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Abstract: Verticillium wilt, caused by Verticillium dahliae, is the most devastating soil-borne fungal
disease of olive trees worldwide. Currently, there is no effective measure available to control the
pathogen in diseased plants in open field conditions. Searching more effective and sustainable
solutions are a priority for the olive sector. The existing alternatives for disease control include the
use of biological control microorganisms and compounds of natural origin from plants, such as
Alliaceae. Propyl propane thiosulfinate (PTS) and propyl propane thiosulfonate (PTSO) are two
organosulfur compounds derived from Allium cepa with a widely documented antimicrobial activity.
The aim of this study was to evaluate the antifungal activity of PTS and PTSO against the defoliating
and non-defoliating V. dahliae pathotypes. Firstly, several in vitro tests were performed (Minimum
Antifungal Concentration, susceptibility studies according to the Kirby-Bauer disk-diffusion method,
antifungal activity through aerial diffusion and effect on mycelial growth). The ability of both
compounds to sanitize soil was evaluated using a sterile substrate inoculated with V. dahlige. Finally,
challenges in growth chambers were carried out. PTS and PTSO generated growth inhibition zones in
agar diffusion and the gas phase, and the mycelial growth of all the V. dahliae strains was significantly
altered. The V. dahliae population in soil was considerably reduced after the sanitization. Finally,
in planta assays demonstrated the ability of these compounds to reduce disease related parameters
and their contribution to control the phytopathogen. In conclusion, the results showed that the PTS
and PTSO from Allium cepa display in vitro and in vivo antifungal activity against V. dahliaze and
suggested that both compounds could be used as natural and environmentally friendly tools for
Verticillium wilt management.

Keywords: Verticillium wilt; onion; organosulfur compounds; olive trees; pest management

1. Introduction

Verticillium wilt caused by fungus Verticillium dahliae is currently considered the main
and most devastating soilborne fungal disease of olive trees (Olea europaea L.) [1]. Although
it affects more than 400 plant species, such as cotton, tomato, almond and peach, the high
incidence of this disease in all Mediterranean olive-growing regions is threating olive trees
and olive oil production, causing important economic losses [2]. The severity of the attacks
by V. dahliae on olive and cotton highly depends on the virulence of the pathotype infecting
the olive trees [3]. V. dahliae isolates can be classified into a defoliating (D) pathotype,
that is highly virulent, and a nondefoliating (ND) pathotype, based on their ability to
cause the defoliation of green leaves from shoots and twigs [4]. The D pathotype can be
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lethal to the plant and causes the extensive and early drop of infected green leaves and,
eventually complete defoliation and necrosis. Besides the necrosis of inflorescences and
leaf chlorosis, the ND pathotype causes olive twigs and branches without leaf shedding to
dieback [5,6]. However, trees infected by the ND pathotype can show complete remission
from symptoms [3].

V. dahliae is a strictly asexually reproducing fungus, characterized by the production
of microsclerotia as resistant structures [7]. The formation of these structures is a critical
factor in the survival, dissemination and epidemiology of the pathogen [8], since they can
survive in soil without a host for more than 10 years [2]. Microsclerotia germinate in soil in
response to root exudates, giving rise to hyphae that can penetrate the olive root and grow
across the root cortex. This way, hyphae invades the xylem vessels and forms conidia that
is spread by olive tree stem, giving rise to an extensive xylem colonization and functional
impairment [6].

Verticillium wilt is a hard to control disease, since V. dahliae can survive in soil for years
and grow confined in the host’s xylem during the parasitic phase, preventing treatments
by topically application fungicides [9]. To date, the only method that has proven to be
effective against this pathogen is soil disinfection with fumigants such as methyl bromide
or chloropicrin. However, the potential risk involved in applying these chemicals, for both
human health and the environment, has led to their banning in many countries [10-12].
The lack of effective fungicides, and the increasing restrictions on the use of chemical
compounds in managing plant diseases, is pushing the search for new alternative methods
to control V. dahliae [8]. An interesting and sustainable option is the use of plant-derived
natural products.

In recent years, the antimicrobial activity of several organosulfur compounds such as
thiosulfinates and thiosulfonates, obtained from Allium genus plants such as onion (Allium
cepa L.), Welsh onion (Allium fistulosum L.) or garlic (Allium sativum L.), has been extensively
studied [10,13-16]. In onion, the most common organosulfur compounds are isoalliin
(S-propenyl-L-cysteine sulfoxide) and propiin (S-propyl-L-cysteine sulfoxide). When an
onion is crushed or cut, propiin changes into propyl-propane thiosulfinate (PTS) due to
the action of the enzyme [17]. Despite the fact PTS is more stable than other thiosulfinates
such as allicin [10], it is also a labile compound that changes into dipropyl disulfide and
propyl-propane thiosulfonate (PTSO) [18].

Some potential uses of PTS and PTSO in animal nutrition have been proposed because
of their anti-inflammatory [19], anti-bacterial [20] and anti-coccidial properties [21]. Fur-
thermore, their ability to modulate the gut microbiota and improve productivity in piglets
and laying hens has been recently demonstrated [22,23]. In addition, both PTS and PTSO
have been shown to be toxicologically safe in different studies carried out in cell models
and in experimental animals [24-26].

While their precise mechanism of action is not yet completely understood, these
onion-derived products have the following three characteristics that could explain their
antimicrobial effect: (i) they react with thiol groups of the microbial metabolism altering the
integrity of membranes [27]; (ii) they can react with glutathione, decreasing its intracellular
levels, which entails oxidative stress and cellular apoptosis [28,29]; and (iii) they can inhibit
RNA synthesis through the inhibition of RNA polymerase [16,30].

The use of organosulfur compounds from Allium in agriculture has been mainly fo-
cused on antifungal activity of garlic derivatives against plant pathogens such as Botrytis
cinerea, Penicillium expansum, Bipolaris sorokiniana, Phytophthora infestans, Fusarium and Rhi-
zopus spp., among others [31-34]. Nevertheless, studies that have evaluated the antifungal
activity of similar derivates from onion are limited and they are mainly focused on the
effectiveness of onion essential oil or aqueous extracts [35-37].

The aim of the present study was to evaluate the antifungal activity of volatile
organosulfur compounds PTS and PTSO from Allium cepa against the plant pathogenic
fungi V. dahliae, both in vitro and in planta, and the determination of their potential use as
soil sanitizer providing a new method to control Verticillium wilt in olive trees.
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2. Materials and Methods
2.1. Antifungals

PTS and PTSO (98% purity) from Allium cepa were supplied by DOMCA SAU
(Granada, Spain). The pure compounds were used for in vitro assays. A blend of PTS and
PTSO in proportion 1:1 (w/w) at different concentrations was used for soil sanitization
tests and in planta assays.

2.2. Verticillium Dahliae Isolates

Three V. dahliae isolates were used in this study (Table 1). These isolates belong
to the culture collection of the Department of Crop Protection, Institute for Sustainable
Agriculture, Spanish National Research Council, Cérdoba, Spain [3]. The V. dahlige isolates
were selected as representative of the pathotypes and mycelial compatibility groups most
widely distributed in southern Spain [38]. The liquid culture medium used was RPMI-1640
medium with L-glutamine, supplied by Labclinics (Barcelona, Spain). Glucose was added
to a final concentration of 0.2% and the pH was adjusted to 7.0 with acid morpholine
propane sulfonic (0.165 M) buffer. The solid culture medium used was Rose-Bengal agar
supplied by Scharlau (Barcelona, Spain). Inoculum of V. dahlige isolates were prepared in
saline solution.

Table 1. Verticillium dahliae isolates used in this study, along with reference code, vegetative compati-
bility grouping (VCG) and pathotype.

Reference Code VCG! Pathotype 2
V1361 1A D
V12351 2B ND
V12661 4B ND

1veG = Vegetative compatibility group, 2D= defoliating pathotype, ND = nondefoliating pathotype.

2.3. Antifungal In Vitro Assays
2.3.1. Agar Diffusion Test

The chosen method to study antifungal activity in solid medium was the disk-diffusion
method proposed by Kirby—Bauer [39] and modified by Calvo and Asensio [40]. Sterilized
cellulose discs of 6 mm of diameter (Whatman® antibiotic test discs, Buckinghamshire,
UK) impregnated with 20 pL of PTS or PTSO at different concentrations (2.5, 5, 10, 25 and
50 png/uL) were placed in the center of Rose-Bengal agar plates. These plates were already
inoculated with the appropriate V. dahliae isolate using a conidial suspension adjusted
to 10° CFU/mL in saline solution, so that the growth after 4 days incubation at 25 °C
was confluent. The inhibition zone of fungal growth was proportional to the degree of
inhibition produced. Two independent tests were carried out, and each sample was tested
in duplicate. EC50 values were also calculated.

2.3.2. Minimum Fungicidal Concentration (MFC)

Standard broth microdilution method was carried out according to the guidelines
of the Clinical and Laboratory Standards Institute (CLSI) [41]. Decreasing concentrations
of PTS and PTSO were prepared by making 1:2 dilutions from a starting concentration
of 10,000 ng/mL (10,000, 5000, 2500, 1250, 625, 312.5, 156.25, 78.125, 39.06, 19.53 and
9.76 ug/mL) in RPMI-1640 medium. These dilutions were subsequently inoculated with
the corresponding V. dahliae isolate and incubated for 24 h at 25 °C in the dark. As a
negative control, same broth volume was inoculated with V. dahlize and incubated in the
same conditions. Natamycin, a polyene macrolide with antifungal properties, was used as a
positive control. All assays were performed in duplicate, and each sample was tested twice.

2.3.3. Antifungal Activity of Gaseous PTS and PTSO

To study the antifungal activity of the compounds associated with their gas phase, the
methodology described in Section 2.3.1 was carried out with some modifications [14,42].
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V. dahliae colonies were suspended in saline solution to obtain a conidial suspension
adjusted to 10° CFU/mL that was used to inoculate the Rose-Bengal agar plates. As
previously described, sterilized cellulose discs were impregnated with 20 uL of PTS or
PTSO at different concentrations (2.5, 5, 10, 25 and 50 pg/uL) and placed, not in the agar,
but in the center of the Petri dish lids, so that the agar plates with V. dahliae were placed
inverted over the lid. Therefore, the tested compounds and the inoculated agar did not
come into direct contact, except by diffusion through the air. After incubation at 25 °C
for 4 days in the dark, the diameter of the inhibition zones was measured (mm). Assays
were performed in duplicate, and each sample was tested twice. EC50 values were also
calculated.

2.4. Effect of PTS and PTSO on Mycelial Growth

The protocol chosen to carry out this assay was based on the method proposed by
Liu-Yan [43]. First, agar plates containing Rose-Bengal medium supplemented with PTS
and PTSO at different concentrations (25, 50, 75 and 100 ug/mL) were prepared. Non-
supplemented Rose-Bengal agar plates were used as positive control of V. dahliae growth.
Next, 10-microliter drops of a previously titrated V. dahliae inoculum at 10° CFU/mL were
placed in the center of the agar plates, and these were incubated at 25 °C for 16 days in the
dark. Mycelial growth was determined by measuring the diameter (mm) of the mycelium
over time and EC50 was calculated by using data from the last day of the assay. Percentage
of mycelial growth inhibition was expressed according to the following formula:

% inhibition = [(C — T)/C] x 100

where C is the diameter of the fungal colony in the control plate, and T is the diameter of
the fungal colony in each treatment plate. Two independent tests were carried out and
each sample was tested in duplicate.

2.5. Soil Sanitization

The soil used for this study was a universal substrate (Composana, Miinster, Germany)
that was autoclaved in a steam sterilizer (Raypa, Terrasa, Spain) at 121 °C for 20 min.
Sterility of soil was confirmed by incubating on Rose-Bengal agar at 25 °C for 4 days [44].
Plastic bags were filled with 400 g of sterilized soil. Bags were inoculated by adding
10 mL of a conidial suspension of V. dahliae isolate V1361 adjusted to 10’ CFU/mL, so
that the final population in the inoculated soil was approximately 10° CFU/g [13]. A bag
without inoculum was used as negative control and another bag only with inoculated soil
was used as positive control. In the remaining bags, the blend of PTS and PTSO in 1:1
proportion was applied 72 h after soil infestation at different concentrations (100, 500 and
1000 pg/mL). Bags were shaken to homogenize their content and sealed to avoid leaks and
contamination. V. dahline population was quantified at 1, 2, 3 and 4 days after treatment. At
each time, 25 g of soil from each bag was suspended in 225 mL of buffered peptone water
(Scharlau, Barcelona, Spain). A lab paddle blender (MASTICATOR, IUL, Barcelona, Spain)
was used to obtain a better homogenized sample for analysis. Serial dilutions were placed
in Rose-Bengal agar and incubated at 25 °C for 4 days in the dark [13]. Then, colonies were
counted and the concentration V. dahlise in soil was expressed as Logyg CFU/g. Each test
was carried out twice and each sample was tested in duplicate.

2.6. Effect of PTS and PTSO on Verticillium Wilt Suppression

In planta experiments were carried out in growth chambers using 7-month-old olive
plantlets of cv. Picual, which grew in soil artificially infested with the highly virulent
defoliating pathotype of V. dahline V1361 1A, and incubated under optimal environmental
conditions for Verticillium wilt development [38]. Inoculum consisted of an infested
cornmeal-sand mixture (CMS; sand: cornmeal: deionized water, 9:1:2, w/w) produced
as described by Jiménez-Fernandez et al. [6]. The infested CMS was homogenized, dried
in an incubator adjusted to 33 °C for 3 days, and thoroughly mixed with a pasteurized
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soil mixture (clay loam: peat, 2:1, v/v) at a rate of 1:20 (w/w) to reach an inoculum density
of 10° CFU/g soil of V. dahliae as determined by dilution-plating on chlortetracycline-
amended water agar (CWA; 1 L distilled water, 20 g agar, 30 mg chlortetracycline) [6]. The
V. dahlige-infested soil was treated with two doses of the blend of PTS/PTSO (250 and
500 pg/mL) and kept in sealed plastic bags for 2 days. Then, plants were uprooted from the
potting substrate, gently shaken to retain only the rhizosphere soil and placed in 1500 mL
pots filled with this V. dahlige-infested soil mixture. Non-inoculated plants were treated
similarly and transplanted to the pasteurized soil mixture with non-infested CMS at the
same rate as infested CMS. Once planted, a group of plantlets was not treated, and other
groups received 100 mL of the blend of PTS/PTSO (250 and 500 pug/mL) via irrigation a
week after being planted.

Both inoculated and control plants were incubated in a growth chamber adjusted to
22 + 2 °C, 60-80% relative humidity and a 14-hour photoperiod of fluorescent light of
360 umol m~2 s~ for 3 months. There were 10 replicated pots (one plant per pot) for
the different treatments and for the inoculated and non-inoculated plants in a completely
randomized design. Disease reaction was assessed by the incidence (percentage of plants
showing disease symptoms) and severity of foliar symptoms. Symptoms were assessed on
individual plants on a 0 to 4 rating scale according to the percentage of affected leaves and
twigs at 2- to 3-day intervals throughout the duration of the trial [6]. Upon termination
of the experiment, the extent of colonization by V. dahline was determined by isolation
of the fungus in CWA [6]. Six-centimeter-long stem pieces sampled from the main stem
were processed for the extraction of xylem microbiome at the same time. Data of pathogen
isolation from the stem were used to calculate the intensity of stem vascular colonization for
each individual plant, according to a stem colonization index (SCI) as described before [6].

2.7. Statistical Analyses

The average data standard deviations were determined with Excel software (Microsoft
Corp., Redmond, WA, USA). Statistical analyses were performed using the SPSS-PC 15.0
software (SPSS, Chicago, IL, USA). Data on microbiological counts were subjected to
ANOVA. Data of in soil and in planta assays were analyzed according to Tukey HSD test.
Error probability values less than 0.05 were considered not significant.

3. Results
3.1. In Vitro Antifungal Assays
3.1.1. Antifungal Activity

The antifungal activity of organosulfur compounds PTS and PTSO has been evaluated
against three different isolates of V. dahliae (Table 1). A summary of the antifungal activity
data obtained using the disk-diffusion method in agar are shown in Table 2, expressed
as the average diameter £ standard deviation (in mm). All the V. dahliae isolates were
sensitive to both compounds in a dose-dependent manner, becoming more evident from a
concentration of 10 pg/uL, with inhibition zones between 50 and 87 mm. The antifungal
activity of PTS and PTSO was similar in this trial, without any remarkable variations
between the inhibition zones, as shown in Figure 1.

The results obtained in the agar diffusion test, which are purely qualitative, were
supported by the determination of the MFC. The MFC values obtained (Table 3) confirm
the potential of PTS and PTSO against V. dahliae isolates. Unlike in the agar diffusion test,
in which no significant differences were observed between both compounds, the MFC data
indicated that the antifungal susceptibility of PTSO was significantly higher than that of
PTS (p < 0.01). This antifungal activity was especially relevant against V. dahliae V1361 1A,
with an MFC value of 7.91 pug/mL of PTSO.



J. Fungi 2021, 7, 736 6 of 16

Table 2. Antifungal activity of PTS and PTSO against different Verticillium dahliae isolates (V1361 1A, V12351 2B and V12661
4B) using the disk-diffusion method, expressed as the average diameter + standard deviation of inhibition zone (mm), and

EC50 values.
Compound Concentration (ug/uL) V136l 1A V12351 2B V12661 4B
2.5 32.0 £ 3.16 47.3 + 2.86 37.8 +3.49
5 44.0 £+ 3.16 56.0 + 1.87 48.8 + 2.38
PTS 10 61.3 +£2.38 64.5 + 2.69 68.3 + 3.34
25 69.0 + 141 72.3 +2.59 80.8 +1.92
50 75.3 +1.92 80.5 + 2.18 86.0 + 3.16
EC50 (ug/uL) 7.7 £0.03 10.0 + 0.56 8.3+ 0.17
2.5 28.3 +2.38 40.0 £ 3.16 28.8 + 3.34
5 38.8 +£2.38 48.8 +0.83 42.3 +2.59
PTSO 10 50.8 £+ 2.38 56.5 +1.12 65.0 +3.24
25 58.5 +1.12 65.0 + 3.39 76.3 + 1.64
50 71.5 + 3.04 75.8 4+ 3.03 87.3 + 0.83
EC50 (ug/uL) 10.8 + 0.35 11.6 - 0.42 8.8 £0.24
Microorganisms PTS PTSO
(at2.5, 5,10, 25 and 50 pg/uL) (at2.5,5, 10, 25 and 50 ug/uL)
V. dahliae
V-1361 1A
V. dahliae
V-1235I 2B
V. dahliae
V-12661 4B

Figure 1. Antifungal activity of PTS and PTSO against Verticillium dahliae V1361 1A, V12351 2B and V12661 4B isolates using
the disk-diffusion method. The image shows inhibition zones at doses of 2.5, 5, 10, 25 and 50 pg/uL from left to right and
from top to bottom.
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Table 3. Minimum Fungicidal Concentration (MFC) against different isolates of Verticillium dahliae.

MFC (ug/mL)

Isolates PTS PTSO
V. dahliae V1361 1A 78.13 19.53
V. dahliae V12351 2B 78.13 39.06
V. dahliae V12661 4B 78.13 39.06

3.1.2. Antifungal Activity of the Gas Phase

Table 4 shows the results of the volatility-linked activity assay, expressed as the
diameter of the inhibition zone + standard deviation (in mm). PTS and PTSO inhibited
growth in all the V. dahlige isolates tested in the present study through their gaseous phase
without coming into contact with the medium and thus, with the fungus, except for its
aerial diffusion. The vapor produced by both compounds reached the agar medium,
inhibiting fungal growth in a circular area above the drop placed in the lid of the Petri dish
(Figure 2). The absence of fungal growth suggests a predominant biocidal effect, being
particularly remarkable for PTS at doses of 25 and 50 pg/uL against ND pathotypes V12351

2B and V12661 4B.

Microorganisms

PTS
(at2.5, 5,10, 25 and 50 pg/uL)

(at2.5,5, 10, 25 and 50 ug/ulL)

V. dahliae
V-1361 1A

V. dahliae
V-12351 2B

V. dahliae
V-12661 4B

Figure 2. Antifungal activity of PTS and PTSO against Verticillium dahliae V1361 1A, V12351 2B and V12661 4B strains via
the gas phase. The image shows inhibition zones at doses of 2.5, 5, 10, 25 and 50 pg/uL from left to right and from top to

bottom.
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Table 4. In vitro antifungal activity of PTS and PTSO against different isolates of Verticillium dahliae (V1361 1A, V12351 2B
and V12661 4B) via the gas phase, expressed as the average diameter + standard deviation of inhibition zone (mm), and

EC50 values.
Compound Concentration (ug/uL) V136l 1A V12351 2B V12661 4B
2.5 485+ 1.12 55.0 £ 141 45.0 £ 141
5 53.8 £ 3.49 71.5 +2.06 58.0 +2.24
PTS 10 63.8 + 3.49 79.3 £1.30 72.0 £ 141
25 69.0 + 2.12 87.0 £ 1.58 84.3 +£1.92
50 75.3 + 2.86 92.5 + 2.06 97.3 +£1.92
EC50 (ug/uL) 9.9 +0.29 7.0=£0.15 10.3 £ 0.09
2.5 38.5 +1.12 40.5 £ 2.06 39.0 + 1.58
5 46.0 £1.41 523 +1.48 485+1.12
PTSO 10 54.5 + 2.96 62.3 +1.92 54.3 +1.30
25 62.3 +£1.79 69.0 + 1.58 66.0 + 1.87
50 66.3 + 2.28 73.0 £ 224 715 + 1.66
EC50 (ug/uL) 8.8 +£0.22 7.2 £0.08 9.9 +0.11

3.2. Effect of PTS and PTSO on Mycelial Growth

To complete the in vitro characterization of the antifungal activity studies, the fungistatic
capacity was evaluated using the mycelial growth progression test in agar plates. The
results obtained are presented in Figure 3. Mycelium Growth Curves provide additional
information on the interaction between the compounds tested and the fungal growth. As
in the previous assay, both PTS and PTSO showed a remarkable inhibitory effect on the
V. dahlige mycelial growth.

These results demonstrate the correlation between the inhibition produced and the
concentration of both compounds. It should be noted that the increase over time was more
pronounced at the lowest concentrations tested, whereas at the concentration of 100 pug/mL,
the fungal growth was practically imperceptible. The treatments of 50, 75 and 100 ug/mL
of PTS or PTSO showed significant differences (p < 0.05), as compared to the control group.
The effectiveness of PTSO at 25 ug/mL was lower against the V1361 isolate. Likewise, PTS
at 25 ug/mL was less effective against V1361 1A and V12661 4B.

These results are further reflected in Table 5, which shows the inhibition of mycelium
growth caused by each treatment compared to the normal growth of the control group,
expressed as a percentage.

Table 5. Percentage of mycelial growth inhibition of Verticillium dahliae isolates at different concentration of PTS and PTSO:
control group; 25; 50; 75 and 100 pg/mL.

Compound Concentration (ug/uL) V1361 1A V12351 2B V12661 4B

25 28.39 64.87 37.16

PTS 50 38.85 74.74 62.40

75 60.86 82.26 66.43

100 70.09 86.71 71.27

25 29.22 58.13 48.93

50 36.32 71.48 64.62

PTSO 75 64.84 84.09 81.77

100 69.17 87.38 85.17
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Figure 3. Mycelium Growth Curves of Verticillium dahliae isolates at different concentration of PTS and PTSO: control group;
25; 50; 75 and 100 yig/mL. Values are means with SD in bars. T p < 0.1; * p < 0.05; ** p < 0.01 respect to control. EC50 values
have been calculated for each V. dahliae isolate and each organosulfur compound.

3.3. Application of PTS and PTSO in Soil Sanitization

The V. dahliae population in the untreated group (C +) evolved as expected, achieving
5 Logip CFU/g on day four. In addition, the absence of growth in the negative control
(sterilized soil that was not inoculated with V. dahliae) confirmed that sterile conditions
were maintained during all of the assays.

The different doses of the blend of PTS/PTSO achieved a significant reduction
(p <0.05) in the population of V. dahliae in soil, as shown in Figure 4. The soil treated
with a dose of 100 ug/mL reduced the fungal concentration by approx. 2 Logjo CFU/g
during the assay. The effects observed in soil treated with a dose of 500 p1g/mL were more
remarkable, showing an absence of growth at days one and two after treatment. Never-
theless, fungal growth was observed on days three and four, reaching 1.5 Log;o CFU/g.
Finally, the highest inhibition occurred for the dose of 1000 ng/mL, with reductions in the
counts up to 4-5 logarithmic units, as compared to the control.
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Figure 4. Concentration of Verticillium dahlige in soil after treatment with the blend of PTS and PTSO
in 1:1 proportion at different concentrations (100, 500 and 1000 pg/mL) compared to a positive
control group (C +) that consists of sterilized soil inoculated with V. dahliae but without treatment.
Values are means with standard deviation in bars. For each sampling day, bars with a different letter
(a—d) indicate significant differences according to Tukey HSD test at p < 0.05.

3.4. Effect of PTS and PTSO on Verticillium Wilt Suppression

All the soil treatments significantly reduced all the disease parameters in the study
compared to that reached on the non-treated V. dahliae infested soil (p < 0.05). After 3 months
of incubation under optimal environmental conditions for Verticillium wilt development,
the disease incidence was 100% and the severity of Verticillium wilt symptoms reached 3.3
(on a 0—4 rating scale) in V. dahliae-infested but non-treated soil (Figure 5a,b and Figure 6a,b).
Interestingly, the plants growing in treated infested soil showed a disease incidence of 60
and 20% (Figure 6A), a severity of symptoms of 1.9 and 0.6 (Figure 6B) and an intensity of
vascular colonization of 60 and 43% (Figure 6C), on soil treated with a blend of PTS/PTSO
at doses of 250 and 500 pug/mL, respectively (Figure 5a).

Moreover, no Verticillium wilt symptoms were observed on the plants growing in
treated soil and further irrigated with 100 mL of the blend of PTS/PTSO one week after
transplanting at any of the two doses tested (Figures 5b and 6A,B). At the end of the
experiment, the V. dahlige inoculum density was clearly reduced (Figure 6D).

Significant reductions were observed in the soil treated with 250 pg/mL of the blend
of PTS/PTSO according to the Tukey test. The highest reduction was observed in the case of
V. dahliae-infested soil treated with 500 ug/mL of the blend of PTS/PTSO and subsequently
irrigated with the same product one week after planting. In this sample, the inoculum
density of V. dahliae was reduced with differences up to two logarithmic units as compared
to the infested non-treated control group (Figure 6D). Although a dose-dependent trend
was observed, there were no significant differences between the four treatments in relation
to the fungal concentration (Figure 6D).
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(@)

(b)

Figure 5. Symptoms of Verticillium wilt in olive plantlets of cv. Picual that grew for 2 months in soil infested with the
defoliating pathotype V136l 1A of Verticillium dahliae treated with the blend of PTS and PTSO in 1:1 proportion at different
concentrations: (a) Plants that were not further treated with AP; (b) Plants that were treated once with 100 mL one week later
via irrigation. In both panels (a,b), the following can be observed: (1) Negative control group without fungal inoculation
or treatment, (2) Positive control group that grew in soil infested with V. dahlize and not treated. (3) Plants that grew in V.
dahliae infected soil treated with the blend of PTS/PTSO at 250 pug/mL and (4) Infected test group treated with the blend of
PTS/PTSO at 500 pg/mL.
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Figure 6. Disease reaction of olive trees of cv. Picual that grew in soil infested with the defoliating Verticillium dahliae (NT)
pathotype treated with the blend of PTS and PTSO in 1:1 proportion at 250 and 500 pg/mL, 92 days after transplanting
to the infested soil: (A) Disease incidence expressed as percentage, (B) Disease severity expressed in scale from 0 to 4,
(C) Intensity of vascular colonization expressed as percentage, (D) Density of V. dahliae in soil expressed as Logjy CFU/g of
soil. All panels include results from plants previously treated with the blend of PTS/PTSO or treated once with 100 mL
of their respective dose one week later (Soil + Irrigation). For each panel, bars with a different letter indicate significant
differences according to Tukey HSD test at p < 0.05.

4. Discussion

The increasing trend in the number of soilborne fungal diseases outbreaks that has
been observed over the last decade, with the consequent loss in crop production and
increased costs, has become a major problem for plant’s health [45]. Moreover, it has
been widely reported that the proportion of soilborne pathogens and global warming
are directly related, considering that the temperature determines the distribution of soil
microbial communities and influences the distribution of fast-growing opportunistic fungal
infections [46]. Therefore, the search for new integrated soilborne disease management
strategies has become a priority.

In this context, the broad antimicrobial activity of organosulfur compounds derived
from Allium spp. against a variety of bacteria and fungi has already been demonstrated in
various in vitro studies [10,14,31,42,47]. Although the mechanism of action of organosul-
fur compounds is not yet deeply studied, the antimicrobial activity of these compounds
could be associated with their capacity to react with the thiol groups of microbial en-
zymes, RNA synthesis blocking mechanisms, induction of oxidative stress and cellular
apoptosis [15,29,30].

Some plant extracts from other botanical species such as Vaccinium myrtillus L., Lau-
rus nobilis L., Eucalyptus camaldulensis Dehnh, Mentha piperita L., Thymus vulgaris L.
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and Lavandula angustufolia Mill. [48-50] (Bayar et al., 2018; Ustiiner et al., 2018; Erdogan
et al., 2016) have been shown to be able to inhibit the in vitro mycelial growth of different
phytopathogenic fungi, including V. dahline. Moreover, in inoculated olive plants, the es-
sential oil of Thymus sp. completely inhibited mycelial growth, and reduced microsclerotia
viability and Verticillium wilt disease [51].

In the present study, the antifungal efficacy of PTS and PTSO from Allium cepa has
been evaluated against three isolates of soilborne fungus V. dahliae, two of them being of
the non-defoliating (ND) pathotype and the third one a representative of the defoliating
pathotype (D) and VCG infecting olive trees in southern Spain. Even though at the plant
level, the D pathotype shows a greater virulence and lethality compared to the ND [3],
our results showed no differences in the antifungal activity of PTS and PTSO between
the D and ND isolates, neither in the disk-diffusion tests nor the MFC values obtained.
However, the D pathotype appeared to be somewhat less affected to the gas phase of PTS
and PTSO during the volatility-linked activity test, while the antifungal effect was quite
more noticeable against the isolates of the ND pathotype. In line with our results, other
authors have recently reported the antimicrobial activity of PTS and PTSO against bacteria
and yeast through their gas phase [14].

Once the antifungal activity of PTS and PTSO in vitro tests was verified, a soil saniti-
zation assay was performed using a preparation based on both organosulfur compounds
in a 1:1 proportion. As reported by Panth et al. [45], plants belonging to Allium spp., such
as onion, have been used in biofumigation, a soilborne pathogen management approach
that consists of grinding a plant cover set up during the fallow period and incorporating
the biomass obtained into the soil so that it can release active organic compounds. By using
crushed onion, it has been possible to verify that the pesticidal activity of the organosulfur
compounds released into the soil is comparable to that of methyl bromide. These results,
described by Arnault et al. [47], not only confirmed the broad spectrum of action of onion
active compounds, but also showed that they stimulate vegetative growth.

The assay carried out in sterilized soil infested with V. dahlize displayed very positive
results in terms of disease control and the reduction in fungal concentration. In fact, PTS
and PTSO reduced the microbial density of V. dahliae in the infested soil by up to four
logarithmic units. Despite the fact that the treatment did not completely eradicate the
presence of the fungus in the soil, its great effect on the fungal population was highly
remarkable as a potential control measure for this disease. Deberdt et al. [13] treated soil
infested with the plant pathogenic bacteria Ralstonia solanacearum with Allium fistulosum
extract (Welsh onion), and found out that, although the pathogen may have survived
at low levels in the soil and was even able to infect tomato roots, it was unable to fully
colonize or cause observable symptoms. In the case of Verticillium wilt in olive trees, the
progressive disease remission of symptoms has been reported, in particular when olive
trees are infected by the ND pathotype. This phenomenon is called the symptomatic
recovery of the disease plant, and it was first described in 1965 by Wilhelm and Taylor [52].
The recovery in conditions of moderate infection is related to the inactivation of V. dahliae in
the xylem of the plant, with a new infection being necessary to develop the disease again [9].
Thus, reducing the severity of the infection, as well as protecting the root system of the
recovered olive trees are essential for the Verticillium wilt integrated control approach. This
could be applied to PTS and PTSO, that even though they are not able to fully eradicate the
fungus in soil, the reduction produced is enough to minimize the impact of the disease in
the plant.

From the results obtained in planta assays, it could be deduced that the organosulfur
compounds from onion may improve the microbiological quality of soil; thus, further
studies are needed to establish their influence on the soil microbiome and whether they
can be used as a pre-plant treatment.

As previously mentioned, scientific reports on the activity of organosulfur compounds
from onion against plant pathogens are limited. On the contrary, more evidence on
the antifungal activity of similar compounds from garlic, such as diallyl thiosulfinate or
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allicin [10,42] has been found. Some authors have reported the antifungal activity of an
allicin against V. dahliae, both in vitro and in a leaf disk bioassay [53]. Recently, Ali et al. [54]
demonstrated the ability of an aqueous garlic extract containing allicin to reduce the disease
severity index in eggplant seedlings against V. dahliae.

Even though further studies are needed, both in greenhouse and in field trials evaluat-
ing the effects of the compounds over time in a larger number of plants, in which different
doses and methods of application of the compounds are assessed, the antifungal activity of
PTS and PTSO against one of the most aggressive soilborne pathogens has been proven in
this study, providing new knowledge on the activity of Allium organosulfur compounds
and their potential use for plant disease control.

5. Conclusions

Both PTS and PTSO showed a remarkable ability to reduce the growth of Verticillium
dahliae, highlighting their antifungal activity in the gas phase, which is related to the
volatility of these metabolites. Moreover, these organosulfur compounds from Allium cepa
can be an alternative to chemical soil disinfectants. Although additional studies in real
field conditions are necessary to confirm their potential in integrated pest management,
the results obtained after in vitro and in planta assays support that both compounds could
be a useful and environmentally friendly tool in Verticillium wilt management. Author

Contributions: Conceptualization, A.B. and J.A.N.-C.; methodology, A.F.-P, J.J.A.,, M.N,, E.G. and
E.R.; writing—original draft preparation, A .E-P.; writing—review and editing, E.G., A.B. and ].].A.;
supervision, A.B. and J.A.N.-C. All authors have read and agreed to the published version of the
manuscript.

Funding: This research has been carried out within the project GRUPO OPERATIVO SALUD-
OLIVAR from the Spanish Rural Development Program (2014-2020) funded by the Spanish Ministry
of Agriculture, Fisheries and Food and co-financed by 80% by the European Agricultural Fund for
Rural Development (FEADER) (Total investment 384.830,96 EUR). This study is part of the Industrial
Doctorate of the doctoral student Ana Falcon Pifieiro, granted by the State Research Agency of the
Spanish Government, with the following reference: DIN2019-010792.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: We would also like to acknowledge the work of Jose Manuel Garcia-Madero in
editing the text.

Conflicts of Interest: Authors declare no conflict of interest.

References

1.

Landa, B.B.; Pérez, A.G.; Luaces, P.; Montes-Borrego, M.; Navas-Cortés, J.A.; Sanz, C. Insights Into the Effect of Verticillium
dahliae Defoliating-Pathotype Infection on the Content of Phenolic and Volatile Compounds Related to the Sensory Properties of
Virgin Olive Oil. Front. Plant Sci. 2019, 10, 232. [CrossRef] [PubMed]

Castro, D.; Torres, M.; Sampedro, I.; Martinez-Checa, F.; Torres, B.; Béjar, V. Biological Control of Verticillium Wilt on Olive Trees
by the Salt-Tolerant Strain Bacillus velezensis XT1. Microorganisms 2020, 8, 1080. [CrossRef]

Gramaje, D.; Pérez-Serrano, V.; Borrego, M.M.; Navas-Cortes, J.; Diaz, RM.].; Landa, B.B. A Comparison of Real-Time PCR
Protocols for the Quantitative Monitoring of Asymptomatic Olive Infections by Verticillium dahliae Pathotypes. Phytopathology
2013, 103, 1058-1068. [CrossRef] [PubMed]

Navas-Cortés, J.A.; Landa, B.B.; Mercado-Blanco, J.; Trapero-Casas, J.L.; Jurado, R.; Jiménez-Diaz, R.M. Spatiotemporal Analysis
of Spread of Infections by Verticillium dahliae Pathotypes within a High Tree Density Olive Orchard in Southern Spain.
Phytopathology 2008, 98, 167-180. [CrossRef]

Keykhasaber, M.; Thomma, B.P.H.J.; Hiemstra, J.A. Verticillium wilt caused by Verticillium dahliae in woody plants with emphasis
on olive and shade trees. Eur. ]. Plant Pathol. 2018, 150, 21-37. [CrossRef]

Jiménez-Fernandez, D.; Trapero-Casas, ].L.; Landa, B.B.; Navas-Cortes, J.; Bubici, G.; Cirulli, M.; Jiménez-Diaz, R M. Characteriza-
tion of resistance against the olive-defoliatingVerticillium dahliaepathotype in selected clones of wild olive. Plant Pathol. 2016, 65,
1279-1291. [CrossRef]

Diaz, RM.J.; Cirulli, M.; Bubici, G.; Jiménez-Gasco, M.D.M.; Antoniou, P.P,; Tjamos, E.C. Verticillium Wilt, A Major Threat to
Olive Production: Current Status and Future Prospects for its Management. Plant Dis. 2012, 96, 304-329. [CrossRef] [PubMed]


http://doi.org/10.3389/fpls.2019.00232
http://www.ncbi.nlm.nih.gov/pubmed/30891053
http://doi.org/10.3390/microorganisms8071080
http://doi.org/10.1094/PHYTO-11-12-0312-R
http://www.ncbi.nlm.nih.gov/pubmed/23777403
http://doi.org/10.1094/PHYTO-98-2-0167
http://doi.org/10.1007/s10658-017-1273-y
http://doi.org/10.1111/ppa.12516
http://doi.org/10.1094/PDIS-06-11-0496
http://www.ncbi.nlm.nih.gov/pubmed/30727142

J. Fungi 2021, 7, 736 15 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Varo, A.; Raya-Ortega, M.; Trapero, A. Selection and evaluation of micro-organisms for biocontrol ofVerticillium dahliaein olive. J.
Appl. Microbiol. 2016, 121, 767-777. [CrossRef]

Diaz, R.J.; Casas, ].T.; Boned, J.; del Castillo, B.L.; Cortés, ].N. Uso de Bioten para la proteccién bioldgica de plantones de olivo
contra la Verticilosis causada por el patotipo defoliante de Verticillium dahliae. Boletin Sanid. Veg. Plagas 2009, 35, 595-615.
Sarfraz, M.; Nasim, M.].; Jacob, C.; Gruhlke, M.C.H. Efficacy of Allicin against Plant Pathogenic Fungi and Unveiling the
Underlying Mode of Action Employing Yeast Based Chemogenetic Profiling Approach. Appl. Sci. 2020, 10, 2563. [CrossRef]
Goicoechea, N. To what extent are soil amendments useful to control Verticillium wilt? Pest Manag. Sci. 2009, 65, 831-839.
[CrossRef]

Short, D.P.G.; Sandoya, G.; Vallad, G.E.; Koike, S.T.; Xiao, C.-L.; Wu, B.-M.; Gurung, S.; Hayes, R.]J.; Subbarao, K. Dynamics of
Verticillium Species Microsclerotia in Field Soils in Response to Fumigation, Cropping Patterns, and Flooding. Phytopathology
2015, 105, 638-645. [CrossRef]

Deberdt, P,; Perrin, B.; Coranson-Beaudu, R.; Duyck, P.-F.; Wicker, E. Effect of Allium fistulosum Extract on Ralstonia solanacearum
Populations and Tomato Bacterial Wilt. Plant Dis. 2012, 96, 687-692. [CrossRef]

Sorlozano-Puerto, A.; Albertuz-Crespo, M.; Lopez-Machado, I.; Gil-Martinez, L.; Ariza-Romero, J.J.; Maroto-Tello, A.; Bafios-
Arjona, A.; Gutierrez-Fernandez, J. Antibacterial and Antifungal Activity of Propyl-Propane-Thiosulfinate and Propyl-Propane-
Thiosulfonate, Two Organosulfur Compounds from Allium cepa: In Vitro Antimicrobial Effect via the Gas Phase. Pharmaceuticals
2020, 14, 21. [CrossRef] [PubMed]

Sorlozano-Puerto, A.; Albertuz-Crespo, M.; Lopez-Machado, I.; Ariza-Romero, J.J.; Bafios-Arjona, A.; Exposito-Ruiz, M.; Gutierrez-
Fernandez, J. In Vitro Antibacterial Activity of Propyl-Propane-Thiosulfinate and Propyl-Propane-Thiosulfonate Derived from
Allium spp. against Gram-Negative and Gram-Positive Multidrug-Resistant Bacteria Isolated from Human Samples. BioMed Res.
Int. 2018, 2018, 7861207. [CrossRef]

Borlinghaus, J.; Albrecht, F.; Gruhlke, M.C.H.; Nwachukwu, I; Slusarenko, A.J. Allicin: Chemistry and Biological Properties.
Molecules 2014, 19, 12591-12618. [CrossRef]

Keusgen, M.; Schulz, H.; Glodek, J.; Krest, I.; Kriiger, H.; Herchert, N.; Keller, J. Characterization of Some Allium Hybrids by
Aroma Precursors, Aroma Profiles, and Alliinase Activity. J. Agric. Food Chem. 2002, 50, 2884-2890. [CrossRef]

Guillamon, E. Effect of phytochemical compounds of the genus Allium on the immune system and the inflammatory response.
Ars Pharm. 2018, 59, 185-196.

Vezza, T.; Algieri, F.; Garrido-Mesa, J.; Utrilla, M.P.; Rodriguez-Cabezas, M.E.; Bafios, A.; Guillamén, E.; Garcia, F.; Rodriguez-
Nogales, A.; Galvez, ]. The Inmunomodulatory Properties of Propyl-Propane Thiosulfonate Contribute to its Intestinal Anti-
Inflammatory Effect in Experimental Colitis. Mol. Nutr. Food Res. 2019, 63, €1800653. [CrossRef] [PubMed]

Peinado, M.J.; Ruiz, R.; Echdvarri, A.; Rubio, L.A. Garlic derivative propyl propane thiosulfonate is effective against broiler
enteropathogens in vivo. Poult. Sci. 2012, 91, 2148-2157. [CrossRef] [PubMed]

Kim, D.K;; Lillehoj, H.S.; Lee, S.H.; Lillehoj, E.P; Bravo, D. Improved resistance to Eimeria acervulina infection in chickens due to
dietary supplementation with garlic metabolites. Br. . Nutr. 2012, 109, 76-88. [CrossRef]

Rabelo-Ruiz, M.; Teso-Pérez, C.; Peralta-Sanchez, J.; Ariza, J.; Martin-Platero, A.; Casabuena-Rincén, oF Vazquez-Chas, P;
Guillamoén, E.; Aguinaga-Casanas, M.; Maqueda, M.; et al. Allium Extract Implements Weaned Piglet’s Productive Parameters by
Modulating Distal Gut Microbiota. Antibiotics 2021, 10, 269. [CrossRef]

Rabelo-Ruiz, M.; Ariza-Romero, J.; Zurita-Gonzalez, M.; Martin-Platero, A.; Bafios, A.; Maqueda, M.; Valdivia, E.; Martinez-Bueno,
M.; Peralta-Sanchez, J. Allium-Based Phytobiotic Enhances Egg Production in Laying Hens through Microbial Composition
Changes in [leum and Cecum. Animals 2021, 11, 448. [CrossRef] [PubMed]

Cascajosa-Lira, A.; Puerto, M.; Prieto, A.; Pichardo, S.; Jiménez, L.D.-Q.; Bafios, A.; Guillamoén, E.; Moyano, R.; Molina-Hernandez,
V,;Jos, A.; etal. Genotoxicity Evaluation of Propyl-Propane-Thiosulfinate (PTS) from Allium genus Essential Oils by a Combination
of Micronucleus and Comet Assays in Rats. Foods 2021, 10, 989. [CrossRef]

Lira, A.C.; Prieto, A.L; Bafios, A.; Guillamén, E.; Moyano, R.; Jos, A.; Camean, A.M. Safety assessment of propyl-propane-
thiosulfonate (PTSO): 90-days oral subchronic toxicity study in rats. Food Chem. Toxicol. 2020, 144, 111612. [CrossRef]
Llana-Ruiz-Cabello, M.; Gutiérrez-Praena, D.; Puerto, M.; Pichardo, S.; Moreno, EJ.; Bafios, A.; Nufiez, C.; Guillamon, E.; Cameaén,
AM. Acute toxicological studies of the main organosulfur compound derived from Allium sp. intended to be used in active food
packaging. Food Chem. Toxicol. 2015, 82, 1-11. [CrossRef]

Focke, M.; Feld, A.; Lichtenthaler, H.K. Allicin, a naturally occurring antibiotic from garlic, specifically inhibits acetyl-CoA
synthetase. FEBS Lett. 1990, 261, 106-108. [CrossRef]

Gruhlke, M.C,; Portz, D.; Stitz, M.; Anwar, A.; Schneider, T.; Jacob, C.; Schlaich, N.L.; Slusarenko, A.J. Allicin disrupts the cell’s
electrochemical potential and induces apoptosis in yeast. Free. Radic. Biol. Med. 2010, 49, 1916-1924. [CrossRef] [PubMed]
Roth, PJ.; Theato, P. Thiol-thiosulfonate chemistry in polymer science: Simple functionalization of polymers via disulfide
linkages. In Thiol-X Chemistries in Polymer and Materials Science; Lowe, A., Bowman, C., Eds.; Abingdon: Nashville, TN, USA,
2013; pp. 76-94.

Feldberg, R.S.; Chang, S.C.; Kotik, A.N.; Nadler, M.; Neuwirth, Z.; Sundstrom, D.C.; Thompson, N.H. In vitro mechanism of
inhibition of bacterial cell growth by allicin. Antimicrob. Agents Chemother. 1988, 32, 1763-1768. [CrossRef] [PubMed]

Kutawa, M.D.D.A.B. Antifungal Activity of Garlic (Allium sativum) Extract on Some Selected Fungi. . Med. Herbs Ethnomed. 2018,
12-14. [CrossRef]


http://doi.org/10.1111/jam.13199
http://doi.org/10.3390/app10072563
http://doi.org/10.1002/ps.1774
http://doi.org/10.1094/PHYTO-09-14-0259-R
http://doi.org/10.1094/PDIS-07-11-0601
http://doi.org/10.3390/ph14010021
http://www.ncbi.nlm.nih.gov/pubmed/33383767
http://doi.org/10.1155/2018/7861207
http://doi.org/10.3390/molecules190812591
http://doi.org/10.1021/jf011331d
http://doi.org/10.1002/mnfr.201800653
http://www.ncbi.nlm.nih.gov/pubmed/30516875
http://doi.org/10.3382/ps.2012-02280
http://www.ncbi.nlm.nih.gov/pubmed/22912448
http://doi.org/10.1017/S0007114512000530
http://doi.org/10.3390/antibiotics10030269
http://doi.org/10.3390/ani11020448
http://www.ncbi.nlm.nih.gov/pubmed/33572138
http://doi.org/10.3390/foods10050989
http://doi.org/10.1016/j.fct.2020.111612
http://doi.org/10.1016/j.fct.2015.04.027
http://doi.org/10.1016/0014-5793(90)80647-2
http://doi.org/10.1016/j.freeradbiomed.2010.09.019
http://www.ncbi.nlm.nih.gov/pubmed/20883774
http://doi.org/10.1128/AAC.32.12.1763
http://www.ncbi.nlm.nih.gov/pubmed/2469386
http://doi.org/10.25081/jmhe.2018.v4.3383

J. Fungi 2021, 7, 736 16 of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Daniel, C.; Lennox, C.; Vries, F. In-vitro effects of garlic extracts on pathogenic fungi Botrytis cinerea, Penicillium expansum and
Neofabraea alba. S. Afr. J. Sci. 2015, 111, 8. [CrossRef]

Perell6, A.; Gruhlke, M.; Slusarenko, A.J. Effect of garlic extract on seed germination, seedling health, and vigour of pathogen-
infested wheat. J. Plant Prot. Res. 2013, 53, 317-323. [CrossRef]

Curtis, H.; Noll, U.; Stéormann, J.; Slusarenko, A.J. Broad-spectrum activity of the volatile phytoanticipin allicin in extracts of garlic
(Allium sativum L.) against plant pathogenic bacteria, fungi and Oomycetes. Physiol. Mol. Plant Pathol. 2004, 65, 79-89. [CrossRef]
and Garlic (Allium sativum L.) Essential Oils on the Aspergillus versicolor Growth and Sterigmatocystin Production. J. Food Sci.
2012, 77, M278-M284. [CrossRef]

Shams-Ghahfarokhi, M.; Shokoohamiri, M.-R.; Amirrajab, N.; Moghadasi, B.; Ghajari, A.; Zeini, F.; Sadeghi, G.; Razzaghi-
Abyaneh, M. In vitro antifungal activities of Allium cepa, Allium sativum and ketoconazole against some pathogenic yeasts and
dermatophytes. Fitoterapia 2006, 77, 321-323. [CrossRef] [PubMed]

Genatrika, E.; Sundhani, E.; Oktaviana, M.I. Gel potential of red onion (Allium cepa L.) ethanol extract as antifungal cause tinea
pedis. J. Pharm. Bioallied Sci. 2020, 12, 733-736. [CrossRef] [PubMed]

Jiménez-Diaz, R.M.; Olivares-Garcia, C.; Landa, B.B.; Jiménez-Gasco, M.D.M.; Navas-Cortes, J. Region-Wide Analysis of
Genetic Diversity in Verticillium dahliae Populations Infecting Olive in Southern Spain and Agricultural Factors Influencing the
Distribution and Prevalence of Vegetative Compatibility Groups and Pathotypes. Phytopathology 2011, 101, 304-315. [CrossRef]
[PubMed]

Bauer, A.W.; Kirby, W.M.; Sherris, J.C.; Turck, M. Antibiotic susceptibility testing by a standardized single disk method. Am. |.
Clin. Pathol. 1966, 45, 493-496. [CrossRef]

Calvo, M.A,; Asensio, ].J. Evaluacion de la eficacia de productos antimicrobianos en la alimentacion animal. Anaporc 1999, 192,
142-146.

CLSI. Reference Method for Broth Dilution Antifungal Susceptibility Testing of Filamentous Fungi, 3rd Edition. 2018. Available
online: https://clsi.org/standards/products/microbiology/documents/m38/ (accessed on 1 August 2021).

Leontiev, R.; Hohaus, N.; Jacob, C.; Gruhlke, M.C.H.; Slusarenko, A.]. A Comparison of the Antibacterial and Antifungal Activities
of Thiosulfinate Analogues of Allicin. Sci. Rep. 2018, 8, 6763. [CrossRef]

Liu, X;; Yan, D.; Ouyang, C.; Yang, D.; Wang, Q.; Li, Y.; Guo, M.; Cao, A. Oils extracted from Eupatorium adenophorum leaves
show potential to control Phythium myriotylum in commercially-grown ginger. PLoS ONE 2017, 12, €0176126. [CrossRef]
Falade, T.D.; Mohdhamdan, S.H.S.; Sultanbawa, Y.; Fletcher, M.; Harvey, ].J.; Chaliha, M.; Fox, G. In vitro experimental
environments lacking or containing soil disparately affect competition experiments of Aspergillus flavus and co-occurring fungi
in maize grains. Food Addit. Contam. Part A Chem. Anal. Control. Expo. Risk Assess. 2016, 33, 1241-1253. [CrossRef] [PubMed]
Panth, M.; Hassler, S.C.; Baysal-Gurel, F. Methods for Management of Soilborne Diseases in Crop Production. Agriculture 2020,
10, 16. [CrossRef]

Delgado-Baquerizo, M.; Guerra, C.A.; Cano-Diaz, C.; Egidi, E.; Wang, J.-T.; Eisenhauer, N.; Singh, B.K.; Maestre, FT. The
proportion of soil-borne pathogens increases with warming at the global scale. Nat. Clim. Chang. 2020, 10, 550-554. [CrossRef]
Arnault, I; Fleurance, C.; Vey, F.; Du Fretay, G.; Auger, J. Use of Alliaceae residues to control soil-borne pathogens. Ind. Crops
Prod. 2013, 49, 265-272. [CrossRef]

Bayar, Y.; Onaran, A.; Yilar, M.; Gul, E. Determination of the Essential Oil Composition and the Antifungal Activities of Bilberry
(Vaccinium myrtillus L.) and Bay Laurel (Laurus nobilis L.). . Essent. Oil Bear. Plants 2018, 21, 548-555. [CrossRef]

Ustiiner, T.; Kordali, S.; Bozhiiytiik, A.U.; Kesdek, M. Investigation of Pesticidal Activities of Essential Oil of Eucalyptus
camaldulensis Dehnh. Rec. Nat. Prod. 2018, 12, 557-568. [CrossRef]

Erdogan, O.; Celik, A.; Zeybek, A. In Vitro antifungal activity of mint, thyme, lavender extracts and essential oils on verticillium
dahliae kleb. Fresenius Environ. Bull. 2016, 25, 4856-4862.

Varo, A.; Aparicio, A.M.; Adem, M.; Roca, L.; Raya-Ortega, M.; Lopez-Escudero, F.; Trapero, A. Screening water extracts and
essential oils from Mediterranean plants against Verticillium dahliae in olive. Crop. Prot. 2017, 92, 168-175. [CrossRef]
Keykhasaber, M.; Thomma, B.P.H.J.; Hiemstra, ].A. Distribution and persistence of Verticillium dahliae in the xylem of Norway
maple and European ash trees. Eur. . Plant Pathol. 2018, 150, 323-339. [CrossRef]

Hayat, S.; Cheng, Z.; Ahmad, H.; Ali, M.; Chen, X.; Wang, M. Garlic, from Remedy to Stimulant: Evaluation of Antifungal
Potential Reveals Diversity in Phytoalexin Allicin Content among Garlic Cultivars; Allicin Containing Aqueous Garlic Extracts
Trigger Antioxidants in Cucumber. Front. Plant Sci. 2016, 7, 1235. [CrossRef] [PubMed]

Ali, M.; Ahmad, H.; Hayat, S.; Ghani, M.L; Amin, B.; Atif, M.J.; Wali, K.; Cheng, Z. Application of garlic allelochemicals improves
growth and induces defense responses in eggplant (Solanum melongena) against Verticillium dahliae. Ecofoxicol. Environ. Saf. 2021,
215,112132. [CrossRef]


http://doi.org/10.17159/sajs.2015/20140240
http://doi.org/10.2478/jppr-2013-0048
http://doi.org/10.1016/j.pmpp.2004.11.006
http://doi.org/10.1111/j.1750-3841.2012.02662.x
http://doi.org/10.1016/j.fitote.2006.03.014
http://www.ncbi.nlm.nih.gov/pubmed/16690223
http://doi.org/10.4103/jpbs.JPBS_256_19
http://www.ncbi.nlm.nih.gov/pubmed/33828369
http://doi.org/10.1094/PHYTO-07-10-0176
http://www.ncbi.nlm.nih.gov/pubmed/20942654
http://doi.org/10.1093/ajcp/45.4_ts.493
https://clsi.org/standards/products/microbiology/documents/m38/
http://doi.org/10.1038/s41598-018-25154-9
http://doi.org/10.1371/journal.pone.0176126
http://doi.org/10.1080/19440049.2016.1198048
http://www.ncbi.nlm.nih.gov/pubmed/27264786
http://doi.org/10.3390/agriculture10010016
http://doi.org/10.1038/s41558-020-0759-3
http://doi.org/10.1016/j.indcrop.2013.05.007
http://doi.org/10.1080/0972060X.2017.1417060
http://doi.org/10.25135/rnp.64.18.02.088
http://doi.org/10.1016/j.cropro.2016.10.018
http://doi.org/10.1007/s10658-017-1280-z
http://doi.org/10.3389/fpls.2016.01235
http://www.ncbi.nlm.nih.gov/pubmed/27610111
http://doi.org/10.1016/j.ecoenv.2021.112132

	Introduction 
	Materials and Methods 
	Antifungals 
	Verticillium Dahliae Isolates 
	Antifungal In Vitro Assays 
	Agar Diffusion Test 
	Minimum Fungicidal Concentration (MFC) 
	Antifungal Activity of Gaseous PTS and PTSO 

	Effect of PTS and PTSO on Mycelial Growth 
	Soil Sanitization 
	Effect of PTS and PTSO on Verticillium Wilt Suppression 
	Statistical Analyses 

	Results 
	In Vitro Antifungal Assays 
	Antifungal Activity 
	Antifungal Activity of the Gas Phase 

	Effect of PTS and PTSO on Mycelial Growth 
	Application of PTS and PTSO in Soil Sanitization 
	Effect of PTS and PTSO on Verticillium Wilt Suppression 

	Discussion 
	Conclusions 
	References

