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Abstract

Fruitlet Core Rot (FCR) is one of the major postharvest diseases of pineapple
(Ananas comosus var. comosus), especially on the prone variety Queen Vic-
toria cultivated in Reunion Island. This aggressive disease is generally due to
two pathogens: Fusarium ananatum and Thalaromyces stolii, and needs to be
controlled during postharvest. In Reunion Island, F. ananatum is the princip-
al causal agent impacting fruit exportation. Fruit produced for the export
market is generally treated with chemicals. This type of postharvest treatment
is not in line with consumer expectations, as consumers prefer fruits treated
with nonharmful and natural products. The objective of this work was to
study alternative postharvest treatments using the fungitoxic properties of
essential oils and their ability to elicit the resistance mechanisms of the fruit.
Six EAs were tested in vitro on mycelial growth of F. ananatum. Whether by
volatilization or included in the culture medium, some essential oils such as
thymol, eugenol, geraniol and the carvone/menthol mixture have a strong
fungistatic effect. But only thymol has a fungitoxic effect. The thymol, a nat-
ural molecule synthesized by thyme ( Thymus vulgaris L. thymoliferum) is the
more effective in vitro and is the strongest potential to be used in postharvest
treatment. Thymol, prepared at 0.025% in a terpene solvent that acts as a pe-
netrating agent, was tested in vivo with inoculated fruits. The treatment was
effective only on necrosis development from the upper part of the fruits. Pi-
neapple polyphenol biosynthesis appears to have been suppressed by thymol
treatment. Results and opportunities for this treatment are discussed. Addi-
tional experiments must be carried out in order to decide on the advisability
of this type of treatment.
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1. Introduction

Pineapple (Ananas comosus L.) is one of the ten most cultivated fruits in the
world. It is also grown in French outermost regions, especially on the Carib isl-
ands (Guadeloupe and Martinique) and particularly in the Indian Ocean, on
Reunion Island, where it is the most important fruit crop. Pineapple (Ananas
comosus L.) is a tropical and subtropical non-climacteric fruit that is well known
for its high nutritional value [1].

Moreover, this fruit is susceptible to a number of fungal diseases, of which
FCR caused by F. ananatum is the most severe [2]. The pathogen penetrates the
plant during the flowering stage through stylar canals and nectary ducts [3].
Once the fungus reaches the floral cavity, it remains latent during fruit growth
[4]. There are physiological changes following the pathogen attack, and the
phenylpropanoid pathway is solicited on pineapple [5] [6]. This author showed
an accumulation of free coumaroylisocitrate and caffeoylisocitrate in pineapple
fruitlets following infection with F ananatum. These hydroxycinnamic acids
(HCA) play an important role in plant-pathogen interactions with their anti-
fungal properties and have an implication in lignin biosynthesis.

To limit disease development during storage, pineapple is usually treated with
a chemical fungicide like prochloraz [7]. However, the application of synthetic
fungicides to control postharvest diseases is regulated in several countries, due to
their effects on environmental pollution and possible effects on human being’s
health [8]. The increasing emergence of fungicide-resistant isolates of pathogens
and problems related to fungicide toxicity, new alternatives methods for control-
ling this type of disease have been proposed, including the use of vegetal extracts
properties [9].

Natural antifungal compounds such as essential oils have properties to be an
alternative solution for the control of postharvest diseases [9] [10] [11]. Essential
oils can have antimicrobials properties and can stimulate the physiological me-
chanism of resistance of the fruits [12] [13] [14] [15].

The main objective of our study was to test alternative postharvest treatment
methods against FCR. In this study, we tested the fungitoxic effect of several es-
sential oils against F. ananatum in vitro and in vivo, and the effect of these
treatments on fruit physiology and quality.

2. Materials and Methods

2.1. Plant Material

The FCR-prone pineapple (Ananas comosus) var. Queen Victoria was cultivated
at the experimental station of CIRAD, in Saint Pierre, Reunion Island (21°6'S
55°32'E, tropical climate, average annual temperature = 25°C, rainfall = 1000
mm/year, ferrallitic soils). Fruits were harvested at a commercial maturity stage

for exportation.

2.2. Pathogen

The Clp001 Fusarium ananatum strain used for the inoculations was taken from
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the CIRAD collection of fungal pathogens. The fungus was isolated from natu-
rally infected “Queen” pineapple on Réunion Island and purified in selective
media. The Fusarium-specific primer elongation factor tef-1a and tef-2a made it

possible to identify Clp001 as a Fusarium ananatum [6].

2.3.In Vitro Test

Six essentials oils were tested on mycelium growth (Carvone/Menthol from
Mentha canadensis; Eugenol from Syzygium aromaticun; Geraniol from Gera-
nium sp.; Lavandula angustifolial Eucalyptus globulus, Thymol from Thymus
vulgaris). We tested the effect of the oils by volatilization and by contact (oil in-
cluded in the culture media). These EOs have already been tested on other fruit
pathologies and present real potential in post-harvest treatment (cost and effi-
cacy).

To test the effect of each essential oil on C. gloeosporioides in vitro, 1, 2, 5 and
10 pL of each oil were deposited on the lid of a Petri dish (oil volatilization), and
(0.15%, 0.10%, 0.05%, 0.025%, 0.01%) included in the PDA (oil contact). For
each experiment, ten Petri dishes were treated and ten were used as controls.
After one week of incubation at 25°C (fungistatic activity), the inoculum was
placed in another Petri dish without essential oil to test the fungitoxic effect (7
days). The mycelial growth inhibition (MGI) represents the percentage of in-
hibitory effect of the treatment. It is calculated by the formula:

Diameter treated j

MGI =100 —( .
Diameter control

The experiment was repeated three times. To search for the MIC, we repeated

this experiment with 2 and 1 puL of Thymol oil.

2.4. In Vivo Tests—Fruit Inoculation

Treatment solutions were prepared with crystals of pure thymol (number CAS
89-83-8) from Xeda International SA (Saint Andiol, France) diluted in terpene
preparations made with the commercial product Heliosol® (665 g/L terpenic al-
cohol) prepared at 2 mL/L, referred to as CS in this paper for the in vivo tests.
The Clp001 Fusarium ananatum strain was cultivated in Petri dishes for 15
days on PDA solid medium at 27.5°C in the dark. A fungal suspension was made
in sterile water and adjusted to 10’ conidia mL™". Fruits were immediately in-
oculated after this step. Twenty-five microliters of the conidial suspension were
injected into the parenchyma adjacent to the remnant floral cavity. Four fruitlets
were inoculated per fruit. Two inoculation points are located on the upper part
of the fruit, and two points are located on the lower part. To ensure that the FCR
was due to CLP001, the pulps from non-inoculated and inoculated fruits were
placed on PDA amended with chloramphenicol and left for 8 d at 25°C. The
identification of the re-isolated fungi was based on morphological criteria. After
inoculation, fruits were maintained at room temperature for 24 h (21°C, 85%

relative humidity).
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Inoculated fruits were then dipped in 1) water as a control, 2) the terpene sol-
vent (HE) as a second control, and 3) thymol/terpene solvent and allowed to air
dry at room temperature. The soaking time was 2 minutes.

In this experiment, we compared the effect of two different concentrations of
thymol in the solvent (Heliosol) (0.025% of thymol: T0.025; 0.01% of thymol:
T0.01) with two control (TO0: water, HE: Heliosol). The experiment was repeated
two times (48 fruits for each replicate of the experiment—12 fruits per modality
(T0.025, T0.01, HE, T0)). The objective was to determine the most effective
concentration on disease development that did not affect fruit quality.

Inoculated and treated fruits were packed in sealed plastic boxes (30 L) and
maintained at 20°C for 7 days. Observations of FCR (lesion surface in mm?)
were recorded at the end of the storage time (7 days). For FCR, we measured the
length (L) and width (w) of the developed necrosis of the inoculation area of
each fruit and calculated the surface of each necrosis by the formula of the area

of an ellipse: L x w x m/4.

2.5. Biochemical Analyses

After 7 days of storage at 20°C, the fruits (from TO and T0.025/necrotic zone
and healthy zone) were analysed. All fruits were weighed before and after
storage to measure weight loss with a precision balance Sartorius CP3202S
(Sartorius Lab Instruments GmbH & Co. Goettingen, Germany. Peel and pulp
were separated and frozen at —80°C. Polyphenols compounds were analysed
using high-performance liquid chromatography (HPLC) on fruit peels. HPLC
analysis was performed using a Dionex Ultimate 300 apparatus (Dionex Co.,
Sunnyvale, CA, USA) equipped with a diode array detector. The column used
was a reverse-phase Waters Symmetry Shield C18, 250 x 4.6 mm, 5 pm.

2.6. Statistical Analysis

The methodology used to treat data was the randomized block design approach.
The experiments were repeated in triplicate, and the data were analysed with the
general linear model (GLM) procedure in the Excel Stat computer programme.
Mean values were separated by LSD values (5%) using the least significant dif-
ference (LSD) test and homogenous groups were determined using the New-

man-Keuls test.

3. Results

3.1. Effect of Essential Oils on F. ananatum in Vitro

- Essential oil by volatilization

The essential oil with the strongest inhibitory effect at the lowest concentra-
tions is Thymol (Figure 1). In amounts between 5 and 2 pL, it inhibits mycelial
growth 100%. In addition, this inhibitory effect remains very high after trans-
planting the mycelium onto a nutrient medium without essential oils, while the

other treatments did not have this second effect (Figure 2). This experience
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Figure 1. Percentage inhibition of mycelial growth in vitro after 8 days of treatment with
volatilization of essential oils.
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Figure 2. Percentage inhibition of mycelial growth when plots are deposited on PDA (af-
ter treatment by volatilisaztion).

therefore shows the fungistatic but also fungitoxic effect of Thymol.
- PDA media with incorporation of essential oil

Measuring the growth of mycelia on a medium supplemented with essential
oils shows that Thymol is 100% effective for all the concentrations tested (Figure
3). Likewise, it has a lasting inhibitory effect after transplanting, for concentra-
tions ranging from 0.15% to 0.05% (Figure 4).

The thymol-based treatment is the most effective of all the molecules tested,
whether by volatilization or included in the PDA culture medium. This is the

thymol treatment that will be used for in vivo experiments.

3.2. Effect of Essential Oil on Necrosis Development in Vivo

On the inoculations located on the upper part of the fruit, there is a very clear
significant effect of the Heliosol/Thymol treatment on the development of ne-
crosis. Treatments THO0.025 and T0.01 had smaller areas of necrosis than the two

controls (Figure 5).
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Figure 3. Percentage inhibition of mycelial growth on PDA with essentials oils.
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Figure 4. Percentage inhibition of mycelial growth when plots are deposited on PDA (af-
ter treatment by essential oil incorporated in the media culture).
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Figure 5. Surface of necrosis 7 days after inoculation by F. ananatum in the upper part of
the pineapple. Fruits were stored in climatic room at 20°C.
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However, the results are different for the lower part of the fruit; necrosis in
this area developed in the same way and treatment with Thymol had no effect
(Figure 6).

3.3. Polyphenol Content

The polyphenols were extracted from the fruit pulp and the contents were
measured by HPLC. They have been classified into two main categories of poly-
phenols, HBA and HCA. The HCAs are those which are directly involved in the
mechanisms of resistance of the fruit to FCR.

Figure 7 shows the HBA levels in the inoculated and uninoculated zones of

thymol-treated or untreated fruit. It is found that the thymol/Heliosol treatment

120
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T0.025 T0.01 CONTROL

Surface of necrosis (lower parte)

Figure 6. Surface of necrosis 7 days after inoculation by F. ananatum in the lower part of
pineapple. Fruits were stored in climatic room at 20°C.
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Figure 7. Hydroxybenzoic acids content in pineapples: TO = Control (healthy and ne-
crotic area) and treated with 0.025% Thymol/Heliosol (healthy and necrotic area).
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has an effect on the synthesis of HBAs. The contents in the healthy zones of the
treated fruits are lower and significantly different than in the control fruits. The
quantities are equivalent in the necrotic zones.

Figure 8 shows the HCA levels in the inoculated and uninoculated zones of
thymol-treated or untreated fruit. The effect of the treatment is very significant;

it leads to a decrease in HCA contents in necrotic areas as in healthy zones.

4. Discussion

Experiments carried out in vitro have shown that Eos had an inhibitory effect on
mycelial growth of £ ananatum. Eugenol and Thymol are the two molecules
most effective on fungus growth in vitro. In contrast, some Eos such as eucalyp-
tus has almost no effect on the fungus.

Thymol, incorporated into the culture medium or in volatilization, is the most
efficient molecule on F. ananatum growth. Thymol is not just fungistatic like
Geraniol and Eugenol, but it is also fungitoxic.

This result is entirely consistent with previous studies on pathogens from
mangoes [12], avocado [16], banana [17] and even pineapple with pathogen F.
verticilloides [11]; thymol is the most fungitoxic molecule in vitro for many fruit
pathogens.

The in vivo experiments gave somewhat more contrasting results. Thymol had
no effect on the lower part of fruits inoculated with . ananatum (necrosis de-
veloped in the same way regardless of the treatment), whereas the effect was sig-
nificant for the two treatments with different doses of thymol (0.01% and
0.025%) in the upper part. Fruit ripens from below [18]; the lower zone is,
therefore, more advanced in ripening (it is yellower and sweeter than the upper
part) at the time of inoculation. There is a biochemical gradient into the fruit

concerning several chemical parameters like total soluble solids (TSS), vitamin C

250

200 T

150

100

HCA content (eq galic acid)

b

0 7

T T T 1

TO TO necrosis THO.025 THO0.025 necrosis

Figure 8. Hydroxycinamic acids content in pineapples: TO = Control (healthy and ne-
crotic area) and treated with 0.025% Thymol/Heliosol (healthy and necrotic area).
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(ascorbic acid), titratable acidity (TA), and pulp pH [19] [20]. Pathogen’s spores
were therefore able to germinate rapidly during the latency period between in-
oculation and treatment (24 h). By the time of treatment, the mycelia of the
fungus had probably already penetrated the pineapple flesh and could no longer
be reached by the thymol treatment.

In the upper part of fruit, at inoculation time, the fruit is still green, acid and
not very sweet. The inoculated spores may not germinate immediately, as in the
lower part of the fruit. These are then more easily reached by thymol treatment.
This, therefore, causes smaller necrosis on the upper parts of fruits treated with
thymol.

From a biochemical point of view, our results concerning the contents of HBA
and HCA show that thymol treatments (0.01% and 0.025%) inhibited polyphe-
nols synthesis in healthy areas as in necrotic areas. This result is contrary to what
was obtained on mangoes [13] [14] and avocado [15] where the synthesis of po-
lyphenolic compounds involved in the resistance mechanisms of fruits was eli-
cited. The HBA contents generally remain stable or decrease lightly when necro-
sis develops, and the HCA contents increase strongly [6]. Thymol treatment
disrupted the polyphenol biosynthesis chain characterized by a drop in levels.

Additional experiments must be carried out in order to determine the interest
of this type of treatment on the FCR, and to measure the effects on the quality of
the fruits.

5. Conclusion

The essential oils tested are, apart from eucalyptus oil, very fungistatic, and even
fungitoxic for Eugenol and especially Thymol. This molecule is strongly active
against the growth of the pathogen Fusarium ananatum in vitro. However, the
treatment of fruits inoculated with a thymol/heliosol mixture is only effective on
necrosis development in the upper part of the fruit, an area still immature at the
inoculation time. Finally, thymol treatment does not seem to elicit the resistance

mechanisms of the fruit.
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