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Abstract: Despite the fact that brown rot is the most economically important disease in stone fruits,
the relationship between mechanical stress and infection has never been explored. Thus, to explore
this connection, we carried out four experiments linking nectarine wounding and M. laxa infection.
First, we evaluated a possible systemic reaction of the fruit to wounding that could impact the M.
laxa infection. Afterward, we study the impact of the fruit in the environment on M. laxa colonies
grown in vitro. Subsequently, we tested the disease susceptibility of fruits inoculated with M. laxa
placed in the same environment as wounded fruits. Finally, in the fourth experiment, the effect of
wounding on the subsequent fruit infections was evaluated at three fruit stages. As a result, we
observed that there was no evidence of a fruit systemic reaction to wounding and M. laxa infection. In
the study related to the impact of the fruit in the environment of M. laxa, the findings suggest that M.
laxa “perceived” the fruit’s presence, resulting in accelerated in vitro growth. Moreover, the presence
of wounded fruits in the box increased the susceptibility to brown rot. Inoculated fruits showed a
delayed and reduced infection 7 h after being wounded, during the second stage of fruit development
(15–19 weeks after full bloom). Moreover, a red reaction associated with inoculation was detected
immediately after the fruits were wounded. Nine phenolic compounds exclusively related to the
red areas were extracted, while six other compounds were present in higher proportions. These
compounds may be actively involved in plant–pathogen interactions and the activation of metabolic
pathways involved in nectarine susceptibility/resistance to M. laxa.

Keywords: Prunus persica var. nucipersica (L. ex Borkh.) C.K.Schneid; brown rot; host–pathogen
interaction; HPLC analysis; phenolic acids; flavonoids; terpenoids

1. Introduction

A variety of diseases attack stone fruits. Brown rot (BR), which is primarily caused by
three species of the genus Monilinia, is one of the most economically significant diseases
affecting these fruit trees. M. laxa (Aderh. and Ruhl.) Honey is still predominant in Europe,
China, South Africa, Chile, North America, and the Middle East. M. fructicola (Wint.)
Honey is important in South and North America and sometimes becomes important in
Europe and Asia, whereas M. fructigena (Aderh. and Ruhl.) Honey, present in Europe
and China, has a narrow distribution and less importance [1–3]. The disease occurs from
the bloom to postharvest stages, with the main symptoms being blossom blight, branch
canker, and lesions on immature and mature fruits, the latter being the most sensitive host
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phenological phase in stone fruits [1,2,4,5]. The fruit development stage determines its
susceptibility to BR infection, and three phases of susceptibility were established: the first
phase involves small immature fruits; the second phase, with less susceptibility, occurs
during pit hardening; and the third phase is fruit ripening, when the susceptibility to
disease increases [6–8].

Frequent application of fungicides required for BR control remains a major impediment
to sustainable production. Consequently, genetic BR resistance is highly desirable, and
it is a priority for several breeding programs worldwide; however, commercial peach
and nectarine cultivars resistant or immune to BR are not available [2,9,10]. Thus, it is
targeted by institutional research groups searching for molecular markers of resistance; the
FruitBreedomics (Europe) and the RosBREED (North American) projects were the most
important collective initiatives thus far [11,12]. The main challenge in genetic improvement
is that BR resistance is quantitatively inherited [13–15], so its heritability is medium to low
with a high environmental influence, resulting in small and slow progress [10,16–18].

Plants respond to stress by activating a variety of mechanisms that vary according
to the development stage, stress intensity and duration, and tissue type [19]. Mechanical
damages, such as physical injuries that can occur in the orchard and after harvesting, are
examples of abiotic stresses. Physiological, biochemical, and molecular responses to plant
wounds result in metabolic alterations that target different purposes, for instance, sealing
and recovering wounded tissue, creating mechanical barriers, and activating defense
mechanisms against pathogenic or opportunistic, invading organisms [20–24]. These
changes involve the selective modulation of gene expression. Several wound-related
genes have been identified, and their expression studied [25–30] in relation to various
hormones such as ethylene, abscisic acid, and jasmonic acid [27,31–34]. Some of the
identified genes encode signaling molecules. Cheong et al. [22], for example, proposed that
after an injury, a cascade of gene regulation occurs in Arabidopsis, with early genes encoding
regulatory proteins (transcription factors) that modulate the expression of other response
genes. Wound-induced transcription factors were identified in several species, such as kaki
(Diospyros kaki Thunb.) [35], tobacco (Nicotiana tabacum L.) [36], poplar (Populus spp.) [25,37],
and rubber tree (Hevea brasiliensis Muell. Arg.) [38]. Response genes, modulated by
transcription factors, primarily encode effector proteins, including those that enhance the
resistance or recovery of stressed or damaged cells, such as heat-shock proteins, cell-wall-
modifying enzymes, secondary metabolites, and proteins related to the pathogenesis [22].

Limited information is available on the molecular mechanisms of wounded fruits
in comparison to other plant organs or tissues [19]. Wounds in ripe fruits increase the
respiration rate and ethylene production, resulting in flesh softening, membrane rupture,
browning, accelerated senescence, weight and water loss, and the development of microbial
disease [39]. The expression of the phenylalanine ammonia lyase gene was found to
be positively regulated in mature banana flesh after the accumulation of RNAs from
different heat-shock proteins [40]. Mechanical stress responses can vary depending on the
development stage. Su et al. [41] demonstrated that wounding Gala apples at different
stages of development could activate the initial accumulation of H2O2 and the wound
healing capacity to defend against Botrytis cinerea penetration.

In the case of the peach fruit, Tosetti et al. [19] studied the molecular and biochemical
responses to mesocarp wounds by comparing mesocarp samples from wedges (as in
minimal processing), with the whole fruit as the control. Up to 2218 genes were reported to
be differentially expressed between the minimally processed and control fruit in this study.
However, no research has been conducted on wounds as potential activators of reactions
that result in induced resistance to pathogens. In that context, the objective of this study
was to evaluate the influence of wounds in nectarine fruits on the subsequent infection by
M. laxa under different experimental conditions [42], by studying the growth kinetics of the
M. laxa colony and characteristics of the BR infection.
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2. Materials and Methods
2.1. Fruit Material

The nectarine cultivar Zephyr and four selections (C207, C216, F115, and H165) from
the Génétique et Amélioration des Fruits et Légumes (GAFL) research unit of the Institut
national de recherche pour l’agriculture, l’alimentation, et l’environnement (INRAE), Avi-
gnon, were used in the experiments. The plants were located at the experimental orchard
at Saint Paul station (INRAE, Avignon). Full bloom was recorded for Zephyr and C207
on 10 February 2018; C216 on 23 February 2018; F115 on 27 February 2018; and H165 on
8 March 2018. Fruits were collected and transported to the laboratory at Saint Maurice
station (INRAE, Avignon), where they were selected for the absence of apparent lesions or
infections. Individual fruit weight, height, and equatorial diameter on and perpendicular
to the suture were all measured for each fruit. Fruit was disinfected for 30 s with 60 ◦C
water [42,43].

2.2. Pathogen Culture and Incubation Conditions

On the day of inoculation, the inoculum was prepared under aseptic conditions using
the same strain of M. laxa (INRAE accession ID: Ml3) preserved in Petri dishes with potato
dextrose agar (PDA) media (4 g L−1 potato extract, 20 g L−1 dextrose, and 15 g L−1 agar).
This strain was already used in former experimentations [44,45]. For seven to ten days, these
Petri dishes were incubated in a growth room at 25 ± 1 ◦C, 80% relative humidity, and 12 h
of photoperiod. Using a Mallassez chamber and an optical microscope, the suspension
of M. laxa was adjusted to 1.0 × 105 conidia mL−1. To break the surface tension and
improve the homogeneity of the suspension, distilled water with a drop of Tween-80®

(100 ppm) was used. The fruits were placed on metal rings inside clear plastic boxes
(40 × 28 × 18 cm) that had been disinfected with 0.2% sodium hypochlorite and then
75% alcohol. The boxes were maintained in a growth chamber at 25 ± 1 ◦C, 80% relative
humidity, and a photoperiod of 12 h [42].

2.3. Experiments

Four experiments were carried out to evaluate the effect of wounds on fruit and the
relationship with BR susceptibility (Table 1).

The first three experiments were performed with immature fruit of the Zephyr cultivar
on 14 June, 124 days after full bloom (DAFB) and 20 days before the harvest date (DBHD).

2.3.1. First Experiment: Evaluating a Possible Systemic Reaction to Wounding That May
Impact Subsequent M. laxa Infection

To test the existence of a systemic reaction, 60 immature fruits were preconditioned
with three different treatments, each with 20 fruits.

Fruits were collected, transported to the laboratory, and placed inside the boxes
without wounds for the first treatment (control). For the second treatment, multiple
longitudinal wounds with a razor blade were made on one side of the fruit (apex to
peduncle) at a depth of no more than 3 mm. For the third treatment, the fruits were marked
and wounded in the orchard using the same razor blade method as before, but they were
left on the tree for 7 h. They were then harvested, transported to the laboratory, and placed
in boxes as with the fruits from the other two treatments.

After 7 h, all fruits (Treatments 1, 2, and 3) were wounded with a razor blade making
longitudinal cuts from the apex to the peduncle at a depth not exceeding 3 mm. In the
second and third treatments, the fruits were wounded on the side that had not previously
been wounded. The inoculation was performed immediately after wounding using a
micropipette, depositing 10 µL of inoculum along the wound of each fruit. After that, the
boxes were then sealed and placed in the growth chamber.

The incidence and growth kinetics of M. laxa lesions and sporulation were studied.
Each fruit was evaluated every 24 h until 240 h after infection (hai). The presence or absence
of infection was determined by the appearance of the necrotic lesion that is characteristic of
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BR. A digital caliper was used to measure the lesion perpendicular to the wound in the
largest lesion zone. The presence and absence of M. laxa sporulation were also recorded;
when present, the sporulation diameter was measured the same way as the lesions.

Table 1. Summary of the four experiments carried out to evaluate the effect of wounds on fruit and
the relationship with BR susceptibility.

Experiment
Number Objective Methodology Treatments

1

Evaluate the possibility of a
systemic reaction to
wounding that could affect
subsequent M. laxa infection.

M. laxa inoculation in
immature Zephyr nectarine
fruit after wounding. BR
incidence and growth kinetics
of lesions and sporulation
were scored.

Previously:

1 Unwounded (control);
2 Wounded in the laboratory, on one side

of the fruit;
3 Wounded in the tree, on one side of

the fruit.

M. laxa inoculation in new wounds on the
opposite side of the fruit 7 h later

2
Evaluate the effect of fruit on
the in vitro development of
M. laxa.

The growth kinetics of the M.
laxa colony on open Petri
dishes with PDA media
placed inside sealed plastic
boxes were studied.

Boxes:

1 Without fruits (control);
2 With unwounded fruits;
3 With wounded fruits.

3

Evaluate the effect of
wounded fruits on the
infection of other fruits
inoculated with M. laxa.

Wounding and immediate
inoculation of immature fruit
placed inside plastic boxes
with M. laxa under two
conditions. BR incidence and
growth kinetics of lesions and
sporulation were scored.

Boxes:

1 With previously wounded fruits in a
closed box for 7 h;

2 Absence of previously wounded
fruits (control).

4

Evaluate the effect of
wounding time before fruit
inoculation with M. laxa at
different development stages.

Wounding prior to M. laxa
fruit inoculation of five
nectarine genotypes at
different times and fruit
development stages.

Genotypes:

1 Zephyr;
2 C216 (selection);
3 H165 (selection);
4 C207 (selection);
5 F115 (selection).

Fruit development stages:

1 Pit hardening (date1);
2 15–19 WAFB * (date2);
3 Harvest time (date3).

Inoculation times:

1 Inoculation immediately after wounding
(IAW);

2 Inoculation 7 h after wounding (I7hAW).

* WAFB—weeks after full bloom.

2.3.2. Second Experiment: Evaluating the Influence of Fruit on the In Vitro Development of
M. laxa

Thirty Petri dishes (5 cm in diameter) containing PDA media were inoculated with
10 µL fungus suspension prepared under the same conditions as for the first experiment.
Petri dishes without a lid were separated into three groups of ten and placed in three boxes.

One of the three boxes was sealed hermetically and placed in the growth chamber. Ten
immature fruits were placed in the second box, which was then closed and placed in the
growth chamber. Ten fruits with multiple wounds (made with a razor blade) were placed
in the third box; then, the box was closed and placed under the same conditions as the
other two.
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The follow-up was conducted daily by visual observations, but the boxes were opened
only 168 h after inoculation for the final evaluation, which consisted of two perpendicular
measurements of the M. laxa colony for each Petri dish. For the statistical analysis, the
mean value of the two measurements of each Petri dish was used, considering each Petri
dish as a replication.

2.3.3. Third Experiment: Evaluating the Influence of the Presence of Wounded Fruits on the
Infection of Other Fruits Inoculated with M. laxa

The purpose of this experiment was to determine the susceptibility of fruits inoculated
with M. laxa and placed in the same environment as wounded fruits. For that, two treat-
ments were compared. Both treatments consisted in placing five unwounded fruits inside
a box. However, for the second treatment, another ten fruits with multiple wounds were
added to each box of five unwounded fruits. Fruits were kept in the boxes for 7 h. Four
repetitions (boxes) of each treatment were used.

The previously wounded fruits were eliminated after 7 h. The remaining fruits from
the two treatments were wounded with a razor blade, making longitudinal cuts from
the apex to the peduncle with a depth of no more than 3 mm. Immediately after that,
inoculation was performed with a micropipette, depositing 10 µL of inoculum on one
wound of each fruit. The hermetically sealed boxes were placed in the growth chamber.

The infection evaluations were carried out in the same way as in the first experiment.

2.3.4. Forth Experiment: Evaluating the Fruit Reaction to Brown Rot at Different
Development Stages and Inoculation Times after Wounding

The experimental design was completely randomized, with a triadic arrangement
consisting of five nectarine genotypes, two inoculation times—immediately after wounding
(IAW) and 7 h after wounding (I7hAW)—and three stages of fruit development (three inoc-
ulation dates referred to as date1, date2, and date3). Ten fruits were used for each genotype,
inoculation time, and harvest date, with each fruit being considered as a repetition. The
first inoculation began on 28 May 2018, corresponding to 11–15 weeks after full bloom
(WAFB) when the fruits were at the pit-hardening stage. The second inoculation began
on 20 June 2018, at 15–19 WAFB. The third evaluation corresponded to the commercial
maturity date of each used genotype. For the early maturing nectarine C216, it was 4 July
2018 (21 WAFB); for the nectarines Zephyr, H165, and C207, 23 July 2018 (23, 21, and 20
WAFB, respectively), and for the late nectarine F115, it was 28 August 2018 (26 WAFB).

The infection evaluations were carried out exactly as described in the first experiment.

2.4. Exploration of Red Reaction

Skin samples from all genotypes were analyzed using high-performance liquid chro-
matography (HPLC) at the end of the first evaluation (pit hardening) of the fourth exper-
iment (7 June 2018). For each genotype and both inoculation times, skin samples from
all fruit without infection symptoms were collected. The samples were taken and pooled
from the areas with red reaction. When the red reaction did not occur, samples were taken
and pooled in the same quantity and position as the previous ones. The tissues were
immediately frozen in liquid nitrogen after sampling and stored at −80 ◦C. They were
then ground to a fine powder and lyophilized for three days. The HPLC analyses were
performed at INRAE’s laboratories (GAFL INRAE, Avignon).

The specialized metabolites were extracted from 50 mg of the lyophilized dry powder.
The material was homogenized for 1 min in an ULTRA-TURRAX homogenizer (IKA
labortechnik, JK Janke & Kunkel) with 8 mL of extraction solution (ethanol 95%), then
placed in a rotary shaker (Rotator SB3, Stuart) under controlled environment at 4 ◦C for 4 h,
then centrifuged (Sigma 4K15, 5000 rpm, 5 min, 4 ◦C). The volume of the supernatant was
carefully recovered to prevent contamination with the pellet. The supernatant was collected
and placed in a Pyrex tube (12 mL), which was then placed in a Speed Vac Concentrator
(SC210A, Thermo Electron Corporation) for solvent evaporation. The resultant residue
was dissolved in 1000 µL of 100% methanol (Prolabo Hypersolv Chromanorm), filtered
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(membrane PTFE 0.45 µm), and collected into an autosampler vial of 1.5 mL for HPLC
analysis and stored at −20 ◦C until analysis.

Extracts were analyzed using an HPLC system (Shimadzu Prominence) equipped with
a reverse-phase C18 column (Merck Superspher RP18 end-capped) coupled with a photodi-
ode array detector operated by Shimadzu software (CBM-20A/20Alite, LC Solutions). The
extracted content was determined using a method developed for measuring specialized
metabolites in peach and nectarine fruits. The mobile phases were dissolved in acidified
pH 2.6 water (with H3PO4) and 100% methanol (Prolabo Hypersolv Chromanorm). The
HPLC solvents were programmed based on the polarity of the extracted molecules, starting
with 97% water and 3% methanol to extract the most polar molecules and ending with 0%
water and 100% methanol to extract the most apolar molecules (triterpenoids). A 10 µL
aliquot of the filtered extract was injected, and the column was kept at 30 ◦C.

The methanol extracts were analyzed simultaneously for free forms of triterpenoids
(210 nm), flavan-3-ols and flavanones (280 nm), hydroxycinnamic acids and derivate forms of
triterpenoids (315 nm), flavonols (350 nm), and anthocyanidins (520 nm). The compounds were
characterized according to their UV lambda maximum, retention time, co-chromatography with
known standards, and data previously obtained by mass spectrometry.

2.5. Statistical Analysis and Graphic Representations

The first three experiments were analyzed using a completely randomized design, with
each fruit or Petri dish as replication. The experimental design of the fourth experiment
was previously described in Section 2.3.4. The probability of infection was estimated by
the percentage of fruit with lesions on each inoculation date. Delay was calculated by
the time at which the infection was first observed (in hours), and the progression rate
was calculated by the maximum progression of infection between two observation dates.
For the sporulation data, the same parameters were calculated (percentage of fruit with
sporulation, delay, and progression rate).

Graphical representations and statistical analyses were performed using R (version
4.0.5) [46]. Results of infection parameters (delay, progression rate, diameter for the lesion,
and sporulation) underwent a one-way analysis of variance with an F-test to test the effect
of treatment. In the fourth experiment, the effects on the infection parameters of genotype,
inoculation time, development stage, and their interactions were tested with a multi-factor
analysis of variance with an F-test. Regarding concentration of compounds analyzed by
HPLC, the statistical analyses were performed using the peak areas from HPLC analyses.
Data from the different genotypes were analyzed together to compare red reaction and
reactionless zones: the five samples that presented red spots (C216 IAW, Zephyr IAW, H165
IAW, C207 IAW, and C207 I7hAW) and the five that did not show reaction (C216 I7hAW, Ze
I7hAW, H165 I7hAW, F115 IAW, and F115 I7hAW) were taken as repetitions. A one-way
analysis of variance was used with an F-test to compare the mean differences between red
reaction and areas without reaction for concentration of each individual compound and the
family contents. Treatments were compared using a p-value of 0.01 to indicate significance.
The package ggplot2 was used to generate graphs.

3. Results
3.1. First Experiment: Evaluating a Possible Systemic Reaction to Wounding That May Impact
Subsequent M. laxa Infection

The progression of the lesion diameter over time displayed slight differences between
the treatments (Figures 1 and 2). However, the infection probability at 240 hai reached
different levels, depending on the treatments: 65%, 70%, and 50%, respectively, for fruits
that were not previously wounded (Figure 1A), fruits previously wounded on one side in
the laboratory (Figure 1B), and fruits wounded in the tree (Figure 1C).
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Figure 1. Brown rot lesion growth in Zephyr immature fruits wounded and immediately inoculated
with Monilinia laxa under three conditions: previously unwounded (A), previously wounded in the
laboratory on one side of the fruit (B), and previously wounded on the tree on one side of the fruit (C).

M. laxa sporulation was observed in 55% of the fruits that had not previously been
wounded, 60% of the fruits that had previously been wounded on one of their sides
in the laboratory, and 30% of the fruits that had previously been wounded in the tree
(Supplementary Figure S1). Despite these tendencies, it is not possible to form a conclusion
on a treatment effect of the infection probability. Indeed, the integrative nature of these
traits (infection and sporulation probabilities) prevents comparative statistics. However,
the data on individual fruit traits (delay, progression rate, and final diameter (240 hai))
obtained for both lesion and sporulation progressions were not significantly different
among treatments (Figure 2).
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Figure 2. Boxplots of the delay, progression rate, and diameter of M. laxa lesions and sporulation in
differently conditioned Zephyr immature fruits 240 h after inoculation (hai), inoculated immediately
after wounding: previously unwounded (red); one side of the fruit previously wounded in the
laboratory (green); and one side of the fruit previously wounded on the tree (blue). ns—not significant
by F-test at p ≤ 0.01.

3.2. Second Experiment: Evaluating the Influence of Fruit on M. laxa In Vitro Development

When M. laxa growth was recorded under in vitro conditions, there were significant
differences (p-value 8.66−10) between the tested treatments. The colony diameter was larger
in treatments where the Petri plates were incubated together with fruits (43.77 and 40.83 mm
vs. 30.92 mm, mean values), without significant differences between the wounded and
unwounded fruits (Figure 3).

3.3. Third Experiment: Influence of the Presence of Wounded Fruits on the Infection of Other Fruits
Inoculated with M. laxa

The presence of wounded fruits in the vicinity of inoculated fruits increased the BR
infection and M. laxa sporulation. When fruits were inoculated after 7 h in a closed box with
other wounded fruits, 80% showed BR infection (Figure 4A). In the case of fruits which
were inoculated without being in the presence of other wounded fruits, 65% of the fruits
presented infection (Figure 4B). Figure 4C,D show that M. laxa sporulation occurred in 70%
and 55% of the fruits, respectively.
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Figure 4. Progression of M. laxa lesion (A,B) and sporulation (C,D) in Zephyr immature fruits
wounded and immediately inoculated with M. laxa, under two conditions: before inoculation, fruits
were placed for 7 h in a closed box with wounded fruits (A,C), and with unwounded fruits (B,D).

The delay and progression rate of the lesion were not significantly different between
the two treatments (p > 0.01). However, the final diameter of the lesion (240 hai) was
considerably higher (p-value 1.03−3) for fruits that had previously been maintained with
wounded fruits for 7 h (Figure 5).
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Figure 5. Boxplots of the delay, progression rate, and diameter of M. laxa lesion and sporulation in
Zephyr immature fruits under two conditions 240 h after inoculation (hai) inoculated immediately
after wounding: with wounded fruits in a closed box for 7 h (red), and without previously wounded
fruits (blue). ns, **, and ***—not significant (p > 0.01), significant at p ≤ 0.01, and significant at
p ≤ 0.001 by F-test, respectively.

In the case of sporulation, the three calculated parameters revealed significant differ-
ences (p ≤ 0.01). The delay proved to be longer without exposure to wounded fruits prior
to the inoculation, suggesting that the M. laxa took longer to sporulate on these fruits. In
turn, the progression rate and the final diameter (240 hai) were greater when the fruits
were first maintained for 7 h alongside wounded fruits, indicating that M. laxa sporulation
occurred faster in this condition and reached a larger final diameter (Figure 5).

3.4. Fourth Experiment: Fruit Reaction to Brown Rot at Different Development Stages and
Inoculation Times after Wounding

On the first inoculation date (May 28), 14% of the small immature fruit (26.7 g of
average mass, 11–15 weeks after full bloom) were infected, and 9% displayed sporulation
of M. laxa (Supplementary Figure S2) at the end of the evaluation period (240 hai). On the
second inoculation date (20 June), with intermediate-size immature fruit (46.7 g of average
mass, 15–19 weeks after full bloom), 100% of the C216 fruit showed M. laxa infection
and sporulation, regardless of the inoculation time. In contrast, the Zephyr, H165, and
C207 genotypes had a higher number of fruits with lesions and sporulation when they
were inoculated immediately after wounding (IAW). Only one fruit with BR lesions and
fungus sporulation was found in the F115 genotype. On the third inoculation date, which
corresponded to the harvest date of each genotype, M. laxa infection and sporulation were
found in 100% of the fruits.

The infection probability on the first inoculation date ranged between 0 to 0.40 and 0 to
0.10 (Figure 6A) for the IAW and I7hAW inoculation conditions, respectively. The highest
variability was observed on the second inoculation date, with the probability of infection
ranging between 0.10 and 1.00 and between 0 and 1.00, for IAW and I7hAW, respectively.
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When mature fruits were inoculated, the infection probability was 1.00 for all genotypes
and both inoculation conditions.
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Figure 6. Monilinia laxa infection probability (A), infection delay (B), and progression rate (C) in
five nectarine genotypes inoculated immediately after wounding (full lines) or inoculated 7 h after
wounding (dashed lines) at three different dates. The first date (05/28) is 11–15 weeks after full bloom
(WAFB), corresponding to pit hardening; the second date (06/20) is 15–19 WAFB; and the third is the
ripening date of each genotype (20–26 WAFB).

Except for the F115 genotype, the infection delay for inoculation IAW was between 200
and 240 h for the first inoculation date, between 24 and 200 h for the second, and between
24 and 120 h for the third (Figure 6B). The delay for fruit inoculated I7hAW ranged from
216 to 240 h for the first inoculation, between 24 and 240 h for the second, and between 24
and 144 h for the third inoculation of the C216, Zephyr, and H165 genotypes. In the case of
the F115 genotype, no fruit was infected on the first inoculation date, and on the second,
only one fruit of the group inoculated IAW showed symptoms of the disease.

The progression rate was between 0.10 to 0.40 on the first inoculation date, between
0.10 to 0.70 on the second inoculation date, and between 0.40 to 1.10 on the inoculation at
the mature stage (Figure 6C).

The sporulation probability, delay, and infection rate had a similar tendency as the
lesion data and are provided in Supplementary Figure S3.

The effect of different inoculation times on the lesions (LD) and sporulation (SpoD)
proved to be the same regardless of observation time (ANOVA analysis); thus, only the analysis
of the latest evaluation (240 hai) is presented. The triple interaction (genotype–inoculation
time–development stage) was significant only for the sporulation delay (p-value = 0.0008).
Among the double interactions, genotype–inoculation time was not significant for any of
the variables tested (p-value > 0.01); the genotype–development stage was significant for
all variables (p-value < 0.01), except sporulation rate (p-value = 0.1491); and the inoculation
time–development stage interaction was significant for infection delay, LD, and SpoD.
Analyzing the main factors, it was observed that the inoculation time was not significant
(p-value > 0.01) for any of the variables tested since its effect depended largely on the
development stage. The genotype was significant for all variables except for the lesion
rate, and the development stage was highly significant (p-value < 0.0001) for all variables
(Table 2).
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Table 2. ANOVA summary: effects of genotype (Gen), inoculation time (InocTime), development
stage (DevStage), and interactions for M. laxa lesion and sporulation.

p-Value 1 Lesion
Delay

Progression
Rate LD 2 Sporulation

Delay
Sporulation

Rate SpoD 2

Genotype 0.0025 ** 0.2822 ns <0.0001 *** <0.0001 *** 0.0003 *** <0.0001 ***
Inoculation Time 0.0190 ns 0.0244 ns 0.5113 ns 0.3180 ns 0.6580 ns 0.3148 ns

Development Stage <0.0001 *** <0.0001 *** <0.0001 *** <0.0001 *** <0.0001 *** <0.0001 ***
Gen×InocTime 0.0561 ns 0.4073 ns 0.0396 ns 0.1293 ns 0.0955 ns 0.0446 ns

Gen×DevStage 0.0026 ** <0.0001 *** <0.0001 *** 0.0006 *** 0.1491 ns <0.0001 ***
InocTime×DevStage <0.0001 *** 0.6532 ns <0.0001 *** 0.0127 ns 0.5323 ns <0.0001 ***

Gen×InocTime×DevStage 0.02403 ns 0.5149 ns 0.3433 ns 0.0008 *** 0.8843 ns 0.5836 ns

1 F-tests (p-value): *** p < 0.001, and ** p < 0.01; ns, not significant (p > 0.01). 2 LD and SpoD, lesion diameter and
sporulation, respectively; data from the evaluation conducted 240 h after inoculation (hai).

On the first and last inoculation dates, no significant difference (p-value > 0.01) was
observed between the two different inoculation times. In contrast, on the second date, the
LD and SpoD in fruit inoculated IAW were larger (p-value < 0.01) than in fruit inoculated
7hAW. These differences can be attributed to the Zephyr, C207, and H165 genotypes.
Similarly, the infection delay decreased as the fruit grew. On the second date, significant
differences were found between inoculation times (p-value < 0.01), with a greater delay in
inoculations performed 7 h after wounding (Figure 6B).

3.5. Exploration of Compounds Present in Red Reaction Zones

Red reactions were detected in the first and fourth experiments. In the first experiment,
red reactions were associated with double stress (wounding plus M. laxa inoculation)
(Figure 7). This reaction was not detected in the absence of inoculation in both cases when
the multiple wounding was performed in the laboratory and on the tree (Figure 3A,B; see
the right side of the fruit).
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Figure 7. Red reaction detected in immature fruits wounded and immediately inoculated with M. 
laxa. Red reactions are visible in the vicinity of the inoculated wound on the left side of the three 
fruits. In contrast, on the right side of the fruit with multiple wounds but no inoculation, no red 
reaction is visible (A,B). (C) Red reaction in the inoculated wound on the left side of the fruit and no 
red reaction on the unwounded right side of the fruit. 

Figure 7. Red reaction detected in immature fruits wounded and immediately inoculated with M.
laxa. Red reactions are visible in the vicinity of the inoculated wound on the left side of the three
fruits. In contrast, on the right side of the fruit with multiple wounds but no inoculation, no red
reaction is visible (A,B). (C) Red reaction in the inoculated wound on the left side of the fruit and no
red reaction on the unwounded right side of the fruit.

In the fourth experiment, two inoculation times were performed at three develop-
mental stages using the Zephyr cultivar as an example (Supplementary Figure S4). It
is noteworthy that red reactions were observed on the first date only. In the particular
case of Zephyr, the red spots were associated only with the inoculation IAW and were
located around the wound and at some scattered points near it. The same was observed
in the selections H165 and C216, whereas the genotype C207 presented red spots in fruit
inoculated at both inoculation times (IAW and 7hAW). However, genotype F115 did not
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show any red reaction in either of the two inoculation times. It should be emphasized that
this genotype did not present any BR-infected fruit on the first inoculation date and only a
few on the second date (Figure 8).

Agronomy 2023, 13, x FOR PEER REVIEW 13 of 22 
 

 

In the fourth experiment, two inoculation times were performed at three develop-
mental stages using the Zephyr cultivar as an example (Supplementary Figure S4). It is 
noteworthy that red reactions were observed on the first date only. In the particular case 
of Zephyr, the red spots were associated only with the inoculation IAW and were located 
around the wound and at some scattered points near it. The same was observed in the 
selections H165 and C216, whereas the genotype C207 presented red spots in fruit inoc-
ulated at both inoculation times (IAW and 7hAW). However, genotype F115 did not show 
any red reaction in either of the two inoculation times. It should be emphasized that this 
genotype did not present any BR-infected fruit on the first inoculation date and only a 
few on the second date (Figure 8). 

 
Figure 8. Fruit wounded and inoculated with M. laxa on the first inoculation date (28 May), 11–15 
weeks after full bloom. (A) Inoculation immediately after wounding (IAW) from left to right: red 
spots scattered near the scar (mainly Zephyr and C207); red reaction on the scar (H165, C216, 
Zephyr, and C207); and infection above the red reaction (H165, C216, Zephyr, and C207). (B) Inoc-
ulation 7 h after wounding (I7hAW) from left to right: no red reaction (F115, H165, C216, and 
Zephyr); some red reaction on the scar (mainly C207); and red reaction on the scar and small scat-
tered red spots (C207). Photos were taken 240 h after inoculation. 

HPLC analyses of tissue from red reaction zones revealed the presence of 44 phe-
nolic and terpenoid compounds, four of which belonged to the triterpenoid family (Tri), 
while five were flavan-3-ols (Fla), six flavanones (Fle), ten hydroxycinnamic derivatives 
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Figure 8. Fruit wounded and inoculated with M. laxa on the first inoculation date (28 May),
11–15 weeks after full bloom. (A) Inoculation immediately after wounding (IAW) from left to
right: red spots scattered near the scar (mainly Zephyr and C207); red reaction on the scar (H165,
C216, Zephyr, and C207); and infection above the red reaction (H165, C216, Zephyr, and C207). (B)
Inoculation 7 h after wounding (I7hAW) from left to right: no red reaction (F115, H165, C216, and
Zephyr); some red reaction on the scar (mainly C207); and red reaction on the scar and small scattered
red spots (C207). Photos were taken 240 h after inoculation.

HPLC analyses of tissue from red reaction zones revealed the presence of 44 phenolic
and terpenoid compounds, four of which belonged to the triterpenoid family (Tri), while
five were flavan-3-ols (Fla), six flavanones (Fle), ten hydroxycinnamic derivatives (HCD),
eleven triterpenoid derivatives (Trid), six flavonols (Flo), and two anthocyanins (Ant)
(Table 3).

It should be noted that some compounds were only found in the red reaction samples,
including six compounds of the flavanone family and three hydroxycinnamic derivatives
(HCD1, HCD3, and HCD4). Furthermore, six other compounds showed significant differ-
ences (p-value < 0.01), with a higher proportion in the samples that had the red reaction.
These compounds were four flavan-3-ols (Fla1, Fla2, Fla3, and catechin), a hydroxycinnamic
derivative (5-p-coumaroylquinic acid), and an anthocyanin (cyanidin-3-glucoside). On
the other hand, a hydroxycinnamic derivative (cis-neochlorogenic acid) was significantly
(p-value = 0.00919) lower in the red reactions samples (Table 3). Supplementary Figure S5
shows an HPLC chromatogram of the red reaction and nonreaction samples using Zephyr
as an example.

When the peak areas of the compounds detected according to their family were added
together, the flavan-3-ol and anthocyanin stand out as being in higher proportion in the
red reactions, regardless of genotype, besides the flavanone only present in this condition
(Table 3 and Figure 9). Supplementary Figure S6 shows boxplot graphs comparing the
contents of each compound between the samples for the red reaction and reactionless
zones. Two of the six flavanones featured large peak heights. They were identified as
eriodictyol-7-glucoside and naringenin-7-glucoside (syn.: prunin) using pure standards.



Agronomy 2023, 13, 1235 14 of 21

Table 3. Compounds identified by HPLC, wavelength (λ), retention time (RT), Lambda maximum
(max λ), abbreviation used, and analysis of variance using the peak areas and contrast between red
reaction and reactionless zones in immature wounded fruits (11–15 weeks after full bloom).

Family 1 Compound λ (nm) RT (min) λ max (nm) Abbrev.
p-Value 3

Compound Family

Tri

Trihydroxy-urs-12-en-28-oic acid 1 2 210 124.3 198 thu1 0.030 ns

0.482 nsTrihydroxy-urs-12-en-28-oic acid 2 2 210 124.7 198 thu2 0.049 ns

Oleanolic acid 210 131.9 198 Ole 0.496 ns

Ursolic acid 210 132.6 198 Urs 0.676 ns

Fla

Flavan-3-ol 1 280 25.3 253/278 Fla1 1.54−4 ***

1.20−3 **
Procyanidin B1 280 27.7 254/278 ProcyaB1 0.254 ns

Flavan-3-ol 2 280 28.9 256/278 Fla2 5.16−3 **
Flavan-3-ol 3 280 30.2 255/278 Fla3 9.08−3 **
Catechin 280 34.1 251/278 Cat 8.95−4 ***

Fle

Flavanone 1 280 32.0 259/285 Fle1 Red reaction

Red reaction

Flavanone 2 280 47.2 253/282 Fle2 Red reaction
Eriodictyol-7-glucoside 280 66.0 283 E7Glu Red reaction
Flavanone 3 280 66.5 218/283 Fle3 Red reaction
Naringenine-7-glucoside (syn.:
Prunin) 280 76.5 212/282 N7Glu Red reaction

Flavanone 4 280 99.7 284 Fle4 Red reaction

HCD

cis-Neochlorogenic acid 315 20.2 266/316 c3CQ 9.19−3 **

0.644 ns

Neochlorogenic acid 315 23.2 217/324 t3CQ 0.012 ns

Hydroxycinnamic derivative 1 315 39.0 253/314 HCD1 Red reaction
Chlorogenic acid 315 43.1 217/326 t5CQ 0.739 ns

cis-Chlorogenic acid 315 54.2 284/317 c5CQ 0.733 ns

Hydroxycinnamic derivative 2 315 56.6 280/311 HCD2 0.437 ns

5-p-Coumaroylquinic acid 315 57.4 253/311 pCQ 9.90−3 **
3,5-Dicaffeoylquinic acid 315 79.1 263/328 x3.5diCQ 0.334 ns

Hydroxycinnamic derivative 3 315 99.2 265/330 HCD3 Red reaction
Hydroxycinnamic derivative 4 315 100.6 221/329 HCD4 Red reaction

Trid

p-coumaroyl-2,3-dihydroxy-urs-12-
en-28-oic acid 1
2

315 125.9 252/289 cdhu1 0.245 ns

0.193 ns

p-coumaroyl-2,3-dihydroxy-urs-12-
en-28-oic acid 2
2

315 126.3 295/319 cdhu2 0.058 ns

p-coumaroyl-2,3-dihydroxy-urs-12-
en-28-oic acid 3
2

315 126.5 250/311 cdhu3 0.133 ns

p-coumaroyl-2,3-dihydroxy-urs-12-
en-28-oic acid 4
2

315 126.8 251/285 cdhu4 0.098 ns

p-coumaroyl-2,3-dihydroxy-urs-12-
en-28-oic acid 5
2

315 127.6 298/308 cdhu5 0.150 ns

p-coumaroyl-2,3-dihydroxy-urs-12-
en-28-oic acid 6
2

315 128.4 249/308 cdhu6 0.103 ns

feruloyl-2,3-dihydroxy-urs-12-en-
28-oic acid
2

315 129.0 282/322 fdhu 0.681 ns

3β-p-coumaroyloxy-urs-12-en-28-
oic acid 1
2

315 135.2 253/286 cou1 0.856 ns

3β-p-coumaroyloxy-urs-12-en-28-
oic acid 2
2

315 135.4 250/307 cou2 0.953 ns

3β-p-coumaroyloxy-urs-12-en-28-
oic acid 3
2

315 135.7 257/314 cou3 0.852 ns

3β-p-coumaroyloxy-urs-12-en-28-
oic acid 4
2

315 135.9 255/313 cou4 0.818 ns

Flo

Quercetin-3-galactoside 350 84.4 255/354 Q3Gal 0.228 ns

0.239 ns

Quercetin-3-glucoside 350 86.2 255/354 Q3Glu 0.234 ns

Quercetin-3-rutinoside 350 86.8 256/354 Q3Rut 0.251 ns

Kaempferol-3-galactoside 350 92.9 265/347 K3Gal 0.273 ns

Kaempferol-3-glucoside 350 95.1 265/347 K3Glu 0.436 ns

Kaempferol-3-rutinoside 350 95.6 266/345 K3Rut 0.331 ns

Ant
Cyanidin-3-glucoside 520 62.8 279/518 Cya3Glu 8.34−5 ***

1.41−4 ***Cyanidin-3-rutinoside 520 64.8 276/525 Cya3Rut 0.135 ns

1 Compound family: Tri, Triterpenoid; Fla, Flavan-3-ol; Fle, Flavanone; HCD, Hydroxycinnamic derivatives; Trid,
Triterpenoid derivatives; Flo, Flavonol; and Ant, Anthocyanin. 2 Ursolic acid or oleanolic acid as the principal
structure. 3 F-tests (p-value): *** p < 0.001, and ** p < 0.01; and ns, not significant (p > 0.01).
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4. Discussion
4.1. Wounding Has No Systemic Effect on M. laxa Infection

Several studies reported that wounds may increase pathogen resistance [20–22,32,41].
However, according to our results, the wounds do not appear to have a systemic effect on
the whole fruit. Indeed, although the lowest values were associated with the treatment of
the wounds on the tree, no significant differences were obtained between the treatments.
Therefore, if wounding increases resistance to pathogens, it may only be at the site of the
wound, preventing pathogen entry and activating local defense mechanisms [22].

4.2. Fruit Presence Enhances M. laxa Growth Both In Vitro and in Fruit

The presence of fruits near the culture in Petri dishes and fruits stored for 7 h near
other fruits, wounded or not, resulted in a higher growth of M. laxa in vitro. M. laxa appears
to be able to detect the presence of fruit. It most likely recognizes some of the volatile
compounds released by the fruit. This theory is supported by reports on how pathogens
perceive host volatile compounds [47–50].

Wilson et al. [51] investigated 16 natural volatile fruit compounds for the control of M.
fructicola and B. cinerea in peach fruit during the postharvest period, some of which had an
inhibitory effect on the germination and growth of the pathogens such as benzaldehyde,
methyl salicylate, and ethyl benzoate. On the other hand, other compounds, such as d-
limonene, favored the fungus, increasing the percentage of spore germination. In this case,
the volatile compounds were applied as isolated compounds and at known concentrations;
however, it is important to point out that the fruit synthesizes a great complexity of
volatile compounds [52,53] that may evolve with fruit development. The association of
different volatile compounds in different concentrations certainly affects the influence of
each independent compound on the pathogen, probably canceling out opposite effects.
There are reports of this perception in other species modulating plant–pathogen interactions
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either with host or nonhost plants [34,48,49,54]. However, the type of wounding may have
an effect on the volatile compounds released, but no literature on this was found.

4.3. A Delay of 7 h between Wounding and Subsequent Inoculation Decreases Infection in
Immature Fruit

To evaluate if a delay between wounding and inoculation influences M. laxa fruit sus-
ceptibility, we chose to experiment at three different dates. Susceptibility to Monilinia spp.
infection is high during the early stages of fruit development, decreases during the green
fruit stages (pit hardening), and then increases again as the fruit matures, being the highest
during the preharvest ripening stage [2,6,8,55–57]. In agreement with these observations
from the literature, in our experiment, the fruits were resistant at date1 (corresponding to
Stage 2, pit hardening), and susceptible at date3 (harvest time). Consequently, the date2
proved to be the most efficient for our analysis, with a significant difference in infection pa-
rameters between the two inoculation times (IAW and 7hAW) for three genotypes (Zephyr,
H165, and C207). The reduction in infection symptoms may be associated with a rapid and
efficient defense response of the fruit 7 h after wounding. For the two other genotypes,
C216 and F115, the fruit stage was probably shifted: C216 (early harvest) probably had
already entered the fruit ripening period, and F115 (late harvest) was still in the green
fruit stage.

Microcracks and wounds can heal in minutes to several hours, depending on the degree
of injury, the fruit’s physiological stage, and the environmental conditions [58,59]. It has already
been shown, in other species, that healing can induce defense pathways [23,24,37,60,61]. In the
inoculation performed 7 h after wounding, the injury may have begun to heal, preventing
the conidia penetration into the fruit and/or triggering the resistance mechanisms.

4.4. Specialized Metabolites Detected in Red Reaction Zones

The red reaction appears to be associated with double stress (wounding and immediate
infection) and could be related to the fruit’s active resistance mechanisms against the
pathogen. An HPLC analysis of the tissues showing red reactions revealed changes in
the phenolic compounds, including six compounds from the flavanone family (Fle1, Fle2,
Fle3, Fle4, E7glu, and N7glu) and three hydroxycinnamic derivatives (HCD1, HCD3, and
HCD4). They were either not present in the samples without a red reaction or were present
in such low concentrations that they were impossible to measure. In addition to these
compounds, four other flavan-3-ols (Fla1, Fla2, Fla3, and catechin), a hydroxycinnamic
derivative (5-p-coumaroylquinic acid), and an anthocyanin (cyanidin-3-glucoside) were
present in a significantly larger proportion in samples isolated from red spots.

Guidarelli et al. [8] performed a microarray-based transcriptome analysis to compare
the expression of genes between susceptible (ripening phase) and resistant fruit (green
fruit, at the pit-hardening stage). They observed that genes related to flavonoids and
phenylpropanoids were differentially expressed between the two stages, supporting the
fact that some of these metabolites may be present constitutionally in the fruit at some
stages. A transcriptomic analysis after infection and after wounding plus infection would
provide more information on the role of these metabolites in the fruit response to M. laxa.

It is worth noting that there was no change in the triterpenoids, triterpenoid deriva-
tives, or chlorogenic acid, the major phenolic compounds in nectarine skin. Indeed, Lino
et al. [45] showed that the terpenoids and derivatives present on the nectarine surface
accumulate during the second stage of fruit development when the fruit is resistant. In the
same way, Lee et al. [62] demonstrated the role of chlorogenic acid in inhibiting appresso-
rium formation of germinated M. fructicola conidia and inhibiting cell-wall degradation
by changes in the redox environment. However, in our study, these compounds were
not modified in red spots. They may not be involved in the response to the double stress
provoking red reactions.

The role of E7glu and N7glu, which were only found in significant amounts in the
red reaction zones, had already been reported in a number of studies in several fruit
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species, such as apple and pear leaves [63–65], Prunus davidiana stems [66], tomato fruit
cuticles [67], several Citrus species [68–72], and even in peach buds [73]. However, this is
the first study reporting these two compounds in nectarine fruit. Studying the effect of
dioxygenase inhibitors on the resistance-related flavonoid metabolism of apples and pears,
Roemmelt et al. [63] reported changes in the pattern of flavonoids and phenylpropanoids
in apple leaves treated with prohexadione-Ca. More specifically, they observed an increase
in the concentration of luteoliflavan, E7glu, N7glu, and HCD. Such changes induced in the
flavonoid composition of the leaves correlate with reduced susceptibility to the pathogenic
bacterium Erwinia amylovora. The authors postulated that these changes in the flavonoid
composition are responsible for the observed pathogen resistance induced by prohexadione-
Ca treatment. Among the compounds mentioned by the authors, E7glu, N7glu (=Prunin),
and HCD correspond with the compounds we detected only or in a greater proportion in
the red reactions. This suggests a resistance-induced response to M. laxa when inoculated
simultaneously with the injury. On the other hand, working with the silencing of flavanone-
3-hydroxylase in apple trees, Flachowsky et al. [64] were able to increase the accumulation
of flavanones but failed to reduce susceptibility to fire blight caused by E. amylovora.

Petkovsek et al. [74] showed that there was a higher content of total hydroxycinnamic
acids after the infection of apple leaves with Venturia inaequalis. In our study, the analyzed
HCD exhibited various responses. Three of them were specific to the red reaction zones, but
they were in low amounts. One of them, the pCQ, was increased, whereas the caffeoylquinic
acids, the major subfamily of HCD in our samples, did not present any changes. Only
certain specific compounds of a family can be involved in a defense response.

Regarding the flavan-3-ol family, four of the five compounds analyzed showed a
significant increase in the red samples. Petkovsek et al. [74] reported an increase in catechin
and epicatechin (monomeric flavan-3-ols) in apple leaves after infection with Venturia
inaequalis, while Procyanidin B2 (oligomeric flavan-3-ol) decreased. They explained that it
was a consequence of the increase in monomeric flavan-3-ols—precursors of oligomeric
flavan-3-ols. In our results, Procyanidin B1 did not show any changes, while the other
flavan-3-ols exhibited significant variations.

Finally, the anthocyanin family also showed an increase in red zones. Anthocyanins
are most commonly associated with abiotic stress, but some authors have linked their
involvement to biotic stress [75,76]. Shaefer [76] observed that the anthocyanin content
increased when V. vinifera was infected with Botrytis cinerea and demonstrated that cyanidin-
3-glucoside had a strong antifungal effect in vitro.

The case of these red reactions is particularly interesting to investigate in the light
of the preliminary results obtained. The compounds detected are in fact already known
to be involved in defense reactions. Analyses of volatile compounds coupled with gene
expression should make it possible to increase our understanding of the mechanisms
involved in the response to this double stress (wounding plus infection) and identify
genes, metabolic pathways, and compounds that may curb infection. Similarly, such
multi-level analyses, linking metabolites, volatile compounds, and gene expression, should
be performed to compare fruit samples immediately after wounding and seven hours
after wounding.

5. Conclusions

The present study provides some elements related to nectarine fruit–M. laxa inter-
actions, particularly in the case of wound-induced fruit defense. We found no evidence
of a systemic effect of injury on the whole fruit. The wounds caused in another part of
the fruit (aside from the inoculation spot) did not affect the susceptibility of the nectarine
fruits to brown rot. We observed that M. laxa could perceive the fruit presence resulting in
accelerated in vitro growth. In addition, the presence of wounded fruits in the proximity
of inoculated fruit increased the brown rot susceptibility. These results suggest the inter-
vention of biochemical interplay between the fruit and the fungi, triggered by prior injury.
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Finally, based on the findings, it is hypothesized that flavonoid and phenylpropanoid
compounds may influence the fruit response to M. laxa infection.

Further exploration of these host–pathogen interactions related to mechanical stress,
such as wounding, is essential for understanding resistance mechanisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy13051235/s1. Figure S1: Brown rot lesion growth in
Zephyr immature fruits wounded and immediately inoculated with Monilinia laxa in three conditions:
unwounded previously (A); previously wounded on the laboratory in one side of the fruit (B); and
previously wounded on the tree in one side of the fruit (C). Figure S2: (A) Lesion and (B) sporulation
diameter in five nectarine genotypes inoculated with M. laxa immediately after wounding (gray
line) and inoculated 7 h after wounding (black line), in three stages of fruit development (fourth
experiment): date1 = May 28, 11–15 weeks after full bloom (WAFB); date2 = June 20, 15–19 WAFB; and
date3 = corresponds to the ripening date of each genotype (20–26 WAFB). Figure S3: Monilinia laxa
sporulation probability (A), sporulation delay (B), and sporulation rate (C) in five nectarine genotypes
inoculated immediately after wounding (IAW) and inoculated 7 h after wounding (I7hAW), in three
stages of fruit development (fourth experiment): first date (May 28), 11 to 15 weeks after full bloom
(WAFB); second date (June 20), 15–19 WAFB; and third, the ripening date of each genotype (20 to 26
WAFB). Figure S4: Fruit from Zephyr infected by M. laxa, inoculated immediately after wounding
(IAW) or 7 h after wounding (I7hAW), at three fruit development stages (fourth experiment): date1 =
May 28, 15 weeks after full bloom (WAFB); date2 = June 20 (19 WAFB); and date3 = July 23, ripening
stage (21 WAFB). Photos were taken 240 h after inoculation. Figure S5: HPLC chromatogram (280
nm) of immature Zephyr fruit (15 weeks after full bloom) with red reaction (wounded + Monilinia
laxa immediate inoculation) and no red reaction (wounded + M. laxa inoculation seven hours after
wounding). Marked peaks correspond to compounds that differed significantly between the two
samples. Abbreviations: Fla, Flavan-3-ol; Cat, Catechin; Fle, Flavanone; HCD, Hydroxycinnamic
derivative; pCQ, 5-p-Coumaroylquinic acid; and c3CQ, cis-Neochlorogenic acid. Figure S6: Boxplot
of the HPLC peak area for compounds identified with no reaction (Not_red) and red reaction (Red) in
immature fruits (11–15 weeks after full bloom), 2018 season. Abbreviations of compounds in Table 2.
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