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Abstract: One of the diseases that has the greatest negative effect on peach production is brown
rot, produced by the fungus, Monilinia spp. The way to diminish this disease is the selection of
genotypes with a high tolerance to Monilinia spp. while maintaining fruit quality. In this study,
the tolerance to Monilinia laxa and agronomic and biochemical characteristics of forty-two hybrids
derived from the ‘Andross’ × ‘Calante’ cross were studied under controlled conditions during two
consecutive years, and compared with their parents. The assessment of tolerance to brown rot was
estimated on inoculated fruit with M. laxa, recording the incidence of brown rot and colonization,
lesion diameter and extent of colonization, to establish the severity of incidence and colonization. At
harvest, physicochemical traits and antioxidant compounds (vitamin C, total phenolics, flavonoids
and relative antioxidant capacity) were determined. We have found inverse relationships between
fruit firmness, pH, titratable acidity and antioxidant contents with the disease symptoms in fruit.
Our results confirm that the accumulation of antioxidants tends to reduce the lesion and colonization
in inoculated fruit. Principal component analysis allowed the selection of two genotypes, AC-24
and AC-93, of ‘Calanda’-type peaches with a known standard quality, high antioxidant content and
minimal susceptibility to brown rot.

Keywords: brown rot; Prunus persica (L.) Batsch; ‘Andross’ × ‘Calante’ progeny; protected designa-
tion of origin ‘melocotón de Calanda’; genetic tolerance; antioxidant composition

1. Introduction

Peaches and nectarines are two of the most important fruit crops in the world with a
global production of more than 24 million tonnes in 2020. The world production of this
crop is concentrated in China, with a total production of 15 million tonnes, followed by the
Mediterranean countries: Spain, Italy, Turkey and Greece [1]. Spain is the second peach
producing country worldwide, with a production of 1,306,020 tonnes in 2020 [1]. Within the
European Union, peach production is concentrated in the countries of its Mediterranean
basin because the risk of damage to production due to frost being much lower than in the
countries of northern Europe [2].

Brown rot is one of the most important fungal diseases in peaches that causes major
production and economic losses in this crop. It has been reported that under favorable
conditions it is responsible for up to 80% of the yield loss [3,4]. This disease is caused
by three main species, Monilinia spp.; M. laxa (Aderhold & Ruhland) Honey, M. fructicola
(G Winter) Honey, and M. fructigena (Aderhold & Ruhland) Honey [4–6]. According to
Obi and references therein [4], until 2006 in Spain, M. laxa and M. fructigena were the two
major brown rot fungal species on peaches. Subsequently, M. fructicola was discovered in
orchards in the Ebro valley, Lérida, Spain [6], and spread all over Spain, displacing the
native species, M. laxa [7]. Currently, in Spain, both species coexist in the orchards [5,8].
While M. fructicola and M. laxa can infect both healthy and wounded fruit, M. fructigena can
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infect only wounded fruit [5]. In the case of M. fructicola it has a higher incidence on healthy
fruit, while M. laxa grows equally on both blossom and wounded and healthy fruit [9,10],
which make this species important for ongoing and further studies.

Due to the enormous economic losses that this disease entails, it is of great importance
to study the different ways of preventing or curing it. For the control of brown rot caused
by Monilinia species, post-harvest treatments are of little use and the risks of effects of
Monilinia spp on peaches in post-harvest is really low compared to that in the field [11].
Currently, preventive treatments used for the control of brown rot in pre-harvest are the use
of synthetic pesticides, such as benzimidazoles, dicarboximides, demethylation, boscalid,
cyprodinil, fluioxonil, fluopyram, pyraclostrobine, tebuconazole, etc. [12,13], that allow
for higher yield and higher quality of peaches [5,14]. However, this trend is decreasing,
whereas the need to find sustainable alternatives is increasing due to the resistance of
certain strains of Monilinia spp. to these authorized pesticides, the enormous pressure
from consumers to eat pesticide-free food, and environmental protection [15–17]. One of
the ecological and competitive alternatives may be the use of biopreservatives in peaches.
Recently, the effect of Bacillus amyloliquefaciens CPA-8 (CPA-8) or Penicillium frequentans
909 (Pf909) as biopreservative agents with a heating treatment against Monilinia spp. on
peaches, nectarines and cherries has been evaluated in field assays [18].

Another accepted and sustainable alternative is the selection of peach cultivars with
high resistance to brown rot [4,19]. This traditional breeding approach will allow obtain
pesticide-free peaches with high fruit quality and with less probability to be damaged by
Monilinia spp., which will also increase economic benefits [20]. Peach breeding programs try
to identify and select the genotypes more tolerant to Monilinia spp. by screening individuals
of a germplasm [21,22]. These programs may be supported by mathematical methods,
which allow for the integration of several objectives such as the selection of peaches with
high nutritional quality and those that are tolerant to Monilinia spp. [23].

Studying the injury parameters of the fruit allowed for the identification and selection
of varieties with greater resistance to this disease [4,24,25], while the study of the physic-
ochemical parameters allowed the identification of which are the bioactive compounds
involved in the defense mechanism against Monilinia spp. In our laboratory, an in vivo
method was developed and optimized to assess susceptibility levels in peach fruit of an
isolated strain of M. laxa. (Aderhold & Ruhland) Honey [26]. Besides, it has been described
that bioactive compounds such as polyphenols [22,27–29] or vitamin C have been shown to
have a preventive effect against Monilinia spp. [30]. However, until now only a few peach
cultivars tolerant to Monilinia spp. have been reported [22,24,26,29–32], probably because
few regions of the peach peel and flesh genome have been detected to be associated with
the response against M. laxa infection and colonization [33]. Peach breeders try to find
sources of resistance in the peach background [22,31,34].

It is well known that the Bolinha peach variety, from Brazilian origin, presents a good
resistance mechanism with less susceptibility to brown rot than other varieties [35]. It
has been observed that the resistance to disease of ‘Bolinha’ [22,33] and other resistant
sources [36,37] is transmitted to their descendants. Following this approach, in our lab-
oratory, we have selected peach genotypes from a population derived from the cross of
two commercial varieties, ‘Babygold 9′ × ‘Crown Princess’, based on their tolerance to
M. laxa and their quality. Interestingly, there was a direct correlation between the amount
of antioxidants such as anthocyanins and tolerance to M. laxa [29]. The present study has
been carried out with forty-two hybrids derived from the ‘Andross’ × ‘Calante’ cross with
differences in Monilinia laxa tolerance. The parents, as well as their descendants, produce
clingstone non-melting flesh peaches. ‘Andross’ is a peach variety of American origin
with a high sugar content and a medium harvest date, while ‘Calante’ is an appreciate
peach variety derived from an Aragonese population ‘Amarillo Tardío’ [38]. This variety of
peach is late ripening and is covered by the Protected Designation of Origin “Melocotón
de Calanda” [39]. The progeny was also evaluated for agronomic and physicochemical
properties (harvest date, fruit weight, fruit firmness, soluble solids content, pH, titratable
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acidity and ripening index), antioxidant compound contents (vitamin C, total phenolics,
flavonoids and relative antioxidant capacity in flesh and peel), and disease infection. The
main objective of this study was to select superior genotypes of ‘Calanda’-type peaches
with the highest agronomical and biochemical fruit properties and tolerance to M. laxa and
to establish a better antioxidant fruit composition for the tolerance to the disease.

2. Materials and Methods
2.1. Plant Materials

This study was carried out at the Aula Dei Experimental Station (CSIC) during two
growing seasons (2014–2015) in a peach population established in 2002. A progeny of
104 hybrids obtained from the controlled biparental cross between two commercial peach
varieties (Prunus persica (L.) Batsch): ‘Andross’ (female parent) and ‘Calante’ (male parent)
(A × C) were evaluated during 3–4 years (2009–2013) for agronomical (yield and harvest
date) and physicochemical basic traits (fruit weight, fruit firmness, soluble solids content,
pH, titratable acidity and ripening index), antioxidant compounds (vitamin C, total pheno-
lics, flavonoids and relative antioxidant capacity), and sugar contents. In 2014, a selection
of forty-two genotypes with good performance and high fruit quality was evaluated for the
tolerance to M. laxa and physicochemical properties. In 2015, a selection of eight individuals
that presented lesion severity (LS) of lower than 40 mm were evaluated for a second season
(Table S1). For the evaluation, the fruits were harvested at commercial maturity, considering
the criteria of peel coloration, size, fruit form (suture and shoulder development), fruit firm-
ness (softness of petiole zone), and ease of detachment from the tree [40]. All individuals
were evaluated for tolerance to M. laxa, as well as for their agronomical, physicochemical
basic traits and biochemical composition.

2.2. Preparation of Spores and Evaluation of Tolerance to Brown Rot

The procedure adopted was as described by Obi et al., in 2020 [26]. The original
inoculum (isolate number: CPML02) provided by the plant pathology unit of IRTA, Lérida
was used for the production of spores. Peach fruits were disinfected for four minutes by
immersion in a solution of 1.6% ethyl alcohol, 1.6% sodium hypochlorite (commercial) and
0.005% of polysorbate (Tween 80) in distilled water. Peach fruits were inoculated with a
small portion of the colony margin (3 mm) of PDA culture of M. laxa grown for six days.
The inoculated fruits were stored in boxes and covered with a layer of sterilized transparent
cellophane with both extremes sealed with adhesive tape. Samples were incubated for
4–6 days at 23 ◦C, with 40–60% relative humidity (RH) and a 12 h photoperiod. Finally,
the spores were isolated and the concentration was adjusted using the hemocytometer
cell-counting chamber (Neubauer) on a light microscope [26].

Before inoculation, fruits were disinfected as described above, rinsed in distilled water,
and later dried at room temperature for twenty minutes. The evaluation for tolerance
to M. laxa was carried out by inoculating twenty fruits per genotype, without artificial
injury, on the equatorial position with 25 µL of 2.5 × 103 spores mL−1 concentration.
Five fruits were used as mock and were inoculated with distilled water as a control of
infections. The fruits were placed in boxes with cardboard cells and incubated for 5 days
in disinfected chambers at 23 ◦C with 50–60% humidity (Climatronic 2132-model growth
incubator, Germany). The pathogenic activity was performed according to [26]. Brown rot
incidence (BRI) was expressed as the percentage of infected fruits over the total inoculated
fruits and colonization was expressed as the percentage of fruits with part colonization
over the number of total inoculated fruits. Lesion Diameter (LD = diameter of the lesioned
fraction) and Colonization Extent (CExt = diameter of the mycelium growth) were measured
across the perpendicular section using a digital Vernier calliper (Digimatic Mitutoyo, Alico
Industrial Equipment, Tamil-Nadu India). Lesion Severity (LS = (%BRI × LD)/100) and
Colonization Severity (CS = (%C × CExt)/100) were calculated as reported previously [24].
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2.3. Determination of the Physicochemical Fruit Quality Traits

Fruit weight (grams) was calculated from the total of 35 peach fruit samples harvested
per genotype. The fruit firmness (FF) and soluble solids content (SSC) were assayed in
5–20 fruits according to [29] at harvest, and after storage in fruits inoculated or not to know
the effect of incubation and inoculation. At harvest, firmness was measured in 10 fruits
randomly selected from the total 35 harvested. Each fruit was cut off a section of fruit at
1 mm size and using a penetrometer fitted with an 8 mm diameter probe (Effegi-FT-327,
Milan Italy) on opposite sides of the equator of each fruit. The results were expressed
in Newtons (N). For the soluble solids content (SSC), pH and titratable acidity (TA), the
same 10 fruits were peeled, cut and blended to get a peach juice. SSC was measured in a
temperature-compensated refractometer (ATC-1, Atago; Tokyo, Japan) and expressed as
(Brix). For pH and TA determination, 5 g of peach juice was diluted with 45 mL distilled
water, and then initial pH and acidity were measured using an automatic pH analyzer
(862 Compact Titrosampler, Metrohm; Herisau, Switzerland). The results were expressed as
grams of malic acid per 100 g of fresh weight (FW). After five days of storage, fruit firmness
and SSC were evaluated in those 5 fruits used as mock and in those 20 fruits inoculated
with M. laxa.

2.4. Determination of Antioxidant Compounds

The extraction of the antioxidant compounds was carried out according to [29] with
small modifications. Fruits were washed with deionized water, peeled and cut into very
small pieces. Approximately, 5 g of flesh (2014 and 2015) and 3 g of peel (2015) were
frozen in liquid nitrogen and stored at −20 ◦C until analysis. Three replicates for each
determination were stored. For vitamin C determination, five milliliters of 5% HPO3 was
added to the fruit samples before storage. For ascorbate (AsA) extraction, five milliliters
of 5% HPO3 was added to the frozen fruit samples. For the extraction of total phenolics,
flavonoids, and relative antioxidant capacity (RAC), a mixture of ten milliliters of HCl
0.5 N in methanol at 80% (v/v) was added to the samples. For the extraction of sugars, ten
milliliters of miliQ water was added [41]. The samples were thawed at 4 ◦C on ice and
homogenized using a Polytron blender (T25D UltraTurrax, IKA Works, Inc.; Wilmington,
NC, USA) and centrifuged at 4 ◦C and 30,000 g for 20 or 40 min for the flesh and peel
tissues, respectively. The volumes of extracts were measured in 15 mL Falcon tubes and
kept at 4 ◦C until their determination.

All the antioxidant compounds were determined with the molecular absorption spec-
troscopy UV-Vis of the plate spectrophotometer (Biochrom Asys UVM340, Microplate
Reader, Cambridge UK), with an optimized methodology for colorimetric reaction in
96-well plates, including three technical repetitions for all the determinations [41].

The AsA content was determined based on the oxidation–reduction reactions [42];
Fe(III) is reduced to Fe(II) in contact with L-Ascorbic acid and the formation of the Fe(II)-
2,2′-bipyridyl complex. Fifty microliters of flesh or peel extracts was sequentially mixed
in a microplate with fifty microliters of 44% (v/v) H3PO4, fifty microliters of 3.2% 2,2′-
bipyridyl and fifty microliters of 1.2% FeCl3. Samples were measured at 525 nm absorbance
after 90 min of incubation at 37 ◦C in darkness. Quantifications were calculated by the
interpolation in ascorbic acid (AsA) standard curve of 8 points (0–150 mg/L) freshly
prepared in parallel with the same reagents added to the samples. The results were
expressed in milligrams of ascorbic acid per 100 g of fresh weight (mg AsA/100 g FW).

Total phenolics content was performed based on the Folin-Ciocalteau method [43].
Fifty µL of 12% Na2CO3 and a hundred µL of Folin-Ciocalteau reagent 0.2 N were mixed
with fifty µL of flesh or peel extracts in a microplate. Samples were subsequently measured
at 765 nm absorbance after 60 min of incubation at room temperature in darkness. Quan-
tification was realized with a gallic acid standard curve of 8 points (0–50 mg/L) freshly
prepared in parallel with the same reagents added to the samples. The result was expressed
as mg gallic acid equivalent (GAE) per 100 g of fresh weight (mg GAE/100 g FW).
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Flavonoids content was measured based on the method in [44]. A total of 50 µL of 1.5%
NaNO2 was sequentially mixed with 50 µL of 3% AlCl3, 50 µL of 8% sodium hydroxide
(NaOH) and 50 µL of flesh or peel extracts in a microplate. Finally, the samples were
measured at 510 nm absorbance. Quantification was realized with a catechin standard
curve of 8 points (0–140 mg/L) freshly prepared in parallel with the same reagents added
to the samples. The results were expressed as milligrams of catechin equivalent per 100 g
of fresh weight (mg CE/100 g FW).

The relative antioxidant capacity (RAC) was determined based on the reduction of
2,2-Diphenyl-1-picrylhydrazyl (DPPH) radicals as described [45]. The reaction start mixing
30 µL of diluted flesh or peel extracts ( (in HCl 0.5 N in MeOH 80%) with DPPH (in
MeOH 80%) to a final concentration of 0.007%. The absorbance was measured at 535 nm
absorbance after 30 min of incubation at room temperature and darkness. The quantification
was realized based on the antioxidant Trolox content (C14H18O4), and the results expressed
as milligrams of Trolox equivalents (TE) per 100 g of fresh weight (mg TE/100 g FW).

2.5. Statistical Analysis

The statistical analysis of data was carried out with the SPSS 26.0 software (SPSS Inc.;
Chicago, IL, USA) program. The mean, maximum and minimum values and standard
errors were calculated for each parameter and year of evaluation. To avoid biased analysis,
the mean comparison was carried out independently with the eight genotypes evaluated
for both years of analysis. The eight genotypes were analyzed with a linear model one-way
ANOVA to compare genotypes, and a two-way ANOVA with year and genotype as the
main factors. The differences were considered significant at p ≤ 0.05 and means were
separated with the Duncan test. Normality for each parameter was checked with the
Kolmogorov–Smirnov test (p ≥ 0.05) and transformed when necessary before the analysis.
The linear relationship between parameters was realized with the Pearson correlation
coefficient using the mean of the two years of study (2014–2015) where applicable. Finally,
in 2014, a principal component analysis (PCA) of all variables was carried out in order
to select the most tolerant genotypes to Monilinia infection from the forty-two evaluated
genotypes. A second PCA was carried out with the eight selected genotypes evaluated
during 2014 and 2015 to identify the genotypes with greater resistance to brown rot infection
and with higher nutritional quality.

3. Results

The tolerance or susceptibility of genotypes derived from the cross between ‘Andross’
and ‘Calante’ was studied during two consecutive years, 2014 and 2015. In 2014, the
tolerance of the 42 genotypes was evaluated and later, based on the severity of the lesion
(LS), eight genotypes were selected with LS lower than 40 mm (Table S1). In 2015, we
validated the tolerance to M. laxa and evaluated the nutritional compositions of the eight
selected genotypes.

The parameters recorded in the two years of study were harvest date (HD), basic
physicochemical quality fruit traits (fruit weight, fruit firmness, soluble solids content, pH,
titratable acidity and ripening index) and disease parameters (% brown rot incidence, lesion
diameter, lesion severity, % colonization, colonization extent and colonization severity). In
addition to these parameters, contents of vitamin C, total phenolics, flavonoids and RAC
were also measured in the flesh in 2014 and 2015 and in the peel in 2015.

3.1. Physicochemical Basic Fruit Traits on the Population and Effect of Storage and Inoculation

Minimum, maximum and mean ± standard error of the harvest date and the physic-
ochemical basic fruit traits evaluated in 2014 and 2015 in all hybrids derived from the
‘Andross’ × ‘Calante’ cross are shown in Table 1. Mean values (2014–2015) in the A × C
progeny were in between of those found in the parents, ‘Andross’ and ‘Calante’, both
evaluated at the same seasons.
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Table 1. Physicochemical basic quality traits at harvest in flesh tissue of all the genotypes studied.
N represents the number of the biological replications studied each year (2014–2015). Minimum,
maximum, mean values ± standard error of all genotypes derived from the ‘Andross’ × ‘Calante’
cross and both parents ‘Andross’ and ‘Calante’ evaluated in 2014 and 2015. For each fruit parameter,
the number of fruits analyzed was 10 fruits for FF. SSC, pH and TA were measured from a pool of
10 fruits per genotype.

Progeny ‘Andross’ ‘Calante’

2014 2015 2014–2015 2014–2015

Parameters * N (2014–2015) Minimum Maximum Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE

Harvest date (HD) 42-8 222 266 248 ± 2.38 254 ± 4.70 249 ± 2.15 241 ± 3.50 278 ± 0.50
Fruit weight (FtW) 41-8 158.82 364.00 210.80 ± 5.55 249.97 ± 7.62 217.19 ± 5.22 166.55 ± 4.55 295.05 ± 9.40
Fruit firmness (FF) 274-60 14.21 66.15 38.72 ± 0.62 33.89 ± 1.13 37.86 ± 0.58 28.12 ± 2.31 45.26 ± 1.51

SSC 42-8 8.40 13.00 11.00 ± 0.18 11.26 ± 0.53 11.04 ± 0.17 14.15 ± 0.38 14.55 ± 0.32
pH 42-8 3.80 4.04 4.38 ± 0.06 3.90 ± 0.03 4.30 ± 0.05 4.31 ± 0.03 3.65 ± 0.03

Titratable acidity (TA) 42-8 0.24 0.86 0.41 ± 0.01 0.63 ± 0.04 0.45 ± 0.02 0.35 ± 0.01 0.72 ± 0.02
Ripening index (RI) 42-8 12.80 40.96 27.60 ± 0.89 18.25 ± 1.26 26.11 ± 0.91 40.69 ± 0.83 20.09 ± 0.81

Units and abbreviations: Fruit firmness (Newton, N); Soluble solids content (SSC, ◦Brix); Titratable acidity (%);
Ripening index (SSC/TA); SE = Standard error;. * Statistics were not conducted here between years because the
number of samples were biased between years (2014 vs. 2015).

The physicochemical basic fruit traits of the eight selected genotypes evaluated in both
seasons are shown in Table 2 and Table S2. Genotypes AC-35 and AC-82 were harvested
earlier in comparison with the other genotypes. At harvest, the mean fruit weight ranged
from 204.27 g (AC-104) to 251.52 g (AC-34). Considering data of both years, the genotype
with the lowest fruit firmness at harvest was AC-82, but this was not significantly different
from others (AC-34, AC-35 and AC-104), while genotype AC-11 had the highest fruit
firmness. In general, the same differences among genotypes in FF were found at harvest
and after storage. The ANOVA showed differences in SSC only after storage in fruit
whether inoculated or not. Regarding fruit weight, SSC, pH, TA or RI measured at harvest,
no significant differences were found among the eight genotypes.

Table 2. Physicochemical basic quality traits in eight selected genotypes derived from the ‘An-
dross’ × ‘Calante’ cross evaluated during the two years of study (2014–2015). Data are mean values
of N = 2–36 replications (see also Table S2). At harvest, FF was measured in 10 fruits; SSC, pH and TA
parameters were evaluated in a mixed pool of 10 fruits. In storage, FF and SSC were measured in
5 fruits that were non-inoculated and in 20 fruits that were inoculated.

Genotype HD FtW FF
Harvest

FF
Incubated

FF
Inoculated

SSC
Harvest

SSC
Incubated

SSC
Inoculated pH TA RI

AC-11 258 b 235.25 48.76 c 36.20 c 31.56 f 10.80 10.19 abcd 10.09 cd 4.78 0.46 28.75
AC-24 262 b 216.46 39.99 b 28.13 a 26.36 cd 10.75 9.28 ab 10.66 d 4.31 0.65 18.29
AC-34 258 b 251.52 34.70 ab 30.33 ab 29.00 e 12.40 12.00 e 10.86 d 4.11 0.51 25.81
AC-35 235 a 225.57 32.60 ab 30.04 ab 24.20 bc 11.05 11.39 cde 9.53 bc 4.03 0.49 22.74
AC-61 258 b 222.56 37.40 b 35.40 c 28.05 de 11.45 11.78 de 10.45 d 4.23 0.49 23.28
AC-82 226 a 237.96 27.76 a 26.12 a 22.97 b 10.90 10.90 bcde 10.21 cd 4.00 0.50 22.39
AC-93 262 b 236.86 40.34 b 33.42 bc 32.24 f 10.00 9.90 abc 9.26 b 3.85 0.61 16.65
AC-104 262 b 204.27 32.83 ab 26.36 a 18.72 a 9.25 9.07 a 8.27 a 4.15 0.48 19.20

One-way ANOVA was carried out for lineal model on raw data followed by the Duncan test. In columns, different
letters indicate significant differences. Abbreviations and units: Harvest day (HD, days); Fruit firmness (FF,
Newton, N); Soluble solids content (SSC, Brix); Titratable acidity (TA, %); Ripening index (RI, SSC/TA).

In order to know if there was any interactive effect between storage and inoculation
affecting fruit integrity, we have evaluated and compared fruit firmness and soluble solids
contents at harvest and after storage and inoculation. Tables S3 and S4 show the mean FF
and SSC values of all fruits determined at harvest or after storage in non-inoculated or
inoculated fruits of the genotypes studied. In general, both traits were higher at harvest
with a progressive decrease after incubation and with inoculation. Considering the forty-
two genotypes studied in 2014 and the eight genotypes evaluated in 2015 (Table S3), fruit
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firmness and SSC were significantly higher at harvest than after 5 days of storage. In
the same vein, the FF and SSC of incubated peaches were significantly higher than those
inoculated with M. laxa.

Considering the eight genotypes studied during two seasons (Table S4), the fruit
firmness and SSC at harvest were also significantly higher than that of incubated fruits.
However, it seems that FF was not affected after inoculation with M. laxa, while SSC content
was lower in inoculated fruits considering all the genotypes.

3.2. Evaluation of Tolerance/Susceptibility to M. laxa in the Years 2014–2015

Disease parameters measured after inoculation with M. laxa, including the minimum,
maximum and mean value ± SE, of all genotypes and the parents for 2014 and 2015 are
presented in Table 3 and Table S5. Except for %BRI and %C, the mean values of the disease
parameters (LD, LS, CEx and CS) of the progeny were higher in 2014 than in 2015. All
the parameters, except for %C, were higher in the progeny than in ‘Andross’ but were
quite similar to those found in ‘Calante’. ‘Andross’ resulted in being less susceptible to
Monilinia laxa than ‘Calante’ and all the individuals evaluated in the progeny.

Table 3. Diseases parameters after inoculation with Monilinia laxa. N represents the number of the
biological replications studied each year (2014–2015). Minimum, maximum, mean values ± standard
error of all the progeny derived from ‘Andross’ × ‘Calante’ cross and both parents ‘Andross’ and
‘Calante’ evaluated in 2014 and 2015. Data of all genotypes presented in Table S1. For each genotype
and trait, means are from N = 20 fruits.

Progeny ‘Andross’ ‘Calante’

2014 2015 2014–2015 2014–2015

Parameters # N (2014–2015) Minimum Maximum Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE

% Brown rot incidence 42-8 45.00 100.00 90.26 ± 1.83 93.75 ± 3.10 90.82 ± 1.62 70.00 ± 30.00 87.50 ± 12.50
Lesion diameter 690-150 7.19 79.89 52.51 ± 0.68 45.84 ± 0.65 51.32 ± 0.57 33.28 ± 2.60 53.55 ± 3.48
Lesion severity 690-150 4.67 76.63 48.69 ± 0.68 43.47 ± 0.69 47.76 ± 0.58 30.29 ± 3.19 50.07 ± 4.02
% Colonization 42-8 20.00 100.00 71.75 ± 3.37 89.38 ± 4.95 74.57 ± 3.06 90.00 nd 65.00 ± 35.00

Colonization extent 543-143 11.67 71.94 49.91 ± 0.54 40.71 ± 0.64 47.99 ± 0.47 39.93 ± 0.84 nd 51.73 ± 3.36
Colonization severity 543-143 4.03 68.73 39.47 ± 0.64 37.29 ± 0.73 39.01 ± 0.53 35.94 ± 0.76 nd 47.52 ± 4.63

Abbreviations and units: Brown rot incidence (BRI, %); Lesion diameter (LD, mm); Lesion severity (LS, mm);
Colonization (C, %); Colonization extent (CExt, mm); Colonization severity (CS, mm); LS or CS = [% (BRI or
C)] × (LD or CExt)]; SE = Standard error; nd: not colonization in 2014. # Statistics were not conducted between
years because the number of samples were biased (2014 vs. 2015).

The ANOVA of the disease parameters evaluated after inoculation with M. laxa during
the two years on the selected eight genotypes is presented in Table 4. Overall, except for
CExt, all the parameters (%BRI, LD, LS; %C and CS) were significantly lower in 2014 than
in 2015, making the year of analysis an important factor to consider in the assessment of the
tolerance/susceptibility to M. laxa. Genotypes were significantly different for LS, CExt and
CS traits and the genotype, as a factor, was in interaction with the year of study. In 2014, the
selected genotypes showed LS values below 40 mm (Table S1), whereas in 2015, only AC-24,
AC-82 and AC-104 maintained LS values below 40 mm. Genotypes that showed tolerance
in 2014 did not in 2015. Considering both years of study, five genotypes (AC-24, AC-35,
AC-82, AC-93 and AC-104) maintained less than 40 mm lesion diameters (LS < 40 mm).
Concerning colonization severity, CS, AC-24, AC-82 and AC-104 showed the lowest values
during both seasons. In both years, AC-24 showed lower CS values than the rest of the
genotypes. AC-11 had the highest LS (43.31 mm), CExt (45.85 mm) and CS (38.03 mm)
values, being the most susceptible to Monilinia laxa infection. Based on disease parameters,
AC-24 can be considered the genotype more tolerant to Monilinia laxa.
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Table 4. Effect of the year and genotype on the disease parameters in the eight selected genotypes
from the ‘Andross’ × ‘Calante’ population evaluated during the two years of study (2014–2015).

%BRI LD LS %C CExt CS

Principal factors
Year
2014 73 a 39.71 a 30.22 a 41 a 40.11 19.80 a
2015 94 b 45.84 b 43.48 b 89 b 40.71 37.29 b

Genotypes
AC-11 84 48.39 43.31 d 69 45.85 c 38.03 c
AC-24 65 40.84 29.17 a 50 35.58 a 24.57 a
AC-34 93 44.62 41.77 cd 75 40.49 abc 32.47 b
AC-35 86 44.00 38.69 bcd 68 43.89 bc 36.42 bc
AC-61 82 45.62 40.83 cd 62 43.55 bc 35.36 bc
AC-82 88 41.82 36.71 bc 75 34.87 a 26.45 a
AC-93 90 38.87 35.86 bc 63 39.18 ab 33.05 b

AC-104 83 41.87 34.59 b 63 40.59 abc 27.76 a
Interaction

2014
AC-11 69 45.79 31.48 bcd 38 54.21 d 20.33 cdef
AC-24 45 40.06 18.02 a 20 32.46 ab 6.49 a
AC-34 85 41.30 35.11 cde 55 40.83 abc 22.46 defg
AC-35 65 38.52 25.04 ab 35 44.31 c 15.51 bcd
AC-61 65 38.21 24.73 ab 29 44.03 c 12.95 abc
AC-82 95 39.98 37.98 de 90 30.74 a 27.67 fgh
AC-93 80 33.88 27.10 bc 25 40.87 abc 10.22 ab

AC-104 80 41.19 32.95 bcd 40 46.83 cd 18.73 cde
2015

AC-11 100 49.82 49.82 f 100 43.34 c 43.34 j
AC-24 85 41.26 35.07 cde 80 36.36 abc 29.09 gh
AC-34 100 47.73 47.43 f 95 40.29 abc 38.27 ij
AC-35 100 47.56 47.56 f 100 43.74 c 43.74 j
AC-61 100 49.69 49.69 f 95 43.43 c 41.26 j
AC-82 80 44.01 35.21 cde 60 41.06 bc 24.63 efgh
AC-93 100 42.86 42.86 ef 100 38.76 abc 38.76 ij

AC-104 85 42.50 36.13 de 85 37.65 abc 32.01 hi
Significance

Year * *** *** *** ns ***
Genotype ns ns *** ns *** ***

Year × Genotype ns *** ** ***
*** p ≤ 0.001; ** p ≤ 0.01; * p ≤ 0.05; ns: not significant. Two-way ANOVA was carried out for a linear model of
raw data followed by the Duncan test. In columns, different letters indicate significant differences. Abbreviations
and units are the same as in Table 3.

3.3. Biochemical Composition in Flesh

The antioxidant compound contents in the flesh of the forty-two genotypes studied in
2014 and the eight selected genotypes in 2015 are shown in Tables 5 and S6. Contents of
vitamin C, total phenolics, flavonoids and relative antioxidant capacity (RAC) evaluated in
the progeny and the parents are shown in Table 5. In the progeny, vitamin C, total phenolics
and flavonoids contents in flesh were higher in 2014 than in 2015, while the RAC was the
opposite. Contents of all antioxidants in the progeny, in any of the studied year, were lower
than those found in both parents, although contents of vitamin C were quite similar to
‘Calante’. ‘Andross’ was rich in vitamin C, while ‘Calante’ was superior in contents of total
phenolics, flavonoids and relative antioxidant capacity.
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Table 5. Antioxidant compound contents and relative antioxidant capacity in flesh tissue of all
the genotypes studied. N represents the number of the biological replications studied each year
(2014–2015). Minimum, maximum, mean values ± standard error of all the hybrids derived from the
´Andross’ × ´Calante’ cross and both parents, ‘Andross’ and ‘Calante’, evaluated in 2014 and 2015.
For each genotype, means are from N = 2–6 replicates.

Progeny ‘Andross’ ‘Calante’

2014 2015 2014–2015 2014–2015

Parameters * N (2014–2015) Minimum Maximum Mean ± SE Mean ± SE Mean ± SE Mean ± SE Mean ± SE

Vitamin C 84-23 0.72 19.53 10.50 ± 0.46 7.45 ± 0.56 9.84 ± 0.40 14.91 ± 1.11 10.72 ± 0.81
Total phenolics 84-24 77.64 96.27 58.80 ± 1.74 51.25 ± 2.44 57.12 ± 1.49 77.09 ± 3.77 93.65 ± 16.80

Flavonoids 115-22 11.45 58.90 28.29 ± 0.94 22.77 ± 1.41 27.40 ± 0.84 53.92 ± 7.56 87.90 ± 16.46
RAC 84-24 14.83 117.91 43.72 ± 2.04 91.74 ± 2.63 54.39 ± 2.55 89.41 ± 2.71 122.87 ± 13.94

Units: Vitamin C (mg AsA/100 g FW); Total phenolics (mg GAE/100 g FW); Flavonoids (mg CE/100 g FW); RAC
(mg TE/100 g FW). * Statistics were not conducted between years because the number of samples were biased
(2014 vs. 2015). Abbreviations: RAC = Relative antioxidant capacity; SE = Standard error; GAE = Gallic acid
equivalent; CE = Catechin equivalents; TE = Trolox equivalent; FW = Fresh weight.

Two-way ANOVA of vitamin C, total phenolics, flavonoids and relative antioxidant
capacity (RAC) of flesh fruit contents in the eight selected genotypes evaluated during 2014
and 2015 are shown in Table 6. Significant differences were found in antioxidant contents
in the flesh in the eight selected genotypes. It is important to note the great influence of
year and genotype factors on the antioxidant compounds. All the contents in the flesh were
higher in 2014 compared to those in 2015, except for RAC. Considering both years of the
study, genotypes AC-35, AC-61 and AC-93 had the highest antioxidant contents and RAC
in flesh tissue, while AC-104 had the lowest antioxidant values.

To test if peel composition may influence tolerance or susceptibility to M. laxa, we have
measured antioxidant contents in the flesh and peel tissues in 2015. The contents of vitamin
C, total phenolics, flavonoids and RAC determined in both tissues are shown in Table S7.
Values for these parameters were significantly higher in the peel than in flesh. Genotype
AC-11 had the highest values in peel for total phenolics content (73.15 mg GAE/100 g FW),
flavonoids (83.42 mg CE/100 g FW) and RAC (200.51 mg TE/100 g FW), while AC-104
had the lowest values for total phenolics content (39.25 mg GAE/100 g FW) and RAC
(135.23 mg TE/100 g FW). Interestingly, the total phenolic contents of AC-35 in the flesh
was higher than in the flesh and peel of other genotypes.

3.4. Selection of Genotypes with Better Quality Characteristics and Higher Tolerance to M. laxa

A principal component analysis (PCA) was carried out to interpret the results obtained
after the evaluation of the progeny in 2014. The variables included were the agronomical
and physicochemical traits, antioxidant contents and disease parameters recorded in 2014.

Figure 1 shows a model that fits four components explaining 81.78% of the total
variance, where PC1 explains mostly disease parameters, 37.79% of the total variance, and
PC2 explains physicochemical traits and antioxidant contents, 18.42% of the total variance.
Some physicochemical traits and the antioxidant parameters are plotted in the opposite
side to the disease parameters. According to this distribution, we were able to select the
genotypes with the highest antioxidant contents and agronomic quality that behaved more
resistant to M. laxa. Eight genotypes (AC-11, AC-24, AC-34, AC-35, AC-61, AC-82, AC-93
and AC-104) were selected that adjusted the selection criteria; they had high levels of
agronomical and physicochemical traits, high antioxidant contents and had higher M. laxa
tolerance compared to the other genotypes. Based on the agronomical and fruit quality
traits, these genotypes were plotted in the negative quadrants of PC1 and PC2, except
the genotype AC-93. All were re-examined for their agronomical performance quality,
antioxidant content and tolerance to M. laxa in 2015.
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Table 6. Antioxidant compound contents and relative antioxidant capacity in the flesh of eight
genotypes selected from the ‘Andross’ × ‘Calante’ population evaluated during the two years of
study (2014–2015). For each genotype, means are from N = 2–3 replicates each year.

Vitamin C Total Phenolics Flavonoids RAC

Principal factors
Year
2014 8.52 b 65.88 b 28.72 b 51.43 a
2015 7.45 a 51.25 a 22.77 a 91.74 b

Genotype
AC-11 6.41 a 60.04 c 24.39 bc 83.80 c
AC-24 6.34 a 58.16 c 26.50 bc 77.11 bc
AC-34 5.72 a 57.41 c 23.25 b 71.21 ab
AC-35 8.38 b 66.44 d 31.45 de 75.72 bc
AC-61 10.44 c 65.71 d 35.00 e 70.95 ab
AC-82 11.41 c 42.95 b 22.95 b 65.33 a
AC-93 7.80 b 68.22 d 29.05 cd 94.76 d
AC-104 6.58 a 37.89 a 15.62 a 66.03 a

Interaction
2014

AC-11 7.03 cd 64.05 fg 25.39 cd 59.81 cd
AC-24 6.99 cd 88.21 i 36.93 e 86.53 ef
AC-34 6.90 cd 63.26 fg 26.46 d 36.86 ab
AC-35 9.21 ef 63.54 fg 36.42 e 40.10 ab
AC-61 9.86 fg 71.78 h 34.65 e 48.60 bc
AC-82 10.67 fgh 44.93 c 23.45 bcd 30.53 a
AC-93 11.27 gh 87.00 i 35.06 e 72.09 d
AC-104 6.23 bcd 44.23 bc 15.50 a 36.91 ab

2015
AC-11 6.00 abcd 57.37 def 23.39 bcd 99.80 fg
AC-24 5.92 abc 38.13 ab 16.07 ab 70.84 d
AC-34 4.93 abc 53.51 d 18.44 abc 94.12 ef
AC-35 7.82 de 68.38 gh 26.49 d 99.47 fg
AC-61 10.82 fgh 61.66 efg 35.23 e 85.85 ef
AC-82 11.90 h 41.62 bc 22.45 abcd 88.53 ef
AC-93 4.32 a 55.70 de 23.04 bcd 109.87 g
AC-104 6.82 cd 33.66 a 15.73 a 85.45 e

Significance
Year *** *** *** ***

Genotype *** *** *** ***
Year × Genotype *** *** *** ***

*** p ≤ 0.001. Two-way ANOVA was carried out for lineal model on raw data followed by the Duncan test. In
columns, different letters indicate significant differences. Abbreviations and units are the same as in Table 5.

The PCA with the selected genotypes and the disease parameters, antioxidant content
and physicochemical traits studied in 2014 and 2015 is represented in Figure 2. This PCA
shows a model that fits four components explaining 94.76% of the total variance, where
PC1 explains 38.35% of the total variance, mainly fruit weight (FtW), acidity and disease
parameters, and PC2 explains 23.61% of the total variance, mainly firmness and antiox-
idant content. As was the case in 2014, physicochemical traits (fruit firmness, titratable
acidity), total phenolics and flavonoids contents and relative antioxidant capacity (RAC)
are projected in opposition to the disease parameters. Thus, genotypes with higher an-
tioxidant content, fruit firmness and acidity may have a higher tolerance to M. laxa. The
eight genotypes were distributed throughout PC1 according to their tolerance to M. laxa.
Of all genotypes studied in both seasons, genotypes AC-24 and AC-93 have the highest
antioxidant contents (except for vitamin C), acidity and fruit firmness and thus a higher
tolerance to M. laxa.
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Figure 1. Principal Component Analysis (PCA) of forty-two genotypes from the ‘Andross’× ‘Calante’
population evaluated in 2014 and the studied variables. The eight selected genotypes are represented
as (AC-). Open circles correspond to the rest of the evaluated genotypes. Relevant traits are labeled.
The red oval groups the antioxidant parameters (vitamin C, total phenolics, flavonoids and RAC), the
green the disease parameters (%BRI, LD, LS, %C, CExt and CS) and the blue square the eight selected
genotypes. Abbreviations as indicates in Tables 1, 3 and 5.
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Figure 2. Principal Component Analysis (PCA) of eight genotypes from the ‘Andross’ × ‘Calante’
population evaluated in 2014 and 2015 and the studied variables. The genotypes are represented as
(AC-). The red oval groups the antioxidant parameters and the green the disease parameters of the
eight selected genotypes. Abbreviations as indicates in Tables 1, 3 and 5.
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4. Discussion

The present study is of great interest for the selection of clingstone non-melting peach
cultivars of the ‘Calanda’ type with tolerance to M. laxa infection. The average harvest
date in the studied ‘Andross’ × ‘Calante’ population (248 Julian days, 5 September) was
considered to be late harvested progeny (> 15 August). Harvest date in this progeny is an
intermediate of the parents, as ‘Andross’ has a medium average of 211 Julian days and
‘Calante’ has a later date of 279 Julian days [30]. In non-melting ‘Calanda’-type peach
breeding programs, it is of great interest to reduce the harvesting date, but maintaining the
qualities and Aragonese Protected Designation of Origin requirements [46].

Furthermore, it is important to control any interactive effect between storage and
inoculation affecting fruit integrity that later could interfere with the interpretation of the
results. In this study, we have evaluated and compared fruit firmness and soluble solids
content at harvest and after storage in fruits inoculated or not (Tables S3 and S4) to control
if storage conditions modify these fruit physicochemical properties. Results showed that
FF and SSC values were significantly lower in fruits after five days of storage. Decreasing
fruit firmness and SSC has been described in postharvest conditions in nectarines [47] and
peaches [48,49] and it can be due to the production of ethylene. However, our previous
study reported the opposite [29]; we found in this population that FF was higher after
storage. It is possible that the differences could be due to the genetic background of the
studied populations or due to other reasons often related to harvest operations, including
weather conditions, which could explain the difference.

To assess the damage of M. laxa on peaches, the disease parameters analyzed were
the percentage of brown rot incidence (%BRI), Lesion Diameter (LD), Lesion Severity (LS),
the Percentage of Colonization (%C), the Extent of Colonization (CExt) and Colonization
Severity (CS). Here, we have found that the symptoms of the disease in all genotypes
were lower in 2014 than in 2015, with the exception of the colonization extent. Differences
between years have been reported in another study carried out in other peach progenies
evaluated in similar orchard conditions [29]. We believe that the disparity in the symptoms
between the studied years can be attributed to the biochemical peach composition, since
the inoculation of M. laxa was ex situ on disinfected fruit and under temperature- and
humidity-controlled conditions [26]. A plausible reason for observing more susceptibility
in 2015 may be due to an unusually rainy spring in the year of study, as illustrated in
Figure S1. We cannot rule out that external climatic conditions such as temperature, rainfall
and relative humidity may influence fruit properties, and even provoke structural changes
in the peel or cuticular chemical composition at earlier fruit maturity stages [50,51]. It was
reported that any crack in the peel favors the incidence of Monilinia spp. in the fruit [50,51].
Additionally, as reviewed in Mustafa [52], certain cultural practices may promote spore
germination within the cracks of ripe fruits. Although the fruits were inoculated with
the same amount of M. laxa, we do not know if this disparity found between years may
be due to levels of cuticle fracturing or breakage, as described in other studies carried
out on stone fruit [50,53]. In this sense, in the future, further attention should be paid
to studies emphasizing relevant structural physicochemical changes in the cuticula as a
natural barrier involved in the tolerance–susceptibility mechanism.

In peach breeding programs dealing with fungal tolerance, it is very important to know
the correlation between the disease parameters and the physicochemical fruit traits. In
this work, we have studied the relationship between the agronomical and physicochemical
traits of all the studied F1 progeny derived from two commercial peach varieties, ‘Andross’
and ‘Calante’, and their tolerance or susceptibility to M. laxa. As expected, we found
a positive and significant correlation between all disease parameters, as was reported
previously [26,29,30] (Table S8). A high correlation was obtained between %BRI and disease
severity parameters (LS and CS, r = 0.758, r = 0.703, p ≤ 0.01, respectively). This means
that the incidence of M. laxa in the population determines disease severity. The correlation
between LD and CExt parameters (r = 0.691, p ≤ 0.01) was very informative, because these
two parameters determine the tolerance or susceptibility of a genotype from a pathological
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point of view [54,55] as reported in other studies in peaches and nectarines [29,56]. However,
none of the above-mentioned studies established the correlation between %C and severity
(LS and CS, r = 0.811, r = 0.885, p ≤ 0.01, respectively), which indicates that the higher the
percentage of M. laxa colonization the higher disease severity in the progeny.

All agronomic and physicochemical parameters evaluated in the eight genotypes
(AC-11, AC-24, AC-34, AC-35, AC-61, AC-82, AC-93 and AC-104) were lower in 2014 than
in 2015, with the exception of RAC. Different pre-harvest environmental conditions such
as temperature, rainfall, as discussed above (Figure S1), and solar radiation can influence
peach quality [57]. The physicochemical traits and antioxidant contents were slightly higher
than those reported within the same population, but evaluated in a previous study [58]. The
more probable reason behind this was that the genotypes were evaluated 3–5 years after
planting (2005–2007) and that the methodology used in this study is much more accurate
now, as discussed by Saidani and coworkers [41]. Contents reported here were also slightly
higher than those published in other studies carried out on other peach progenies grown
under the same environmental conditions [29,59]. This may not only be due to the different
genetic background of the peach progenies, but also to climatic factors within the years of
study, to crop management or simply to the age of the trees [60].

As expected, negative correlations between pH and TA (r = −0.717, p ≤ 0.01) and
TA vs. ripening index, RI, (r = −0.879, p ≤ 0.01) have been reported in other peach
studies [29,56,59]. In the A × C population, total phenolics were strongly positively
correlated with flavonoids contents and RAC in flesh tissue (r = 0.892, r = 0.479, p ≤ 0.01,
respectively). These correlations have been discussed as described in other studies carried
out with peaches and nectarines [41,58]. However, the correlations obtained in the flesh
of this population between vitamin C content and total phenolics and flavonoids contents
(r = 0.370, r = 0.454, p ≤ 0.01, respectively) were not obtained in the aforementioned
study. Consistent with previous studies [29,41], the antioxidant contents (vitamin C, total
phenolics and flavonoids) were significantly higher in the peel than in the flesh. Antioxidant
contents in the peel, especially flavonoids and total phenolics, were lower than those
reported in our previous study in other populations evaluated in 2013 and 2015 [29], as is
the case with the study conducted with the progenitors [41]. According to Saidani et al. [41]
and Obi et al. [30], the most abundant phenolic compounds in the parentals ‘Andross’ and
‘Calante’, both in the flesh and in the peel, are hydroxycinnamic acids (neochlorogenic
and chlorogenic acids) and flavanols (procyanidin dimer and (+)-catechin). The content
of hydroxycinnamic acid is higher in ‘Calante’ than in ‘Andross’, while the content of
flavanols is higher in ‘Andross’ than in ‘Calante’. Further studies should be carried out in
order to disentangle which phenolics may give the tolerance to the selected genotypes.

In breeding programs, the search for inverse correlations between physicochemical
traits or antioxidant compound contents with disease severity is of great importance when
selecting genotypes with a high quality and low susceptibility to M. laxa. In the present
study, the correlation of the physicochemical parameters and the content of antioxidant
compounds was significantly negative with the disease parameters (Table S9). The pH, TA
and RI are parameters to be considered when selecting peaches with a higher tolerance.
In this study, pH has a negative correlation with %BRI (r = −0.286, p ≤ 0.05) and TA
has a negative correlation with CExt (r = −0.330, p ≤ 0.05). These correlations can be
explained with the results found in Obi et al. [56], where certain ranges of pH and TA
that can favor, hinder or even inhibit M. laxa growth in peach. Fruit firmness at harvest
has a negative influence on the percentage of colonization and extent of colonization, the
higher the firmness, the lower the percentage of colonization and extent of colonization
(r = −0.485, r = −0.414, p ≤ 0.01). This relationship was not found previously in other
peach progenies [29], but rather this tolerance is more dependent on the characteristics or
genetic background of the studied genotypes [32]. Interestingly, firmness was positively
correlated with total phenolics in flesh and peel and flavonoids content in flesh (r = 0.510,
r = 0.802, r = 0.458, p ≤ 0.01, p ≤ 0.05), indicating that the higher the firmness, the higher
the antioxidant contents. This could be positive to the particular genetic performance of
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this population, because for selection of clingstone non-melting peach progeny, firmness is
associated with a high nutritional quality of these fruits. In addition, the study has shown
that the higher the content of antioxidant compounds (total phenolics and flavonoids)
and RAC, the higher the tolerance to M. laxa. According to this, the antioxidant contents
were higher in 2014 than in 2015 (Table 6), while the disease parameters were the opposite,
being lower in 2014 than in 2015 (Table 4). Total phenolics is a highly relevant factor
when selecting peaches with some tolerance to M. laxa, as phenolic compounds have been
shown to be positively correlated with tolerance to brown rot [22,36,51]. Other studies have
associated hydroxycinnamic acids such as neochlorogenic and chlorogenic acids present in
peach flesh and peach peel with a high antioxidant capacity that results in a high tolerance to
M. laxa growth [27], describing specifically a negative correlation between hydroxycinnamic
acids and M. laxa growth (r = −0.900, chlorogenic acid, r = −0.850, neochlorogenic acid).
Results obtained in this study can be complemented with other similar studies, where
inverse correlations were found between the content of antioxidant compounds, such as
anthocyanins or vitamin C, with M. laxa susceptibility [29,30]. Finally, we also observed a
negative correlation between RAC and certain disease parameters such as CExt, LD and LS
(r = −0.392, r = −0.370, r = −0.299, p ≤ 0.01, p ≤ 0.05). These correlations have not been
reported in other studies carried out on eight commercial peaches [30].

The principal component analysis (PCA) of agronomic, biochemical and disease
parameters evaluated in the forty-two selected genotypes in 2014 clearly separated the
eight genotypes, which had LS < 40 mm and contained high antioxidant contents. The PCA
with only the eight selected genotypes allowed us to identity two genotypes, AC-24 and
AC-93, with the highest titratable acidity and antioxidant contents and the lowest disease
symptoms, which is consistent with the correlations discussed above.

5. Conclusions

To our knowledge, this is the first study carried out to establish the tolerance or
susceptibility to M. laxa in a population derived from the ‘Andross’ × ‘Calante’ cross.
Based on the analysis carried out in this study, it is confirmed that titratable acidity and
antioxidant compounds contents, especially total phenolics and flavonoids, contribute
to the control of brown rot disease in peach. The PCA with the 42 genotypes studied in
2014 has allowed us to select eight genotypes for reassessment in 2015. Taken together, with
the results of the eight selected genotypes and the projection in the PCA we identified AC-24
and AC-93 as candidate genotypes with higher agronomic and biochemical fruit quality and
fewer symptoms of brown rot caused by the fungus M. laxa. These genotypes are susceptible
to be considered as pre-breeding materials to be propagated in new experimental field
orchards to evaluate the performance for production of ‘Calanda’-type peaches with high
fruit quality and tolerance to brown rot caused by M. laxa under the Aragon Protected
Designation of Origin regulations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12112662/s1, Figure S1: Monthly average precipitation
(bars) and temperatures (lines) recorded during the study years 2014 and 2015 at the Aula Dei Experi-
mental Station (Zaragoza, Spain). Source: Meteorological data INTRANET EEAD-CSIC; Table S1:
Incidence parameters of M. laxa in the forty-two genotypes derived from the ‘Andross’ × ‘Calante’
cross in 2014 and in the eight genotypes evaluated in 2015. Data are mean ± standard error of
each studied year (2014–2015). The eight genotypes selected in 2014 with LS < 40 mm are shown
in bold; Table S1 (continued). Colonization parameters of M. laxa in the forty-two genotypes de-
rived from the ‘Andross’ × ‘Calante’ cross in 2014 and in the eight genotypes evaluated in 2015.
Data are mean ± standard error of each studied year (2014–2015). The eight genotypes selected in
2014 with LS < 40 mm are shown in bold; Table S2. Physicochemical basic quality traits in eight
selected genotypes derived from the ‘Andross’ × ‘Calante’ cross evaluated during 2014. Data are
mean ± standard error (N = 5–20). At harvest, FF was measured in 10 fruits; SSC, pH and TA param-
eters were evaluated in a mixed pool of 10 fruits. In storage, FF and SSC were measured in 5 fruits
non-inoculated and in 20 fruits inoculated; Table S2 (continued). Physicochemical basic quality traits
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in eight selected genotypes derived from the ‘Andross’ × ‘Calante’ cross evaluated during 2015. Data
are mean ± standard error (N = 5–20). At harvest, FF was measured in 10 fruits; SSC, pH and TA
parameters were evaluated in a mixed pool of 10 fruits. In storage, FF and SSC were measured in
5 fruits non-inoculated and in 20 fruits inoculated; Table S3. Fruit firmness (FF) and soluble solids
content (SSC) in flesh of the 42 genotypes selected from the ‘Andross’ × ‘Calante’ population during
the two years of study (2014–2015). FF and SSC were measured at harvest and after incubation (non-
inoculated or inoculated). Data are mean ± standard error (SE). For each genotype, the number of
fruits analyzed were 5–20. N represents the total number of fruits evaluated in both growing seasons;
Table S4. Fruit firmness (FF) and soluble solids content (SSC) in flesh of the 8 genotypes selected from
the ‘Andross’ × ‘Calante’ population during the two years of study (2014–2015). FF and SSC were
measured at harvest and after incubation (non-inoculated or inoculated). Data are mean ± standard
error (SE). For each genotype, the number of fruits analyzed were 5–20. N represents the total number
of fruits evaluated in both growing seasons; Table S5. Diseases parameters after inoculation with
Monilinia laxa in the cultivars studied. N represents the number of the biological replications studied
each year (2014–2015). Mean values ± standard error (SE) of the parents ‘Andross’ and ‘Calante’ eval-
uated in 2014 and 2015; Table S6. Antioxidant compounds contents and relative antioxidant capacity
in flesh tissue of the cultivars studied. N represents the number of the biological replications studied
each year (2014–2015). Mean values ± standard error (SE) of the parents ‘Andross’ and ‘Calante’
evaluated in 2014 and 2015. Table S7. Antioxidant compound contents in the flesh and the peel of
8 genotypes selected from ‘Andross’ × ‘Calante’ population evaluated in 2015. For each genotype,
means are from N = 3 replicates; Table S8. Pearson’s bivariate correlations of all disease parameters
in the population studied in 2014–2015 (N = 50); Table S9. Pearson’s bivariate correlations of some
physicochemical compounds with all disease parameters in the population studied in 2014–2015
(N = 50).
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