching, increasing
over time in the foliar sprayed plants (Fig. 6B).

Plant symptoms were monitored at 14 dpi. Results
showed a statistically significant difference in plant symp-
toms between controls and Medeal-treated plants. The dis-
ease severity was ca sixfold higher in controls compared to
Medeal-treated plants. There was no difference in disease
severity between the root drenching and the foliar spray
application method of Medeal (Fig. 7).

Expression analysis of Pin2 and PRIb tomato genes .

Phytopathogenic bacteria and biocontrol agents have been
shown to induce plant defense mechanisms, including the
abscisic acid (ABA) metabolic pathway and the salicylic
acid pathway. That is why we chose to quantify Pin2 and
PRI1b transcripts, in two different time points, involved in
different metabolic responses of defense by tomato plants

(Fig. 8). Results showed a statistically significant sixfold
induction of the Pin2 gene compared to the control when
only Pst was applied. Compared to control, bacteriophage
applications without Pst inoculum and root drenching appli-
cation with inoculum, in 1 dpi, did not exhibit statistically
significant differences. In contrast, the application of the
bacteriophage with the foliar spraying methodology induced
Pin2 transcript accumulation ca threefold compared to the
control. These patterns were slightly different 3 days post-
infection, whereas Pin2 remained upregulated in all treat-
ments except the root drenching application with the bacte-
riophage during the absence of inoculum. More specifically,
the application of Pst retained the upregulation of Pin2 with
a threefold statistically significant difference compared to the
control. Interestingly, the application of the bacteriophage
by foliar spray without Pst inoculum also showed a threefold
statistically significant upregulation of Pin2 transcripts. A
statistically significant 34-fold upregulation was also moni-
tored during root drenching application of the bacteriophage
when including the Pst inoculum.

On the other hand, the PRIb gene was induced in all Pst
application methods compared to the control, and in both 1
and 3 dpi. More specifically at 1 dpi, Pst inoculum applica-
tion showed a 3.5-fold upregulation; Pst inoculum includ-
ing foliar spray bacteriophage application showed a 20-fold
upregulation compared to control; root drenching applica-
tion with the bacteriophage also showed a 12-fold upregu-
lation. A slightly different pattern was observed in 3 dpi.
Pst inoculum application retained a 3.5-fold upregulation of
PR1b, while inoculum including foliar spray bacteriophage
application did not show any difference from the control.
Finally, inoculum and root drenching application with the
bacteriophage showed a ca twofold upregulation compared
to controls. The applications including only bacteriophage
Medeal did not show any difference from the controls when
studying this transcript. These results show that the presence
of bacteriophage could delay the expected induced expres-
sion of the Pin2 gene, but at the same time reprogram the
plant leaves to express the PR1b gene eatlier in both applica-
tion methods examined here.

Finally, to monitor bacteriophage lytic activity, we stud-
ied the relative transcript levels of phage tail protein and
endolysin genes. Bacteriophage transcripts were only sig-
nificantly detectable at 3 dpi when the Pst inoculum was
also applied. A twofold statistically significant difference

Table 2 Brief characteristics of the newly reported Pseudomonas bacteriophage Medeal

Bacteriophage name Accession number Phylogeny

Main host

Sequence length GC (%) percentage ORFs

Pseudomonas phage MW862109

Medeal Heunggongvirae;
Uroviricota; Cau-

doviricetes

Viruses; Duplodnaviria; Pseudomonas syringae

58,919 bp 58.1% 86

pv. tomato Pst235
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phage PqO (NC_029100)
Marinomonas phage P12025 (NC_ 018269)
Pseudoalteromonas phage HS2 (NC_302V36)
Pseudoalteromonas phage BS5 (NC_031917)
Pseudoalteromonas phage H105/1 (NC_015293)
Pseudoalteromonas phage HSS (NC_302032)
Pseudoalteromonas phage HS1 (NC_302033)
Idiomarinaceae phage PhilM2-2 (NC_025471)
Vibrio phage pYD3S-B (NC_021561)
Listonella phage phiHSIC (NC_006953)
Pseudomonas phage phiPSAl (NC_024365)
Sk Pseudomonas phage Medeal (MW_86210)
Acinetobacter phage VBAbASTRSI (NC_031098)
l—{ E Acinetobacter phage YMC11/U/R3177 (NC_041866)

Acinetocbacter phage YMC/09 02/B1251 (NC_019541)

Shewanella sp. phage 3/49 (NC_025466)
Serratia phage Eta (NC_021563)
Salmonella phage FSL SP 031 (NC_021775)
Enterobacter phage phiEap-2 (NC_028695)
Raoultella phage RP180 (NC_048181)

|| Escherichia phage VB_EcoS-Golestan (NC_042084)
Escherichia phage K1H (NC_027994)
Escherichia phage K1G (NC_027993)
Escherichia phage KLindl (NC_04L897)
Escherichia phage KlindJ (NC_96281)
Escherichia phage Klind2 (NC_041898)
Salmonella phage LSPA1 (NC_026017)
Salmonella phage Jersey (NC_021777)
Salmonella phage FSL SP-10L (NX_042065)
Salmonella phage VB SenS AG11 (NC 041991)
Salmonella phage SETP3 (NC_009232)
Salmonella phage SETP7 fNC_022754)
Salmonella phage SETP13 (NC_022752)
Salmonella phage SE2 (NC_016763)
Salmonella phage wks13 (NC_0 41992)
Salmonella phage SS3e (NC_006940)
Salmonella phage vB_SenS-Ent2 (NX_023608)
Salmonella phage vB_SenS-Ent3 (NX_024204)
Salmonella phage vB_SenS-Entl (NC_019539)
Salmonella phage BPS11Q3 (NC 031925)
Salmonella phage fISSE (NX_023698)
Salmonella phage MAI2 (NC_031021)
Salmonella phage L13 (NC_021317)

Left line: Virus morphotype

Myovirus
Siphovirus
Podavirus
Right line: Host group
c I Gammaproteobacteria

Y%-identity

Pseudomonas phage R12 (NC _048662)
Pseudomonas phage vB_PaeM_E215 (NC_042080)
Pseudomonas phage DL68 (NC 028971)
Pseudomonas phage SN (NC_011756)
Pseudomonas phage SL1 (NC_048676)
Pseudomonas phage 14-1 (NC_011703)
Pseudomonas virus PASP1 (NC_048806)
Pseudomonas phage JG024 (NC_017674)
Pseudomonas phage Epa7 (NC_050146)
Pseudomonas phage Epal3 (NC_050147)
Pseudomonas phage BrSPl (NC_048675)
Pseudomonas virus Pal93 (NC 050148)
Pseudomonas phage vB_PaeM_USP_I (NC_050149)
Pseudomonas phage vB_PaeM_LSI (NC_048699)
Pseudomonas phage vB_PaeM_E217 (NC 042079)
Pseudomonas phage KPP12 (NC_019935)
Pseudomonas phage vBPaeMPAOI_Ab29 (NC_610588)
Pseudomonas phage VE_PaeM_PAOI_Ab27 (NC_026586)
Pseudomonas phage PaGL’ll (NC_050145)
Pseudomonas phage N'H-4 (NC_019451)
Pseudomonas phage phiKING (NC_0411M5)
Pseudomonas phage VEPaeMCEBDPI (NC_041879)
Pseudomonas phage LMA2 (NC_011166)

phage nickie (NC_042091)
Pseudomonas phage phiR13 (NC_041964)
Pseudomonas phage KPP25 (NC_024123)
Pseudomonas phage phi2 (NC 030931)
Pseudomonas phage MBS (NC_031091)
Pseudomonas phage FIO (NC_007805)
Pseudomonas phage H66 (NC_042342)
Pseudomonas phage F116 (NC_006552)
Pseudomonas phage phiPSAI (NC_024365)

phage Medeal (MW_86210)

phage PS-1 (NC_029066)

phage YMC11/02/R656 (NC 028657)
phage i B_PaeP_Tr60_Ab31 (NC_023575)
Pseudomonas phage PATU2 (NC_011373)
Pseudomonas virus PMG1 (NC_016765)
Pseudomonas phage D3 (NC_002484)

Pseudomonas phage JBD44 (NC_030929)
Pseudomonas phage phi297 (NC_016762)

Pseudomonas phage YMC1107 P54_PAE_BP (NC_030909)
Pseudomonas phage YMC 01/01PS2 PAE EP (NC_403939)
Pseudomonas phage PMBT3 (NC_047902)

Pseudomonas phage Lana (NC_048166)

Pseudomonas phage PPpW-3 (NC_023006)

Pseudomonas phage Persinger (NC_054149)

‘phage phi3 (NC_030940)

Pseudomonas phage vB_Pae_BR3L9a (NC_055793)
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‘phage PMBT14 (NC_048687)
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phage R26 (NC_048663)
Pseudomonas phage FBI (NC_011810)
Pseudomonas phage datas (NC_050143)
Pseudomonas phage PaMvI3 (NC_067083)
Pseudomonas phage EPa61 (NC_048744)
Pseudomonas phage LBL3 (NC_OL1165)
Pseudomonas phage vB_Pae_PS44 (NC_028939)
Pseudomonas phage PAS (NC_041902)
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Fig.4 Viral proteomic tree generated with VipTree online software
of Pseudomonas phage Medeal and its closest relatives with (A) a
different host genus and (B) the same host genus. Legend corresponds

between foliar spray application and root drenching method
was detected (Supplemental Fig. S4), suggesting an active
role of the bacteriophage Medeal during infection with Pst.

Discussion

The lytic efficacy of bacteriophages against bacteria is being
thoroughly studied over the last years due to their poten-
tial of reducing pathogenic bacterial populations in phy-
topathology (Stefani et al. 2021). Biocontrol agents, such
as bacteriophages, have been widely proposed for several
phytopathogenic bacterial, such as Xyllela sp., Xanthomonas
sp., Pseudomonas savastanoi, and P. syringae, especially
under greenhouse conditions (Tarakanov et al. 2022; Zhang

to viral morphotype. Also, (C) a pairwise genome sequence align-
ment of Pseudomonas phage Medeal and Pseudomonas phage PSA1
is shown

et al. 2022; Holtappels et al. 2021; Clavijo-Coppens et al.
2021; Jones et al. 2007; Nordeen et al. 1983), whereas the
conditions of bacteria-phage interactions can be controlled
and regulated.

The frequent cases of P. syringae pv. tomato, which uses
as host tomato plants (S. lycopersicum) being the causa-
tive agent of bacterial specks in Mediterranean countries,
inspired us to study the possibility of utilizing the lytic char-
acteristics of a newly isolated bacteriophage, to control the
population of P. syringae under a challenged-design experi-
ment in a typical Mediterranean greenhouse.

Medeal bacteriophage represents a new genus within the
Caudoviricetes class with a siphovirus morphotype.

The isolation and in vitro detailed characterization of the
newly reported bacteriophage, namely Medeal, revealed a
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Fig. 5 Microbiological quantification of Pst 235 bacteria 1 and 3 dpi
after the initial application of Pst. Bars show bacterial titer per cm.?
of plant leaves. Pst inoculation without the bacteriophage, PstRD for
root drenching application with the bacteriophage, PstFS for foliar
spraying application with the bacteriophage. Different letters indi-
cate statistically significant differences between treatments. (SE+,
p<0.05)

siphovirus morphology bacteriophage with a long replica-
tion circle and a growth suppression of the host in vitro for
over 10 h. Host range analysis showed that Medeal could
lyse at least four different Pseudomonas strains, three of
them isolated from commercial tomato nurseries. Future
host range experiments with a larger collection of Pst will
showcase the host spectrum of the virus. A broad host spec-
trum of P. syringae bacteriophages has been demonstrated in
the past against pv. actinidae (Psa) (Flores et al. 2020). Our
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Fig.6 Relative DNA quantification of Pseudomonas syringae (A)
and bacteriophage Medeal (B) from tomato leaves 1 day post-inoc-
ulation (1 dpi) and 3 days post-inoculation (3 dpi) with Pst. Pst for
inoculation without the bacteriophage, PstRD for root drenching
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results showed also a strong antibiofilm activity of the bac-
teriophage, especially 3 days post-inoculation in an already
formed Pseudomonas sp. biofilm. The Pst biofilm is impor-
tant for bacterial plant pathogenicity (Ghods et al. 2015). Ni
et al. (2020) demonstrated a similar successful destruction of
a P. syringae pv. actinidae biofilm by using a phage cocktail.
Genome sequencing and the in silico prediction of ORFs
revealed a 58,919 bp genome. Whole proteome and phylo-
genetic analysis showed Medeal’s similarity to PSA1 and its
lambdoid nature, but also the diverse genomic inheritance
from different evolution niches, a mosaic phenomenon fre-
quently stumbled upon many Pseudomonas phages (Kwan
et al. 2006). The complete characterization of Pseudomonas
phage Medeal underlined its diverse genomic characteris-
tics and its interesting genomic features, accompanied with
strong lytic characteristics. The low nucleotide similarity
with other Pseudomonas phages could direct the creation
of a new bacteriophage genus, which will include bacte-
riophage Medeal according to ICTV taxonomy guidelines
(Krupovic et al. 2016).

Phytopathogenic Pst can be efficiently controlled
by Medea1 under greenhouse conditions

The in vitro lytic activity against Pst under both planktonic
and biofilm metabolic states of the cell inspired to design
an in planta challenge-based experiment, in which two dif-
ferent methodologies of phage pre-application were tested.
Generally, the phage-based products need to be tested under
different application methodologies; thus, the study of varied
strategies is needed, especially under control conditions, such
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application with the bacteriophage, PstFS for foliar spraying applica-
tion with the bacteriophage. Different letters indicate statistically sig-
nificant differences between treatments (SE +, p <0.05)
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Fig.7 Disease severity expressed as average symptoms per plant
14 days post-inoculation with Pst. Pst for application with bacterio-
phages, PstRD for root drenching application with the bacteriophage,
PstES for foliar spraying application with the bacteriophage. Different
letters indicate statistically significant differences between treatments
(SE+, p<0.05)

as greenhouses (Stefani et al. 2021). In our case, Medeal
genomic analysis revealed a CDS (QVW29150), which in
silico annotation tagged it as a putative integrase protein.
The application of Pseudomonas phages with putative tem-
perate characteristics to control bacterial species in mam-
malian and non-mammalian models has been proposed in
the past (Chung et al. 2012) with positive outcomes. How-
ever, due to their potential ability to integrate their genome
in hosts, applications of temperate bacteriophages should be
dealt with skepticism. In our work, we have used a puta-
tive temperate phage to prevent bacterial infection in plants
in a controlled and contained environment. The main pur-
pose is that by doing so, we could investigate the molecular
mechanisms that are involved in phage-host interactions in an
in vivo system. Further experiments utilizing potential tem-
perate bacteriophages, like Medeal, as models for exploring
their potential of integrating their genome into their host’s
chromosome followed by detailed phenotypic characteriza-
tion of the lysogenized bacteria, will significantly enhance
our understanding of their apparent dual nature, and safely
evaluate their potential as biological control agents especially
nowadays where the ability of engineering phages using gene
editing tools like CRISPR/Cas13 is feasible (Adler et al.
2022). This work could set the stage for comparative in planta
works among lytic and lysogenic bacteriophages against Pst.
In other plant species, such as Brassica, the inclusion of a
smart-designed phage cocktail in the irrigation system of
the plants against Xanthomonas campestris pv. campestris
showed highly reduced bacterial symptoms in plants, espe-
cially when phage titer exceeded 10° pfu/mL (Holtappels,
et al. 2022). Plant nutrient uptake via the xylem could in fact

be a viable option for distributing anti-bacterial agents, such
as bacteriophages in plant organs. In our case, we phage-
treated the plants 1 day prior to inoculation with Pst with
two different strategies: (i) by root drenching the plants with
a phage-based solution and (ii) by foliar spraying the grown
plants. Both strategies resulted in decreased bacterial load
compared to control conditions, even 3 days post-infection
with the host. Corresponding results were obtained from the
RT-QPCR methodology where we quantified the phage host’s
DNA. However, phage DNA showed a relative increase over
time. Plant symptoms were decreased significantly 14 days
post-inoculation with Pst, indicating the efficacy of Medeal
as a prophylactic treatment. Genes encoding for phage tail
protein and endolysin protein are known to be transcribed
during the latest stages of bacteriophage infection (Ni et al.
2021; Luke et al. 2002). By monitoring the relative expres-
sion of these genes of Medeal bacteriophage on plant leaves,
we concluded that the lytic activity of the bacteriophage had
a positive increase related to time, especially in foliar spray
application method which phage demonstrated a stronger
lytic activity. On the leaf surfaces, Pst is usually located in
the grooves of the veins and at the base of trichomes. Within
a few millimeters of the initial infection sites, Pst infection
is frequently contained and does not spread to other areas of
the plant (Preston 2000). Pst strains often follow two life-
styles that are related to a successful disease outcome. At
first, on a healthy plant’s surface, bacteria go through an ini-
tial epiphytic phase, and when they enter the plant through
natural openings or unintentional wounds, they go through an
endophytic phase in the apoplastic space (Xin and He 2013).
The recognition of specific translocated proteins in a resistant
plant cell causes the hypersensitive reaction, a rapid defense
reaction of the plant that is characterized by programmed
cell death (Boureau et al. 2020). Taking into consideration
the infection physiology of Pst, the decreased populations
monitored in our study in leaves of both root drenching treat-
ment and foliar spray application possibly work against both
epiphytic and endophytic lifestyles. Additionally, our results
regarding the disease severity of Pst are in accordance with
similar in planta studies, demonstrating the lytic efficacy of
diverse bacteriophages under controlled conditions (Pinheiro
et al. 2019; Holtappels et al. 2022). The use of a well-studied
phage cocktail with strong lytic characteristics, instead of a
mono-phage application, could potentially reduce Pst popu-
lations even more and also avoid or delay potential phage
resistance (Holtappels, et al. 2022).

The in planta Medea1- Pst interaction can positively
reprogram the plant defense mechanisms

It is a well-established fact that bacteriophage proteins, such

as major capsid protein or tail tape measure protein, are pro-
teins derived from bacteria (Krupovic and Koonin 2017).
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Fig.8 Relative expression level analysis of Pin2 and PRIb genes
from tomato leaves 1 day post-inoculation (1 dpi) and 3 days post-
inoculation (3 dpi). Pst for inoculation without bacteriophage, RD for
root drenching application with the bacteriophage without Pst, FS for
foliar spraying application with the bacteriophage phage without Pst,

Thus, plants could be able to recognize these proteins and
induce genes involved in defense mechanisms (Bol, 2008;
Weber and Bujarski 2015). The plant hormones abscisic acid
(ABA) and jasmonic acid (JA) play a predominant role in
the conversion of environmental signals into changes in plant
gene expression and are regulated by Pin2 gene expression
upon a biotic stress, such as a phytopathogenic bacteria (Her-
man et al. 2008). The accumulation of ABA and JA has been
described for several plant species, including potato, tomato,
and tobacco (Sanchez-Serrano et al. 1991; Pefia-Cortés and
Willmitzer 1995). Upregulation of the Pin2 gene is a result
of a pathogen recognition and preparation of hormone regu-
lation mainly reflected from ABA accumulation, which is
considered a frontline defense at the early stages of infec-
tion by the mediation of stomatal closure against invaders or
induction of callose deposition (Gupta and Roy 2018). In our
case, Pst treatments and phage foliar spray treatments showed
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PstRD for root drenching application with the bacteriophage, includ-
ing PstFS for foliar spray application with the bacteriophage includ-
ing Pst. Different letters indicate statistically significant differences
between treatments (SE +, ANOVA p <0.05 post hoc Student’s #-test)

an immediate transcript accumulation of the Pin2 gene, even
1 day post-infection, while on 3 days post-infection also the
phage root drenching methodology showed gene induction. It
is well known that plant biocontrol agents, such as fungi and
bacteria, can trigger plant defense against their invasions (Niu
et al. 2012; Gkizi et al. 2016; Fatouros et al. 2017). Thus, it
is natural to hypothesize that bacterial-related proteins, such
as phage proteins, could have a similar effect on plant rec-
ognition and subsequently plant metabolic reprogramming.
Interestingly, bacteriophage usage by foliar spray without Pst
inoculum induced Pin2 gene 3 dpi showing that plants could
recognize phage proteins as “intruders” potentially activating
its ABA-induced defense system. The presence of bacterial
lipopolysaccharides (LPS) in the plant’s microenvironment
could also protect against phytopathogenic bacteria with no
growth negative effects (Newman et al. 2022). Phage lysates
of Gram-negative bacteria carry LPS from their dead hosts
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(Szermer-Olearnik and Boratyriski 2015), although in our
case the phage stock solution was highly diluted prior to
application. It is difficult to establish which lysate compo-
nents triggered the upregulation of Pin2 during phage foliar
spray application.

Additionally, pathogenesis-related (PR) proteins are key
elements of biotic defense mechanisms and are activated in
response to pathogen invasion as well (Safaie-Farahaniand
and Taghavi 2017). They are regulated by Pr genes allos-
terically which results in the production of several proteins,
peptides, or compounds which are toxic to pathogens or
prevent pathogen infections (Wang et al. 2019). PR-1 pro-
teins are considered mainly secreted and accumulated in the
extracellular/apoplastic space facilitated by means of their
N-terminal secretion peptide (Aydin Akbudak et al. 2020).
The pathogenesis-related protein 1 (PR-1) gene family plays
important roles in plant metabolism in response to biotic and
abiotic stresses. PRI gene expression is induced in response
to a variety of pathogens and is a useful molecular marker for
the salicylic acid defense pathway and the systemic acquired
resistance response (Herman et al. 2008). Expression of this
gene is salicylic-acid responsive and acts secondary, after
the involvement of ABA in pre- and post-invasive immune
responses. Our results showed that phage-treated plants
induced the PR1b gene earlier (1dpi) and in higher levels rela-
tively, than the positive control treatment with Pst. That was
not the case 3 days post-inoculation with Pst, whereas positive
control treatments with Pst surpassed the relative transcript
levels, meaning that these plants recognized the Pst invasion
belatedly, subsequently having a later relative response of the
salicylic acid pathway. Being able to induce Prl genes early
could prove pivotal for the plant’s survivability.

The isolation and detailed characterizations of bacterio-
phages in vitro can reveal interesting and important attrib-
utes, which could prompt us to resourcefully design novel
antibacterial strategies. Here, we analyze a newly reported
Pseudomonas bacteriophage with strong antibiofilm activ-
ity, which could be assigned to a new genus. Utilizing
prophylactic its lytic nature under greenhouse conditions
shows that not only is able to reduce the bacterial load in
planta, but also enhances the plant’s defense responses
by inducing earlier and much stronger the salicylic acid
defense pathway, a phenomenon which possibly resulted
in significantly reduced bacterial specks. Additionally, we
are undergoing a complex set of experiments for studying
the efficacy of potential phage genome integration and the
detailed phenotypic characterization of lysogenic bacteria
to explore the safety of Medeal and Medeal-like phages.
The precautionary irrigating or spraying strategy with
phage-based products in tomato plants could complement
a holistic antibacterial strategy in modern greenhouses.
Future works including the continuous application of
phage-based products could show more promising results.
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