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Abstract: Dry rot is an emerging issue for garlic production worldwide and Fusarium proliferatum
is its major causal agent. Since the disease is seed-transmitted, sowing healthy cloves is crucial.
In this study, some disinfection strategies were tested on garlic seeds, including steam, dry heat,
chemical disinfectants and gaseous ozone (O3). Steam reduced the Colony Forming Units-g !
(CFUs~g_1) by up to 92% in garlic seeds, but, at the same time, it affected their germination (—36%).
Similarly, hydrogen peroxide (H,O,) and peracetic acid (C;H4O3) reduced the CFUs'g_1 by up
to 83%; however, these methods also severely impaired germination (—40%). Dry heat did not
negatively impact germination, but fungal contamination was not significantly reduced. The most
promising strategy was gaseous O3 treatment; it decreased CFUs-g~! by up to 96%, without causing
any reduction of germination. The treatments applied were partially effective because the fungus is
predominantly located in the outer layer of the seed, although it is also found in the inner portions.
Some of these treatments can contribute to garlic protection from seed-borne pathogens and possibly
reduce the occurrence of garlic dry rot.

Keywords: Fusarium proliferatum; garlic; dry rot; physical methods; preservatives

1. Introduction

Garlic (Allium sativum L.) is amongst the oldest horticultural crops cultivated in the
world, especially in temperate regions [1]. In addition to its culinary utility, a lot of beneficial
properties have been reported from its consumption, including antioxidant, anti-microbial,
anti-diabetic, anti-coagulant, anti-carcinogenic and immunomodulation effects [2,3]. The
world’s annual garlic production is about 28.49 million tonnes, cultivated on approx.
1.54 million ha. The most important garlic-producing countries include China, India,
Bangladesh, Egypt, South Korea and Spain. In Europe, Italy is the 4th largest producer with
approx. 29,270 tonnes, and the 7th in terms of cultivation areas (3410 ha) [4]. While the
Italian growing areas are limited, the focus is on high quality garlic and includes products
with Denomination of Origin Protected (DOP), controlled quality (QC) characteristics,
which are appreciated for their special flavors and aromas. Amongst them, Aglio di
Voghiera DOP, from the province of Ferrara, Emilia-Romagna region, and Aglio Bianco
Polesano DOP, from Polesine, in Veneto, are particularly noteworthy. In addition, there are
garlic varieties from Caraglio (Slow Food Presidium), in the province of Cuneo, Piedmont,
and the Aglio Bianco Piacentino, in the Piacenza area, in Emilia-Romagna, which are
famous for their aromatic richness and high concentrations of allicin. In Northern Italy,
garlic is commonly sown from mid-October to early November and harvested in July.
Garlic cloves harvested in the previous cropping season are used as seeds and sown for the
following growing season [5].

Garlic dry rot is a major post-harvest issue for garlic production worldwide. Since
2002, it has been reported in several countries [6—15], including Italy [16]. Bulbs, even if
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apparently firm at harvest, become emptied post-harvest, develop necrotic spots, and can
become centrally depressed when observing the bulb sheaths. Sometimes, white mycelium
even becomes visible.

Fusarium proliferatum has been identified as the main causal agent of garlic dry rot and
it is predominantly isolated from the cloves; F. oxysporum can co-occur with F. proliferatum,
but it mainly affects the basal plate/roots [5]. F. proliferatum is a cosmopolitan saprophytic
fungal pathogen which can attack different plant species, such as maize [17], rice [18],
date palm [19] and ornamental palms [8,20]. It is known to produce fumonisins (FBs),
mainly fumonsin B; and B, (FB;, FB;), in addition to other toxic metabolites, including
moniliformin [21], beauvericin [22,23], fusaric acid (FA) [24] and fusaproliferin [25]. FBs
are a group of mycotoxins with a similar structure and, among these, FB; is the most toxic.
It is not only involved in many animal diseases, such as equine leukoencephalomalacia [26]
and pulmonary edema in swine [27], but it is also possibly carcinogenic to humans [28].
Therefore, as fresh garlic is consumed worldwide, the production of FBs in infected cloves
requires serious consideration, and reducing F. proliferatum infection and dissemination in
garlic bulbs is crucial to reduce losses due to waste and to conserve yield, quality and safety.

Although the symptoms of the disease are mostly recorded post-harvest, seeds play
an important role in garlic dry rot. Indeed, Dugan, et al. [29] observed that up to 77% of
visibly healthy bulbs at harvest developed symptoms after 9-16 months, indicating that
the cloves used as seeds, even if apparently healthy, can be systemically infected with
Fusarium spp. Similarly, Mondani, et al. [5,30] noted that apparently healthy cloves could
develop symptoms during the early stages of garlic growth. Thus, with this evidence that
garlic dry rot is seed-transmitted, sowing healthy cloves is of critical importance. In the
past, seed treatments were carried out mainly by applying fungicides. Today, alternative
non-chemical methods are more commonly applied to minimize environmental impacts
and the development of pathogen resistance. These include physical techniques such
as thermotherapy and ozone (O3) application, and seed coating using biocontrol agents
(BCAs) or plant extracts that contain natural antimicrobial compounds [31].

Temperature is a crucial factor that can influence pathogen occurrence, including
Fusarium spp., as revealed by studies conducted on chickpeas, oat and corn [32-34]. Nev-
ertheless, heat stress can affect seed germination, as shown for Arabidopsis, wheat and
rice [35-37]. Therefore, it is necessary to find the right combination of temperature and
exposure time to reduce fungal growth without damaging seed germination. Gaseous O3
application leaves no harmful residue because of its rapid conversion into oxygen (Oy);
its efficacy against fungi has already been demonstrated in wheat, barley, maize and pea
seeds [38,39].

Thus, the objective of this work was to examine different physical approaches, includ-
ing (a) gaseous O3, (b) heat treatment and (c) chemical disinfectants, to reduce F. proliferatum
incidence in garlic cloves while conserving high seed germinability. Furthermore, mi-
croscopy techniques were used to identify the location of the fungal mycelium inside
garlic cloves.

2. Materials and Methods
2.1. Garlic Samples

Garlic cloves from commercial bulbs of the Ottolini variety (local variety of white
garlic grown in Piacenza, north Italy) harvested in the province of Piacenza (Northern Italy)
in 2021 and stored at —2 °C were used for all of the in vivo trials. All cloves were symp-
tomless, selected for use as seeds for the following growing season. Cloves were classified
into two quality categories according to their size: first category, clove length > 15 mm;
second category, clove length 10-15 mm (Figure 1a).
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Figure 1. (A) Clove quality categories: first category cloves length >15 mm; second category clove
lenght 10-15 mm; (B) garlic cloves sections considered in the different in vitro trials: A, base; B, central
portion; C, upper portion; D, germ; E, outer tunics.

2.2. Treatments
2.2.1. Gaseous Ozone

(a) Invitro trial

O3 was generated in the laboratory using a C-Lasky series O3 generator purchased
from AirTree Ozone Technology Co. (model CL010DS, Sijhih, Taiwan; Figure 2). This
equipment generates O3 by corona discharge between two tubs, with no metals involved
for efficiency improvement, generation stability and lower energy consumption. The
generated O3 was directed into the exposure chamber using a Teflon tube, which was
properly connected to the generator. For safety reasons, the experiment was carried out
in a fume cupboard to prevent O3 from spreading into the laboratory atmosphere. The
O3 concentration was measured using an O3 analyzer (Model UV-100, Eco Sensor, Santa
Fe, NM, USA), which was connected to the chamber to measure the exit gas accurately. It
should be noted that 1 mg-kg~! of O3 generated is equivalent to 2.14 mg-L~! of O3 in the
air. This allows for comparison with some other studies.

The in vitro exposure system of O3 for germination and mycelial growth assays was
a 5-L airtight glass jar. The O3 inlet of the system was connected from the generator to the
lid of the jar using a Teflon tube, which was inserted into the bottom of the jar. The outlet
of the system was also located in the lid of the jar and connected to the O3 analyzer using
another Teflon tube. This ensured accurate measurement of the O3 concentrations in the
glass container. The flow rate of the generated gaseous O3 used was 6 L-min~! and the
treatments used were 0, 50, 100 and 200 mg-kg_1 for 15, 30 and 60 min [40].

Garlic Medium (GM; 15 g agar (2%; Oxoid®), 2% of garlic powder, 92 mL of glyc-
erol, 1L of bi-distilled water) in 9 cm Petri plates was prepared for both spore ger-
mination and mycelial growth assays. For spore germination assays, the GM media
were inoculated with 0.1 mL of conidial suspensions of either F. proliferatum MPVPG29
(FP; ITEM18687) (8.59 x 10° conidia-mL~!) or F. oxysporum MPVPG152 (FO; ITEM 18686)
(7.08 x 10° conidia-mL~'). These two fungal strains were isolated by garlic cloves;
their identification was confirmed by molecular identification [5]. They are stored in
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the fungal collection of DIPROVES (Department of Sustainable Crop Production, Uni-
versita Cattolica del Sacro Cuore, code MPVP) and in the fungal collection of ISPA-
CNR (Institute of Science of Food Production, National Research Centre, code ITEM;
http:/ /server.ispa.cnr.it/ITEM/Collection/ accessed on 28 October 2022).

Figure 2. Ozone meter and a hermetic pot in which Petri dishes were put during ozone treatments in
in vitro trials.

The conidia were spread-plated over the surface with a surface-sterilized glass spreader.
These were inserted and stacked into the glass chamber without lids and exposed to the
gaseous O3 treatments at the concentrations and for the time periods detailed; the trial was
managed in triplicate.

The Petri plates were incubated at 25 °C, and after 24 h and 48 h incubation, two 1 cm
diameter discs from each plate were transferred with a surface-sterilized cork borer to
a microscope slide, then stained with a drop of lactophenol/cotton blue. A coverslip was
placed over the agar disc and 25 spores were randomly counted from each disc and replicate.
The percentage of spore germination was computed according to the following formula:

Spore germination (%) = n. germinated spores/25 x 100

For mycelial growth, the GM media were centrally inoculated with a 5 mm mycelial
disc from the margin of a colony of either F. proliferatum MPVPG29 (FP) or F. oxysporum
MPVPG152 (FO). The fungal species were exposed to different treatments and the radial
growth of the pathogen was measured after incubation at 25 °C for 24 and 48 h. In all cases,
comparisons were made with untreated controls.

(b) In vivo trial

The system consisted of a prototype O3 generation machine that delivered different
concentrations of the gas in a cylinder in which the garlic bulbs were placed (Figure 3).
The cylinder rotated slowly to ensure a uniform exposure of the product to Oz. The gas
concentration used in the cylinder was 500 mg-kg ™!, which stayed constant while the O3
generator was active. This decreased rapidly when switched off.

Garlic cloves of both defined categories (first and second) were placed in the rotary
cylindrical chamber of the machine, subjected to the O3 exposure treatment and left in
the machine for different time periods up to 60 min. Untreated cloves were used as the
control. Trials were carried out with three replicates per treatment. Trials were done on
two different dates; thus, two untreated control cloves were included.

Fungal Populations of The Garlic Cloves Treated with Gaseous O3

A total of 10 cloves per treatment were used for evaluating the effect of the gaseous
O; treatments on the fungal populations (CFUs-g~!) in garlic bulbs. The garlic bulbs
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were weighed and cut into small pieces with a surface-sterilized knife. Serial dilutions
(1072710~°) were made using the spread plate method with 0.1 mL of the diluent onto
Modified Nash and Snyder’s Medium (MNSM; 20 g of agar (2%; Ox0id®), 1 g of KH,PO,,
0.5 g-L 7! of MgSO4 x 7 H,0, 15 g of peptone, 1 g of pentachloronitrobenzene (PCNB),
0.3 g of streptomycin sulfate, 0.12 g of neomycin sulfate, 1 L of bi-distilled water [41]). The
Petri plates were incubated at 25 °C for 7 days with a 12 h photoperiod. At the end of
incubation, colonies were counted with a colony counter (Sibata, CL-570, Saitama, Japan).
Both the total fungal CFUs-g !, and the Fusarium spp. CFUs-g~! were quantified.

Figure 3. Prototype machine used in in vivo trials with ozone. (A) Ozone generator; (B) Treatment
chamber, a cylinder where the ozone is delivered.

Garlic Clove Germinative Capacity

Seed germination tests were done in germination chambers consisting of an aluminum
tray with a sterile paper layer on the bottom to which 30 mL of bi-distilled water was
added. 10 treated cloves were included in each replicate. These were incubated at 15 °C for
20 days in the dark before counting the number of germinated cloves.

2.2.2. Heat Treatment

The use of dry heat in an oven (Flli Galli, F-CELL 035, Fizzonasco, Italy) or steam
were tested on the 2 categories of garlic cloves. The samples were exposed to temperatures
ranging from 43 to 70 °C for different time periods of 10 to 180 min; untreated cloves were
used as the controls. Two experiments were carried out; in the first one, both steam and
dry heat were tested on garlic seeds, whereas in the second experiment, only dry heat was
used. The total number of fungal populations remaining after treatment (CFUs-g~!) and
the effect on seed germination were quantified as described previously.

2.2.3. Chemical Disinfectants

Three chemical disinfectants were examined: (a) hydrogen peroxide (H,O,), (b) per-
acetic acid (CoH4O3) and (c) D50 (a mixture of CoH403 5% and HyO; 20%). They were
tested in vitro at three different concentrations of 0.1%, 0.3% and 0.5%. The experiments
were carried out with 4 replicates per treatment.

Based on in vitro results, 0.3% of HyO, and C;H4O3 were subsequently tested in
in vivo trials. Two different application systems were used. These were either a spray
treatment or direct immersion of the cloves for different time periods (0, 5, 10 min) in the
chemical disinfectants. Untreated controls were included in the study; water was applied
in the same proportion as for disinfectants.

In the in vivo trials, the fungal populations (CFUs-g~!) with dilutions from 10! to
1074, and the germination tests were conducted as described previously.
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2.3. Fusarium Occurrence and Location in Garlic Cloves

10 pieces of the outer tunics and 10 cloves were randomly sampled from 4 garlic
bulbs. The cloves, washed for 15 min in running tap water, were surface disinfected for
one minute in 1% NaOCl solution, rinsed three times in sterile distilled water, and dried in
sterile conditions. Each clove was cut into 4 pieces (base, germ, upper and central portion)
with a surface-sterilized scalpel (Figure 1b). Clove pieces and tunics were plated on Petri
dishes filled with Water Agar (WA; 20 g of agar (2%; Oxo0id®, Basingstoke, UK), 1 L of
bi-distilled water) and incubated at 25 °C for 7 days with a 12 h photoperiod. At the end
of incubation, growing colonies were transferred to dishes filled with Potato Dextrose
Agar (PDA; 15 g of agar (2%; Oxo0id®), 10 g of dextrose, 1 L of potato broth (200 g of
potato-L~! of water) to obtain pure cultures and observed, with the support of a light
microscope (Nikon, Eclipse 50, Tokyo, Japan; magnification 500 ) for their identification at
the genus level, or at species level for Fusarium spp. [42]. Some isolates morphologically
identified as F. proliferatum and F. oxysporum were confirmed by molecular analysis [5].
Fungal incidence (%), was assessed as the number of infected pieces of the total number of
those plated, both as total fungi and Fusarium spp.

In a second study, 4 cloves were randomly sampled from 3 garlic bulbs (12 cloves in
total). The cloves were sterilized, as previously described, and cut in half with a surface-
sterilized scalpel. One half was observed through the stereo microscope (Leica Biosystems,
Wild M10, Germany; magnification 80x), focusing on the germ. The other half was
cut into 3 pieces (base, germ, and the remaining part of the clove) and examined as
previously described.

2.4. Statistical Analysis

Spore germination (%), seed germination (%), PGI (%), fungi and Fusarium ssp. in-
cidence (%) were arcsen transformed to homogenize means [43]. The analysis of vari-
ance (ANOVA) was applied to all data collected and Tukey’s test was used to compare
means. The statistical package SPSS statistics was used for data analysis (ver. 27, SPSS Inc.,
Chicago, IL, USA, 2021).

3. Results
3.1. Gaseous Ozone

(a) Invitro studies

O3 concentration, exposure and incubation time significantly affected spore germina-
tion (p < 0.01), whereas no statistical differences were detected between the fungal species
(Table 1).

A significant decrease of spore germination was observed, from 97.0% to 32.3%, when
comparing the untreated samples with the highest gas concentration (200 mg-kg~!). The
30- and 60-min exposure periods had a greater effect on spore germination than shorter
(15 min) exposure where a decrease of only 26% was observed. There was an increase of
the germination observed after 48 h incubation suggesting that the spores had recovered
some germinative capacity between 24 and 48 h.

Regarding fungal growth, F. proliferatum reached a significantly larger diameter com-
pared to F. oxysporum (3.4 cm vs. 3.1 cm; p < 0.01) (Table 1). This was probably related to
a better adaptability to the GM medium. However, both 100 and 200 mg-kg~! Oj3 signifi-
cantly reduced the mycelial growth of the two species when compared to 0 and 50 mg-kg !
(p < 0.01).

(b) Invivo studies

Gaseous Oj treatment of garlic cloves did not significantly affect the CFUs-g~! de-
pending on clove categories. However, there were differences amongst the O3 treatments
(p <0.01; Table 2).
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Table 1. Analysis of variance of spore germination (%) and radial growth for the two Fusarium species
tested on GM plates at the end of the in vitro trial with ozone. Plates were exposed to different ozone
concentrations (0, 50, 100 and 200 mg-kgfl) for 15, 30 or 60 min and then incubated for 0, 24 or 48 h.
Different letters indicate significant differences according to Tukey’s test (p < 0.01).

Factors Spore Germination (%) Radial Growth (cm)

1. Fungal species n.s. w
F. oxysporum MPVPG152 (FO) 56.5 31a
F. proliferatum MPVPG29 (FP) 51.7 34Db
2. Ozone concentration (mg-kg~1) 4 %
0 97.0 ¢ 33b
50 46.1b 33b
100 409b 32a
200 32.3a 32a
3. Exposure time (min) *% ®
15 65.6 b 33c¢c
30 51.7 a 32b
60 45.0a 3.1a
4.  Incubation time (h) ®k *%
0 24a
24 33.8a 33b
48 744b 41c¢
Interaction

A xB * *
A xC n.s. *
AxD n.s. n.s.
BxC ** n.s.
B X D ** *F
CxD n.s. x
AxBxC n.s. o
AXBxD n.s. o
AxCxD n.s. n.s.
BxCxD n.s. *
AXxBxCxD n.s. n.s.

**p <0.01, *p <0.05, n.s. = not significant.

Treatments in which the garlic cloves were exposed to the maximum gas concentration
for a longer period were more effective. In particular, the samples exposed for 20 min or
those with 30/40 min exposure showed reductions of 91.9%, 92.6% and 96.1%, respectively.
The interaction between treatments and clove quality categories were also significant
(p <0.05).

However, there was little effect on seed germination. Indeed, no statistical differences
were detected between treatments and their untreated controls. Furthermore, more of the
first-category seeds germinated than did second-category seeds (85.9% vs. 73.1%) (p < 0.05).

3.2. High Temperatures

In the first experiment, steam was found to be more effective than dry heat in reducing
the fungal CFUs-g~! (mean reduction of 77.2% vs. 65.8%, compared to the untreated
control) (Table 3). The most effective treatments were those with steam at 49 °C for 30 min,
49 °C for 20 min and 46 °C for 60 min. They caused reductions of 92.0%, 86.5% and 76.7%,
in CFUs-g ™!, respectively. However, steam also significantly reduced seed germination
(average reduction of 36.9%; p < 0.01).
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Table 2. Analysis of variance of CFU-g~! and seed germination (%) at the end of the in vivo trial
with ozone. Ozone treatments were applied to garlic cloves divided in the two quality categories
(first category cloves length > 15 mm, second category 10-15 mm clove length). Different letters
indicate significant differences according to Tukey’s test (p < 0.01).

Factors

Ozone Production E)fposure Time 1 Seed Germination Seed Germination
without Ozone CFU-g

. . o . . o
Time (min) Production (min) (%) Variation (%)

A. Treatment ** *
1 (Control 1) 1.8 x 10% ab 88.3 ab
2 2.5 10 5.5 x 10% abc 88.3 ab 0.0
3 25 30 1.4 x 10? be 90.0 ab +1.9
4 2.5 60 6.9 x 10? abc 90.0 ab +1.9
5 5 10 2.7 x 10% abc 93.3a +5.7
6 5 30 2.0 x 10? cd 93.3a +5.7
7 10 5 7.9 x 10? be 96.7 a +9.4
8 10 10 2.3 x 10% cd 88.3 ab 0.0
9 10 30 14 x 100 e 73.3 abc -17.0
10 10 40 3.2 x 10! de 76.7 abe -13.2
11 20 0 2.3 x 10! de 80.0 abc —9.4
12 (Control 2) 7.5 x 10% a 58.3 bc
13 30 0 13x 100 50.0 ¢ -143
14 40 0 51x1071e 46.7 ¢ —20.0
B.  Seed category n.s. *
First 4.0 x 10? 85.9a
Second 1.3 x 103 73.1b
Interaction
AXxB * n.s.
**p <0.01,* p <0.05, n.s. = not significant.
Table 3. Analysis of variance of CFU-g~! and seed germination (%) at the end of the first experiment
with high temperatures. Dry heat and steam were applied to garlic cloves divided in the two quality
categories (first category cloves length > 15 mm, second category 10-15 mm clove length). Different
letters indicate significant differences according to Tukey’s test (p < 0.01).
Factors Temperature (°C) Time (min) CFU.g-1 Seed Ge(a;(l)m;matlon 5 ei;:urci;aili‘g;ﬁf/:;on
A. Treatment ** **
Control 25 0 42 x10%c 95.0a
Dry heat 49 20 1.4 x 10® be 81.7 ab —14.0
Dry heat 49 30 1.5 x 103 be 65.0 b -316
Dry heat 60 15 1.4 x 10® be 70.0b —26.3
Dry heat 70 10 1.4 x 10® be 78.3 ab -17.5
Steam 43 90 1.9 x 103 be 60.0b —36.8
Steam 46 60 9.8 x 10% ab 60.0b —36.8
Steam 49 20 5.7 x 10% ab 58.3b —38.6
Steam 49 30 34 x10%a 65.0 b 316
B.  Seed category n.s. x*
First 12 x 103 75.6 a
Second 1.8 x 103 65.2b
Interaction
A xB n.s. n.s.

** p <0.01, n.s. = not significant.

In the second experiment done with dry heat, the fungal CFUs-g~! were not reduced
compared to the untreated control. Again, treatments significantly affected seed germina-
tion (average reduction of 11.6%; p < 0.05) (Table 4). Regarding the two qualities of garlic
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cloves used, the first category germinated better than the second one (75.6% vs. 65.2%,
respectively) (p < 0.01) (Table 4), whereas in the second experiment, the second category
of garlic cloves germinated better than the first category (95.3% vs. 80.0%, respectively;

p < 0.01) (Table 4).

Table 4. Analysis of variance of CFU-g~! and seed germination (%) at the end of the second
experiment with high temperatures. Dry heat was applied to garlic cloves divided in the two quality
categories (first category cloves length > 15 mm, second category 10-15 mm clove length). Different
letters indicate significant differences according to Tukey’s test (p < 0.01).

Seed Germination

Seed Germination

Factors Temperature (°C) Time (min) CFU-.g1 (%) Variation (%)
A. Treatment n.s. *
Control 25 0 1.2 x 10* 96.7 a
Dry heat 49 20 6.7 x 10* 85.0b —12.1
Dry heat 40 60 4.7 x 10 90.0 ab —6.9
Dry heat 40 120 8.2 x 103 83.3b —-13.8
Dry heat 40 180 6.3 x 10* 833b -1338
B.  Seed category n.s. **
First 5.3 x 10* 80.0b
Second 9.4 x 103 95.3a
Interaction
A xB n.s *

**p <0.01, *p <0.05, n.s. = not significant.

In the second experiment, the interaction between treatments and clove quality categories
was significant (p < 0.01), confirming that, in almost all the treatments, second-category cloves

germinated better than first-category ones (Figure 4).

100 -+

80 A

60 -

40 -

Germination (%)

20 ~

Control

60 min
40 °C
Treatment

120 min

40 °C

M First category [ Second category

180 min

40 °C

Figure 4. Seed Germination (%) of first or second clove category (first category cloves length >15 mm;
second category 10-15 mm clove length), tested in response to dry heat, during the second experiment
with high temperatures.

3.3. Chemical Disinfectants

(a) Invitro trial

In this study, C;H403 and H,O, were the most effective compounds in reducing
pathogen growth (PGI = 70.4, 73.8%, respectively; Table 5).
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Table 5. Analysis of variance of PGI (%) at the end of the in vitro trial with chemical disinfectants.
Three products (D50, peracetic acid and hydrogen peroxide) at three different concentrations (0.1%,
0.3% and 0.5%) were tested on inoculated PDA plates. Different letters indicate significant differences
according to Tukey’s test (p < 0.01).

Factors PGI (%)

A. Treatment **
D50 20.6b
Peracetic acid 704 a
Hydrogen peroxide 738a
B. Concentration (%) **
0.1 14.2b
0.3 734 a
0.5 772 a
Interaction

AXxXB *%

Hp <001

Regarding concentrations, a significant increase of reducing pathogen development
was observed ranging from 0.1% (PGI = 14.2%) to 0.3% (PGI = 73.4%) and 0.5% (PGI = 77.2%;
p <0.01).

Figure 5 shows the interaction between treatments and concentrations. 0.3% of C;H4O3
and 0.3% of HyO, completely inhibited the pathogen growth.

100 - T 1

80 -
g 60 -
& 40 -

20 ~ .

o | ” \ . , ,
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Figure 5. PGI (%) of F. proliferatum in PDA plates with three chemical disinfectants (D50, peracetic
acid and hydrogen peroxide) at three concentrations (0.10%, 0.30% and 0.50%).

(b) Invivo trial

A statistical difference was detected among treatments in terms of fungal CFUs-g ™!
(p <0.01) (Table 6). Immersion in 0.3% of C,H4O3 for 10 min resulted in the best perfor-
mance with a decrease of 83.3% of fungal CFUs-g~!, when compared to the untreated
control. However, it significantly affected seed germination (reduction of approx. 70%).
Generally, all the treatments reduced seed germination compared to the untreated control;
the average germination reduction caused by H,O, was 34.0%, whereas that caused by
Cy,H4O3 was 46.3% (p < 0.01).
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Table 6. Analysis of variance of CFU-g~! and seed germination (%) at the end of the in vivo trial with
chemical disinfectants. 0.3% of hydrogen peroxide or 0.3% of peracetic acid were applied to garlic
cloves divided in the two quality categories (first category cloves length > 15 mm, second category
10-15 mm clove length). Two different application systems were tested (spray and immersion).

Different letters indicate significant differences according to Tukey’s test (p < 0.01).

Application

Seed Germination

Seed Germination

Factors System Time (min) CFU-g™ (%) Variation (%)
A. Treatment x **
Control 1.2 x 10% ¢ 90.0 a
Hydrogen peroxide Spray 0 6.8 x 10% be 60.0b —33.3
Hydrogen peroxide Immersion 5 2.1 x 10% ab 70.0b —222
Hydrogen peroxide Immersion 10 4.6 x 10% abc 48.3 bc —46.3
Peracetic acid Spray 0 5.0 x 10% abc 70.0b =222
Peracetic acid Immersion 5 2.6 x 10% ab 48.3 bc —46.3
Peracetic acid Immersion 10 20x10%a 26.7 ¢ —70.4
B.  Seed category n.s. ns.
First 4.8 x 10 56.7
Second 5.1 x 103 61.4
Interaction
A X B n.s. n.s

**p <0.01, n.s. = not significant.

3.4. Fusarium Occurrence in Garlic Cloves

The study aimed to identify the areas where fungi were present in the cloves. This
showed that the outer tunics were always infected (100% incidence), and other inner parts
of the cloves were also colonized, although with a minor incidence (Table 7). Sometimes,
fungal mycelium was found in the inner germ (incidence 30%). F. proliferatum was the
main detected species; however, F. oxysporum, Penicillium spp. and Alternaria spp. were
also detected.

Table 7. Analysis of variance of total fungal incidence (%) and Fusarium spp. incidence (%) in the
5 portions of the clove analyzed (outer tunics, base, germ, upper and central portion of the clove) at
the end of the first trial with microscopy techniques. Different letters indicate significant differences
according to Tukey’s test (p < 0.01).

Factors Total Fungi Incidence (%) Fusarium spp. Incidence (%)

Clove portion ** *

Outer tunics 100.0 a 85.0a
Upper portion 40.0 be 375b
Central portion 40.0 bc 40.0b
Base 75.0 ab 65.0 ab
Germ 30.0c 25.0b

% <001, * p < 0.05.

In the second trial, observation through the stereo microscope did not show traces
of fungal contamination in the inner portion of the cloves. Nevertheless, the analysis
carried out with the other half of the cloves showed that the germ was also infected,
although with a lower incidence compared to the base and the remaining part of the
cloves (17% vs. 67% and 83%, respectively), thus confirming the results obtained from the
first trial. Additionally in this trial, F. proliferatum was the main detected species.

4. Discussion

Garlic dry rot is an emerging disease particularly noticeable during the post-harvest
phase in garlic cloves, mainly attributed to F. proliferatum, which has caused significant
economic losses. The role of garlic seeds as a source of inoculum was confirmed and
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sowing healthy seeds is considered fundamental in ensuring that the product has both
a high yield and quality as well as good preservability [44]. Few fungicides are allowed
for garlic seed treatments, but they are not very effective. It was recently confirmed
the poor efficacy of chemical and biological fungicides applied at sowing as spray seed
treatments [45]. Therefore, this study was carried out to reduce F. proliferatum incidence
in garlic cloves with low impact interventions, while facilitating the maintenance of high
levels of seed germination. To achieve this goal, three strategies were tested: heat, O3 and
chemical disinfectants.

The growth and multiplication rate of Fusarium spp., as well as the development of dis-
eases, are affected by temperature. Several studies have shown that 25 °C is a suitable tem-
perature for Fusarium mycelial growth [46], while exposure to both low (15-20 °C) and high
(30-35 °C) temperature ranges were found to inhibit mycelial development [47]. Mogensen,
et al. [48] reported that no mycelial growth was observable at temperatures >40 °C for
five strains of Fusarium species, including F. proliferatum, F. verticillioides and F. oxysporum.
Thus, heat, applied mainly via water, air or vapor, can be an interesting zero-impact
technique to control fungal diseases of garlic cloves [32,49,50]. However, temperature
might influence the percentage and rate of seed germination. Seed germination is, in
fact, a complex process involving many individual reactions and phases, each of which
is affected by this parameter. Once seeds start to germinate, high temperatures stimulate
faster germination up to an optimal point, after which, the speed of germination declines
rapidly [51]. Indeed, in oilseed rape, Arabidopsis, wheat and rice, heat stress was found
to affect seed performance, dormancy and seedling growth [35-37,52]. Similar results
were also obtained by studies conducted on Lolium rigidum and sunflower seeds [53,54].
Therefore, for successful application of heat treatments, pre-tests using germination assays
are needed to determine the optimal temperature-time combination for a given batch of
seeds that does not affect its germination. The present study has thus investigated both
steam and dry heat on garlic Fusarium strains and on seed germination. Steam provided
the best control of the pathogen, but it also affected seed germination. In contrast, dry heat
did not impact negatively on germination, but it had no significant effect on the reduction
of Fusarium incidence. Thus, none of the treatments tested fully achieved the goal of the
study. Nevertheless, to have a more complete overview of the effect of high temperatures
on garlic seeds, further combinations of temperature and time should be considered.

Similar results were obtained with H,O, and C,H403. H,O, produces free radicals,
which cause oxidative damage to proteins and membrane lipids of pathogens. Similarly,
C,H4O3 also denatures proteins and disrupt cell wall permeability. Thus, these two chemical
disinfectants may be effective against a wide range of microorganisms [55-58]. In the
present study, both H;O, and C;H4O3 were applied to Fusarium-infected garlic seeds at
a concentration of 0.3% by two different application systems, spraying and immersion.
This choice was based on the results of preliminary in vitro assays. Some treatments were
successful in reducing Fusarium growth immersion in C;H4O3 for 10 min. On the other
hand, they strongly affected seed germination. Therefore, these products are not fully
suitable for garlic seed treatments.

Amongst all the physical treatments examined, the most promising approach was
found to be the use of gaseous O3, a powerful antimicrobial agent, which is currently used
as a disinfectant for microorganisms. Its antimicrobial activity is based on its oxidizing
effect, which causes damage to the fatty acids in the cell membrane and to proteins and
DNA [59]. The application of gaseous O3 to Fusarium-infected garlic cloves in the present
study reduced the pathogen growth and conserved high levels of seed germination, similar
to the untreated samples. Treatments in which cloves were exposed to the maximum gas
concentration for a longer period performed the best. Therefore, gaseous O3 is a promising
approach for the disinfection of garlic seeds, which can be used as a safe and green
technology for the control of the disease. O3 was previously effectively used to control
Fusarium infections in germinated barley and whole wheat grains [60-62]. Furthermore, it
reduced the growth of many other fungal species in wheat, barley and pea seeds [38], and
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mycotoxin contamination in different crops, such as peanuts, figs and Brazil nuts [63-68].
One previous study on the efficacy of O3 on garlic post-harvest found a notable reduction
of garlic decay caused by F. proliferatum, while at the same time, conserving the sensory
profile [69]. Its potential and the possible combination with other actions should be explored
in more depth.

5. Conclusions

In this study, several methods to reduce F. proliferatum incidence in garlic cloves as
preventive action for preserving garlic from dry rot were tested, favoring low-impact
strategies. HyO, and C,H4O3 showed a marginal effect in garlic dry rot resolution, whereas
other disinfection actions, particularly the use of gaseous O3, gave encouraging results for
the control of Fusarium infection and germinative capacity. This represents a good strategy
for garlic protection from seed-borne pathogens, which can improve both stand quality
and yields. However, the treatments used were not able to eradicate the fungus completely,
probably because of the internal location, which made it more difficult for treatments to be
effective. Further studies should be conducted to refine these techniques and to establish
their practicality at the industrial level. The approaches suggested could also be useful for
garlic destined for consumption, where the effects on seed germination are less important.
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