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ARTICLE INFO ABSTRACT

Keywords: In this study, we investigated the biocontrol activity of the P. mediterranea strain PVCT 3C against Mal secco, a
Pseudomonas severe disease of citrus caused by the vascular fungus Plenodomus tracheiphilus. In vitro, bacterial diffusible
Biocontrol

compounds, volatile organic compounds and culture filtrates produced by PVCT 3C reduced the mycelial growth

Genoml,c s and conidial germination of P. tracheiphilus, also affecting the mycelial pigmentation. The application of bacterial
Transcriptomics . . . . . . . .
Gitrus suspensions by leaf-spraying before the inoculation with the pathogen on plants of the highly susceptible species
Plenodomus sour orange and lemon led to an overall reduction in incidence and disease index, above all during the early
disease stage. PVCT 3C genome was subjected to whole-genome shotgun sequencing to study the molecular
mechanisms of action of this strain. In silico annotation of biosynthetic gene clusters for secondary metabolites
revealed the presence of numerous clusters encoding antimicrobial compounds (e.g. cyclic lipopeptides,
hydrogen cyanide, siderophores) and candidate novel products. During the asymptomatic disease phase (seven
days post-inoculation), bacterial treatments interfered with the expression of different fungal genes, as assessed
with an NGS and de novo assembly RNA-seq approach. These results suggest that P. mediterranea PVCT 3C or its
secondary metabolites may offer a potential effective and sustainable alternative to contain P. tracheiphilus in-
fections via integrated management.
1. Introduction (FAOSTAT, 2022), Turkey is the major producing country (1323,000 t
per year), followed by Spain (863,240 t) and Italy (476,310 t). In these
Lemon (Citrus limon) is the third most important citrus species areas, lemon cultivation is threatened and severely limited by a devas-
worldwide, with a global production, together with limes, amounting to tating vascular disease known in Italian as Mal secco - literally ’dry
21.5 million tonnes (FAOSTAT, 2022). In the Mediterranean and Black disease’ (Catara and Catara, 2019).
Sea basins, which account for about half of the global lemon production Mal secco disease (MSD), caused by the mitosporic fungus of the
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Leptospheriaceae family, Plenodomus tracheiphilus (formerly Phoma tra-
cheiphila), is a vascular disease of utmost importance for the citrus in-
dustry, both for its significant economic impact and its potential
dissemination to disease-free countries (EFSA PLH Panel, 2014; Migheli
et al., 2009; Nigro et al., 2011). The main host is lemon, for which the
disease is a critical production bottleneck, but other species in the Citrus
genus and several genera in the Rutaceae, such as Poncirus, Severinia and
their hybrids, can also serve as hosts (Catara and Catara, 2019; Nigro
et al., 2011).

The pathogen is considered of quarantine concern by plant protec-
tion organizations worldwide, but it is currently present in the majority
of countries in the Mediterranean basin and in some of the Black Sea
(EFSA PLH Panel, 2014; EPPO; 2024; Picard et al., 2018; Zhao et al.,
2021). Infections are initiated by conidia produced in pycnidia on
withered twigs or by phialoconidia produced by “free” hyphae grown on
exposed wood surfaces and within xylem elements (Migheli et al., 2009).
The pathogen enters host tissues through wounds and leaf scars. It then
spreads systemically, mostly upward, until it reaches the lumen of the
xylem by the conidia transported into the xylem sap (Catara and Catara,
2019; Migheli et al., 2009; Nigro et al., 2011).

Symptoms start as discoloration of the primary and secondary veins
that further extends to the whole leaf, leaf drop, and twig and branch
dieback, with the name ‘mal secco’ (dry disease) originating from the
characteristic desiccation of part or the whole tree. Typically the wood
shows a pink-salmon discoloration (Migheli et al., 2009). Plant debris in
orchards can be a source of inoculum for several weeks and cause the
infection of wounded roots. In this case two other syndromes have been
described: mal fulminante (sudden death) and mal nero (black disease)
due to root infections that differ according to the speed of symptom
progression (Perrotta and Graniti, 1988). The tree eventually dies from
one to several years after infection (Nigro et al., 2011). Disease devel-
opment has been mainly attributed to the activity of malseccin, a
non-selective complex of toxic glycoproteins, whose major fraction,
Pt60, was found to induce typical symptoms of MSD when applied to
citrus leaves (Fogliano et al., 1998; Nachmias et al., 1979). Transcrip-
tional analyses have confirmed a multifaceted mechanism of pathoge-
nicity involving the destruction of plant defence metabolites and the
optimization of fungus development and pathogenesis (Russo et al.,
2021). Additionally, P. tracheiphilus infections rewire rhizosphere and
endorhizosphere microbial community networks, leading to a depletion
of potentially beneficial genera such as Pseudomonas and Burkholderia
(Dimaria et al., 2023).

Management of the disease is challenging and, being a vascular
disease, the plant cannot be freed of the pathogen once it has been
infected (EFSA PLH Panel, 2014; Nigro et al., 2011). Currently, there are
no lemon cultivars or clones resistant to P. tracheiphilus with competitive
yields and satisfactory bio-agronomic features that can be adopted
where the pathogen is present (Abbate et al., 2019; Catalano et al.,
2021a). In the Mediterranean region, pruning of withered shoots and
suckers, followed by burning, is key to reducing inoculum, along with
protective treatments based on the application of copper compounds or
other authorized fungicides during the rainy season, after hailstorms,
frost damage and pruning (EFSA PLH Panel, 2014; Nigro et al., 2011).
However, these methods are currently inefficient and cannot moderate
the extremely large economic and social losses (such as loss of jobs,
labour income or industry output) caused by the disease. The high
susceptibility of the main commercial cultivars of lemon, the absence of
authorized systemic agrochemicals and progressive restrictions to the
use of copper-based products thus limit effective means to control MSD
(EFSA PLH Panel, 2014). Studies on the biocontrol efficacy of different
organisms and/or biological commercial products against
P. tracheiphilus have been conducted on lemon and/or sour orange in a
growth chamber (Lima et al., 1994; Grasso et al., 2008) and a glasshouse
(Coco et al., 2004; Kalai-Grami et al., 2014) and on Volkamer lemon in a
growth chamber (Aiello et al., 2022) and greenhouse (Leonardi et al.,
2023).
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Most of the biological products tested in these studies are registered
for use against bacterial and fungal pathogens (e.g. Xanthomonas sp. and
Armillaria sp.) not including P. tracheiphilus and in crops other than
citrus, and their mechanism of action was not clarified or addressed only
for a specific phytopathogen.

The genus Pseudomonas is the largest pool of potential biocontrol
agents (BCAs), and diverse strains are effective in controlling vascular
diseases both in herbaceous and woody crops (Bubici et al., 2019;
Deketelaere et al., 2017; Gomez-Lama Cabanas et al., 2018).

Pseudomonas is a highly diverse and metabolically versatile Gam-
maproteobacteria genus ubiquitously found in the environment. Multi-
ple Pseudomonas species show plant growth-promoting activities and
biological control traits, as they are able to efficiently colonise plants,
produce antimicrobial compounds and elicit systemic resistance in
plants (Bakker et al., 2007; Hofte, 2021; Raaijmakers et al., 2010). Most
of these species are included in the P. fluorescens complex, which is a
taxonomically unresolved group that has been divided into a growing
number of different groups and species. In particular, the different
species comprising the P. corrugata subgroup, including P. mediterranea,
have been reported to encode a plethora of secondary metabolites with
wide-spectrum antimicrobial activities, such as hydrogen cyanide, the
antifungal polyketide 2,4-diacetylphloroglucinol, or different cyclic
lipopeptides (CLPs) (Hofte, 2021).

Although described as a weak and opportunistic pathogen (Catara,
2007), which causes tomato pith necrosis, P. mediterranea strains have
shown a strong in vitro antimicrobial activity against bacterial, fungal
and oomycete phytopathogens (Albert et al., 2024; Gu et al., 2020;
Sallam et al., 2023; Strano et al., 2017; Ullah et al., 2020). In particular,
preliminary results suggest that P. mediterranea PVCT 3C is a promising
biocontrol agent for MSD, because it was shown to reduce disease
symptoms when applied to the plant before P. tracheiphilus inoculations
(Coco et al., 2004; Grasso et al., 2008). Recent transcriptomic analyses
have shown that strain PVCT 3C also improves the defence response of
lemon plants, by preventing the pathogen-induced downregulation of
genes involved in effector-triggered immunity and in the biosynthesis
and perception of phytohormones (Sicilia et al., 2024, 2023).

The three main aims of this study were to i) evaluate the biocontrol
activity of P. mediterranea strain PVCT 3C against P. tracheiphilus, both in
vitro and in planta; ii) assess its effect on the transcriptome of
P. tracheiphilus during the early disease stage; and iii) identify potential
genetic determinants for the biocontrol activity of this strain.

2. Materials and methods
2.1. Microbial strains, media and culture conditions

The Pseudomonas mediterranea strain PVCT 3C (= IPVCT 3C = CFBP
5458), which was isolated from tomato and characterized in different
studies (Catara et al., 2002, 1997), was used in all the assays in vitro and
in planta and for genome sequencing. Unless otherwise stated, PVCT 3C
was routinely cultured at 25 + 2 °C on nutrient agar (NA, Oxoid,
Hampshire, UK) supplemented with 1 % dextrose (NDA) and stored in
Luria-Bertani (LB, Laboratorios Conda S.A., Madrid, Spain) broth sup-
plemented with 20 % (vol/vol) glycerol at —80 °C. Bacterial cells for
plant treatments and DNA extraction were grown in LB broth inoculated
with a single bacterial colony from a 24-h-old culture on NDA, incubated
overnight at 28 °C under continuous shaking (180 rpm) and centrifuged
(9000 x g, 20 min). The pellets were washed three times and resus-
pended in sterile distilled water (SDW) up to 108 cfu mL~L. Total
genomic DNA was purified using a Gentra Puregene bacterial DNA
extraction kit (Qiagen, Hilden, Germany), following the manufacturer’s
protocol.

The Plenodomus tracheiphilus isolate PVCT Pt57 was selected for
virulence according to a previous study (Oliveri et al., 2022). Fusarium
solani isolate ABT Fs and Phytophthora citrophthora isolate ABT Pc, used
in the antagonistic assays in vitro, were provided by the diagnostic
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laboratory of Agrobiotech Soc. Coop. All isolates were routinely main-
tained on potato dextrose agar (PDA, Oxoid, Hampshire, UK) at 23 + 2
°C and stored on PDA slants at 4 °C.

For plant inoculation, phialoconidia of P. tracheiphilus were obtained
from cultures in carrot broth (Salerno and Catara, 1967). Two
four-millimeter plugs of PDA along the actively growing area of
seven-day-old fungal colonies were transferred to 250 mL-fluted flasks
containing 150 mL of carrot broth (300 g of carrots L) and incubated
under continuous shaking (220 rpm), at 22 °C and diffused light for up to
4 days. The culture broth was filtered through four layers of sterile gauze
in order to eliminate mycelia, and centrifuged at 6000 x g for 15 mi-
nutes. The pellets were washed three times and resuspended in SDW.
Phialoconidia were counted using a hematocytometer and their con-
centration was adjusted to 10® mL~! with SDW.

2.2. Antimicrobial activity in vitro

The antimicrobial activity of the P. mediterranea strain PVCT 3C was
tested in vitro by dual-culture assays (to test diffusible compounds) and
by double-plate assays (to test volatile organic compounds, VOCs), as
described by Strano et al. (2017). The antimicrobial activity was
expressed as percentage growth inhibition (PGI) (Vincent, 1947): PGI
(%) =100 - (GC — GT)/GC, where GC represents the mean value of the
pathogen radius in the absence of PVCT 3C (control), and GT represents
the mean value of the pathogen radius in the presence of PVCT 3C
(treatment). The effect of VOCs on the germination of P. tracheiphilus
phialoconidia was evaluated according to Strano et al. (2017) and the
activity was expressed as percentage germination reduction.

The antimicrobial activity of cell-free culture filtrates (CF) of
P. mediterranea strain PVCT 3C was tested in vitro by the poisoned food
technique (Grove and Moore, 1962) against the P. tracheiphilus isolate
PVCT Pt57. CF concentrations were chosen based on preliminary
screenings (data not shown). The CF was obtained by culturing strain
PVCT 3C in improved minimal medium (IMM) (Surico et al., 1988) in
still culture for four days at 28 °C. After sterilization by filtration using
0.22-pm filters (Millipore, Billerica, MA, U.S.A.), the CF or sterile IMM
(control) were added to the PDA medium at final concentrations of 20 %
and 50 % (v/v). Bacteriological agar (0.7 % w/v) was added to PDA
medium supplemented with 50 % CF or IMM. P. tracheiphilus mycelium
plugs were placed in the centre of the plate and incubated at 23 + 2 °C.
PGI was calculated as above. The assay in liquid medium was conducted
in 100 mL-Erlenmeyer flasks containing 20 mL of potato dextrose broth
(PDB, Difco, Le Pont-de-Claix, France) inoculated with P. tracheiphilus
phialoconidia (final concentration of 10° mL™1). Each flask was sup-
plemented aseptically with CF or IMM (control) to a final concentration
of 20 % (v/v), and incubated under continuous shaking (150 rpm) at 25
+ 2 °C with diffused light for five days. The weight of the mycelium was
determined. All the trials were conducted using three independent
replicates and were repeated twice.

Table 1
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2.3. Biocontrol activity of P. mediterranea PVCT 3C against Plenodomus
tracheiphilus in planta

The biocontrol activity of P. mediterranea PVCT 3C against
P. tracheiphilus was evaluated in four independent trials on seedlings of
Citrus aurantium (sour orange) and on Citrus limon (lemon) ‘Femminello
Siracusano 2Kr’ plants grafted on sour orange, produced by a local
nursery. Plants were grown in pots containing a commercial substrate
(60 % volcanic soil + 40 % acid peat) fertilized with Osmocote®
16-09-10 (+2 MgO) (12 g pot for sour orange plants and 30 g pot!
for lemon plants), according to their age (Table 1).

Sour orange plants were maintained in an unheated greenhouse
(14-25 °C, 60-90 % relative humidity), whereas trials on lemon were
conducted both in an unheated greenhouse and in an outdoor shaded
area. Plants were treated by spraying the leaves with aqueous bacterial
cell suspensions (108 cfu mL’l) of P. mediterranea PVCT 3C three days
and one day before the inoculation with P. tracheiphilus PVCT Pt57.
Briefly, 10 pL of phialoconidial suspension was placed on the secondary
veins of young and fully expanded leaves after they had been wounded
by gently pressing with three entomological needles mounted on a
rubber handpiece (Dimaria et al., 2023). For each experiment, plants
were also treated with either the bacterial suspensions or SDW and
mock-infected (negative controls). Plants treated with SDW and inocu-
lated with P. tracheiphilus (positive control) were included.

The number of replicates (plants, leaves, inoculation sites) is re-
ported in Table 1. Up to 35 days post-inoculation (dpi), symptoms were
monitored every week and evaluated using an arbitrary 5-point scale
(Luisi et al., 1979). Weekly incidence was calculated as percentage of
positive infections out of total infections. The results were evaluated
after processing the disease index (DI) and the area under the disease
progress curve (AUDPC) (Oliveri et al., 2022).

After evaluating symptoms with the above 5-rating scale, the disease
index was calculated using the following formula: DI = (no. of point
0x0) + (no. of point 1x1) + (no. of point 3x3) + (no. of point 4x4)/
total inoculation points. Using the weekly values of the disease index of
the inoculated leaves, the AUDPC was determined for each experiment
according to Campbell and Madden (1990): AUDPC= £ Y(y+yi,1)/2
(ti+1-t),where “n” is the number of measures, “y” is the DI, and “t” is the
number of days after P. tracheiphilus inoculation.

2.4. Assays on leaf discs and detached leaves of lemon

2.4.1. Isolation of P. mediterranea PVCT 3C from lemon leaves

The presence of PVCT 3C on lemon leaves after treatment was
assessed. Leaves from lemon plants treated with P. mediterranea PVCT
3C and inoculated with SDW or treated and inoculated with SDW of the
trial performed in the greenhouse were sampled. Weekly, leaf discs (8-
mm diameter) were cut from both the wounded and non-wounded
portions of lemon leaves with a cork-borer and placed on PDA plates.
Three replicates of 10 discs were assayed. The plates were scored for the
presence or absence of P. mediterranea PVCT 3C after three days of in-
cubation at 25 + 2 °C. At least five colonies randomly selected per plate

Citrus plants used in biocontrol assays in planta and number of replicates (plants, leaves and inoculation sites) per treatment.

Species and age® Pots, growth condition” Plants Leaves Inoculation sites Total inoculation sites
plant™! leaf ™

Citrus aurantium

10-month-old 7x7x8 cm, 0.27 L, G 5 6 4 120

18-month-old 10x10x22 cm, 2 L, G 4 8 4 128

C. limon

Two-year-old® 228 cm, 15L, G 8 18 6 864

Two-year-old 228 cm, 15L, O 7 18 6 756

@ C. limon plants (variety ‘Femminello Siracusano 2Kr’) were grafted onto sour orange.
> Measures and volume of the pots are reported. Plants were maintained in a greenhouse (G) or outdoors (O). € Leaves from the plants of this trial were sampled for

RNA-seq analysis.
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were tested by PCR with species-specific primers (Catara et al., 2000). In
addition, the PDA plates containing the leaf discs were sprayed with a
suspension of P. tracheiphilus phialoconidia (106 mL™! in SDW). The
suspension was sprayed 48 h after the application of the leaf discs on the
plates or at the same time. The plates were incubated at 25 + 2 °C. Three
replicates of 4-5 discs were assayed. All the experiments were per-
formed at least twice.

2.4.2. Antimicrobial activity assay on detached leaves

The ability of P. mediterranea PVCT 3C to combat P. tracheiphilus
infection locally was also investigated through a detached leaf assay,
using a protocol based on the detached leaf assay for Alternaria alternata
(Reis et al., 2007), with some modifications. Young but fully expanded
leaves with petioles were excised from two-year-old greenhouse-grown
’Femminello Siracusano 2Kr’ lemon plants. Leaves from three different
trees were washed under running tap water, surface-sterilized by im-
mersion for 30 s in 70 % ethanol followed by 30 s in 0.5 % (vol/vol)
sodium hypochlorite, rinsed three times in SDW, and then dried under
sterile conditions. Leaves were wounded at the midvein with a sterile
scalpel and 20 pl of PVCT 3C cell suspensions (10% cfu mL™') were
pipetted onto the wound. When the drop dried, a PDA plug from a fresh
culture of P. tracheiphilus isolate PVCT Pt57 was placed inverted on the
wound, allowing the mycelium to make contact with the leaf tissues.
Controls consisted of leaves wounded and treated with SDW or wounded
and inoculated only with the pathogen. Leaves were acclimated in
humid chambers in plastic boxes with three layers of wet filter paper,
avoiding the direct contact of the leaves with paper using plastic grids,
and incubated at 25 + 2 °C. The assay was repeated at least twice.

2.5. Whole-genome shotgun sequencing of the P. mediterranea strain
PVCT 3C

2.5.1. P. mediterranea PVCT 3C genome sequencing, assembly and
annotation

Sequencing libraries were constructed at the Beijing Novogene Bio-
informatics Technology Co., Ltd using a NEBNext® Ultra™ DNA Library
Prep Kit for Illumina (NEB, USA), with a 350-bp insert size, following the
manufacturer’s recommendations. After purification and quantification,
the libraries were sequenced to an average depth of 222x using an
Mlumina NovaSeq 6000 platform and PE150 sequencing strategy,
generating a total of 12,706,667 bp of raw reads. The raw reads were
demultiplexed, recorded in FASTQ file using Illumina bcl2fastq v2.19
and checked for quality using the tool Fastp v0.23.1 (Chen et al., 2018).
The resulting clean reads (10,033,333 bp, Q3 = 94.69 %) were
assembled with the software SOAPdenovo v2.04 (Luo et al., 2012),
SPAdeS v3.11.1 (Bankevich et al., 2012), Abyss v1.5.2 (Simpson et al.,
2009) and CISA v1.3 (Lin and Liao, 2013) to integrate the assembly
results of the four software programs. The completeness of the assem-
bled draft genome was estimated at 98.5 % using BUSCO v5.6.1 (Manni
et al., 2021) and the pseudomonadales_odb10 (2024-01-08) lineage
dataset.

The genome assembly annotation was performed remotely on the
NCBI Prokaryotic Genome Annotation Pipeline (PGAP) v6.6 with
GeneMarkS-2 v.1.14_1.25 (Li et al., 2021) and on the Rapid Annotations
using Subsystems Technology (RAST) server, including the construction
of a metabolic model (Aziz et al., 2008; Overbeek et al., 2014). For each
software tool, default parameters were used except where otherwise
noted.

The draft genome assembly of the P. mediterranea strain PVCT 3C was
deposited at the NCBI under the accession number GCF_032208645.1
and SRA accession number SRR27587393. The 16S rRNA gene region of
P. mediterranea PVCT 3C was amplified with the universal primer set
27F/ 1492R and 530F/ 1492R (Lane, 1991) and 1 x GoTaq® G2 Hot
Start Colorless Master Mix (Promega). The PCR program consisted of an
initial denaturation step at 95 °C for 5 min, followed by 35 cycles of
1 min at 94 °C, 1 min at 50 °C, 2 min (1 min for primer set 27F/ 1492R)
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at 72 °C, and a 10-min extension at 72 °C. All reactions were performed
in a GeneAmp® PCR System 9700 thermal cycler. The DNA amplicons
were sequenced by BMR Genomics (Padua, Italy). The partial 16S rRNA
gene sequence was deposited in GenBank (accession no. PP066855.2). A
circular map of the P. mediterranea PVCT 3C draft genome assembly was
constructed and visualized using the Proksee Server (https://proksee.ca)
(Grant et al., 2023).

2.5.2. Phylogenetic and taxonomic analyses

A whole genome-based phylogenomic tree was constructed on the
Type (Strain) Genome Server (TYGS; https://tygs.dsmz.de)
(Meier-Kolthoff et al., 2022). The tree was inferred with FastME 2.1.6.1
(Lefort et al., 2015) from Genome Blast Distance Phylogeny (GBDP)
distances calculated from publicly available genomes of type strains of
species belonging to the P. corrugata phylogenomic subgroup and of
P. mediterranea strains retrieved from the NCBI RefSeq genome database.
The P. aeruginosa type strain DSM 500717 was used as an outgroup. The
average nucleotide identity based on BLAST (ANIb) values between the
genome sequences of the analysed strains was estimated by using PYANI
software v0.2.12 (Pritchard et al., 2016).

2.5.3. Comparative genomic analysis

Intraspecific comparisons of the deduced proteomes and metabolic
reconstructions were performed with RAST (Aziz et al., 2008; Overbeek
et al., 2014), and the results were visualized on SEED Viewer v2.0.
Candidate prophage sequences were annotated within the genomes of
P. mediterranea strains using PHASTER (Arndt et al., 2016; Zhou et al.,
2011).

2.5.4. Analysis of genes of interest in biocontrol

Biosynthetic gene clusters (BGCs) for secondary metabolites were
predicted using antiSMASH bacterial version v7.1.0 (Blin et al., 2023),
the “relaxed” detection strictness setting, and the “extra features”
setting. BGCs showing no sequence match with known BGCs for sec-
ondary metabolites were designated as orphans, according to a previous
study (Balthazar et al., 2022).

P. mediterranea PVCT 3C genes involved in plant growth promotion
and in bacteria-plant interactions were predicted using respectively the
PGPT-Pred and PIFAR-Pred tools in the PLaBAse v.1.02 platform
(Ashrafi et al., 2022; Martinez-Garcia et al., 2016; Patz et al., 2024,
2021). For the PGPT-Pred tool, BLASTp v2.10.1+ and HMMER v3.3
software package (Potter et al., 2018) were used.

2.6. Analysis of P. tracheiphilus gene expression in inoculated lemon
leaves as influenced by P. mediterranea strain PVCT 3C treatment

To evaluate the effect of the P. mediterranea treatment on the
P. tracheiphilus transcriptome, leaf samples from all treatments in the
trial on lemon ‘Femminello Siracusano 2Kr’ plants grafted onto sour
orange and maintained in a greenhouse were used for RNA extraction
using the RNeasy Plant MiniKit (Qiagen, Venlo, The Netherlands), as
detailed in Sicilia et al. (2023).

Library preparation and RNA sequencing were performed as re-
ported in Sicilia et al. (2023). De novo assembly of clean reads yielded
156,377 transcripts and 38,831 unigenes. The unigenes whose expres-
sion level changed upon pathogen infection were identified as differ-
entially expressed genes (DEGs) (Sicilia et al., 2023). To retrieve
transcripts belonging to P. tracheiphilus, DEGs of the leaves inoculated
with P. tracheiphilus and those treated with PVCT 3C were scanned. All
the sequences were validated by mapping the reads back to the fungal
genome (https://mycocosm.jgi.doe.gov/Photrl/Photrl.info.html
accessed 7 September 2023).

RNA sequencing data are available at NCBI (https://www.ncbi.nlm.
nih.gov/geo/) under the accession number GSE227934.
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2.7. Statistical analysis

The data were subjected to ANOVA using Statgraphics PLUS v5.1
software (StatPoint Technologies, Inc., Warrenton, VA, USA) after the
normality of the distribution had been checked by the Shapiro-Wilk
normality test. Mean values were compared according to the Student-
Newman-Keuls test and Tukey’s HSD test (analysis of P. tracheiphilus
gene expression in planta).

3. Results
3.1. Invitro antimicrobial activity of P. mediterranea PVCT 3C

As a first step, we tested the ability of the P. mediterranea strain PVCT
3C to inhibit the growth in vitro of P. tracheiphilus PVCT Pt57 (Oliveri
et al., 2022) and two other citrus pathogens, Fusarium solani ABT Fs and
the oomycete Phytophthora citrophthora ABT Pc. To explore different
modes of action, we evaluated the production of diffusible compounds
by strain PVCT 3C. Using a standard dual-culture technique, we ana-
lysed the effect of culture filtrates (CFs) on liquid cultures, and the effect
of volatile organic compounds (VOCs) by growing the pathogens or
germinating phialoconidia on plates above a culture of the bacterium.

Diffusible compounds inhibited the growth on plates of the three
tested plant pathogens, although to different extents (26-47 % PGI)
(Fig. 1A, Fig. 2, Figure S1). Similarly, cell-free CF of the PVCT 3C strain
grown in a minimal medium also led to a reduction in P. tracheiphilus
radial growth when added to a solid medium (Fig. 1B). This inhibition
was more evident when the CF was added to PDB, leading to an 85 %
reduction in the dry weight of the fungal mycelium (Fig. 1B).

VOCs inhibited the mycelial growth of P. tracheiphilus (Fig. 1A,
Fig. 2) and also led to a reduction (25 + 6 %) in the germination of
P. tracheiphilus phialoconidia (Fig. 2). Notably, the pigmentation of
P. tracheiphilus mycelium was reduced or completely inhibited when
exposed to bacterial diffusible compounds or VOCs (Fig. 2).
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3.2. Antimicrobial activity on detached lemon leaves

The application of P. mediterranea PVCT 3C suspensions on wounds
of detached lemon leaves, immediately before the inoculation of
P. tracheiphilus, delayed the onset of leaf alterations caused by the fun-
gus. At seven dpi, most of the leaves (77 %) inoculated only with the
pathogen showed either wilting or curling and sometimes midvein
discoloration. At this time point, no alterations were observed in leaves
treated with PVCT 3C and inoculated with the pathogen (Fig. 3). At 14
dpi, the percentage of leaves inoculated only with the pathogen showing
alterations increased to 89 % (Fig. 3). At the same time point, only 5 %
of the leaves pre-treated with PVCT 3C showed symptoms that were
limited to midvein chlorosis (Fig. 3). At the end of the trial (21 dpi),
leaves inoculated only with the pathogen showed extended leaf chlo-
rosis, necrosis or desiccation, while 16 % of leaves pre-treated with
PVCT 3C showed chlorosis of the lamina (Fig. 3).

3.3. Biocontrol activity of P. mediterranea PVCT 3C in planta

To assess the efficacy of the P. mediterranea strain PVCT 3C to control
P. tracheiphilus infections in whole plants, sour orange seedlings and
lemon plants grafted onto sour orange were sprayed with bacterial
suspensions of PVCT 3C, and subsequently wound-inoculated with
phialoconidia of the pathogen.

Foliar treatments with P. mediterranea PVCT 3C before the inocula-
tion with P. tracheiphilus reduced the disease significantly in most of the
trials and with a similar trend. Ten-month-old sour orange seedlings
showed the highest susceptibility (Fig. 4). Compared with those of the
control plants, the seedlings treated with the bacterium showed a
significantly reduced incidence at seven (p = 0.0207) and 14 dpi (p =
0.0124) and a lower DI throughout the experiment (35 dpi) compared to
the control (Fig. 4) (p = 0.0175 at 35 dpi). AUDPC values were signif-
icantly (p = 0.0175) reduced following bacterial treatments (21.1)
compared to the control treatment (37.7) (Fig. 4). Inoculations on 18-
month-old sour orange seedlings at the end of the trial resulted in a
low percentage of positive infections regardless of the treatment. The
overall DI for the treated and control plants at the end of the trial was 1.0
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Fig. 1. Antagonistic assays in vitro. A: Activity of diffusible and volatile organic compounds (VOCs) produced by P. mediterranea PVCT 3C against Plenodomus
tracheiphilus PVCT Pt57 (Pt), Fusarium solani ABT Fs (Fs) and Phytophthora citrophthora ABT Pc (Pc). B: Activity of cell-free culture filtrate (CF) of P. mediterranea PVCT
3C tested at 20 % and 50 % final concentrations (v/v) on potato dextrose agar (PDA) medium plates and at 20 % (v/v) on potato dextrose broth (PDB) against Pt. The
antimicrobial activity is expressed as the percentage growth inhibition (PGI). The trials were conducted using three independent replicates and repeated twice. Each
bar represents the mean, and the error bars indicate the standard errors of the mean.
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DCs CFs VOCs
PDA PDA PDB PDA
20% CF 50% CF 20% CF Mycelium Conidia

PVCT 3C

Fig. 2. Invitro antimicrobial activity of diffusible compounds (DCs), culture filtrates (CFs) and volatile organic compounds (VOCs) produced by P. mediterranea PVCT
3C. The activity was tested against P. tracheiphilus isolate PVCT Pt57. The potato dextrose agar (PDA) medium was supplemented with CF at final concentrations of
20 % and 50 % (v/v) and the potato dextrose broth (PDB) with CF at final concentration of 20 %. Control, only fungus (mycelium or conidia suspension). Inhibition

of mycelial growth and conidia germination by VOCs is shown.

Control

Treated

Fig. 3. Antimicrobial activity assay in detached ‘Femminello Siracusano 2Kr’ lemon leaves. Leaf alterations at 7, 14, 21 days post-P. tracheiphilus inoculation (dpi)
are shown. Control: leaves were wounded and inoculated with an agarose plug of P. trachephilus. Treated: leaves were wounded, treated with a drop of P. mediterranea

PVCT 3C suspension on the wound and inoculated with P. tracheiphilus.

and 1.1 respectively although no significant differences were recorded at
this time point (Fig. 4).

On lemon plants, symptoms first appeared 14 dpi regardless of the
growth condition (greenhouse or outdoors) and treatment. In the plants
maintained in the greenhouse, treatments with PVCT 3C significantly
reduced incidence at 14 dpi (p = 0.0158) compared to the control plants
(3.3 vs 18.3, respectively). In addition, the DI values were always

significantly lower than those of the untreated control up to 28 dpi (p =
0.0301 at 28 dpi). The mean AUDPC was lower in treated plants than in
the control plants (13.4 vs. 23.7, respectively, p = 0.0218) (Fig. 4).
On the plants maintained outdoors, the incidence was significantly
lower in treated plants compared to the control plants inoculated only
with P. tracheiphilus up to the end of the trial (35 dpi), with percentages
of 5.5 and 21.6 for treated and control plants respectively at 14 dpi (p =
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Fig. 4. Effect of treatments with Pseudomonas mediterranea strain PVCT 3C on citrus plants inoculated with Plenodomus tracheiphilus isolate PVCT Pt57. The weekly
disease index and incidence (%) are reported. The area under the disease progress curve (AUDPC) was measured as disease index at 7, 14, 21, 28 and 35 days post-
inoculation (dpi). Treated: plants leaf-sprayed with P. mediterranea strain PVCT 3C and leaf-inoculated with P. tracheiphilus isolate PVCT Pt57. Control: plants only
leaf-inoculated with P. tracheiphilus isolate PVCT Pt57. Mean values are statistically different at *p < 0.05 according to the Student-Newman-Keuls test. Each bar

represents the mean, and the error bars indicate the standard errors of the mean.

0.0000). Along with incidence, DI was significantly reduced upon
treatment with PVCT 3C at 14 (p = 0.0031) and 21 dpi (p = 0.0074)
(Fig. 4). The AUDPC values were lower (13.6) in plants treated with
PVCT 3C suspensions compared to the control plants (19.2) (p=
0.0085).

For all the experiments, citrus plants treated only with the
P. mediterranea PVCT 3C suspension or with SDW and mock-infected
plants, used as controls, showed no symptoms (data not shown).

For the latter group of samples, P. mediterranea PVCT 3C was re-
isolated from 100 % of the discs obtained from the wounded leaf por-
tions at seven dpi and from approximately 70 % of them up to 21 dpi,
while at the same time points. The bacterium was isolated from 40 %
and 23 % of the discs obtained from the non-wounded leaf portions at
seven and 21 dpi, respectively (Table S1). No growth of P. mediterranea

PVCT 3C was observed from leaves treated and inoculated with SDW.
The identity of the colonies was confirmed by PCR (data not shown).

When the leaf discs were placed on PDA plates and the plates were
sprayed with a phialoconidia suspension of P. tracheiphilus, conidia
germination was not observed in the presence of bacterial colonies
(Figure S2 A), whereas the mycelium colonised the whole plate with the
discs from leaves treated and inoculated with SDW (Figure S2 B). If the
discs were placed on the plates 48 h before spraying the conidia sus-
pension, larger inhibition zones were observed compared to plates
where the leaf discs and P. tracheiphilus conidia suspension were applied
at the same time (data not shown).
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3.4. Draft genome sequence of P. mediterranea PVCT 3C

3.4.1. General genomic features and functional annotation

To further investigate the mechanism of action of the P. mediterranea
strain PVCT 3C, a draft genome was obtained, consisting of 31 scaffolds
(>500 bp; genome coverage, 100x; Nsp length, 249,124 bp), with
genome properties similar to those of other P. mediterranea strains
(Fig. 5A; Table S2). The protein-coding genes of strain PVCT 3C were
assigned to 24 COG categories, with the majority related to amino acid
transport and metabolism (10.38 %), transcription (9.25 %), and signal
transduction mechanisms (7.84 %) (Fig. 5B).

3.4.2. Phylogeny and taxonomy of P. mediterranea PVCT 3C

A phylogenomic analysis using the TYGS server showed that strain
PVCT 3C was included in a monophyletic clade with all the other
sequenced genomes of P. mediterranea (Fig. 6). As part of its routine
comparison with type strains (Meier-Kolthoff et al., 2022), the TYGS
software automatically identified P. corrugata as the valid species closest
to P. mediterranea (Fig. 6), confirming previous phylogenetic analyses
(Garrido-Sanz et al., 2016; Mulet et al., 2010; Trantas et al., 2015).
However, a genome-wide analysis revealed that some strains clustered
between the two species and could represent new species (Garrido-Sanz
et al.,, 2021). ANIb values of valid species were consistent with the
phylogenomic analysis (Figure S3).

3.4.3. Comparative genomic analysis

P. mediterranea strains DSM 16733T and S58 were chosen as refer-
ence strains as they represent the type strain of the species and a well-
studied biocontrol agent (Gu et al., 2023, 2020), respectively.

According to the RAST annotation based on subsystems, defined as a
set of abstract functional roles (Aziz et al., 2008), strain PVCT 3C shared
1920 and 1910 subsystem-associated genes with strains DSM 167337
and S58, respectively (data not shown). Fifty-nine and 56 genes were
unique to strains DSM 16733" and S58, respectively, compared to strain
PVCT 3C (Tables S3-54). Conversely, 10 and 17 genes were found to be
unique to strain PVCT 3C in comparison with strains DSM 16733" and
S58 respectively (Tables S5-S6). These unique genes were mainly related
to metabolism, DNA repair and phage DNA, and are likely not involved
in the production of antagonistic secondary metabolites or in in-
teractions with plants.
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Comparison of the deduced proteomes of P. mediterranea strains
against that of strain PVCT 3C showed that strains CFBP 5444 and TEIC
1105 had the highest similarity with PVCT 3C in terms of the entire
proteome (Fig. 7A), consistently with the phylogenomic analysis.

On the other hand, the proteome comparison of strain PVCT 3C with
strains DSM 16733T (Fig. 7B) and S58 (Fig. 7C) highlighted gaps, which
also correspond to deletions in phage regions, according to previous
observations (Trantas et al., 2015). Our annotation of candidate pro-
phage regions in the P. mediterranea genomes revealed both intact and
incomplete regions accounting for a total of 116.4 kb, 60.0 kb and
150.2 kb in P. mediterranea strains PVCT 3C, S58 and DSM 167337,
respectively (Table S7). The plasmid-like prophage VP882 (accession
no. NC_009016.1) from Vibrio parahaemolyticus strain O3:K6 was the
only intact prophage in common between the three genomes (Table S7),
and was detected in all the P. mediterranea genomes available (data not
shown).

3.4.4. Analysis of genes of interest in biocontrol

The analysis of the P. mediterranea PVCT 3C genome with the anti-
SMASH pipeline predicted a total of 17 candidate biosynthetic gene
clusters (BGCs) for secondary metabolites, distributed across 11 types,
mainly consisting of non-ribosomal peptide synthetases (NRPSs),
hydrogen cyanide or hybrid clusters (Table S8). Among these BGCs, six
showed no similarity to clusters encoding known bioproducts and were
designated as orphans (Table S8). A repertoire of compounds potentially
involved in the antagonistic activity of strain PVCT 3C was predicted,
including CLPs from the mycin and peptin families, siderophores,
hydrogen cyanide and putative novel bioproducts. A hybrid cluster
(Hserlactone + NRPS) was predicted to encode an AHL-QS (acyl-
homoserine-lactone-Quorum Sensing) system and the NRPS for the
biosynthesis of CLPs similar to corpeptin A-B.

Analysis with the PIFAR-Pred tool predicted a total of 567 genetic
traits involved in bacteria-plant interactions in the PVCT 3C genome
(Table S10). These involved genes related to adhesion (5.3 %), detoxi-
fication (10.2 %), production of exopolysaccharides (EPS, 13.9 %),
phytohormones (7.6 %) and pigments (2.8 %) (Table S10).

A total of 6174 genetic traits related to direct and indirect plant
growth-promoting activities were predicted with the PGPT-Pred tool
(Table S11). The others included genes involved in plant colonisation
(25 %), biocontrol (21 %), competitive exclusion (21 %) and
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Fig. 5. Genome features and annotation of Pseudomonas mediterranea strain PVCT 3C. A: Circular map of the draft genome sequence of P. mediterranea PVCT 3C
created with Proksee (https://proksee.ca). Starting from the innermost ring, the first represents the scale in Mbp, the second the GC skew in the forward (green) and
reverse (purple) strand, the third one GC content (black), and the fourth and fifth the location of coding sequences (CDSs, blue) and transfer RNA (tRNA, red) on the
reverse and forward DNA strands respectively. B: Annotation of P. mediterranea strain PVCT 3C genes against the clusters of orthologous groups (COGs) database. X-

axis, COG function type; Y-axis, number of annotated genes.
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Fig. 6. Phylogenomic tree of P. corrugata subgroup strains. The tree was constructed on the TYGS (https://tygs.dsmz.de/) and inferred with FastME 2.1.6.1 from the
genome BLAST distance phylogeny (GBDP) distances calculated from genome sequences of P. corrugata subgroup type strains (T) and of P. mediterranea strains
available in NCBI. The branch lengths are scaled in terms of the GBDP distance formula d5. The numbers above branches are GBDP pseudo-bootstrap support values
> 60 % from 100 replications. The P. aeruginosa type strain DSM 50071 T was used as an outgroup.

phytohormone production (11 %). Interestingly, among biocontrol
genes, 36 genes were identified as encoding antifungal compounds (e.g.
thanamycin and brabantamide A) and chitinolytic enzymes. Among
genes for phytohormones, several volatile plant signals (e.g. 2,3-butane-
diol) were identified.

Among motility genes, many genes for chemotaxis and components
of the bacterial flagellum and fimbriae were predicted (Table S11).

3.5. P. tracheiphilus gene expression in inoculated lemon leaves as
influenced by P. mediterranea strain PVCT 3C treatment

As reported in the Materials and Methods, a global transcriptome
analysis had previously been performed on lemon leaves challenged by
fungal inoculation during the disease onset. At the same time, the effect
of P. mediterranea pre-treatment on fungus-induced modifications of
lemon leaf transcriptome was also evaluated (Sicilia et al., 2024, 2023).

Table S9 reports the number of DEGs retrieved in the following three
comparisons: P. tracheiphilus inoculated vs. control plants (Pt vs. CK),
P. mediterranea treated and P. tracheiphilus inoculated vs. control plants
(3CPt vs. CK) and P. mediterranea treated vs. control plants (3C vs. CK).
As regards the Pt vs. CK data set, a total of 2760 differentially expressed
genes (DEGs) were identified. Of these, only 182 clusters belonged to the
fungal transcriptome, the majority being lemon leaf transcripts (2578
DEGs) (Table S9). Similarly, a total of 373 DEGs were recruited in the
3CPt vs. CK dataset, most of which were lemon leaf transcripts (357) and
only 16 clusters belonged to the P. tracheiphilus transcriptome
(Table S9). All these 16 clusters are also included in the list of the Pt vs.
CK samples, representing the fungal core gene group still detected

despite the P. mediterranea treatment. The majority of these clusters
encode uncharacterized or unknown proteins (data not shown). Finally,
the number of lemon leaf DEGs in the 3C vs. CK comparison was very
low (13 DEGs) and, notably, no clusters belonging to P. mediterranea
were identified in the 3C vs. CK data set (Table S9) (Sicilia et al., 2023).
Considering the Pt vs. CK comparison, 182 fungal transcripts exhibited
logofold change values ranging from +1.40 to +9.34 indicating that they
were highly expressed inside the plant tissues during the asymptomatic
phase of the infection (data not shown).

As expected, most of these genes encode ribosome proteins and en-
zymes involved in the Krebs cycle and mitochondrial respiration, sug-
gesting that the fungus has a high metabolic activity in terms of protein
biosynthesis and energy supply (data not shown). Fig. 8 reports the
logafold change of some fungal clusters that are considered crucial
during the onset of host-pathogen interactions.

Interestingly, two clusters encoding pectin lyase were highly
expressed in the inoculated leaves during the asymptomatic phase of the
disease (logofold change = +7.268 and +6.638, respectively) (Fig. 8).
Cluster —1255.0 encodes norsolorinic acid reductase A-like (log2fold
change = +7.816), as it is part of the gene cluster that mediates the
biosynthesis of aflatoxins, a group of polyketide-derived fur-
anocoumarins and some of the most toxic and carcinogenic compounds
among known mycotoxins (Yu et al., 2004) (Fig. 8). Transcripts
encoding the ECM33 protein (logofold change = +6.509), a glyco-
sylphosphatidylinositol (GPI)-anchored protein, and an ergothioneine
biosynthesis protein 1-like (logofold change = +5.467) were also highly
expressed in lemon plants infected with P. tracheiphilus (Fig. 8). In
contrast, none of the aforementioned transcripts were detected in the
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Fig. 7. Circle plot showing the proteome comparison of Pseudomonas mediterranea (Pme) strains based on RAST genome annotation. A: Comparison of the proteome
of Pme strains against the reference proteome of the following strains: PVCT 3C; 1, Pme CFBP 5404; 2, Pme CFBP 5444; 3, Pme B21-060; 4, Pme Bi112; 5, Pme DSM
16733"; 6, Pme EDOX; 7, Pme S58; 8, Pme TEIC 1022; 9, Pme TEIC 1105. B-C: Comparison of PVCT 3C proteome against the proteomes of strain DSM 167337 (B) and

strain S58 (C), used as references. The areas of white space indicate deletions.
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Fig. 8. P. tracheiphilus differential expressed genes (DEGs) in plants inoculated
with the fungus (Pt) and in plants pre-treated with P. mediterranea PVCT 3C and
inoculated with the pathogen (3CPt). Tukey’s HSD test was performed at sig-
nificance levels (p values) of 0.05 (*), 0.01 (**) and 0.001 (***).

3CPt vs. CK dataset suggesting that they were not expressed in response
to P. mediterranea pre-treatment (Fig. 8).

4. Discussion

In this study the biocontrol activity of the Pseudomonas mediterranea
PVCT 3C strain was evaluated to mitigate infection by P. tracheiphilus,
the causal agent of citrus Mal secco disease which has a considerable
negative impact on lemon production.

Multiple Pseudomonas species are recognized as plant growth-

10

promoting rhizobacteria (PGPR) and have been included mainly
within the P. fluorescens complex which is currently divided into nine
subgroups (David et al., 2018; Garrido-Sanz et al., 2016; Mulet et al.,
2010). Species from this complex, often isolated from the plant micro-
bial ‘sphere’, have shown plant growth-promoting activities and bio-
logical control traits related to the ability to efficiently colonise plants by
producing antimicrobial compounds and eliciting systemic resistance
(Bakker et al., 2007; Hofte, 2021; Raaijmakers et al., 2010).

Among Pseudomonas, there has been increasing interest in the
biocontrol activity of P. mediterranea strains (P. corrugata subgroup)
(Albert et al., 2024; Gu et al., 2020; Sallam et al., 2023; Ullah et al.,
2020; Zhou et al., 2021). The limited availability of efficient control
methods for MSD, the continuous decrease in active ingredients for
chemical control, and the interest in biological control agents that are
respectful to the environment, motivated us to exploit preliminary re-
sults obtained with Pseudomonas spp. which belong to this taxonomic
group (Coco et al., 2004; Grasso et al., 2008; Strano et al., 2017).

In vitro, both volatiles and diffusible compounds showed that indi-
rectly PVCT 3C had strong antifungal activity, limiting P. tracheiphilus
mycelial growth and conidia germination. Clear activity was evident not
only in dual-culture tests but also using bacterial culture filtrates or
challenging P. tracheiphilus with P. mediterranea volatiles. In liquid me-
dium supplemented with the 20 % bacterial culture filtrate, and inocu-
lated with the phialoconidia of the fungus, a reduction of up to 85 % of
the biomass was obtained.

In line with our results, the culture filtrate at different concentrations
(20, 40 and 60 %) of the P. mediterranea strain HS-4 significantly
reduced the dry weight of the fungal pathogens Alternaria solani,
A. alternata and Curvularia lunata, which are causal agents of early blight
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disease of tomato, with a 60 % concentration determining the lowest
fungal dry weight (Sallam et al., 2023).

The exposure of P. tracheiphilus to VOCs and culture filtrates pro-
duced by PVCT 3C affected conidia germination and fungal pigmenta-
tion on PDA and PDB media, suggesting an interference with secondary
metabolites involved in the pigmentation. Chromogenic and less
frequently nonchromogenic isolates of the fungus were reported, the
latter showing reduced virulence (Graniti, 1969; Magnano di San Lio
and Perrotta, 1986). Although several anthrachinone derivative pig-
ments, namely helmintosporin, cinodontin, chrysophanol, emodin and
islandicin have been isolated from chromogenic isolates, they appeared
to play no role in the virulence of P. tracheiphilus (Migheli et al., 2009;
Nigro et al., 2011).

Biocontrol bacteria affecting fungal pigmentation have already been
reported. VOCs of P. mediterranea CFBP 5447" and P. corrugata CFBP
5454 inhibited the growth and pigmentation of the fungal pathogen
Botrytis cinerea (Strano et al., 2017). The VOCs produced by P. aurantiaca
ST-TJ4 inhibited the mycelial pigmentation of Verticillium dahliae,
reducing the expression of genes related to melanin biosynthesis (Ni
et al., 2022). The same effect on mycelial pigmentation was observed for
the culture filtrate of Bacillus subtilis isolate W3.15 on F. oxysporum
(Putri et al., 2021) and the antifungal metabolite salvianolic acid B from
Streptomyces sp. M4 on Alternaria brassicicola (Sharma and Manhas,
2022).

Conidia germination inhibition was most probably also exploited in
the wounds of detached leaves where P. mediterranea PVCT 3C suspen-
sions were applied before inoculation with P. tracheiphilus, thus sug-
gesting that infection did not take place. Plant-associated P. mediterranea
strains isolated from different matrices have demonstrated the great
potential of this species as a biocontrol agent against phytopathogenic
fungi and oomycetes (Hofte, 2021). The type strain CFBP 54477 isolated
from tomato pith, inhibited the growth of F. oxysporum and B. cinerea
(Strano et al., 2017). P. mediterranea S58, isolated from tobacco rhizo-
sphere, showed antimicrobial activity in vitro against the fungal plant
pathogens Magnaporthe oryzae, F. graminearum, Rhizoctonia solani and
the oomycete P. nicotianae (Gu et al., 2020). P. mediterranea HU-9
reduced the growth in vitro of F. oxysporum and F. moniliforme, the
causal agents of crown and root rot of wheat (Ullah et al., 2020).

More recently, the use of new strains HS-4 and B21-060 isolated
from the tomato endosphere and from the lettuce rhizosphere, respec-
tively, has widened the range of fungi to which P. mediterranea is active.
These strains demonstrated a strong inhibitory activity, namely against
Alternaria solani, A. alternata and Curvularia lunata, which are causal
agents of early blight disease in tomato (strain HS-4, Sallam et al., 202.3)
and Sclerotinia sclerotiorum in lettuce (strain B21-060, Albert et al.,
2024).

Foliar treatments with P. mediterranea PVCT 3C before inoculation
with P. tracheiphilus induced a delay in symptom appearance both in
young sour orange seedlings and in lemon plants grafted on sour orange
treated with bacterial suspensions. In general, the response of the two
species to artificial inoculation with P. tracheiphilus in control plants was
in agreement with previous studies in a growth chamber, in which
symptoms appeared 7-14 days after the inoculation (Oliveri et al.,
2022). The reduction in positive infections in plants treated with
P. mediterranea PVCT 3C was significant in the majority of trials up to 14
days post-inoculation. It should be noted that bacterial treatments were
not repeated and that the experiment was carried out favouring the
fungus P. tracheiphilus, which penetrates the plant surface through
wounds. Pin-point small leaf wounds remain receptive from 4 to 5 days,
while larger ones, such as those performed to increase the chance of
infection, remain receptive for up to 10 days (Catara and Catara, 2019).

The results suggest that the conidia inoculation drops penetrated
directly into the wounds, and found the ideal conditions for germina-
tion. Those that remained outside were challenged by P. mediterranea,
resulting in reduced conidia germination or mycelial growth, which is in
line with in vitro results. However, P. tracheiphilus hyphae that
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successfully penetrated after reaching the xylem, spread infection
rapidly and could not be reached by the biocontrol agent. Therefore, any
positive infection at the wound site, although delayed, would lead to
xylematic infection. Some differences were observed between experi-
ments which could be attributed to the citrus species, plant age and
growth conditions (i.e. greenhouse or outdoors). In line with our results,
the susceptibility of sour orange was found to be greater in young plants
than in older ones (Demontis et al., 2008).

At the end of the trials, the incidence and DI values were higher in
lemon plants grown in the greenhouse than in lemon plants maintained
outdoors, regardless of whether they were treated or not. Studies on
fungal penetration have demonstrated that conidia that remain outside
the plant only germinate with 100 % relative humidity, producing
abundant hyphae that penetrate inside the host through wounds and
initiate the infection process. However, without humid conditions the
conidia degenerate (D’Anna et al., 1986).

To further address how P. mediterraneca PVCT 3C behaves, the
genome was sequenced. Genome sequencing is crucial for the develop-
ment of Pseudomonas-based biocontrol inoculants (Zboralski et al.,
2023). This approach enables the phylogenetic relationships between
strains to be identified, to understand the biological control mecha-
nisms, to contribute to the discovery of antimicrobial compounds, and to
identify and map the repertoire of biocontrol-related traits across species
and strains (Zboralski et al., 2023).

The biocontrol capacity of Pseudomonas strains of different species
was analysed to investigate the potential related to the genetic de-
terminants involved in biocontrol (Albert et al., 2024; Balthazar et al.,
2022; Berendsen et al., 2015; De Vrieze et al., 2020; Ghadamgahi et al.,
2022; Jing et al., 2024; Meng et al., 2024; Nelkner et al., 2019; Takeuchi
et al., 2023; Zhang et al., 2021). Integrating genomic exploration with
studies on the ecological competence of Pseudomonas strains could help
accelerate the development and commercialization of successful
field-efficient and safe bacterial inoculants (Zboralski et al., 2023).
Taking advantage of the availability of genome sequences, the con-
struction of mutant strains for individual antibiotics has provided new
insights into the contribution of secondary metabolites produced by
bacterial biocontrol agents to the induction of host plant defences
(Dimkic¢ et al., 2022).

To confirm their non-toxicity to humans and animals, and to evaluate
their efficacy against P. tracheiphilus and other pathosystems, future
research should focus on isolating and characterizing the bioproducts
mined through genome analysis, and on determining their biochemical
structures.

Genome analysis confirmed that P. mediterranea PVCT 3C was
correctly identified although it showed the smallest genome reported to
date for the ten strains already sequenced (NCBI). The variability of
P. mediterranea genomes seems largely dependent on numerous pro-
phage sequences as already observed by Trantas et al. (2015).

The analysis of secondary metabolite BGCs highlighted the similarity
with other P. mediterranea strains and with P. corrugata due to the
presence of an AHL-QS genomic island encoding a LuxI/R QS system and
the LuxR regulator Rfia and the biosynthetic genes for the CLPs of the
mycin and peptin family (Girard et al., 2020; Licciardello et al., 2018,
2012; Oni et al., 2022).

CLPs of the mycin and peptin families are produced from both plant
pathogens and biocontrol Pseudomonas spp. strains, and have a strong
biological activity (Girard et al., 2020; Oni et al., 2022; Raaijmakers
et al., 2010). Their antifungal activity has been linked to their ability to
form pores in the cell membranes, which affects their integrity and re-
sults in compromised growth and spore germination (Girard et al., 2020;
Oni et al., 2022).

Cormycin and corpeptins have been purified from P. corrugata
(Emanuele et al., 1998; Scaloni et al., 2004), whereas to date only
peptins (medipeptins and medpeptins) have been characterised in
P. mediterranea strains (Gu et al., 2023; Zhou et al., 2021). However, the
production of both families of CLPs has been observed in P. mediterranea
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by MALDI-TOF mass spectrometry analysis (Licciardello et al., 2012).
The antimicrobial activity of these compounds was confirmed by the
analysis of supernatant cell filtrates and purified CLPs, sometimes
combined with loss-of-function mutants (Emanuele et al., 1998; Gu
et al., 2023; Licciardello et al., 2012; Scaloni et al., 2004; Zhou et al.,
2021).

A BGC putatively encoding thanafactin A, which is a structurally
novel linear octalipopeptide identified in Pseudomonas sp. SH-C52 and is
widespread among P. corrugata subgroup strains, has also been identi-
fied in the PVCT 3C genome (Cesa-Luna et al., 2023).

In addition, the P. mediterranea PVCT 3C genome harbors the BGC for
the poisonous volatile compound hydrogen cyanide, which could ac-
count for the inhibition of P. tracheiphilus cultures growth when chal-
lenged by avoiding direct contact with the bacterium. Similar results
were obtained by challenging the fungus B. cinerea with P. mediterranea
strain CFBP 5447 T (Strano et al., 2017). In addition, cyanide production
was responsible for B. cinerea mycelial growth and conidia germination
reduction in P. corrugata CFBP 5454 (Strano et al., 2017).

P. mediterranea does not produce fluorescent pigments (Catara et al.,
2002). The PVCT 3C genome was predicted to encode a BGC for the
siderophore histicorrugatin described in P. thivervalensis LMG 21626 T
and similar to P. corrugata corrugatin (Matthijs et al., 2016; Risse et al.,
1998), which is likely involved in competition for iron.

Overall, the results obtained with the PLaBAse platform suggest that
a complex interaction of PVCT 3C with the plant and the pathogen
P. tracheiphilus can occur. The predicted volatile compound 2,3-butane-
diol has been reported to induce resistance in creeping bentgrass to
turfgrass brown patch caused by R. solani by regulating the content of
phytohormones and antioxidant compounds (Shi et al., 2018).

It has been shown that P. mediterranea pre-treatment reduces plant
transcriptome changes in thesamples inoculated with the fungus, and
prevents the de-regulation of important plant biological processes and
metabolic pathways otherwise affected by fungal infection (e.g. the
photosynthetic process and phytohormone biosynthesis and signalling)
(Sicilia et al., 2023).

Exploiting the RNAseq experiment detailed in Sicilia et al. (2023),
transcripts belonging to P. tracheiphilus were retrieved from Pt vs. CK
(P. tracheiphilus inoculated vs. control samples) comparison. The number
of clusters attributable to fungal transcripts was lower (182 fungal
transcripts) than that observed in a previous experiment performed on
rough lemon (C. jambhiri) (2438 fungal transcripts) in the symptomatic
phase of the disease (15 days after inoculation) (Sicilia et al., 2022).
However, in both experiments, most of the fungal transcripts encoded
ribosome proteins and enzymes involved in the Krebs cycle and mito-
chondrial respiration (Sicilia et al., 2022).

Among the 182 clusters belonging to the fungal transcriptome, two
clusters encoding pectin and pectate lyase were identified.
P. tracheiphilus produces pectinolytic enzymes (e.g. pectinmethyl-
esterase) in artificial media and in planta and their inoculation leads to
the production of gums in sour orange shoot wood and electrolyte
leakage in leaves (Migheli et al., 2009; Nigro et al., 2011). Down-
regulation of the expression of genes encoding pectinesterases and
pectin lyase in the fungal pathogen R. solani after challenge in vitro with
the bacterial biocontrol agents Serratia proteamaculans S4 or
S. plymuthica AS13 has been described (Gkarmiri et al., 2015). A similar
phenomenon was described in Crocus sativus for pectin lyase genes of
Fusarium oxysporum R1 when plants were treated with the biocontrol
agent Bacillus sp. strain D5 (Bhagat and Vakhlu, 2024).

A norsolorinic acid reductase A-like gene was identified among the
fungal transcripts. BLASTx analysis revealed that it encoded a product
that is 100 % identical to an aryl-alcohol dehydrogenase-like protein
from P. tracheiphilus IPT5 (GenBank accession no. KAF2845479.1). This
gene is putatively involved in the biosynthesis of sterigmatocystin, a
dibenzo-y-pyrone mycotoxin produced by Aspergillus spp. and consid-
ered a precursor in the biosynthesis of aflatoxins (Groopman et al., 2012;
Xu et al., 2021). Although a role in the disease development has been
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demonstrated for malseccin, which is a non-selective complex of toxic
glycoproteins, several secondary metabolites have been described from
P. tracheiphilus culture filtrates (Nigro et al., 2011; Xu et al., 2021).

Of these, two pyrone compounds, the polypropionate o-pyrone
phomenins A and B (Tringali et al., 1993) and the benzo-a-pyrone
mellein (Parisi et al., 1993) induced phytotoxicity in tomato cuttings.
Pyrone compounds act as phytotoxins in several plant pathogenic fungi,
including Neofusicoccum sp., Fusarium proliferatum, Alternaria solani,
Colletotrichum nicotianae (Xu et al., 2021).

Both pectin and pectate lyase as well as norsolorinic acid reductase
A-like genes were found to be highly expressed 15 days after inoculation
in rough lemon (Sicilia et al., 2022). This suggests that they start to be
early expressed in planta during fungal infection and that their expres-
sion might be maintained later during disease progression, likely playing
key roles in pathogenesis.

The ECM33 glycosylphosphatidylinositol (GPI)-anchored protein,
which is important for fungal vegetative growth and virulence by
regulating cell wall integrity (Huang et al., 2022) was also among the
fungal transcripts, along with a transcript encoding ergothioneine
biosynthesis protein 1-like. This latter protein enables pathogens to
withstand hostile environments within the host by rendering cellular
antioxidant recycling more rapid, removing metabolic waste and ROS,
and repairing oxidative damage (Cumming et al., 2018). None of these
genes, which probably facilitate the onset of the disease, are included in
the 3CPt vs. CK samples, suggesting that P. mediterranea biocontrol ac-
tivity is exerted through direct action on the pathogen gene expression.

The limited number of lemon leaf DEGs observed in the 3C vs. CK
comparison (13 DEGs), demonstrated that P. mediterranea treatment did
not lead to transcriptomic reprogramming in plant tissues (Sicilia et al.,
2024, 2023). These results, along with in vitro and in planta PVCT 3C
activities, suggest that the biocontrol activity was due to the impairment
of fungal development at the early disease phase. The decrease in
amount of fungal DNA detected in the P. mediterranea pre-treated lemon
leaves (Sicilia et al., 2024, 2023) strongly supports this inference.

P. mediterranea strains can elicit a hypersensitive response (HR) in
Nicotiana spp. despite not harbouring a type-III secretion system (T3SS)
(Catara et al., 2002; Trantas et al., 2015). In N. benthamiana treated with
P. mediterranea S58, 12 days post-inoculation, the expression of two
pattern-triggered immunity (PTI) marker genes (NbPti5 and NbWRK7)
was upregulated (Gu et al., 2020). Although flagellin has been demon-
strated to be the major PTI-ROS inducer in P. mediterranea S58, the CLP
medpeptin seems to be key in modulating tobacco plant cell death im-
munity through a non-canonical mechanism of CLP sensing based on
cell-wall perception and cytoplasmic signalling (Gu et al., 2023). In our
study, at the time of sampling, genes involved in SAR or ISR were not
induced in lemon plants treated with P. mediterranea PVCT 3C or inoc-
ulated with P. tracheiphilus. This suggests that the bacterium slowed the
onset of the disease probably by competing with the pathogen for space
and nutrients and not by inducing plant resistance, as also observed in
Sicilia et al. (2023). However, it cannot be ruled out that at different
time points post-treatment, the P. mediterranea strain PVCT 3C may
induce the basal defences of citrus leaves.

In conclusion, P. mediterranea PVCT 3C delays the initial phase of leaf
infection caused by the fungal pathogen P. tracheiphilus and, overall,
mitigates citrus Mal secco symptom severity on sour orange and lemon
plants. These results, along with the antimicrobial activity observed in
vitro against the pathogen due to the production of diffusible and
extracellular metabolites and volatile organic compounds, suggest that
P. mediterranea PVCT 3C may restrict P. tracheiphilus germination on the
leaf before it enters the wounds. In addition to the inhibition of the
growth of the hyphae produced by conidia germination, the tests carried
out in planta highlight the existence of molecular interactions between
the pathogen, the host and the biocontrol agent that slow down the
process of infection at least in the initial phase of the disease.

The limited understanding of the genetic factors underlying lemon
resistance to Mal secco has hindered progress in developing genetically



G. Dimaria et al.

improved varieties. As a result, no commercially available solutions
currently exist for this issue. However, new biotechnological breeding
techniques and marker-trait association analyses hold promise for
marker-assisted breeding programs. The ongoing programs focus on
selecting lemon varieties that combine disease resistance with high fruit
quality (Abbate et al., 2019; Catalano et al., 2021a; Catalano et al.,
2021b).

Our results suggest that the development of a formulation with the
bacterium or its secondary metabolites may contain the disease in a
sustainable manner in a short time, eliminating the impact of agro-
chemical formulations. This solution could also facilitate the spread of
varieties with a partial tolerance that may require containment.

To develop bioproducts, further validation is necessary to ensure
large-scale usage and consistent efficacy under field conditions
(Bonaterra et al., 2022). Therefore, P. mediterranea PVCT 3C also needs
to be evaluated considering different environmental factors, disease
pressures, lemon cultivars. In addition, the number of applications needs
to be finetuned for a real assessment of its applicability.

The assessment of the ecological behaviour of biocontrol agents and
their interaction with other organisms is pivotal for marketing microbial
inoculants (Berg, 2009). However, the ecological interactions of
P. mediterranea PVCT 3C in agroecosystems need to be investigated to
ensure its environmental sustainability and minimize unintended con-
sequences. Biosafety studies should be carried out to assess the adverse
effects of the formulated bioproduct in plants and non-target organisms,
including humans (Bonaterra et al., 2022).

A metagenomic approach has been proven to be useful for investi-
gating the ecological impact and measuring the colonisation of bacterial
biocontrol agents in different plant compartments (Dimkic et al., 2022;
Romano et al., 2020).

P. mediterranea PVCT 3C putatively acts on P. tracheiphilus through
different modes of action, including competition for nutrients and space
and production of a wide range of secondary metabolites with different
chemical structures. Further investigations of the mode of action
responsible for the protective effect will facilitate the optimization of
biocontrol efficacy and help establish appropriate formulations and
application methods (Bonaterra et al., 2022).

The different mechanisms underlying biocontrol activities poten-
tially mitigate the risk of resistance development (Bardin et al., 2015).
Variations in the sensitivity to different secondary metabolites produced
by Pseudomonas biocontrol agents have in fact been reported for both
bacterial and fungal phytopathogens (Ajouz et al., 2011, 2010; Clough
et al., 2024; Mazzola et al., 1995; Schouten et al., 2004). Long-term
efficacy studies will therefore be essential for assessing the durability
of the biocontrol efficacy of P. mediterranea PVCT 3C.
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