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Abstract

Traditional disease management, which is based on the application of synthetic chemical
products, has negatively affected human health and the environment. A sustainable ap-
proach based on the application of natural compounds and microorganisms is potentially
better for consumer health. Thus, the aim of this study was to evaluate the efficacy of
plant-based and/or organic products against soilborne fungal pathogens of tomato. A pre-
liminary in vitro experiment was performed to select potential putative inhibitory products
(PIPs) and fungal pathogens that were then used in an in vivo experiment conducted inside
a greenhouse that mimics real-world field conditions. For the greenhouse experiment, berg-
amot and pomegranate wastes and the commercial product EP5 were selected as the PIPs
to control Agroathelia rolfsii, Fusarium oxysporum and Sclerotinia sclerotiorum growth. Each
pot was artificially inoculated three days before the low-dose treatment, and one tomato
seedling was transplanted into each pot four days after the treatment. Data regarding
the phytosanitary status of the plants and roots, as well as their length and weight, were
collected after 45 days, and the results obtained demonstrate that plant-derived products
were able to mitigate fungal diseases, with pomegranate waste being the most effective.
Also, the EP5 product, as a resistant inducer, was able to significantly improve the natural
defense of tomato plants, resulting in it being the best PIP used. Mycological analyses
were performed on the roots to assess the presence of inoculated fungal pathogens after
natural product treatment. Overall, the results confirm that the PIPs are suitable for crop
management, but the outcomes are variable. In general, pomegranate waste and EP5
significantly protected the roots against fungal attacks, while bergamot waste showed
lower efficacy. This trend was not observed for plant length and weight, as the treated
plants showed results similar to those of the untreated controls. In conclusion, natural
products are a valid alternative to chemicals, as they demonstrate both efficacy and safety,
but their potential should be further investigated in field trials.

Keywords: plant-based antifungal product; soilborne fungi; crop protection; inhibition;
tomato crop

1. Introduction
Tomato (Solanum lycopersicum L.) is one of the most widely grown and consumed

agricultural food commodities, with notable benefit to human health [1]. In 2023, global
tomato production reached the highest record, accounting for 192 million tonnes [2]. The
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largest producer is China, followed by India, the United States, Turkey, and European
countries. Among European countries, Italy is the leading producer, accounting for 36%
(approximately 6.0 million tonnes) of the total production in 2024, followed by Spain (27%)
and Portugal (10%) [3]. Among Italian regions, Apulia remains the major contributor,
accounting for 22.3% of the nation’s production, of which 19.4% comes from the Foggia
province as the primary hub [4].

Given the global importance of tomato, its health status is also of global interest, as
tomato yields are consistently threatened by microbial diseases, with fungi and oomycetes
being the major causal agents [5]. Alternaria solani, Botrytis cinerea, and Phytophthora infestans
represent the major aerial pathogens that attack the aerial parts of the tomato plant [6]. In
particular, A. solani causes seedling blight, fruit rot, and severe leaf rust, leading to complete
defoliation [7]. B. cinerea causes necrotic-enzyme-induced soft rot via cell wall degrada-
tion [8], while P. infestans is responsible for shoot and leaf necrosis, fruit rot, and rapid
plant death [5]. Significant threats also are caused by several soilborne pathogens, among
which Agroathelia rolfsii, Fusarium oxysporum f.sp. lycopersici, and Sclerotinia sclerotiorum
are the most widespread in soils worldwide [9]. A. rolfsii mainly causes stem and collar
rot, but it can also induce fruit rot when in contact with the soil [10]. F. oxysporum, as a
vascular pathogen, causes root colonization, which leads to wilting and plant death [11]. S.
sclerotiorum is particularly destructive and causes severe root rot and water-soaked lesions
at the stem joints, potentially resulting in yield losses exceeding 50% [12,13]. Chemical
control remains the primary and effective means for reducing the destructive potential
of fungal pathogens in agriculture; however, in addition to the high costs and the risk of
resistance development, their use is increasingly restricted due to their detrimental effects
on human health and the environment [6]. Therefore, chemical pesticides are responsible
for widespread negative impacts, as sprayed pesticides can enter the human bloodstream
through inhalation or skin contact, causing acute symptoms such as dermatitis, respiratory
irritation, nausea, and headaches [14]. Moreover, chronic exposure to pesticide residues in
food is often associated with severe human diseases, including cancer, Alzheimer’s disease,
and diabetes mellitus, which often occur due to DNA damage [14]. Chemical pesticides also
negatively affect the environment, as toxic residues can persist in the soil, harm beneficial
organisms (suppressive, antagonistic, etc.), and compromise soil fertility [15–17]. Chemical
residues are frequently detected in various food and beverage products [18]. To address
these concerns, the European Parliament has enforced stringent regulations by limiting
maximum residue levels (MRLs) in food and banning the use of specific active fungicides
in open fields since the 1980s [19,20]. These regulatory measures have stimulated scien-
tific research to investigate the effectiveness of natural alternatives, including agricultural
wastes (AWs) and biological control agents (BCAs). Several studies confirm that BCAs,
such as Trichoderma [21–25] and Bacillus spp. [26–28], are effective for controlling fungal
pathogens. Beyond microorganisms, plant products and their extracts can also offer a viable
alternative to chemicals. Indeed, extracts from Azadirachta indica, Cannabis sativa, Cassia
fistula, Cinnamomum verum, and Lantana camara display high inhibitory activity against
multiple fungal pathogens [29–31]. Morea et al. [32] demonstrated that plant powders
from numerous botanical species were able to inhibit the growth of more than 30 different
fungal pathogens, and other studies have reported significant results regarding the phar-
macological and antifungal activities of pomegranate and bergamot extracts, which are
attributed to their rich metabolic profiles [33–36]. Carlucci et al. [37] and Morea et al. [32]
assayed EP5 in their experiments to confirm its ability to protect grape berries against
Botrytis cinerea infections in postharvest conditions and to compare its antifungal activity
against more than 30 severe phytopathogens under in vitro conditions. Based on previous
research on the efficacy of plant-derived products in controlling severe microbial diseases
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in plants, their potential contribution to the circular economy in agriculture, and their very
low impact on humans and the environment, the aim of the present study is to assess the
efficacy of putative plant-based wastes against soilborne fungal pathogens of tomato crops.
These natural putative fungicides, as minimally processed products, are tested to ensure
that they can be used in organic agriculture, without any expensive and non-eco-friendly
chemical transformation. Therefore, the objectives of this study are to conduct (a) an in vitro
assessment of plant products, including those from laurel, eucalyptus, pomegranate, sage,
bergamot, and false pepper, and a commercial organic product against ten soilborne fungal
pathogens; (b) a greenhouse-based evaluation of low doses of the selected products to
assess their efficacy to protect tomato roots against fungal pathogens; and (c) an assessment
of the agronomic quality indices of tomato plant growth after treatment with putative
plant-based antifungal products.

2. Materials and Methods
2.1. Preparation of Putative Inhibitory Products

The putative inhibitory products (PIPs) were prepared according to the method de-
scribed by Morea et al. [32]. Different plant products with potential antifungal activity
were collected from two botanical species: pomegranate (Punica granatum L.; peel) (Pg)
from open-field agricultural crops in Foggia province (Apulia region, Italy) and bergamot-
derived (Citrus bergamia Risso & Poit.; peel) (Cb) from agro-industrial waste obtained after
essential oil extraction in Gioia Tauro-origin (Calabria, Italy). After collection, the plant
tissues were carefully washed, cut into small pieces, and left to dry at room temperature
until the weight was reduced by approximately 50%. The semi-dehydrated plant tissues
were placed on a stove at 30 ◦C (FN 500 Sterilizer, Nuve, Ankara, Turkey) until constant
weight was achieved. The plant PIPs were ground as finely as possible using an electric
mill equipped with a fine-mesh screen (Geomil-50P) at 600 nm to obtain plant powders,
which were then stored in plastic jars in darkness. In addition, a commercial product
(EP5-Protect) (EP5) that is used as resistance inducer in organic agriculture was tested,
whose composition consists of minerals and silicates [bentonite (30%), citric acid (5%), iron
(10%), zinc (6%), and manganese (6.5%) sulphate; Phenom Biotech srl, Milan Italy].

2.2. Soilborne Fungal Phytopathogens

To assess the ability of the PIPs to inhibit fungal growth, three fungal species consid-
ered as severe soilborne pathogens, namely Agroathelia rolfsii, Fusarium oxysporum, and
Sclerotinia sclerotiorum, were used; these fungi were obtained from the fungal collection of
the Laboratory of Plant Pathology and Diagnostic of the Department of Agricultural, Food,
Natural Resources and Engineering Sciences (DAFNE) of the University of Foggia, Italy.
The taxonomic identities of these fungi, which were determined via morphological and
molecular tools, have been reported by Morea et al. [32] using the DNA extraction protocol
described by Carlucci et al. [38].

2.3. Assessment of Putative Inhibitory Products (PIPs) Against Fungal Pathogens Under
In Vitro Conditions

Each plant powder and EP5 were used at a concentration of 2% (w:v), and added to the
PDA medium (39 g/L; Sigma-Aldrich, Milan, Italy). After adjusting the pH to 6.0, the latter
was thermally treated at 115 ◦C for 15 min in an autoclave. Inhibitory activity was assessed
on 90 mm Petri dishes containing the PDA medium. Fungal plugs of 4 mm in diameter,
which were taken from the margins of 14-day-old colonies of each fungal pathogen, were
placed at the center of 90 mm Petri dishes containing the PDA medium supplemented with
PIPs and incubated in darkness at 21 ± 3 ◦C for up to 21 days, depending on the mycelial
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growth of each fungal species, while PDA plates without PIPs were used as controls, as
performed by Morea et al. [32]. The experiment was replicated three times, and mycelial
growth was recorded every 48 h by measuring two perpendicular diameters. According to
Carlucci et al. [39] and Morea et al. [32], inhibitory activity (IA; %) was calculated as the
percentage of mycelium growth inhibition compared to the control using the formula:

IA =

(
D1 − D2

D1

)
× 100

where D1 and D2 are the measured perpendicular diameters of the fungal colonies on PDA
control plates and PDA plates amended with PIP powders, respectively.

Fungal growth was modeled according to Bevilacqua et al. [40], who used a logistic
equation modified by Dantigny et al. [41], and it is determined using following formula:

Dmax

1 + exp[k(τ − t)]

where Dmax is the maximum diameter of the fungal colony (55 mm); k is the rate of fungal
growth (mm hours−1); τ is the time to attain half of Dmax (hours); and t is the time (hours).

This Dantigny function utilizes three fitting parameters, i.e., the rate of fungal growth,
the maximum extent of germination, and the time to attain half of the maximal den-
sity/probability of germination. Thus, the modified equation, which was based on Bevilac-
qua et al. [40], was used to model the radial increase in the diameter of fungal colonies on
the plates. Moreover, the maximum extent of fungal growth was set to 55 mm (i.e., the
diameter of the plates). The fitting procedure was intended to estimate the rate of fungal
growth, reported as diameter increase per day, and the parameter τ, which refers to the
time (hours) needed to attain a diameter of 27.5 mm on the plates. The Dantigny equation
satisfactorily fitted all the data sets, with regression coefficients ranging from 0.909 to 0.999.

2.4. Evaluation of PIPs to Control Fungal Pathogens Under In Vivo Conditions
2.4.1. Artificial Fungal Inoculum Preparation

The artificial inoculum of each fungal pathogen was prepared by infecting 100 g of
wheat kernels (RGT Voilur variety; Semetica, Bologna, Italy) preliminarily soaked in tap
water in a 500 mL glass jar for 12 h. Then, the water was removed, and the kernels were
sterilized three times at 121 ◦C for 20 min. The sterilized kernels were then inoculated with
5 mL of the fungal propagule suspension at a concentration of 1·105 cfu mL−1, which was
obtained by scraping the surface of a 14-day-old fungal colony with a scalpel and collecting
the propagules in a sterile solution (distilled H2O with 0.5% Tween 20). All inoculated jars
were sealed with parafilm and incubated in the dark at 25 ◦C ± 3 ◦C for 21 days.

2.4.2. Setup of the Greenhouse Experiment

The experiment was conducted in a greenhouse that mimics real-world field conditions
from May to July 2024 at the Department DAFNE of the University of Foggia. For this
experiment, two layers of non-woven fabric were placed at the bottom of 1.5 L pots to
prevent soil loss and covered with 5 cm of commercial Gaia soil (Agrochimica S.p.A.,
Bolzano, Italy). Twelve kernels artificially inoculated with each fungal pathogen were
placed equidistantly from each other on the moistened soil surface and covered with
approximately 1 cm of soil. The soil was then watered to promote fungal growth and
covered with a plastic film. After 72 h, 3 g aliquots of powder from each PIP were placed
on the soil surface, covered with another 1 cm of soil, and again covered with a plastic film.
Finally, after an additional 72 h, one tomato seedling was placed at the center of the pot and
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covered with 1 cm of soil. The experiment consisted of 16 different trials with 24 replicates.
Un-inoculated and un-treated pots were used as negative controls (Table 1).

Table 1. PIP and fungal composition of each trial under different settings in the greenhouse
experiment.

PIP Fungus Id Trial

- - Un-treated
- Agroathelia rolfsii A. rolfsii
- Fusarium oxysporum F. oxysporum
- Sclerotinia sclerotiorum S. sclerotiorum

Citrus bergamia - C. bergamia
EP5 - EP5

Punica granatum - P. granatum
Citrus bergamia Agroathelia rolfsii C. bergamia-A. rolfsii
Citrus bergamia Fusarium oxysporum C. bergamia-F. oxysporum
Citrus bergamia Sclerotinia sclerotiorum C. bergamia-S. sclerotiorum

EP5 Agroathelia rolfsii EP5-A. rolfsii
EP5 Fusarium oxysporum EP5-F. oxysporum
EP5 Sclerotinia sclerotiorum EP5-S. sclerotiorum

Punica granatum Agroathelia rolfsii P. granatum-A. rolfsii
Punica granatum Fusarium oxysporum P. granatum-F. oxysporum
Punica granatum Sclerotinia sclerotiorum P. granatum-S. sclerotiorum

During the greenhouse experiment, the tomato plants received 150–200 mL of water,
and no fertilization was carried out. After 45 days, to assess damage caused by the diseases,
the tomato plants were subjected to phytosanitary status determination by observing the
symptoms that occurred on the aerial plant parts using an empirical six-class pathometric
scale (0 = healthy; 1 = slightly yellow; 2 = completely yellow; 3 = slightly necrotized;
4 = completely necrotized; and 5 = dead). The plants were then gently removed from the
pots, and the roots were carefully washed and assessed with a seven-class empirical patho-
metric scale (0 = no symptoms observed; 1 = 1–15%; 2 = 16–35%; 3 = 36–50%; 4 = 51–70%;
5 = 71–85%; and 6 = 86–100%). However, to evaluate phytosanitary status based on the
symptoms that occurred on the collar, a different six-class empirical pathometric scale
(0 = healthy; 1 = hydropic tissues; 2 = brown; 3 = slightly rotten; 4 = rotten; and 5 = heavily
rotten) was used. The phytosanitary status of the aerial plant part, root, and collar was
expressed as disease incidence according to the McKinney index (MkI; %) [42], which was
determined according to the following formula:

MkI (%) =
∑(Nn × Cn)

Ntot × Cmax
× 100

where Nn is the number of cases observed for each class, Cn is the reference class, Ntot is the
total number of cases observed, and Cmax is the highest class of the scale.

Moreover, the plant length (including root) of young tomato plants that survived was
monitored once a week, and at the end of each plant’s lifecycle, compactness (g cm−1)
was assessed as a growth index according to Nam et al.’s study [43], as it is generally
known that when plants undergo drought stress, stem length decreases and compactness
increases [44]. Therefore, compactness (growth index) was determined using the following
formula [43]:

Compactness =
Dry weight (g)

Plant length (cm)
× 100
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2.5. Re-Isolation of Artificially Inoculated Fungal Pathogens

Then, the tomato roots were subjected to mycological analyses to determine the
presence of the fungi inoculated (re-isolation frequency (RIF; %)), and RIF was calculated
according to the following formula:

RIF (%) =
N◦ isolated colonies

Total n◦ o f isolations
× 100

The roots from each plant were gently washed with distilled water to remove soil and
cut into approximately 1.0 cm pieces, and the surface of the tissue pieces was superficially
disinfected according to the method described by Fisher et al. [45]. For each trial, six root
pieces were placed on the surface of PDA with 500 ppm of streptomycin (Sigma-Aldrich,
Milan, Italy), and two plates were prepared for each trial. The fungal colonies grown after
21 days were subjected to morphological and microscopic observations to ascertain the
identity of the fungi artificially inoculated.

2.6. Statistical Analyses

Statistical analyses were performed on the datasets collected for all the experiments
(inhibition, bio-fumigation, and PIP activity persistence) using the JMP software package,
version 16.2 (SAS Institute Inc., Cary, NC, USA). The percentage data of both PIP activities,
namely inhibition of fungal growth on the PDA plate (IA) and control of fungal disease
by artificial fungal inoculation (MkI), were arcsine root-square-transformed in Excel 2007
using the formula DEGREES(ASIN(SQRT(X))), where X is the percentage value.

To test if the in vitro and in vivo datasets followed normal distributions, the Shapiro–
Wilk test (W test) was applied. Homogeneity of variance was assessed using the Levene
test based on the number of fungal species (three in the in vitro experiment; three in the
in vivo experiment) and the number of PIPs (three in the in vitro experiment; three in
the in vivo experiment). A factorial ANOVA analysis was performed to determine the
statistical significance of IA and the MkI by PIP against fungal growth under in vitro and
in vivo conditions, as well as differences due to the sensitivity of each fungus assayed, and
to detect any interaction between these factors (fungus × PIP). One-way ANOVA was
performed to determine significant differences in inhibiting activity (IA) caused by each
fungal species tested, as well as any difference due to the three PIPs used under in vitro
conditions; disease incidence (MkI) by PIP and fungus under in vivo conditions was also
analyzed. Tukey’s tests were used to compare treatment means at a significance level of
p < 0.01. Plant length and dry matter were also statistically analyzed using one-way and
factorial ANOVAs, considering fungal pathogens and PIPs, using JMP version 16.2 (SAS
Institute Inc., Cary, NC, USA). Regarding the kinetics of fungal pathogens, curve fitting was
performed through the software Statistica for Windows version 12.0; (Statsoft, Tulsa, OK,
USA) using the least square approach. The experimental data were collected for 18 months
from January 2024 to August 2025.

3. Results
3.1. Effectiveness of Putative Inhibitory Products (PIPs) Against Fungal Pathogens Under
In Vitro Conditions

Figure 1 (as well as Tables S1–S3) presents the results of a comprehensive scientific
analysis of the effectiveness of specific natural or mineral products (PIPs) in inhibiting
fungal growth. This analysis was conducted under in vitro conditions to assess the prelimi-
nary inhibitory activity of natural products before testing them under in vivo conditions.
In particular, panel (a) shows data related to the sensitivity of three fungal pathogens when
exposed to the PIPs, highlighting that A. rolfsi was the least sensitive with an IA of 42.73%,
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while F. oxysporum was the most sensitive with an IA of 68.94%, and S. sclerotiorum was
inhibited with an IA value of 53.03% (Table S1). Panel (b) compares the effectiveness of the
PIPs against the selected fungi to determine their “relative antifungal potential”. The graph
shows that, among the plant products, pomegranate (IA = 43.03%) was more effective than
bergamot (IA = 21.67%), but EP5, as a mineral product, demonstrated the highest efficacy
in controlling all fungal pathogens, with IA values of 100.00% (Table S2). The graph in
panel (c) of Figure 2 displays the interaction between specific fungal pathogens and the
PIPs (EP5, pomegranate, and bergamot), showing that EP5 was the most effective treatment
that inhibited all fungi, with IA values of 100.00%. In contrast, bergamot had high efficacy
and specificity against F. oxysporum (IA = 52.27%), no efficacy and specificity against S.
sclerotiorum (IA = 0.00%), and very low efficacy against A. rolfsii (IA = 12.73%) (Table S3 and
Figure 2).
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Figure 1. In vitro evaluation of fungal pathogen sensitivity and inhibition potential of putative
inhibitory products (PIPs) after 21 days: (a) sensitivity of different fungal pathogens to PIPs, expressed
as inhibition activity (IA; %); (b) comparative efficacy of PIPs against fungal pathogens, showing
their relative antifungal potential; (c) interaction effects between fungal pathogens and PIPs (EP5,
P. granatum, and C. bergamia), expressed as IA percentages. Data were analyzed using one-way
and factorial ANOVAs and Tukey’s Test (p < 0.01). Means with the same capital letters indicate no
significant differences.

Figure 3 (Table S4) shows the growth trends of A. rolfsii, F. oxysporum, and S. sclerotiorum
in the presence of bergamot, EP5, and pomegranate. Among the PIPs, only EP5’s effect
was not influenced by the presence of fungal pathogens. Among the fungal pathogens, A.
rolfsii growth was not slowed by the PIPs. In fact, except for EP5 (τ = 480.00 h), Bergamot
(τ = 74.80 h) and pomegranate (τ = 65.50 h) showed τ values close to those of the control
(τ = 68.12 h). F. oxysporum’s sensitivity to the PIPs was higher than that of A. rolfsii. In this
case, the growth kinetics of the control (τ= 72.41 h) was lower than those observed with
bergamot, EP5, and pomegranate, with τ values of 480.00, 95.24, and 92.19 h, respectively.
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Figure 2. Inhibitory activity (IA) of putative inhibitory products (PIPs) under in vitro (after 21 days)
and in vivo (after 45 days) conditions: (a) IA of EP5 against Fusarium oxysporum; (b) IA of Punica
granatum against Sclerotinia sclerotiorum; (c) IA of Citrus bergamia against Agroathelia rolfsii; (d) healthy
roots treated with EP5 against F. oxysporum; (e) unhealthy roots treated with P. granatum against S.
sclerotiorum; (f) severely unhealthy roots treated with C. bergamia against A. rolfsii showing significant
root destruction; (g) healthy collar treated with EP5 against F. oxysporum; (h) unhealthy collar treated
with P. granatum against S. sclerotiorum showing collar discoloration; (i) severely unhealthy collar
treated with C. bergamia against A. rolfsii showing significant root destruction; (j) healthy aerial parts
treated with EP5 against F. oxysporum; (k) unhealthy aerial parts treated with P. granatum against
S. sclerotiorum showing stunted leaves; (l) severely unhealthy aerial parts treated with C. bergamia
against A. rolfsii showing wilt and necrosis of leaves.
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(a) 

(b) 

(c) 

Figure 3. Growth kinetics of fungal pathogens on culture media amended with different putative
inhibitory products (PIPs): (a) Agroathelia rolfsii growth; (b) Fusarium oxysporum growth; and (c) Scle-
rotinia sclerotiorum growth. Fungal growth on a culture medium not amended with PIPs was used as
the control. The colored lines represent the fungal kinetics best fitted to the data based on Dantigny’
model [41].

Moreover, the inhibitory effect of bergamot and pomegranate persisted until the end
of the experiment, as the growth of fungal pathogens remained constant after 100 h. While
the growth trends of A. rolfsii and F. oxysporum were similar in the presence of bergamot
and pomegranate, S. sclerotiorum’s sensitivity was significantly different for these two PIPs.
The τ values of bergamot (τ = 66.44 h), EP5 (τ = 480.00 h), and pomegranate (τ = 70.70 h)
were higher than the control’s value (61.34 h), suggesting that all the PIPs slowed the
growth of fungal pathogens. While the τ values of bergamot and pomegranate were very
similar, the final growth values of the fungal pathogens exposed to them were different. S.
sclorotiorum’s final growth after exposure to bergamot was equal to that of the control, while
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its final growth after exposure to pomegranate was lower. This suggests that bergamot lost
its efficacy over time, while pomegranate did not (Figure 2).

3.2. Assessment of Effectiveness of PIPs Against Fungal Pathogens Under In Vivo Conditions

Figure 4 (as well as Tables S5–S7) presents the evaluation results of the efficacy of
the PIPs as control methods against soilborne fungal pathogens that affect the roots of
tomato plants grown in the greenhouse experiment. The graph in panel (a) describes the
sensitivity or aggressiveness of the fungi used in the experiment when exposed to the PIPs.
In particular, symptom manifestation on tomato roots, expressed as disease incidence (MkI),
was overall better controlled when the PIPs were used against F. oxysporum (MkI = 11.46%)
and S. sclerotiorum (MkI = 16.49), but it was less controlled against A. rolfsii (MkI = 32.76%)
(Table S5). The graph in panel (b) highlights the overall performance of the different PIPs
in controlling fungal pathogens, where EP5 and pomegranate were the most effective with
MkI values, recorded from roots, of 4.51 and 9.20%, respectively. In contrast, bergamot
was not effective because a high value of disease incidence was recorded (MkI = 25.00%)
(Table S6).
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Figure 4. Efficacy of putative inhibitory product (PIP) treatments in controlling soilborne fungal
pathogens in greenhouse-grown tomatoes, as determined by root phytosanitary status: (a) sensitivity
of fungi exposed to PIPs, as assessed by disease incidence (MkI; %) on tomato roots; (b) effectiveness
of PIPs in controlling fungal pathogens, expressed as disease incidence on tomato roots; and (c) in-
teraction between PIP treatments and fungi, as assessed by disease incidence on tomato roots. Data
were analyzed using one-way and factorial ANOVAs and Tukey’s test (p < 0.01). Means sharing the
same capital letter do not differ significantly.

Panel (c) displays the interaction between specific treatments and fungi, where EP5
was the most effective against all three fungal species, with disease incidence ranging
from 0.0 (S. sclerotiorum; un-treated trial) to 15.97% (A. rolfsii). A similar trend could be
observed from the trial with pomegranate, though its MkI values were slightly higher
overall (ranging from 6.95 to 19.45% against S. sclerotiourum and A. rolfsii, respectively)
than those obtained with the EP5 treatment. In contrast, among the tested PIPs, bergamot
showed variable effectiveness against different fungi: it was effective in controlling disease
incidence caused by F. oxysporum (MkI = 9.72%) in roots but and not effective against A.
rolfsii (MkI = 52.08%) and S. sclerotiorum (MkI = 36.11%). Moreover, the disease incidence
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values recorded when bergamot was used were higher than those recorded for plants not
treated with any PIP but artificially inoculated with fungi (un-treated trial) (Table S7).

Figure S1 (as well as Tables S8–S10) reports the results specific to symptom manifesta-
tion on the collar of tomato plants, expressed as disease incidence (MkI; %). The results
regarding the aggressiveness of the fungal pathogens (Table S8) in affecting the collar of
tomato plants are similar to those presented in Figure 4 (Tables S5–S7). In particular, A.
rolfsii was the most aggressive fungus, showing a mean disease incidence of 23.26%, while
Fusarium oxysporum (MkI = 2.26%) and S. sclerotiorum (MkI = 1.39%) were the weaker fungal
pathogens. Statistically, their damage levels were indistinguishable from the un-treated
control (MkI = 0.00%) (Table S8). Table S9 displays the overall performance or efficacy
of the PIPs across the three fungal pathogens. The bergamot treatment was statistically
identical to the un-treated control, as the recorded disease incidences were 9.90 and 10.94%,
respectively. In contrast, EP5 (MkI = 2.78%) and pomegranate (MkI = 3.30%) significantly
reduced disease symptoms by roughly 70–75% compared with the averages obtained from
the un-treated control and the bergamot treatment. Table S10 clearly reveals the successful
and failed treatments, as determined by the specific interactions of the fungi and PIPs. In
the presence of A. rolfsii, the un-treated tomato plants (MkI = 33.33%) and bergamot-treated
plants (MkI = 36.11%) showed significantly high disease levels.

On the other hand, EP5 and pomegranate significantly reduced A. rolfsii-mediated dis-
ease incidence to 10.42 and 13.19%, respectively. Regarding F. oxysporum and S. sclerotiorum,
disease incidence values remained significantly low (MkI ranged from 0.00 to 3.47%) across
almost all treatments (EP5, pomegranate, and bergamot), making it difficult to detect which
PIP treatment was more effective since the infection at baseline was negligible.

Figure 5, as well as Tables S11–S13, highlights the aerial phytosanitary status of tomato
plants at the end of the growth cycle.
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Figure 5. Assessment of the efficacy of putative inhibitory product (PIP) treatments in controlling
soilborne fungal pathogens in greenhouse-grown tomatoes, as determined by the phytosanitary
status of aerial parts: (a) sensitivity of fungi exposed to PIPs, as assessed by disease incidence (MkI; %)
on tomato aerial parts; (b) effectiveness of PIPs in controlling fungal pathogens, expressed as disease
incidence on tomato aerial parts; (c) interaction between PIP treatments and fungi, as assessed by
disease incidence on tomato aerial parts. Data were analyzed using one-way and factorial ANOVAs
and Tukey’s test (p < 0.01). Means sharing the same capital letter do not differ significantly.

https://doi.org/10.3390/agriculture16080861

https://doi.org/10.3390/agriculture16080861


Agriculture 2026, 16, 861 12 of 20

Graph (a) (Table S11) shows that disease incidence was significantly higher when
A. rolfsii was used (MkI = 35.94%), while it was not significantly different from that of
un-treated plants (MkI = 24.13%) when F. oxysporum (MkI = 22.40%) and S. sclerotiorum
(MkI = 25.17%) were used. Graph (b) (Table S12) highlights that the PIPs did not produce
phytotoxicity damage on the aerial plant part because their presence significantly protected
tomato plants against fungal pathogens. In addition, the interaction between the PIPs and
fungi shown in Graph (c) confirms the ability of the PIPs to protect the aerial plant part from
damage caused by the presence of the fungi inoculated. In particular, the best PIP was EP5,
with symptoms calculated as disease incidence ranging from 21.23 (A. rolfsii) to 11.81% (S.
sclerotiorum). Also, pomegranate was effective, with disease incidence values ranging from
25.69 (S. rolfsii) to 22.22% (un-treated and S. sclerotiorum). In contrast, bergamot displayed
selective protection activity; it was more effective against F. oxysporum (MkI = 6.94%) and
less effective against A. rolfsi (MkI = 41.67%) and S. sclerotiorum (MkI = 33.33%) (Table S13).

Effects of PIPs and Fungal Pathogens on Plant Growth Length and Compactness

Figure 6 (as well as Tables S14–S19) presents the effects of PIPs and fungal pathogens on
plant length, one of the growth indices evaluated in this experiment. The effects of fungal
pathogens, PIPs, and their combinations did not follow a common trend. Specifically,
the effects of fungal pathogens on final plant length revealed significant differences in
the sensitivity of tomato plants to these pathogens. F. oxysporum, S. sclorotiorum and
A. rolfsii reduced the growth of the plants compared with the control (82.79 cm), with
F. oxysporum, S.sclerotiorum, and A. roflsii being slightly harmful (71.08 cm), moderately
harmful (60.31 cm), and very harmful (49.67 cm), respectively, as observed in Graph (a)
(Table S14). The effects of the PIPs were very variable, but there was a common trend toward
growth promotion compared with un-treated plants (56.01 cm). Graph (b) (Table S15)
shows that EP5 significantly promoted plant length, with a value of 77.32 cm, while growth
promotion by pomegranate and bergamot was less significant, with values of 66.38 cm
and 64.15 cm, respectively. Graph (c) (Table S16), in general, highlights the negative effects
of fungal pathogens and the positive effects of PIP treatments. The presence of fungal
pathogens, without any PIP treatment, significantly reduced plant growth, with values
ranging from 37.83 (A. rolfsii) to 55.71 cm (F. oxysporum). The PIP treatments normalized
the growth of the plants, thus limiting the negative effects of the presence of fungal
pathogens. EP5 was the most effective PIP, with values ranging from 60.42 to 84.29 cm,
while pomegranate and bergamot showed less pronounced effects, with values ranging
from 52.19 to 81.33 cm and from 48.35 to 82.88 cm, respectively. Although the results depend
on the different interactions between fungi and PIPs (indicating variability in fungus–PIP
interactions), the un-treated plants and the plants treated with bergamot, pomegranate,
and EP5 showed a similar negative trend with regard to A. rolfsii, with values of 37.83,
48.25, 59.19, and 60.42 cm, respectively. The results regarding tomato plant compactness
followed a trend similar to that observed for final length. Graph (d) (Table S17) shows
that A. rolfsii significantly increased compactness, suggesting a small growth of the plant
(9.02 g cm−1). S. sclortiorum and F. oxysporum showed a similar effect on compactness, but
this effect was less significant when compared to the control, with values of 6.61, 5.37, and
4.11 g cm−1, respectively.

Regarding the PIPs, plants treated with bergamot and un-treated plants showed a
highest compactness, with values of 8.51 and 7.63 g cm−1, respectively. In contrast, Graph (e)
(Table S18) shows that EP5 and pomegranate did not increase compactness, and their effects
were not significantly different, with values of 4.70 and 4.27 g cm−1, respectively. Graph
(f) (Table S19) clearly highlights the differences among the PIPs in relation to the fungal
pathogens. While compactness in plants treated with EP5 and pomegranate remained
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relatively stable, with values ranging from 3.95 (EP5 vs. S. sclerotiorum) to 5.3 g cm−1

(EP5 vs. A. rolfsii) for EP5 and from 3.74 (pomegranate vs. S. sclerotiorum) to 5.46 g cm−1

(pomegranate vs. A. rolfsii) for pomegranate, the plants treated with bergamot showed a
wide range of compactness depending on the fungal pathogen inoculated, ranging from
3.69 (bergamot without any fungal inoculation) to 15.08 g cm−1 (bergamot against A. rolfsii).
In general, the EP5 and pomegranate treatments reduced compactness to values almost
equal to that of the un-treated and un-inoculated plants (4.14 g cm−1). Moreover, the two
PIPs reduced the compactness values observed in the un-treated and inoculated plants,
which ranged from 7.78 (S. sclerotiorum) to 10.24 g cm−1 (A. rolfsii). Bergamot was the
only PIP showing inconsistent effects, as it reduced the compactness of the plants treated
with F. oxysporum (4.29 g cm−1) and increased it in the plants treated with S. scleortiorum
(10.97 g cm−1) and A. rolfsii (15.08 g cm−1).
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Figure 6. Effect of putative inhibitory product (PIP) treatments on tomato plant growth indices, as
determined by plant length (cm) and compactness (g cm−1): (a) reduction in plant growth caused by
fungal pathogens, expressed in terms of plant length; (b) PIP protection on plant growth, expressed
in terms of plant length; (c) effect of the interaction between fungal pathogens and PIPs on plant
growth, as assessed by plant length; (d) reduction in plant growth caused by fungal pathogens,
expressed in terms of compactness; (e) protective effect of PIPs on plant growth, expressed in terms
of compactness; (f) effect of the interaction between fungal pathogens and PIPs on plant growth,
as assessed by plant compactness. One-way and factorial ANOVAs (interaction between fungi and
PIPs) and Tukey’s test (p < 0.01) were performed; the means with the same capital letters indicate no
significant differences.

3.3. Survival of Inoculated Fungi Assessed by Re-Isolation Frequency

Figure 7 (along with Table S20) reports the re-isolation frequency percentage (RIF;
%) of artificially inoculated fungi, which better explains the MkI observed on roots. In
particular, the graph highlights the high efficacy of EP5 (from 4.17 to 10.42%).

The same panel shows that between the other two PIPs, pomegranate was more
effective in inhibiting fungal growth (from 10.42 to 31.25%) than bergamot (from 31.25 to
60.42%). Additionally, the R-IF values of artificially inoculated fungi were lower in the
trials with EP5 and pomegranate than that of the un-treated trial, ranging from 41.67 (in
the presence of F. oxysporum and S. sclerotiorum) to 85.42% (in the presence of A. rolfsii).
Although all the PIPs showed general efficacy, the bergamot vs. S. scelrotiorum trial (45.83%)
was the only trial with an RIF value higher than that of the un-treated trial (41.67%).
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Figure 7. Percentage of inoculated fungal pathogens re-isolated from tomato roots.

4. Discussion
The experiment carried out in the present work highlights the effectiveness of potential

plant products as sustainable control measures against several severe fungal pathogens
under in vitro and in vivo conditions. Recent studies [29,30,32] have reported the potential
use of natural fungicides that are environmentally friendly and safe for pollinating insects,
livestock, and humans as alternatives suitable for organic and chemical-free agriculture,
which is in agreement with the results obtained in greenhouse experiments on tomato
seedlings. According to other studies, essential oils from thyme, oregano, and marjoram
plants have shown strong antifungal activity against Penicillium olsonii [46,47]. Moreover,
essential oils from oregano were reported to completely inhibit Botrytis cinerea growth under
both in vitro and in vivo conditions, thus protecting tomato plants from disease-induced
damage. More recently, Castello et al. [48] discussed results obtained from a greenhouse
experiment where plant-based treatments were used to manage damping-off and root rot
diseases caused by Rhizoctonia solani and A. rolfsii, respectively, on tomato plants. Therefore,
the results of many investigations are consistent with those described in this work, which
stated that, in the in vitro experiment, the most vulnerable fungal pathogen to PIP activity
was F. oxysporum, characterized by the highest average sensitivity, while the most resistant
pathogen was A. rolfsii. On the other hand, among the PIPs used, EP5, as a mineral product,
was the most effective agent in controlling the fungi tested. Bergamot displayed specificity
because it was quite effective against F. oxysporum but completely ineffective against S.
sclerotiorum. Moreover, as similar results were obtained from the greenhouse experiment, it
allowed us to infer that EP5 and pomegranate were the most effective natural products for
inhibiting fungal growth and protecting roots and collars in live tomato plants, resulting
in the lowest disease incidence values. In contrast, bergamot performed poorly under
greenhouse conditions because its treatment resulted in higher disease incidence than un-
treated plants, suggesting that it may harm the plants or aid the fungus. Additionally, the
antifungal activity of pomegranate and bergamot products differed due to the metabolites
present in their peels. Many studies report the chemical composition and metabolic profiles
of pomegranate and bergamot and demonstrate their high antifungal and antioxidant
values [49,50]. Accordingly, our results on EP5, which contains minerals and silicates,
encountered strong support from recent studies reporting the powerful effects of mineral

https://doi.org/10.3390/agriculture16080861

https://doi.org/10.3390/agriculture16080861


Agriculture 2026, 16, 861 15 of 20

products such as zeolite and bentonite against root diseases caused by soilborne pathogens
in tomato crops. These results indicated that zeolite and bentonite act as slow-release
reservoirs for both water and defense-boosting ions by releasing silicon ions into the soil
solution. Despite silicon not being an essential nutrient, it is absorbed by tomato roots
and deposited beneath the cuticle and in cell walls, making root cells more resistant to
fungal infections [51,52]. Therefore, EP5 is the best candidate for controlling soilborne
fungi that affect plant roots, demonstrating consistent, broad-spectrum efficacy in both lab
and greenhouse experiments. Pomegranate, as a plant PIP, is a viable alternative, while
bergamot carries significant risk, as despite its effectiveness against specific fungi in the
lab, it failed to protect roots and collars in live tomato plants and potentially worsened
infections for certain pathogens. The efficacy of pomegranate against soilborne fungal
pathogens of tomato plants has been positively reported by Leontopoulos et al. [53], who
attributed its activity against R. solani and F. oxysporum f.sp. lycopersici to the high tannin
content in its peel. Bergamot’s reduced effectiveness against the same fungi can be linked
to its high content of residual essential oils (volatile compounds) and flavonoids in peel
waste [54,55]. Moreover, the phytosanitary status of the aerial parts of tomato plants at the
end of their growth cycle allowed us to assess the PIP’s potential to control soilborne fungal
pathogens. The results are in line with those collected from roots and collars, confirming
that A. rolfsii has been the most damaging pathogen, causing significantly higher disease
incidence on root and collars, as well as on the aerial plant part, compared to the other fungi
inoculated. Indeed, A. rolfsii, which affects the plant roots, also induces damage on the
collar region, stem, and aerial parts, as confirmed by Aljabali et al. [56]. Moreover, the aerial
symptoms caused by F. oxysporum and S. sclerotiorum were not significantly different from
those observed in the un-treated control plants, suggesting that these pathogens primarily
attack roots or cause low aerial stress. This study highlights that PIPs are phytotoxic to
tomato plants and provide significant protection against fungal attacks. In particular, EP5
was the best PIP and most effective protectant across all agents evaluated because it was
potent against fungi but gentle on plant tissue. This feature of EP5 makes it a highly
valuable alternative for agricultural application. Otherwise, pomegranate can be used
as an effective PIP as it provides good protection, and bergamot can be used selectively
because of its high efficacy against F. oxysporum but inconsistent and poor performance
against S. sclerotiorum and A. rolfsii. The results regarding the phytosanitary status of
the tomato plants reflected the results on their growth, which was expressed as plant
length (cm) and compactness (g cm−1). The two parameters are not directly related, as
it has been discovered that stressed plants tend to promote more biomass accumulation
compared to plants undergoing elongation [57]. EP5 and pomegranate had stronger efficacy
against the fungal pathogens and resulted in higher and less compact plants, while plants
treated with bergamot were more sensitive to the fungal pathogens, displaying more
compact and shorter profiles. The influence of zeolite and pomegranate on plant growth
has been reported in other investigations. Zeolite significantly increases the height of the
flowering stem, the diameter of the flower, the leaf area, and the chlorophyll content of
tuberose plants [58], while pomegranate peel is able to control Fusarium wilt, leading to
an improvement in the growth variables of tomato plants [59]. Moreover, the data shows
that the aggressiveness of A. rolfsii and S. sclerotiorum leads to negative growth indices.
The damage caused by these pathogens not only affect the growth of tomato plants [60]
but also impact a wide range of botanical species, like Mentha arvensis [61]. Through the
re-isolation frequency (RIF), this study determined the “colonization rate” of the pathogens
within the roots of tomato plants artificially inoculated with fungal pathogens at the end
of their growth cycles. The RIF data collected were found to correlate strongly with the
MkI data collected from tomato roots. The low RIFs indicate reduced symptom presence,
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confirming that the PIP treatments were able to prevent fungi from surviving or establishing
themselves deep within roots. In particular, EP5 demonstrated high efficacy with very low
fungal recovery. Pomegranate was also effective, significantly reducing fungal presence
compared to controls; however, according to El Khetabi et al. [62] and Orak et al. [63], it
allowed a few fungal species to grow. In contrast, this work reports that bergamot displays
characteristics beyond being the least effective treatment; against S. sclerotiorum, it actually
resulted in higher fungal presence than the controls, reinforcing the finding from previous
research indicating that bergamot may promote certain fungal infections, as reported by
Cebi et al. [50] and Whiley et al. [64].

5. Conclusions
The results discussed in this study are presented to evaluate plant-derived products as

eco-friendly alternatives and mineral-derived products as suitable resistance inducers that
elicit natural defenses inside tomato plants. Among the putative inhibitory products, EP5,
which contains bentonite, emerged as the most effective treatment, likely due to the release
of silicon to strengthen root cell walls. Pomegranate peel, due to its tannin content, also
showed high efficacy, as demonstrated by its ability to effectively reduce the colonization of
the fungal pathogens used in both experiments (in vitro and in vivo). In contrast, the effect
of bergamot proved to be inconsistent and controversial because it targeted F. oxysporum
in vitro but failed in vivo and could potentially worsen the infection. Agroatelia rolfsii was
identified as the most aggressive pathogen, causing severe damage across all plant parts
and making it difficult to limit its aggressiveness in both in vitro and in vivo experiments.
Moreover, the successful treatments (EP5 and pomegranate) not only lowered disease
incidence but also promoted better plant growth, thereby resulting in taller, healthier
tomato plants, as demonstrated by their agronomic features. Overall, although EP5 and
pomegranate represent safe, non-phytotoxic alternatives for sustainable, chemical-free
agriculture, further experiments on the mechanisms governing host–pathogen interactions
under natural conditions deserve attention. To conclude, scientific research in this area is
required to provide policymakers with effective tools to guide farmers toward sustainable
agriculture that is safe for consumers and the environment while remaining respectful
of biodiversity.
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medium in in vitro conditions; Table S3: Inhibiting activity of putative inhibiting products (PIPs)
on artificial medium against fungal pathogens in in vitro con-ditions; Table S4: Fungal growth
(τ; time to attain a half of the maximum diameter expressed in hours) on the culture medium
amended with putative inhibitory products (PIPs); Table S5: Disease Incidence determined based
on root symptoms caused by inoculated fungi; Table S6: Disease In-cidence expressed as root
symptoms based on efficacy of the putative inhibitory products (PIPs) to control inoculated fungi;
Table S7: Effect of the interaction between the inoculated fungal pathogens and the putative inhibitory
products (PIPs) in affecting root health; Figure S1: Efficacy of putative inhibitory products (PIPs)
treatments in controlling soilborne fungal pathogens in greenhouse to-matoes, determined by the
collar phytosanitary status: (a) Sensitivity of fungi exposed to PIPs, as-sessed by disease incidence
(MkI; %) on tomato collar; (b) Effectiveness of PIPs in controlling fungal pathogens, expressed as
disease incidence on tomato collar; (c) Interaction between PIP treatments and fungi, assessed by
disease incidence on tomato collar. One-way and Factorial Anova, Tukey’s Test (p < 0.01). Means
sharing the same capital letter do not differ significantly; Table S8: Disease Incidence determined
based on collar symptoms caused by inoculated fungi; Table S9: Disease In-cidence expressed as
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collar symptoms based on efficacy of the putative inhibitory products (PIPs) to control inoculated
fungi; Table S10: Effect of the interaction between the inoculated fungal path-ogens and the putative
inhibitory products (PIPs) in affecting collar health; Table S11: Disease In-cidence determined based
on aerial parts symptoms caused by inoculated fungi; Table S12: Disease Incidence expressed as
aerial symptoms based on efficacy of the putative inhibitory products (PIPs) to control inoculated
fungi; Table S13: Effect of the interaction between the inoculated fungal pathogens and the putative
inhibitory products (PIPs) in affecting collar health; Table S14: Effect of the presence of the inoculated
fungal pathogens on plant growth, assessed as plant length; Table S15: Protection promoted by the
putative inhibitory products (PIPs) on plant growth, assessed as plant length; Table S16: Effect of
the interaction between fungus and putative inhibitory products (PIPs) on plant growth, assessed as
plant length; Table S17: Effect of the presence of the inoculated fungal pathogens on plant growth,
assessed as plant compactness; Table S18: Protection promoted by the putative inhibitory products
(PIPs) on plant growth, assessed as plant compactness; Table S19: Effect of the interaction between
fungus and putative inhibitory products (PIPs) on plant growth, assessed as plant compactness;
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