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Abstract

Viral diseases pose a major threat to tomato cultivation, mainly due to the lack of effective
antiviral control methods. Plant growth-promoting microorganisms (PGPMs) represent
a promising and sustainable strategy for virus disease management, as, in addition to
plant growth, they can promote resistance to pathogens. In this study, we examined the
antiviral potential of selected PGPMs against three economically important and genetically
distinct tomato viruses, tomato spotted wilt virus (TSWYV, Orthotospovirus tomatomaculae),
cucumber mosaic virus (CMV, Cucumovirus CMV), and tomato brown rugose fruit virus
(ToBRFV, Tobamovirus fructirugosum) under controlled greenhouse conditions. The efficacy
of each PGPM was assessed by monitoring disease development via visual scoring and
DAS-ELISA. Our results indicate a significant TSWV symptom attenuation upon the ap-
plication of Paraburkholderia eburnea EP3 and the yeast isolate SRL248, though, without a
respective reduction in virus accumulation. However, no antiviral effect was observed by
any PGPM tested against CMV or ToBRFV. A targeted gene expression analysis revealed a
PGPM-specific induction of salicylic acid-dependent defense and RNA silencing markers,
indicating priming of host immune responses. Overall, this work increases our knowledge
on the antiviral potential of PGPMs showing a strain- and virus-specific effect primarily
associated with enhanced symptom tolerance.

Keywords: induced systemic resistance; plant growth promoting rhizobacteria; RNA viruses

1. Introduction

Tomato is considered as the most economically important crop in Greece and the third
most economically important crop worldwide [1]. Intensive selection for specific fruit traits
has resulted in low genetic diversity within tomato crops, making them highly prone to
diseases and leading to substantial economic losses in the agri-food sector [2]. Among
pathogens, diseases of virus etiology are particularly destructive as, under certain circum-
stances, they can lead to the complete loss of production [2]. In the Mediterranean basin,
cucumber mosaic virus (CMV, Cucumovirus CMV, genus Cucumovirus), tomato spotted
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wilt virus (TSWYV, Orthotospovirus tomatomaculae, genus Orthotospovirus), and tomato brown
rugose fruit virus (ToBRFV, Tobamovirus fructirugosum, genus Tobamovirus) are enlisted
among the most important viral pathogens capable of causing up to 100% production
loss [2].

Since no effective antiviral compounds are available for field application, the man-
agement of viral diseases is mainly based on preventive strategies, which amongst others
include (i) the use of genetically resistant plant cultivars and (ii) the application of insecti-
cides for the restriction of viruses’ insect vectors, when applicable. However, sources of
genetic resistance are not often available, whereas the ability of viruses to evolve rapidly
gives rise to new variants that can overcome plant genetic resistance. The second approach,
when applicable, has heavy environmental and economic impacts. Therefore, the identifi-
cation of novel, eco-friendly, durable, and sustainable approaches to combat viral diseases
is essential.

Plant growth-promoting microorganisms (PGPMs), particularly species of the Bacillus
and Pseudomonas genera, are beneficial microbes that enhance plant growth and health
via root colonization. Their direct growth promotion effect is mainly attributed to the
production of plant hormones, siderophore secretion, facilitation of nutrient uptake, and
solubilization of phosphorus and vitamins. Indirectly, PGPMs contribute to plant health
through the production of antibiotics and lytic enzymes, their antagonism with plant
pathogens, and by triggering complex signaling pathways that induce systemic resistance
(ISR) [3,4]. The latter is directly linked to the PGPMs’ ability to act as antiviral agents and
refers to an enhanced defense status, during which plants are better prepared to tackle
upcoming pathogen attacks, a phenomenon known as priming [5]. ISR is typically charac-
terized by the activation of key defense associated genes, such as NON-EXPRESSOR OF
PATHOGENESIS-RELATED GENES 1 (NPR1) and PATHOGENESIS RELATED PROTEINS
(PRs), as well as to the increased accumulation of metabolites of the phenylpropanoid
pathway [6]. ISR activation upon PGPM application is mainly orchestrated by the jasmonic
acid (JA) and ethylene (ET) signaling pathways, which are classically associated with plant
beneficial microbe-mediated defense responses; however, in some cases, salicylic acid (SA)-
dependent pathways may also be involved [7]. The specific defense pathways triggered in
each individual case depend on the PGPM strain, plant species, and even plant cultivar [7].

PGPMs are considered as promising agents for an effective and sustainable strat-
egy against plant pathogens as they promote plant growth and health through natural,
eco-friendly processes [3,4,8]. Evidence for the antiviral potential of PGPMs has been
accumulating across multiple viral genera and plant hosts. More specifically in tomato,
the antiviral ability of PGPMs, mainly belonging to the Bacillus species, against CMV was
experimentally documented during the early 2000s and their application mainly led to
reduced disease severity and virus accumulation [9-11]. Similar results were also observed
against TSWV upon the application of individual or mixtures of Pseudomonas species in
tomato plants [11,12], while in a previous study, we provided evidence that the application
of Bacillus amyloliquefaciens strain MBI600 (active ingredient of Serifel®) resulted in lower
TSWYV incidence via the induction of an SA-dependent defense mechanism [13]. Concern-
ing the recently emerged ToBRFV, there are only few records focusing on the effect of PGPM
application against the virus, where attenuated disease symptoms and lower virus titer
were observed [14,15].

Although records supporting the antiviral activity of PGPMs are numerous [16], their
use in the field as an applicable control method against plant viruses is limited. This is
mainly due to the complexity of the interactions formed, which are defined by the PGPM
species, the viral species or isolate, the plant cultivar, as well as the plant physiological
status and the environmental conditions. This complexity requires further extensive studies
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to evaluate or predict the outcome of the effect of a PGPM application against a virus
infection in a specific plant cultivation. In this context, in this study, we evaluated the
effect of various PGPMs against important viral diseases affecting tomato crops caused
by CMV, TSWYV, and ToBRFV. The three viruses differ in genome organization, replication
dynamics, mechanisms of systemic movement, transmission, etc. As a consequence, their
interactions with host defense pathways are different and therefore their responses to
PGPM-mediated priming are likely to vary. Specifically, (i) Bacillus amyloliquefaciens strain
MBI600 (commercially known as Serifel®), Bacillus velezensis K165 [17], Pseudomonas putida
713 [18], Paraburkholderia eburnea EP3 [19], and the yeast isolate SRL248 were tested against
CMYV; (ii) K165, Z13, EP3, and SRL48 were tested against TSWV; and (iii) Serifel® and K165
were tested against TOBRFV in tomato plants under greenhouse conditions. Our results
show antiviral activity against TSWV by EP3 and SRL248. In contrast, no significant effect
was observed against CMV and ToBRFV for any of the PGPMs tested.

2. Materials and Methods
2.1. Plants, Virus Isolates, and PGPM Strains

The tomato (Solanum lycopersicum) hybrid ‘Belladonna F1” was used throughout this
study. The viral isolates used were CMYV isolate I117-F [20], TSWV isolate BPI-479 [13],
and ToBRFV-Gr [21], and were maintained in Nicotiana rustica plants. For Bacillus amylolig-
uefaciens MBI600 applications, commercially available Serifel® (BASF SE, Ludwigshafen,
Germany) was used. Experimental PGPMs Bacillus velezensis K165, Pseudomonas putida
713, and Paraburkholderia eburnea EP3 were kindly provided by Dr S. Tjamos (Agricultural
University of Athens, Athens, Greece), while the yeast isolate SRL248 was kindly provided
by Professor P. Sarris (University of Crete, Crete, Greece).

2.2. Plant Growth Conditions

Plants were grown in an insect-proof greenhouse under controlled environmental
conditions. Temperature was set at 25 °C/20 °C, (day/night) with recorded extreme
values of 28 °C/17 °C (day/night), and photoperiod adjusted to 16 h light supple-
mentary to daylight illumination provided by GreenPower LED (Signify, Eindhoven,
The Netherlands) flowering DR/W and DR/W/FR lamps (22 pmol/s). The experiments
were performed for two consecutive years. Plants were grown in soil-less potting medium
(Potgrond P, Klasmann-Deilmann GmbH, Geeste, Germany) in pots with dimensions of
90 mm x 90 mm x 100 mm. No additional fertilization was provided.

2.3. PGPM Application and Virus Inoculation

Serifel® (MBI600 viable spores) was diluted in sterile water in a concentration of
5.5 x 107 cfu/mL as recommended. In the case of K165, Z13, EP3, and SRL248, the strains
were initially grown overnight in 8 mL LB medium at 28 °C with agitation at 150 rpm.
These pre-cultures were then used to inoculate 2 L of LB and the resulting cultures were
grown overnight at 28 °C with agitation at 150 rpm. Upon overnight incubation, the PGPM
cultures were centrifuged at 2000x g for 5 min and subsequently resuspended to the same
volume of sterile water to an approximate target concentration ranging from 1 x 108 to
2 x 108 cfu/mL. For all PGPMs, 60 mL of the resulting suspension were applied through
drenching the plant roots, whereas SRL248 was also applied by spraying. A triple weekly
drenching/spraying program was applied, with the first application of the PGPMs at the
tomato developmental stage of the second leaf on the main shoot unfolding (phenological
developmental stage BBCH 102). Virus challenge was performed by sap-inoculating a
plant leaflet one day after the second PGPM application. Inocula of the viruses tested
were obtained by grinding infected N. rustica leaf tissue in 10 mM sodium phosphate
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buffer pH 7, 0.2% w/v DIECA (1:3 w/v dilution). For the mechanical inoculation, 3% (w/v)
carborundum was added to each inoculum. A simplified scheme of the methodological
approach followed for evaluating the antiviral effect of PGPMs against specific viruses is
presented in Figure 1. Water-treated plants were used as controls for PGPM application
and were mechanically inoculated with the respective virus, similar to all other treatments.
In each experiment, a total of 30 plants per treatment were analyzed.
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Figure 1. Simplified graph of the approach followed for the evaluation of the antiviral effect of
3PGPMs against cucumber mosaic virus (CMV), tomato spotted wilt virus (TSWV), and tomato
brown rugose fruit virus (ToBRFV).

2.4. Disease Assessment

The evaluation of the progress of the viral diseases was monitored visually by symp-
tom observation and, when needed, by measuring specific plant biometric character-
istics (e.g., plant height), while the presence and titer of the viruses were assessed by
double-antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA) on the api-
cal non-inoculated leaves, utilizing commercial antibodies specific for each virus (LOEWE
Biochemica GmbH, Sauerlach, Germany). Disease severity was assessed using a visual
disease index based on symptom severity, where plants were categorized as follows: ‘0”: no
symptoms, ‘1”: mild mosaic and slight distortion, ‘2: stunted growth and leaf curling, and
‘3": stunted growth, chlorosis and necrosis, ring spots, and bronzing. Disease index values
were calculated based on the proportion of plants within each category at the indicated
time point. For the statistical analysis, disease severity data were analyzed as categorical
frequency distributions. Overall differences among treatments were assessed using a Chi-
square test of independence. When significant effects were detected, pairwise Chi-square
tests were performed to compare individual treatments. Statistical significance was evalu-
ated at p < 0.05. DAS-ELISA was performed on samples consisting of three tomato leaflets
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from the most apical fully expanded leaf homogenized in plastic bags (1:10 w/v) in 1X
PBS supplemented with 2% w/v polyvinylpyrrolidone (MW 40,000, PVP40 Sigma-Aldrich,
St. Louis, MO, USA) and 0.2% (w/v) bovine serum albumin (BSA, Sigma-Aldrich, St. Louis,
MO, USA). ELISA reactions were performed according to the manufacturer’s instructions
and the absorbance of the samples at 415 nm (ODy;5) was measured one hour upon the
addition of the substrate. Samples were considered positive when their OD4;5 was higher
than 2.5 times the mean ODy;5 of three healthy control samples. ANOVA followed by
Bonferroni post hoc testing was used for the statistical analysis of all ELISA obtained data.

2.5. Gene Expression Analysis

For the analysis of Pathogenesis related protein 1b (SIPR1b.1) and RNA-dependent RNA
polymerase 1 (SIRAR1) expression upon PGPM application, tomato plants were grown in
a controlled growth chamber (MLR-352H, Panasonic, Osaka, Japan) with a 16 h light
photoperiod, light intensity of 20,000 lux, temperature set at 25 °C/22 °C (day/night), and
relative humidity at 85%/90% (day/night). Gene expression analysis was performed just
prior to virus inoculation (one day after the second drench application) in plants treated
with Serifel®, K165, Z13, and EP3 as described above. Water-treated plants were used
as controls and five plants per treatment were assessed. The upper non-inoculated, fully
expanded leaf from each plant was sampled and homogenized with liquid nitrogen. Total
RNA was extracted from 80 mg of homogenized tissue with the RNeasy Plant Mini Kit
(QIAGEN GmbH, Hilden, Germany) according to the manufacturer’s instructions. To avoid
contamination with genomic DNA, a DNase treatment step with DNase I (RNase-free; New
England Biolabs, Ipswich, MA, USA) was followed. A total of 500 ng of the resulting RNA
was used as a template for cDNA synthesis with SMART® MMLYV Reverse Transcriptase
(Takara Bio USA, Inc., San Jose, CA, USA). RT-qPCR reactions were performed in duplicates
in a QuantStudio 5 apparatus (Thermo Fisher Scientific, Waltham, MA, USA) using the
KAPA SYBR® FAST qPCR Master Mix Kit (KAPA Biosystems, Roche, Wilmington, MA,
USA) according to the manufacturer’s instructions. The Ubiquitin3 gene was used as a
reference. Primer sequences and the statistical analysis followed are described in [13].

3. Results

3.1. EP3 and SRL248 Application Resulted in Tomato Spotted Wilt Virus (TSWV)
Attenuated Symptoms

Under greenhouse conditions, a significant effect on the TSWV symptom development
was recorded only in plants treated with EP3. The initiation of symptoms in the upper
non-inoculated plant parts was recorded at 10 days post-inoculation (dpi) in all treatments.
Disease index scoring at 20 dpi showed that 40% of EP3-treated plants exhibited attenuated
symptoms (Figure 2A, index 1 and 2), showing only mild mosaic and slight distortion in
the upper leaves. In contrast, Z13 (p = 0.27) and K165 (p = 0.2) applications had no effect
on symptom development as the majority of plants displayed stunted growth, chlorosis
and necrosis, ring spots, and bronzing similar to water-treated control plants (Figure 2A,
index 3). Although EP3 application resulted in a statistically significant reduction in the
TSWYV disease index (Figure 2B, p = 0.04), no effect was observed in the TSWYV titer as
indicated by the ODy;5 values obtained after ELISA at 20 dpi (mean ODyy5 1.29 £ 0.18). As
demonstrated in Figure 2C, no statistical difference in ODy5 values was recorded among
treatments, while a non-significant trend towards higher ODy;5 values (p = 0.08) was
recorded upon Z13 application (mean ODyj5 1.4 £ 0.24).
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Figure 2. (A) Plants representative of the different levels of the tomato spotted wilt virus (TSWV)
disease severity index. ‘0": no symptoms, ‘1": mild mosaic and slight distortion, ‘2": stunted
growth and leaf curling, and ‘3": stunted growth, chlorosis and necrosis, ring spots, and bronzing.
(B) Percentage of plants exhibiting the different disease indexes upon the application of Pseudomonas
putida Z13 (Z13), Paraburkholderia eburnea EP3 (EP3), and Bacillus velezensis K165 (K165). Water-treated
plants inoculated with TSWV (water) were used as controls. Different letters indicate statistically
significant differences (p value < 0.05). (C) TSWV accumulation levels as indicated by the ODy;5
values obtained by ELISA at 20 days post-inoculation (dpi). No significant statistical difference was
recorded among treatments.

Concerning the PGPM strain SRL248, two application methods were followed: root
drenching or spraying. As illustrated in Figure 3A, at 21 dpi, drench and spraying applica-
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tions resulted in 75% (p = 0.007) and 65% (p = 0.037) symptom attenuation, respectively,
compared to the control plants. Similar to the results obtained with the bacterial PGPMs,
TSWYV accumulation was not affected (mean ODy;5 for drench 1.49 & 0.62 and for spraying
1.62 £ 0.54 compared to 1.7 £ 0.21 for water), although a statistically significant reduction
in symptom development was recorded. More importantly, the spraying application of
SRL248 resulted also in a statistically significant increase in plant height (p < 0.001), even in
the presence of TSWV (Figure 3C).
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Figure 3. (A) Percentage of plants exhibiting the different TSWV disease indexes upon drench (D) or
spraying (S) application of the yeast isolate SRL248. Different letters indicate statistically significant
differences (p value < 0.05). (B) TSWYV titer as indicated by ODy;5 values obtained by ELISA at 21 dpi.
No significant difference was recorded among treatments. No statistically significant differences were
recorded among treatments (p = 0.415). (C) Distribution of plant height in SRL248-treated tomato
plants compared to water treatment in the presence of TSWV. Different letters indicate statistically
significant differences (p value < 0.05). Water-treated plants inoculated with TSWV (water) were used
as controls.

3.2. Effect of PGPM Application Against Cucumber Mosaic Virus (CMV) and Tomato Brown
Rugose Fruit Virus (IoBRFV)

The same experimental approach was used to test the effect of PGPM application
against CMV and ToBRFV. Concerning CMYV, disease symptoms appeared in the upper
non-inoculated plant parts as early as 7 days post-inoculation (dpi) and included leaf
mosaic, shoestring leaf distortion, and stunted growth. No difference in symptoma-
tology was observed among treatments. Analysis of CMV accumulation via ELISA at
14 dpi indicated a statistically significant difference only upon K165 application (mean
ODy15 1.25 + 042, p = 0.007) compared to control plants (mean ODy5 1.5 + 0.29)
(Figure 4A,B). However, this difference was not accompanied by a corresponding change in
symptom development.
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Figure 4. (A,B) Cucumber mosaic virus (CMV) accumulation levels as supported by ODy15 values
obtained by ELISA at 14 dpi. Different letters indicate statistically significant differences (p < 0.05).
For the SRL248 treatments (root drench, D; foliar spray, S), no statistically significant differences in
virus accumulation were detected compared to water-treated control plants (p = 0.947). (C) Tomato
brown rugose fruit virus (ToBRFV) titer as calculated by OD,;5 values obtained by ELISA at 11 dpi
(p =0.07).

Against ToBRFV infection, only K165 and Serifel® were tested. Similar symptoms
were recorded among all treatments in the non-inoculated plant parts at 5 dpi, and included
mosaic, shoestring leaf distortion, and stunted growth. The ELISA analysis performed
at 11 dpi revealed a non-significant difference in the ToBRFV titer (p = 0.07), however a
trend towards lower ODy;5 values was observed in Serifel®-treated plants (Figure 4C, mean
OD415 0.41 4 0.33 for Serifel® treatment compared to 0.64 + 0.27 for K165- and 0.64 4 0.27
for water-treated plants).

3.3. Differential Effect of PGPM Application on SIPR1b.1 and SIRAR1 Expression

To obtain an insight into the putative antiviral mechanism induced by each PGPM,
the expression of SIPR1.b1, the key gene of SA-induced defense, and SIRAR1, the marker
of the induction of RNA silencing machinery, were assessed in tomato plants at 24 h
upon the second drench application of the PGPMs. As demonstrated in Figure 5, K165,
EP3 and Serifel® applications resulted in a significant upregulation of both genes tested
when compared to water-treated control plants. More specifically, the highest expression
levels were recorded upon K165 treatment that resulted in 18- and 22-fold inductions of
SIPR1.b1 and SIRARI1, respectively. A statistically significant six-fold induction of both
genes was recorded in EP3-treated plants. Although Serifel® application resulted in the
lowest significant induction of SIPR1.b1 (three-fold induction), an eight-fold upregulation
in SIRAR1 expression was observed. Finally, no significant differences were recorded in the
expression of the two genes among Z13-treated and control plants.
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Figure 5. Effect of Pseudomonas putida Z13 (Z13), Paraburkholderia eburnea EP3 (EP3), Bacillus velezensis
K165 (K165), and Serifel® on the transcriptional levels of Pathogenesis related protein 1b (SIPR1b.1) and
RNA-dependent RNA polymerase 1 (SIRAR1) defense genes. Five individual plants were analyzed with
RT-qPCR. Fold change (FC) represents the relative difference in expression between each treatment
and water-treated control plants. UBI3 was used as the reference gene. Error bars represent 2 x SE
and asterisks denote statistical significance between treatment and water-treated control plants
(p < 0.05).

4. Discussion

Viruses are responsible for approximately 50% of plant diseases affecting agricultural
systems worldwide, resulting in great agronomic losses that reach over USD 30 billion
annually [22]. Their management is mainly based on prevention, since no therapeutical
means are available. The identification of novel strategies for virus management has always
been a challenge to virologists. In this study, we evaluated the antiviral capacity of selected
plant growth promoting microorganisms (PGPMs), against three economically important
viruses, namely tomato spotted wilt virus (TSWV), cucumber mosaic virus (CMV), and
tomato brown rugose fruit virus (ToBRFV), in tomato plants under controlled greenhouse
conditions. Our results demonstrate that the application of specific PGPMs can lead to
a substantial reduction in symptom severity, although this is not linked to a coinciding
reduction in virus accumulation. In addition, the effect of the PGPMs tested was dependent
on the virus species.

Among the bacteria tested against TSWV, the strongest antiviral effect was obtained
from the application of Paraburkholderia eburnea EP3. Paraburkholderia species are bacteria
known to promote the growth of plants and induce effectively direct or indirect defense
mechanisms against plant pathogens. In specific, EP3 was recently shown to reduce
Verticillium wilt in eggplants and to induce ISR through the induction of PR1 and PR4
genes [19]. Against TSWV, EP3 application resulted in attenuated symptoms in about
40% of plants tested, without however an accompanied reduction in virus accumulation.
A similar antiviral effect was observed with the experimental PGPM strain SRL248. Both
root drenching and foliar application mitigated TSWV symptom severity, while foliar
spraying additionally promoted plant height, even in the presence of virus infection,
supporting the idea that SRL248 is a plant growth-promoting yeast isolate. Such growth-
promoting effects may partially compensate for virus-induced damage and could contribute
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to yield loss attenuation, highlighting the potential agronomic value of SRL248 application,
even in the absence of reduced virus accumulation. Similar to EP3 application, the absence
of an effect on virus titer suggests that SRL248 influences plant physiological resilience
rather than inducing antiviral effects. These phenomena are in line with the results obtained
from previous studies reporting that the defense mechanisms induced by PGPMs frequently
result in improved plant tolerance to viral infections without necessarily suppressing virus
replication [23-25]. However, such symptom alleviation is of great agricultural value,
as elevated yield losses are often tightly correlated to severe symptoms rather than to
virus load [26].

The virus-specific tolerance observed in this study, particularly against TSWV, may
be attributed to fundamental biological differences among the viruses tested. Viruses
exhibit substantial variation in their replication strategies, the host pathways they exploit
for systemic movement, and their capacity to suppress host defense mechanisms [27-29].
Therefore, the modulation of any of these pathways by PGPMs may interfere with the
TSWYV infection process, resulting in symptom alleviation. In contrast, rapidly replicating
viruses such as CMV and ToBRFV may more readily overcome such priming-mediated
tolerance mechanisms, which could explain the absence of an antiviral effect against these
viruses. Nevertheless, as EP3 and SRL248 are experimental PGPMs and little is currently
known about the mechanisms underlying their activity, further research is required to
elucidate the molecular and physiological basis of their antiviral properties.

In contrast to EP3 and SRL248, the application of Z13 and K165 showed no effect
against TSWV symptomatology, while Z13 even displayed a non-significant trend towards
increased viral accumulation. These observations highlight the PGPM/strain-specific
differences frequently described in PGPM-plant-virus interactions [30]. The processes
that take place during the infection of a plant by a virus, including virus multiplication,
intercellular and systemic movement, and even its interaction with an insect vector, are
affected by phytohormones [31-33]. Since PGPMs are well-documented to affect the
hormonal profile of a plant, such changes may unintentionally create conditions that might
favor virus accumulation and spread.

Although the antiviral effect of several PGPMs against CMV has been
demonstrated [9,25,34], none of the PGPMs tested in this study showed any effect on
CMYV symptomatology. Concerning CMV, K165 application resulted in a decrease in virus
titer as suggested by the ELISA results, but this was not linked to a milder symptomatol-
ogy. As already suggested, the appearance and development of symptoms during a viral
infection are highly affected by environmental factors, the viral genus and isolate, the plant
host/cultivar, the developmental stage of the plant, and not by the virus accumulation per
se [26,35]. In this context, severe symptoms could be induced even in the presence of a low
CMV load. Finally, since the results of experimental conditions often do not coincide with
those obtained during field trials, field-based validation remains necessary to conclusively
assess the antiviral potential of a PGPM [36].

For ToBRFV, neither K165 nor Serifel® significantly affected symptoms or viral accu-
mulation, although a trend towards reduced titer was observed in Serifel®-treated plants.
Tobamoviruses, in general, are characterized by their high stability, rapid accumulation,
and systemic movement, which render their management highly challenging through ISR
induction [37]. Therefore, it is plausible that stronger or more targeted ISR-inducing agents
may be needed for the suppression of viruses belonging to the Tobamovirus genus.

The transcriptional analysis of the defense-related genes, Pathogenesis-related protein
1b (SIPR1b.1) and RNA-dependent RNA polymerase 1 (SIRAR1), provides valuable pieces
of information regarding the molecular basis of the mechanisms induced by the tested
PGPMs. Applications of K165, EP3, and Serifel® resulted in a statistically significant
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induction of SIPR1b.1, the marker gene of salicylic acid (SA)-mediated defense [38]. These
PGPMs are already known for their ability to induce an SA-dependent mechanism either
in tomato [13] or other plant pathosystems [19]. Except for SIPR1b.1, they all induced the
expression of SIRAR1, the key regulatory gene of the basal antiviral defense [39]. Although
for Serifel® this was already demonstrated in our previous study [13], this is the first time
of reporting such an induction for K165 and EP3. Furthermore, K165 application resulted
in the strongest transcriptional activation of both genes tested; however, this molecular
response was not associated with a corresponding antiviral effect against either CMYV,
TSWYV, or ToBRFV. In contrast, the moderate induction of both genes upon EP3 application
coincided with the attenuation of TSWV symptom development. Finally, during gene
expression analysis, no difference was recorded in Z13-treated plants, a fact that was
consistent with its lack of antiviral efficacy and the observed trend towards increased
TSWV accumulation. Collectively, our results support the idea that PGPM-mediated
antiviral effects are strain-specific and may primarily function through the priming of host
defenses, rather than through a strong constitutive activation of antiviral mechanisms.

Concluding, the present study expands the known list of PGPM strains with antiviral
activity, and signifies both their potential in the control of viral diseases but also the need
for an extensive, case-by-case evaluation of their antiviral effect based on the specific
requirements of their application, as defined by the plant cultivar, the virus isolate, the
plant physiological status, and the environmental conditions.

5. Conclusions

This study demonstrates that the recorded antiviral effects of PGPMs are both strain-
and virus-specific and are primarily associated with symptom attenuation rather than a
reduction in virus accumulation. Applications of Paraburkholderia eburnea EP3 and the yeast
isolate SRL248 significantly reduced TSWV symptom severity, supporting a PGPM-induced
tolerance effect. However, against CMV or ToBRFV, no antiviral action was recorded. The
growth-promoting effect observed following SRL248 application further highlights the
potential agronomic value of such PGPMs by alleviating to some extent the detrimental
effects associated with virus infection. Overall, these findings support the potential of
PGPMs as sustainable tools for the management of viral diseases while emphasizing the
need for further mechanistic investigations and field validation.
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Abbreviations

The following abbreviations are used in this manuscript:

CMV Cucumber mosaic virus

TSWV Tomato spotted wilt virus

ToBRFV Tomato brown rugose fruit virus

PGPM Plant growth-promoting microorganisms
ISR Induced systemic resistance

SA Salicylic acid

JA Jasmonic acid

ET Ethylene

dpi Days post-inoculation

BSA Bovine serum albumin

NPR1 NON-EXPRESSOR OF PATHOGENESIS-RELATED GENES 1
PR PATHOGENESIS-RELATED PROTEINS
RdR1 RNA-dependent RNA polymerase 1

DAS-ELISA  Double-antibody sandwich enzyme-linked immunosorbent assay
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