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ARTICLE INFO ABSTRACT

Keywords: Phytophthora species pose significant challenges to agricultural and natural ecosystems due to their ecological
Phytophthora spp. plasticity and ability to cause diseases of various plant species. Effective control of Phytophthora diseases re-
Citrus limon . quires integrated approaches that consider specific agronomic practices, environmental factors, and the rationale
g?gle:: :lll;;)trizrfrult rot use of chemicals. In response to the need for eco-friendly alternatives, this study investigated the anti-oomycete

potential of a formulation derived from the fermentation of lemon wastes by Lactiplantibacillus plantarum
("bioact-LM’). In vitro assays demonstrated the significant anti-oomycete efficacy of bioact-LM against multiple
Phytophthora species, both through direct contact inhibition and the release of volatile organic compounds
(VOCs). In vivo assessments on orange and apple fruits further confirmed the effectiveness of bioact-LM in
reducing Phytophthora rot severity. These findings suggest bioact-LM is promising as a sustainable alternative to
synthetic fungicide for Phytophthora disease management, highlighting the importance of exploring eco-friendly
solutions in a scenario of environmental challenges and restriction in the use of conventional chemical control

Lactiplantibacillus plantarum
Antifungal activity

methods.

1. Introduction

Among plant pathogens jeopardizing the health of plants and crop
productions, oomycetes belonging to the genus Phytophthora stand out
for their aggressiveness and wide host range [1-10]. In this respect,
species such as Phytophthora infestans and P. ramorum were responsible
of historical epidemics, while other species belonging to the genus
Phytophthora, such as Phytophthora x cambivora, P. cinnamomi,
P. citricola, P. citrophthora, P. multivora, P. nicotianae, P. palmivora, are
among the most polyphagous and well known as causative agents of
relevant diseases in both agro- and forest-ecosystems. For example,
P. nicotianae, together with P. citrophthora and P. palmivora and, to a
lesser extent, P. citricola, are well known to be the major Phytophthora
species associated to citrus diseases, such as foot and crown rot, fibrous
root rot and brown rot of fruit [5,11-17]. Phytophthora x cambivora,
P. cinnamomi and P. multivora are widespread in temperate forests,
where they cause severe syndromes on both productive plant species,
such as chestnut and oaks, and plant species of ecological significance

[18-23]. Other Phytophthora species with a more limited host-range
include P. infestans and P. ramorum. The former is infamous as causal
agent of ’Irish famine’ in the 1840’s [1,24], while the latter is, a quar-
antine plant pathogen which has gone out history for causing the ‘sud-
den oak death’, a devasting disease affecting several native oak species
in California and characterized by bleeding trunk cankers and tree
dieback [20,25-29]. Other Phytophthora species with a very restricted
range of known natural hosts are P. oleae, causative agent of rots of olive
drupes [30,31], and P. parvispora, a species that originally was recovered
in natural ecosystems [20,32,33], and whose host-range comprises cit-
rus plants and fruits [34,35]. Traditionally, the effective management of
Phytophthora diseases has been achieved by the employment of specific
chemicals, such as the methyl N-(methoxyacetyl)-N-(2,6-xylyl)-pL-ala-
ninate, commonly known as metalaxyl, and the fosetyl-Al [5,13,35-38].
However, as a consequence of restrictive policies limiting the use of
pesticides, the majority of current strategies of plant disease control are
oriented toward the adoption of means environmentally safe and secure
for human health [39]. For this reason, the scientific community is
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focused in identifying new eco-friendly means as an effective alternative
to conventional chemicals [20,39-44]. They encompass antagonistic
microorganisms or their derivatives [42,43,45-48], natural substances
such as botanicals and other generally regarded as safe (GRAS) anti-
microbial substances [49-54]. Recently, there is mounting interest in
new categories of natural pesticides. Byproducts of food waste, such as
extracts from parts of edible plants (fruit peel, seed coat, seed shell, and
leaf) and shellfish, are emerging as a source of bioactive compounds
with pesticidal activity toward plant pathogens [55,55,56]. Ongoing
investigations into extracts derived from food waste are shedding light
on the possibility of increasing their efficacy through fermentation
processes involving lactobacilli [41,43,46,50]. Lactobacilli fermentates
have displayed remarkable effectiveness in thwarting post-harvest
fungal rots in various agricultural crops [41,53,57,58]. Moreover, a
recent study has highlighted the notable in vivo and in vitro antifungal
activity of two extracts of lemon fruit peel-medium fermented with
Lactiplantibacillus plantarum strains N3B2 and M2B2, respectively [43].
The marked effectiveness of these fermentates was directly correlated to
the production of certain antifungal bacterial metabolites, such as lactic
acid, acetic acid and DL-3-phenyllactic acid [48,52,58]. Among the
array of compounds in the liquid and volatile fractions of these fer-
mentates, organic acids stood out for their high abundance, especially in
the fermentate produced with the strain N3B2 [43]. Findings of Riolo
et al. [43] highlight the potential of exploiting waste materials for sus-
tainable applications in agriculture and also highlighted the promising
role of microbial fermentation in enhancing the bioactivity of such re-
sources. However, the effectiveness of this type of fermentates in con-
trolling Phytophthora species and diseases they cause has been little
investigated. In order to fill this gap the present study investigated the
anti-oomycete activity of a bioactive formulation obtained through the
fermentation of lemon peel powder with a selected strain of L. plantarum
and its effectiveness in controlling Phytophthora rot of orange and apple
fruits.

2. Materials and methods
2.1. Lemon medium (LM) -based formulation

A bioactive formulation based on lemon peel medium (bioact-LM)
was prepared in accordance with Riolo et al. [43]. The bioactive
LM-based formulation was prepared in accordance with Riolo et al. [43]
by using a commercial lemon peel powder (Dr. Wakde’s®, London, UK)
and the Lactiplantibacillus plantarum strain N3B2 [43]. Specifically, 50.0
g of lemon peel powder were homogenized in 400.0 mL of sterile
distilled water (SDW) by stirring for 5 min at 150 rpm. The resulting
mixture was filtered through 2 qualitative grade paper filter papers (size
retention of 8.0 pm) (Whatman® Filter Paper, Sigma-Aldrich, USA),
amended with an aqueous nutrient solution (MM) (0.49 % glucose, 0.49
% yeast extract, 0.49 % tryptone, 0.12 % (NHa4)2SOa, 0.31 % NacCl, 0.12
% KH2POs, 0.01 % MgSOs, and 0.003 % MnSO.) at a ratio 1 LM: 5 MM,
and autoclaved at 121 °C for 21 min. After cooling, the autoclaved LM
formula was inoculated with a suspension of the bacterium Lactiplanti-
bacillus plantarum, strain N3B2, which was previously grown in Man
Rogosa and Sharpe broth for 24 h at 37 °C, at a ratio 1:100 (v/v). The
obtained bacterial suspension in LM formula was incubated for 48 h at
37 °Cand an orbital agitation at 120 rpm. After incubation, the bioactive
bacterial suspension of LM was reduced to a powder using a
spray-drying equipment (OLT-SD8000B, XIAMEN Ollital Technology,
China) with a liquid flow rate of 12 mL/min. The obtained bioactive
LM-based formulation, reduced at a powder, was stored at room tem-
perature until further use.

2.2. Phytophthora isolates

In this study, Phytophthora strains belonging to the species Phytoph-
thora x cambivora MSQ2C, P. cinnamomi CECT 2965, P. citricola CECT
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20567, P. citrophthora IMI 396200, P. multivora CycC2, P. nicotianae
P4K3F8, P. oleae V2-K10A, P. palmivora CP2B, P. parvispora I-1Q1A,
P. pseudosyringae CBS 111775; and P. ramorum CECT 20519, were
employed. Phytophthora isolates were from the collections of the
Coleccion Espanola de Cultivos Tipo (CECT) (University of Valencia,
Spain), the Molecular Plant Pathology Laboratory of the Department of
Agriculture, Food and Environment (University of Catania, Italy) and
the CBS-KNAW Fungal Biodiversity Centre (Utrecht, The Netherlands)
They were characterized at species level in previous studies [32,40,43,
45,48,50,51,59,60,60-62].

Phytophthora strains were maintained in V8 juice agar (V8A), at 22
+ 1 °C, in the dark, until use for tests.

2.3. Determining the qualitative and quantitative anti-oomycete activity
of bioactive LM-based formulation

The anti-oomycete activity of sterile distilled water (SDW) sus-
pended bioact-LM (concentration 400.0 + 0.1 mg/mL) toward each
Phytophthora species was assessed qualitatively by using the agar
diffusion test performed as in Varsha et al. [63]. For the test, V8A plates
were homogeneously spread with 1 x 10~ zoospores of each Phytoph-
thora species tested and then 100 pl of bioact-LM were added to wells (5
mm diameter) cut on V8A. For each Phytophthora species, tests were
carried out in triplicate. Results from this test, as determined on the basis
of the diameter of the inhibition halo of culture growth incited by the
bioact-LM or by SDW (control), were scored on the basis of the following
empirical scale: (+), for a mean diameter of inhibition halo <8 mm,
(++), for a mean diameter of inhibition halo between 8 and 10 mm, and
(+++), for a mean diameter of inhibition halo exceeding 10 mm [43,48,
50,64].

The anti-oomycete activity of the bioactive LM-based formulation
was also assessed by the evaluation of minimal inhibitory concentration
(MIC) and minimal fungicidal concentration (MFC). Tests for the eval-
uation of the MIC were carried out by using sterile 96-well microplates,
following the methodology outlined by Luz et al. [53]; specifically, in
each well, 100 pL of bioact-LM was dispensed at concentrations ranging
from 0.58 + 0.1 to 300.0 + 0.1 mg/mL; subsequently, for each Phy-
tophthora isolate, 100 pL of a zoospore suspension in V8 juice (concen-
tration 3 x 10° spores/ml), prepared as in Riolo et al. [48], were added
to each well; negative controls were wells containing 200 pL of V8 juice
each; positive control were wells containing 100 pL of V8 juice mixed
with 100 pL of zoospore suspension. Microplates were incubated at 22.0
+ 1 °C for 72 h. Four replicates per Phytophthora isolate were assessed.
For each Phytophthora species sp the value of the MIC was assessed as the
lowest concentration of bioact-LM inhibiting completely any visible
myecelial growth. Finally, for each Phytophthora species, the MFC of the
bioact-LM was evaluated by culturing, on V8A at 22.0 + 1 °C for 72 h,
10 pL of liquid culture collected from the well corresponding to the
concentration of the MIC, as well as from wells at higher concentrations.
Then, the MFC was determined as the lowest concentration of the
bioact-LM that completely inhibited any mycelial growth.

2.4. Determining the anti-oomycete activity of volatile organic compounds
(VOCs) released by the bioact-LM

The anti-oomycete activity of volatile organic compounds (VOCs)
released by the bioact-LM was assessed through a specific test. For each
Phytophthora isolate, an agar plug (5.0 mm in size) excised from the
growing edge of 7-day-old cultures cultivated in Petri dishes on V8A was
transferred to the centre of a 9 cm diameter V8A Petri dish (Fig. 1). Then,
500.0 pl of bioact-LM (concentration 800.0 + 0.1 mg/mL) or SDW
(control) were suspended in 500.0 pl of 0.5 % water agar and placed on
the top of a microscope slide. The microscope slide was transferred in-
side the lid of the Petri dish inoculated with the Phytophthora isolate and
the dish was sealed with Parafilm®. Then, dishes were incubated at 22.0
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Fig. 1. Assay of the in vitro test for evaluating the efficacy of volatile organic
compounds (VOCs) released by the bioactive Lemon Medium-based formulation
in limiting the mycelial growth of Phytophthora species.

+ 1 °C for 7 days. After incubation, the anti-oomycete activity of the

VOCs released by the bioact-LM was evaluated as the percentage of in-
hibition of mycelial growth, calculated by using the following formula:

D1 - D2
—— X

1(%) = D

100
Where 1(%) represents the percentage of growth inhibition, D1 is the
mean diameter of control Phytophthora colony and D2 is the mean
diameter of Phytophthora colony grown in presence of VOCs released by
the bioact-LM. For each Phytophthora isolate, the experiment was
repeated three times.

2.5. Evaluating in vivo the anti-oomycete efficacy of the bioact-LM

2.5.1. Fruits

The in vivo anti-oomycete activity of the bioact-LM was assessed in
mature apple (Malus domestica (Suckow) Borkh) and orange (Citrus x
sinensis (L.) Osbeck) fruits from the cultivars Pinova and Tarocco Lempso
obtained from organic commercial market, respectively. Apples were
included in the assay as they are often used as a standard in pathoge-
nicity tests of Phytophthora species and as zoospore baits to recover
Phytophthora species from soil [5,65-67]. The assay with oranges was
chosen specifically for testing the in vivo effectiveness of the bioact-LM
toward infection by Phytophthora species responsible for brown rot of
citrus fruits, i.e. P. nicotianae, P. citrophthora, P. palmivora, P. citricola and
P. parvispora. Other Phytophthora species tested in vitro, such as P. x
cambivora, P. cinnamomi, P. multivora, P. oleae and P. ramorum, were also
included in the tests on orange fruit.
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Once fruits (oranges and apples) were purchased and carried out to
the laboratory, all of them were preliminarily surface disinfected with a
1 % NaClO solution for 2 min, rinsed with tap water, and air-dried at
room temperature and stored at 7 °C until further use in in vivo exper-
iments. Fruits were inoculated in a growth chamber at 23 °C, 80 %
relative humidity, and a photoperiod of 16 h of light and 8 h of dark.

2.5.2. Treatments and inoculation of fruit

For each Phytophthora isolate, preliminarily disinfected fruits (or-
anges or apples) were individually sprayed with 1.0 mL of bioact-LM
(400.0 + 0.1 mg/mL) or SDW (control) and air dried for 30 min.
Then, each fruit was inoculated by placing a 5 mm agar plug excised
from the edge of a 7-day-old Phytophthora culture grown on V8A and
incubated at 21.0 + 1.0 °C for 7 days. Overall, the following treatments
were assessed: i. fruits treated with bioact-LM and inoculated with
Phytophthora isolate; ii. fruits treated with SDW and inoculated with
Phytophthora (positive control). Each treatment and each Phytophthora
isolate included 10 replicates.

After the incubation period, the in vivo anti-oomycete activity of the
bioact-LM was evaluated as mean diameter (mm) of the infected area in
comparison with control treatment (Table 4) and as inhibition of rot
development (%) by the formula:

D1 — D2
— X

1
D1 00

Tror(%) =
Where Izor(%) represents the percentage of inhibition of rot develop-
ment, D1 is the mean diameter of rotten area in fruits from treatment ii.
(control) and D2 is the mean diameter of rotten area in fruits treated
with bioact-LM (treatment i.).

For each Phytophthora isolate, the experiment was repeated three
times. At the end of the tests, each inoculated Phytophthora strain was
solely re-isolated from symptomatic fruit on V8A.

2.6. Statistical analysis

Data analysis was performed by using RStudio v.1.2.5 (R). Statistical
comparisons between the control and treated groups in VOCs and in vivo
tests were carried out using Student’s t-test. Once verified Gaussian
distribution of collected data, the one-way ANOVA followed by Tukey’s
HSD (Honestly Significant Difference) post hoc test was applied to
highlight differences among Phytophthora isolates in the in vivo evalua-
tion of the IzroT(%).

3. Results
3.1. Qualitative and quantitative anti-oomycete activity of bioact-LM

In the agar diffusion test, the bioact-LM showed a marked anti-
oomycete activity toward all tested Phytophthora species (Table 1). In
detail, inhibition halos with a diameter above 10 mm were observed for
P. x cambivora MSQ2C, P. cinnamomi CECT 2965, P. citrophthora IMI
396200, P. pseudosyringae CBS 111775, and P. ramorum CECT 20519.
Inhibition halos with a diameter under 8 mm were recorded only for
P. parvispora 1-1Q1A. The remaining species showed inhibition halos
with a diameter in the range of 8-10 mm MIC and MFC values of the
bioact-LM against Phytophthora strains are summarized in Table 2.
Overall, recorded values of both parameters were in a range between
18.75 £+ 0.1 and 300.00 £+ 0.1 mg/mL. In detail, the species most sen-
sitive to the anti-oomycete activity of the formulation were P. x cam-
bivora MSQ2C, P. pseudosyringae CBS 111775 and P. ramorum CECT
20519, with values of MIC and MFC of 18.75-37.50 + 0.1 mg/mL and
37.50 mg/mlL, respectively. A less marked anti-oomycete activity (MIC
= 75.00-150.00 + 0.1 mg/mL; MFC = 150.00 + 0.1 mg/mL) was
recorded for P. cinnamomi CECT 2965, P. citricola CECT 20567,
P. nicotianae T3-B-K1A, P. oleae V2-K10A and P. palmivora CP2B.
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Table 1

Halos of growth inhibition incited by the bioactive Lemon Medium (LM) based-
formulation or sterile distilled water (SDW) (control) toward Phytophthora
strains in the agar diffusion test. Values were scored on the bases of the following
empirical scale: (+), mean diameter of inhibition halo <8.0 mm; (++), mean
diameter of inhibition halo between 8.0 and 10.0 mm; (+++), mean diameter of
inhibition halo exceeding 10.0 mm; (—), no inhibition.

Phytophthora isolates Bioactive LM-based formulation SDW

(400.0 mg/mL + ME") (control)

Phytophthora x cambivora +++ -

MSQ2C
P. cinnamomi CECT 2965 +++ -
P. citricola CECT 20567 ++ -
P. citrophthora IMI 396200 +++ _
P. multivora CycC2 ++ _
P. nicotianae T3-B-K1A ++ _
P. oleae V2-K10A ++ _
P. palmivora CP2B ++ _
P. parvispora I-1Q1A + _
P. pseudosyringae CBS +++ _

111775
P. ramorum CECT 20519 +++ -

2 Measurement Error (ME).

Table 2

Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal Concen-
tration (MFC) of the bioactive Lemon Medium (LM) -based formulation against
diverse Phytophthora species.

Phytophthora isolates Bioactive LM-based formulation (mg/mL +

ME™)

MIC MFC
Phytophthora. x cambivora MSQ2C  18.75 + 0.1 37.50 + 0.1
P. cinnamomi CECT 2965 150.00 + 0.1 150.00 + 0.1
P. citricola CECT 20567 150.00 £+ 0.1 150.00 £+ 0.1
P. citrophthora IMI 396200 150.00 £ 0.1  300.00 + 0.1
P. multivora CycC2 150.00 £+ 0.1 300.00 £+ 0.1
P. nicotianae T3-B-K1A 75.00 + 0.1 150.00 £+ 0.1
P. oleae V2-K10A 75.00 + 0.1 150.00 + 0.1
P. palmivora CP2B 75.00 + 0.1 150.00 + 0.1
P. parvispora I-1Q1A 150.00 £+ 0.1 300.00 + 0.1
P. pseudosyringae CBS 111775 18.75 £ 0.1 37.50 + 0.1
P. ramorum CECT 20519 37.50 £ 0.1 37.50 + 0.1

2 Measurement Error (ME).

Finally, the species less sensitive were P. citrophthora IMI 396200 and
P. multivora CycC2, with values of MIC and MFC of 150.00 + 0.1 and
300.00 £ 0.1 mg/mL, respectively.

3.2. Anti-oomycete activity of VOCs released by the bioact-LM

VOCs released by bioact-LM determined a significant in vitro growth
inhibition of in all tested Phytophthora species (Table 3 and Fig. 2a).

In detail, with an I(%) of 100 % P. pseudosyringae CBS 111775 was
the only species totally inhibited by VOCs released by the formulation
(Fig. 2a and b). Other markedly inhibited species included P. ramorum
CECT 20519 and P. multivora CycC2, with an I(%) of about 50 % (Fig. 2a
and b). Values of I(%) in the range between 20 and 30 % were recorded
for all the other species (Fig. 2a).

3.3. In vivo anti-oomycete activity of the bioact-LM

Tests for evaluating in vivo the anti-oomycete activity of the bioact-
LM evidenced that some of the selected Phytophthora strains were not
able to infect orange fruit (i.e.: P. x cambivora MSQ2C, P. oleae
V2-K10A, and P. ramorum CECT 20519) or apples (i.e.: P. oleae
V2-K10A and P. pseudosyringae CBS 111775); therefore, with this test it
was not possible to infer the inhibitory activity of bioact-LM on these
species (Table 4 and Fig. 3c).
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Table 3
Mean colony diameter of Phytophthora strains in the in vitro test to evaluate the
inhibitory activity of VOCs released by the bioactive LM-based formulation.

Phytophthora isolates Phytophthora colony diameter — mean value (cm)

+ SD

Bioactive LM-based SDW

formulation (control)
Phytophthora x cambivora 224+ 0.1b" 3.2+ 0.3a"

MSQ2C

P. cinnamomi CECT 2965 32+04b 42+03a
P. citricola CECT 20567 29+0.1b 4+02a
P. citrophthora IMI 396200 28+02b 42+01a
P. multivora CycC2 21+02b 42+0.3a
P. nicotianae T3-B-K1A 21+01b 40+02a
P. oleae V2-K10A 22+01b 3.2+03a
P. palmivora CP2B 20+0.1b 3.0+02a
P. parvispora I-11Q1A 3+05b 42+03a
P. pseudosyringae CBS 111775 0.0b 1.2+02a
P. ramorum CECT 20519 08+02b 1.9+0.1a

# Treatment and respective control sharing different letters are statistically
different according to Student’s t-test.

Phytophthora strains that produced infections in oranges, i.e.
P. cinnamomi CECT 2965, P. citricola CECT 20567, P. citrophthora IMI
396200, P. multivora CycC2, P. nicotianae T3-B-K1A, P. palmivora CP2B,
P. parvispora I-1Q1A and P. pseudosyringae CBS 111775, caused a mold of
fruit peel with the typical symptoms of Phytophthora brown rot disease
(Fig. 3a); in these fruits, the treatment with the bioact-LM determined a
significant reduction of the diameter of rot in comparison with respec-
tive controls (Table 4). With values of Igor(%) in the range 65-70 %,
P. pseudosyringae CBS 111775, P. parvispora I-1Q1A and P. nicotianae T3-
B-K1A were the strains mostly sensitive to the anti-oomycete activity of
the bioact-LM on orange fruits (Fig. 3c). A lower sensitive was recorded
for P. cinnamomi CECT 2965, P. citricola CECT 20567 and P. multivora
CycC2, with values of Igor(%) in a range between 50 and 60 %. Finally,
P. citrophthora IMI 396200 and P. palmivora CP2B resulted the less
sensitive (Iro1(%) < 35 %).

Phytophthora strains, which were able to produce infections in apple
fruits, P. x cambivora MSQ2C, P. cinnamomi CECT 2965, P. citricola CECT
20567, P. citrophthora IMI 396200, P. multivora CycC2, P. nicotianae T3-
B-K1A, P. palmivora CP2B, P. parvispora I-1Q1A, and P. ramorum CECT
20519, caused a brown rot characterized by the softening of the fruit
peel (Fig. 3b). Consistently with results recorded in oranges, treatment
of apple fruits with the bioact-LM resulted in a significant reduction in
the diameter of rot (Table 4). In detail, P. cinnamomi CECT 2965,
P. multivora CycC2, P. nicotianae T3-B-K1A, P. palmivora CP2B,
P. parvispora I-1Q1A and P. ramorum CECT 20519 were the mostly
sensitive strains, with values of Izor(%) > 70 % (Fig. 3c). Phytophtora x
cambivora MSQ2C showed a Iro(%) of about 65 %. Finally, P. citricola
CECT 20567 and P. citrophthora IMI 396200 resulted the strains less
sensitive to the activity of the bioact-LM, with values of Igor(%) in the
range of 45-55 % (Fig. 3C).

4. Discussion

Due to their ecological plasticity, several Phytophthora species pose
significant challenges to farmers and management authorities for
achieving their effective control. In this respect, most of aggressive and
polyphagous Phytophthora taxa are able to cause diseases in several plant
species, each one with its own characteristics [6,8,15,22,25,26,32,60,
68-73]. For example, the effective management of foot and crown rot
and fibrous root rot caused by oomycete species such as P. nicotianae,
P. citrophthora, P. palmivora and P. citricola in citrus orchards, includes
the integration of specific agronomic practices with scheduled applica-
tion of chemicals, such as matalaxyl and fosetyl-Al [36,39]. In natural
ecosystems, such us forests, there are a number of possible strategies to
mitigate the impact of diseases caused by Phytophthora species [74]. The
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P. pseudosyringae

Fig. 2. In vitro inhibitory activity on Phytophthora species of volatile organic compounds (VOCs) released by bioactive LM-based formulation. a) Inhibition of
mycelial growth (%) of Phytophthora strains; values sharing the same letters are statistically similar according to one-way ANOVA Tukey HSD post hoc test (p <
0.05); bars represent standard deviation. b) In plate growth inhibition determined by VOCs (on the left) or sterile distilled water (on the right) on P. ramorum CECT

20519 and P. multivora CycC2, P. pseudosyringae CBS 111775.

Table 4

Mean diameter of infected area ef in apple and orange fruits inoculated with
Phytophthora strains and treated with bioactive LM-based formulation or sterile
distilled water (SDW) as control.

Phytophthora Mean diameter (cm) of Mean diameter (cm) of
isolates infected area in apple fruits infected area in apple fruits
SDW Bioactive LM- SDW Bioactive LM-
(control) based (control) based
formulation formulation

Phytophthora x 1.4+07 05+0.1b" - -
cambivora a’
MSQ2C

Ph. cinnamomi 4.1+0.3 0.9+03b 4.3+0.2 23+0.3b
CECT 2965 a a

Ph. citricola CECT 4+04a 2+05b 3.0+0.2 1.5+0.3b
20567 a

Ph. citrophthora 4.4 +0.2 1.9+02b 4.7 £0.3 3.0+ 0.2b
IMI 396200 a a

Ph. multivora 2+13a 0.4+0.1b 4.8 + 0.6 20+0.1b
CycC2 a

Ph. nicotianae T3- 45+04 1+03b 3.7+0.6 1.3+0.3b
B-K1A a a

Ph. oleae - - - -
V2-K10A

Ph. palmivora 3.9+0.6 05+01b - -
MSQ2C a

Ph. parvispora I- 29+0.3 0.6 £0.2b 52+0.3 1.6 £ 0.3b
1Q1A a a

Ph. pseudosyringae - - 2.0+0.1 0.6 £02b
CBS 111775 a

Ph. ramorum CECT 3.6 +£ 0.5 0.6 £0.2b - -
20519 a

? Treatment and respective control sharing different letters are statistically
different according to Student’s t-test.
" Not detected.

application of phosphite (phosphorous acid) stands out as the prevailing
and highly effective approach in managing tree and forest dieback
caused by Phytophthora species such as P. x cambivora and P. cinnamomi,

mitigating extensive fine root losses, and reducing the spread of related
disease [74-79]. Therefore, it is difficult to generalize which are the best
methods for controlling Phytophthora disease, especially in the
perspective to achieve an efficient disease control reducing the use of
chemicals. It is well known that minimizing the occurrence of predis-
posing factors always represents the best starting point for achieving the
effective control of all Phytophthora diseases [36,80-86]. Due to the
aquatic nature of these species and their ability to survive as long-lasting
structures, high presence of water, as excessive irrigation, heavy rain or
soil waterlogging, is the major factor triggering infections by Phytoph-
thora species in both agricultural and natural ecosystems [32,73,74,87,
88]. While proper agronomical practices can contribute to minimize the
occurrence of these conditions in agroecosystems, the increasingly
frequent and unpredictable meteorological extreme events, such as
‘water bombs’, along with increased average temperatures, often lead to
the explosion of outbreaks of infection hardly manageable without using
anti-oomycete chemicals. The increased occurrence of meteorological
extreme events acquires relevant emphasis in natural ecosystems, where
the escalating introduction of non-native Phytophthora species creates
fertile ground for the emergence of hardly manageable new diseases [15,
32,89-91]. This brief analysis highlights that, currently, environmental
factors, significantly affect the successful control of Phytophthora dis-
eases. Therefore, the utilization of reliable and efficient control methods
is imperative to achieve effective disease management of Phytophthora
diseases.

Nowadays, the necessity to find eco-friendly alternatives that could
effectively replace chemicals in controlling plant diseases has prompted
scientists to explore the biocidal potential of alternative means of con-
trol. These include biological control agents or their metabolites, natural
substances, other generally recognized as safe (GRAS) substances (e.g.,
inorganic salts), as well as new categories of natural pesticides obtained
as bioproducts of food waste [40,55,56,60,92-95]. Aligned with the
virtuous trend of re-processing wastes for obtaining valuable products,
this study posed a Phytophthora-dedicated focus for investigating the
anti-oomycete potential of a formulation obtained through the fermen-
tation of lemon wastes (powdered peels) with a selected strain of



F. La Spada et al.

a)

P. nicotianae T3-B-K1A

Journal of Agriculture and Food Research 17 (2024) 101227

P. palmivora CP2B P. x cambivora MSQ2C

Orange
c) 100
E 9
T 80
g 70
£ e0
2 50
z 40
T 30
S 20
5 10
g 0
b=} N v © o &
E o’\ R v @ /\ &
t & & N @ o P& P @0 £ 0
- “\\ 'bo & \\\\\ . 0(\ T (3\((‘ > () ‘5\4 O\Q}’b
¢ & & & &
& & NP R S
R . & @‘(\ )
@ §> Q-
& £
& ¢t
Qx\*\o Phytophthora species

Apple

= 100

< 90

E 80

£ 70

g 60

E 50

@ 40

5 30

=2

o 10

§ o

E v\é ‘7966 *1,0%@ q@@ G’L ‘j“& qub \N?‘ Qg\% NQY’ r\'\'\ﬁ
'E O o« \J\\a, o 0‘ \' ‘_9\
£ & \\\o & N Qo\ S O

S o\(‘ & _5\0 PO @\(” o
& (\é“ & & e 3 L
QK\\§ Q Q Q( z\sbo

Phytophthora species

Fig. 3. Effectiveness of the bioactive LM-based formulation in preventing Phytophthora rot on orange and apple fruit, 7 days post inoculation with different Phy-
tophthora species. a) orange fruit inoculated with P. parvispora I-1Q1A and P. nicotianae T3-B-K1A treated with the bioactive LM-based formulation (fruit on the left)
or sterile distilled water (fruit on the right); b) apple fruit inoculated with P. palmivora CP2B and Phytophtora x cambivora MSQ2C treated with the bioactive LM-based
formulation (fruit on the left) or sterile distilled water (fruit on the right); c) In vivo Inhibition of rot development (%) on orange (on the right) and apple (on the left)
fruits; values sharing the same letters are statistically similar according to one-way ANOVA Tukey HSD post hoc test (p < 0.05); bars represent standard deviation.

L. plantarum. To achieve this objective, the fermented formula of lemon
wastes (referred here as ‘bioact-LM’) was tested in vitro and in in vivo for
its potential anti-oomycete activity against several among the most
well-known Phytophthora spp., including P. x cambivora, P. cinnamomi,
P. citricola, P. citrophthora, P. multivora, P. nicotianae, P. oleae,
P. palmivora, P. parvispora, P. pseudosyringae, P. ramorum. In vitro, the
anti-oomycete activity of bioact-LM was firstly evaluated in terms of
effectiveness of the formula in inhibiting, through direct contact, the
mycelial growth of Phytophthora spp. in an agar diffusion assay and tests
for evaluating related MIC and MFC values. Overall, results of these tests
have highlighted a significant anti-oomycete efficacy of the bioact-LM
against all tested Phytophthora species. Specifically, the minimum
inhibitory concentration (MIC) values ranged from 18.75 + 0.1 mg/mL
(for P. x cambivora and P. pseudosyringae) to 150.00 + 0.1 mg/mL (for
P. cinnamomi, P. citricola, P. citrophthora, P. multivora, and
P. pseudosyringae), while the minimum fungicidal concentration (MFC)
ranged from 37.50 + 0.1 mg/mL (for P. x cambivora, P. pseudosyringae,
and P. ramorum) to 300.00 mg/mL (for P. citrophthora, P. multivora, and
P. parvispora). These results are in agreement with findings from a pre-
vious study of Riolo et al. [43], where the direct contact of
lactobacillus-fermented lemon peel powder formulas with the mycelium
of plant pathogenic fungi from the genera Alternaria, Aspergillus, Cla-
dosporium, Colletotrichum, Fusarium, Mucor, Penicillium, Plenodomus, and
Rhizopus, showed a remarkable fungicidal activity, with values of MIC in
the range 7.80-250.00 + 0.1 mg/mL and MFC in the range
31.30-250.00 + 0.1 mg/mL. A similar marked biocidal efficacy of the
lactobacillus-fermented lemon peel powder formulas developed by
Riolo et al. [43] was also reported toward the strains AX1aR and P4K3F8
belonging to the species P. citrophthora and P. nicotianae, respectively. In
the present study, an additional step forward behind the state of art was
provided by the in vitro evaluation of the inhibitory activity of VOCs,
released by the bioact-LM, toward Phytophthora spp. Results obtained
here evidenced a marked sensitivity of all tested Phytophthora spp. to the
complex of volatile molecules released by the bioact-LM, with values of
inhibition of mycelia growth (%) ranging from about the 23 % (for

P. cinnamomi) to the 100 % (for P. pseudosyringae). This result supports
the findings from the previous study by Riolo et al. [43], where the
bouquet of molecules composing the volatile fraction of
lactobacillus-fermented lemon peel powder formulas was significantly
rich in organic acids such as lactic acid, acetic acid, and
DL-3-phenyllactic aci, all substances previously reported as biocidal [41,
46,48,50,52,53,58].

Finally, this study assessed the anti-oomycete efficacy of bioact-LM
in vivo through assays conducted on orange and apple fruits. Overall,
the results obtained here demonstrate a significant in vivo anti-oomycete
activity of bioact-LM, with inhibition values of rot development (%)
ranging from approximately 35 % (for P. citrophthora and P. palmivora)
to 65-70 % (for P. pseudosyringae, P. parvispora, and P. nicotianae) in
orange fruit, and from about 45 to 55 % (for P. citricola and
P. citrophthora) to over 70 % (for P. cinnamomi, P. multivora, P. nicotianae,
P. palmivora, P. parvispora, and P. ramorum) in apple fruit. These results
are consistent with the previous study of Riolo et al. [43], where
lactobacillus-fermented lemon peel powder formulas, once tested in
vivo, drastically reduced the severity of blue mold of citrus and inhibited
the sporulation of P. italicum on artificially inoculated lemon fruit.

In conclusion, tests carried out in this study demonstrated a notice-
able broad-spectrum anti-Phytophthora activity of a bioformulate ob-
tained from a lemon fruit peel-based medium fermented using the strain
N3B2 of the lactic acid bacterium L. planatarum. In vitro, the antagonistic
activity of the formulate varied among the diverse Phytophthora species
tested, with a maximum for P. x cambivora, P. cinnamomi, P. citrophthora,
P. pseudosyringae and P. ramorum. A specific and simple in vitro assay
showed VOCs were responsible, at least in part, for the anti-Phytophthora
activity of bioact-LM. The treatment with bioact-LM was effective in
suppressing Phytophthora rot in orange and apple fruit inoculated with
diverse Phytophthora species, confirming the broad-spectrum anti-Phy-
tophthora activity of this formulate. Also in vivo the effectiveness varied
depending on the Phytophthora species, with a minimum for
P. citrophthora and P. palmivora (less than 35 % inhibition of brown rot
on orange fruit) and a maximum for P. nicotianae, P. parvispora and



F. La Spada et al.

P. pseudosyringae (65-70 % inhibition of brown rot in orange fruit). The
discrepancies among results obtained in vitro with diverse assay methods
as well as between in vitro and in vivo assays suggest other compounds, in
addition to VOGs, are responsible for the inhibitory activity of bioactive-
LM on mycelium growth of Phytophthora and multiple different mech-
anisms contribute to the suppression of fruit infections by these oomy-
cetes. Several lines of evidence indicate the induction of plant resistance
is a mechanism determining the effectiveness of natural substances and
biological control agents in controlling plant diseases [42,54]. The
noticeable broad spectrum biocidal activity, the effectiveness in sup-
pressing Phytophthora infections and the natural origin of bioact-LM
suggest it is a promising ecofriendly alternative to synthetic fungi-
cides, which have a crucial role in conventional management strategies
of Phytophthora diseases [36,39,96,97]. A feature contributing to the
sustainability of bioact-LM as a biopesticide is its production process,
which utilizes lemon peel, a waste of the citrus juice and essential oil
industry, as a raw material for fermentation, thus conforming to the
concepts and principles of circular economy and the EU green deal
guidelines. The broad-spectrum biocidal activity of bioactive-LM and its
efficacy in suppressing Phytophthora infections suggest many possible
applications in plant disease control. However, the diversity of diseases
caused by Phytophthora, the polyphagy of most Phytophthora species, and
the ecological plasticity of these oomycetes require customized man-
agement strategies and the development of formulations that facilitate
the application and improve the performance of this biopesticide.

Based on results of this study, it can be hypothesized the most im-
mediate application of bioactive LM could be the control of fungi and
oomycetes responsible for post-harvest spoilage of diverse fruit and
vegetable crops. Indeed, very recently using an innovative technological
approach, a bioactive LM has been incorporated as an antifungal agent
into a chitosan-based fruit-coating film for post-harvest preservation of
citrus fruit [98]. The development of bioactive, edible and biodegrad-
able coatings to prevent post-harvest losses and extend the shelf-life of
fruit is a rapidly growing area of food technology.
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