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Abstract: The effects of preharvest melatonin treatment, applied as foliar spray at 0.1, 0.3 and 0.5 mM
concentration at three key points of fruit development (pit hardening, initial colour changes and
3 days before harvesting), on crop yield and fruit quality properties at harvest was evaluated in three
sweet cherry cultivars, ‘Prime Giant’, ‘Lapins’ and ‘Sweet Heart’, and two years, 2019 and 2020. The
results showed that melatonin treatment had no effect on crop yield, except for the ‘Lapins’ cultivar,
in which increases were found. However, decayed and cracked fruit percentage was decreased
in all cultivars in 2020 when adverse weather conditions occurred and commercial crop yield was
increased, especially for 0.3 mM dose. Fruit quality traits at harvest, such as fruit weight, colour,
firmness, total soluble solids and titratable acidity, were enhanced by melatonin treatments in all
sweet cherry cultivars and in both years. Moreover, bioactive compounds, such as total phenolics and
total and individual anthocyanins, were also found at higher levels in fruit from melatonin-treated
trees with respect to controls. Thus, taking into account all these effects, 0.3 mM melatonin foliar
spray, at three key points of fruit developmental stages, could be a useful tool to improve crop yield
and quality traits of sweet cherries, especially their content on bioactive compounds with antioxidant
properties and health beneficial effects.
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1. Introduction

Sweet cherry fruit (Prunus avium L.) is highly valued by consumers worldwide due to
its excellent quality properties, mainly its colour, sugar and organic acid content, flavour,
texture and juiciness [1-3]. In addition, sweet cherry fruit are rich in bioactive compounds,
namely phenolics (including anthocyanins) and ascorbic acid, which are responsible of the
health benefit effects attributed to sweet cherry consumption, the major ones being antimi-
crobial, antidiabetic, anticancer and anti-inflammatory effects, as well as neuroprotection
and cardiovascular protection activity [4-6]. According to FAOSTAT [7], Spain is the sixth
largest sweet cherry producing country in the world, with 118,380 tons, after Turkey, the
USA, Chile, Uzbekistan and Iran.

Melatonin was identified in 1995 in plants from mono- and dicotyledonous species [8],
and since then, its effect on regulating a wide range of plant physiological processes, from
seed germination to fruit maturation and senescence, as well as on inducing plant resistance
to biotic and abiotic stresses, has been reported in a wide range of plant species [9,10].
In addition, recent reports have shown a role of melatonin on regulating fruit ripening,
although most of them have been focused on postharvest treatments [11,12]. However, the
effect of pre-harvest melatonin treatments on on-tree fruit ripening and quality traits at
harvest has been evaluated in very few papers, and different effects have been reported
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depending on fruit species, concentration or application time. Thus, the application of
0.1 mM melatonin to tomato plants in the irrigation system increased lycopene and sugar
content in fruits showing an acceleration of fruit ripening [13]. However, melatonin foliar
spray treatment of apricot trees increased crop yield and fruit weight, but no effect on fruit
on-tree ripening was observed [14]. In addition, enhanced apricot quality parameters at
harvest and maintenance during storage, at chilling and not-chilling temperatures, have
recently been reported in apricot fruits from melatonin-treated trees [15]. Accordingly,
melatonin treatment of ‘Mollar de Elche” pomegranate trees increased fruit quality traits
at harvest, including anthocyanin and phenolic content, and overall fruit quality was
maintained during storage at higher levels as compared with fruit from control trees [16].

Specifically, in sweet cherry, it has been recently reported that postharvest melatonin
treatments, by dipping in 0.05-1.0 mM melatonin solutions for 5 min, delayed senescence
and maintained fruit quality during storage in some sweet cherry cultivars, such as ‘Siah
Mashhad’ [17], ‘Sunburst’ [18], ‘Santina’” and Royal Rainier” [19]. On the other hand,
melatonin (0.01 and 0.1 mM) applied directly to fruit surface at stage II of development
(green and large in size fruit) delayed fruit ripening, manifested by delayed anthocyanin
accumulation, in the ‘Prime Giant’ cultivar [20]. On the contrary, foliar spray of sweet cherry
‘Ferrovia” with 0.5 mM melatonin 2 and 1 weeks prior to harvest led to fruit with a higher
content of the individual anthocyanins cyaniding 3-rutinoside, cyaniding 3-galactoside and
cyaniding 3-glucoside at harvest, showing an acceleration of the fruit ripening process [21].
However, as far as we know, no literature is available regarding the effect of pre-harvest
melatonin treatment on sweet cherry tree yield or fruit quality properties at harvest. Thus,
the aim of the present experiment was to evaluate the effects of foliar spray of sweet cherry
trees with melatonin on yield and on fruit quality and nutritional and functional properties
at harvest on three cultivars and two experimental years.

2. Materials and Methods
2.1. Plant Material and Experimental Design

Experiments were performed in a commercial field plot located at Jumilla (Murcia,
Spain, UTMX: 463.700 UTMY: 4.268.900) with sweet cherry trees (Prunus avium L.) of
cultivars ‘Prime Giant” and ‘Lapins’ in 2019 and 2020. In addition, the ‘Sweet Heart’
cultivar was also assayed in 2020. ‘Prime Giant” and ‘Lapins’ cultivars were planted in
January 2012 and ‘Sweet Heart’ in January 2015 and all of them grafted onto SL-64 rootstock.
Climatic conditions in the crop field were: mean annual temperatures 15.24 and 15.30 °C
for 2019 and 2020, respectively, and an accumulated rainfall of 357 and 352 mm for 2019
and 2020, respectively. Sweet cherry trees were under similar agronomic practices for
both years with 60:30:100 kg ha~! N:P:K fertilisation and open-centre pruning. Melatonin
treatments were performed by applying 3 L per tree (with a manual sprayer machine) of
freshly prepared melatonin solutions at 0.1, 0.3 and 0.5 mM containing 1 mL L~! Tween.
Similarly, 3 L of distilled water with 1 mL L~! Tween were applied to control trees. For
each treatment and cultivar, three replicates of three trees were used. Each treatment was
repeated three times, at pit hardening, at the beginning of colour changes and 3 days before
harvest (Table 1). Sweet cherries were harvested at commercial ripening stage, according to
commercial practices, based on the characteristic skin colour of each cultivar. Total yield
per tree was recorded as kg tree ! and a sample of 100 fruit per tree was taken at random
and weighed to obtain data of fruit weight average. Lots for each replicate were mixed and
transported to laboratory in 3 h. Then, 3 lots of 20 fruits, homogenous in size and colour
and without visual defects, were taken at random from each field replicate and treatment
and used for the following analytical measures.
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Table 1. Dates for treatments (T1, T2 and T3) and harvest date in the 2019 and 2020 experiments.

Year Cultivar T1 T2 T3 Harvest
2019 ‘Prime Giant’ 4 May 22 May 8 June 11 June
‘Lapins’ 5 May 1 June 17 June 21 June

2020 ‘Prime Giant’ 23 April 15 May 30 May 4 June
‘Lapins’ 24 April 26 May 13 June 17 June

‘Sweet heart’ 28 April 1 June 27 June 2 July

2.2. Quality Parameters

Colour was measured independently in each fruit with a Minolta colorimeter (CRC200,
Minolta Camera Co., Tokyo, Japan), and the CIELab coordinates. Three readers were
taken for each fruit at three equidistant points along the equatorial perimeter and colour
was expressed as a*/b* ratio, which is a good index for sweet cherry colour [1]. The
results are the mean £ SE. To measure fruit firmness, a TX-XT2i Texture Analyser (Stable
Mycrosystems, Godalming, UK) equipped with a flat probe was used. The machine
measured fruit diameter and applied a force to achieve a 3% fruit diameter deformation.
Fruit firmness was expressed as the relation between the applied force and the travelled
distance (N mm 1) and results are the mean + SE. After that, the flesh of the 20 fruit of
each replicate was cut in small pieces to obtain a homogeneous sample. About 50 g were
squeezed through two layers of cotton cloth and the juice was used to measure, in duplicate,
the total soluble solids (TSS) and titratable acidity (TA). Other 50 g of sample was frozen
under liquid N3, ground and stored at —20 °C to measure total phenolics and anthocyanins.
To measure TA, 1 mL of juice was diluted in 25 mL of distilled H,O and titrated with 0.1 N
NaOH up to pH 8.1 by using an automatic titration system (785 DMP Titrino, Metrohm,
Herisau, Switzerland). The results (mean + SE) were expressed as g malic acid equivalent
100 g~ ! in fresh weight basis. TSS were measured in the juice of each sample by using a
digital refractometer (Atago PR-101, Atago Co. Ltd., Tokyo, Japan) at 20 °C and results
(mean + SE) were expressed as 100 g~! on a fresh weight basis.

2.3. Total Phenolic and Anthocyanin Quantification

To extract the total phenolis compounds, 5 g of pulp were homogenised with 15 mL
of water:methanol (2:8, v/v) containing 2 mM NaF for 30 s, by using an Ultraturrax (T18
basic, IKA, Berlin, Germany). The extracts were centrifuged at 10,000 g for 10 min at
4 °C and the supernatant was used to quantify total phenolics in duplicate according
to Diaz-Mula et al. [1]. Briefly, 50 uL of appropriately diluted extracts were mixed with
2.5 mL of water-diluted Folin-Ciocalteau reagent and incubated for 2 min at room tem-
perature. Then, 2 mL of sodium carbonate (75 g L~!) was added and shaken vigorously.
Thereafter, the mixture was incubated in a water bath at 50 °C for 15 min, and finally, the
absorbance was measured at 760 nm. A calibration curve was performed with gallic acid
and results (mean + SE) were expressed as mg gallic acid equivalent 100 g~! on a fresh
weight basis. Total anthocyanins were extracted by homogenising 5 g of flesh with 15 mL of
methanol/formic acid/water (25:1:24, v/v/v). The extracts were centrifuged at 10,000 g
for 10 min at 4 °C and the supernatant was used to quantify total anthocyanins by reading
absorbance at 520 nm according to previous report [16]. The results were expressed as
mg 100 g~ ! of cyaniding 3-glucoside equivalent (cyn 3-glu, molar absorption coefficient of
26,900 L cm~! mol~! and molecular weight of 449.2 g mol~!). Individual anthocyanins
were quantified, in duplicate, in the previous extracts after filtration through 0.45 um PVDF
filter (Millex HV13, Millipore, Bedford, MA, USA) by using HPLC analysis, as previously
described by Martinez-Espla et al. [3]. In brief, 20 uL of the extracts were injected into a
HPLC system (Agilent HPLC 1200 Infinity series, Santa Clara, CA, United States) and
chromatograms were recorded at 520 nm. Individual anthocyanins were quantified by
comparison with standard calibration curves performed with cyanidin 3-rutinoside (Cyn
3-rut), pelargonidin 3-rutinoside (Pelg 3-rut) and cyanidin 3-glucoside Cyn 3-gluc) and
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results were expressed as mg 100 g~ ! (mean + SE of measures in duplicate in each of the
three replicates).

2.4. Statistical Analysis

A factorial design with melatonin treatments (0, 0.1, 0.3 and 0.5 mM) with three
triplicates (n = 3) of three trees per replicate was performed for each sweet cherry cultivar
and year (2019 and 2020). For all the measured parameters, year and cultivar, data are the
mean =+ SE of three replicates (n = 3). An analysis of variance (ANOVA) was performed
by using the SPSS software version 20 (SPSS Inc., Chicago, IL, USA) and means were
compared by Tukey’s test to find significant differences among treatments at p < 0.05.
In addition, a t-test was performed by comparison between control and melatonin-treated
fruit, for each cultivar and year. Finally, linear regressions were performed between
colour a*/b* index and anthocyanin content and between total anthocyanin and phenolic
concentration separately for each cultivar and each year.

3. Results
3.1. Crop Yield and Fruit Weight

Sweet cherry fruit were harvested when fruit reached their commercial ripening stage,
according to commercial practices. Preharvest melatonin treatments at 0.3 and 0.5 mM
concentrations significantly (p < 0.05) increased the total yield of the ‘Lapins” cultivar in
2019, while in the 2020 experiment, significant increases were found for 0.3 mM (Figure 1).
However, no significant effects of melatonin treatments on yield were observed for ‘Prime
Giant’ or ‘Sweet Heart’ cultivars. In addition, important differences in total yield were
observed for both years. Thus, for the ‘Lapins’ cultivar, the total yield of control trees was
19.02 + 2.31 kg tree ™! in 2019 and 35.33 + 1.92 kg tree ! in 2020. On the contrary, for the
‘Prime Giant” cultivar, the yield of control trees was 2.5-fold reduced from 2019 to 2020
(Figure 1). Moreover, a great proportion (50.50 &= 3.19%) of the ‘Prime Giant” harvested
fruit from control trees in the 2020 experiment were decayed or cracked fruit (unmarketable
fruit), while this proportion was significantly (p < 0.05) reduced in melatonin-treated trees,
in a concentration-dependent way, up to 32.66 £ 2.53% in 0.5 mM treated trees, leading to
significant increases in commercial yield (Figure 2). The percentage of unmarketable fruit
(decayed and cracked fruit) from control trees in the 2020 experiment was very low for
‘Lapins’ and ‘Sweet Heart’ cultivars (less than 5%), although they were also significantly
(p < 0.05) reduced by melatonin treatments and commercial yield was increased, the higher
effect being observed with 0.3 mM concentration (Figure 2). Fruit weight of ‘Prime Giant’
cherries from control trees was ca. 11 and 13.5 g in 2019 and 2020, respectively, and
significantly higher (p < 0.05) in fruit from melatonin-treated trees (except for 0.5 mM dose
in 2019), the major increases (9-13%) being found for 0.1 and 0.3 mM doses in both years.
For the ‘Sweet Heart’ cultivar, fruit weight was also increased by melatonin treatments,
from 4 to 8% for 0.1 to 0.5 mM doses, while for the ‘Lapins’ cultivar, the effect of melatonin
treatments on increasing fruit weight was significant only for the 0.5 mM dose in the 2020
experiment (Figure 3).
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Figure 1. Yield (kg tree™!) in control and melatonin-treated trees in the 2019 and 2020 experiments.
Data are the mean + SE of three replicates of three trees. Different letters show significant differences
(p < 0.05) between treatments for each cultivar and year.
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Figure 2. Decayed and cracked fruit (A) and commercial yield (B) in control and melatonin-treated
trees in the 2020 experiments. Data are the mean =+ SE of three replicates of three trees. Different
letters show significant differences (p < 0.05) between treatments for each cultivar and year.
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Figure 3. Effects of sweet cherry trees’ melatonin treatments on fruit weight (g) in the 2019 and 2020
experiments. Data are the mean + SE of 100 fruit taken at random from commercial fruit of control
or treated trees. Different letters show significant differences (p < 0.05) between treatments for each
cultivar and year.

3.2. Fruit Quality Parameters

The surface skin colour, expressed as the a*/b* index, was 3.1-3.2 in ‘Prime Giant” and
‘Sweet Heart’ cultivars and ca. 4.3 in ‘Lapins’ for control fruit, showing a deeper red colour
in the last cultivar (Table 2). However, sweet cherries from melatonin-treated trees showed
significantly (p < 0.05) higher a*/b* colour index for all assayed cultivars and, in general,
the highest values were found for 0.5 mM dose. Significantly (p < 0.05) higher values of fruit
firmness were also observed in fruit from melatonin-treated trees with respect to those from
control trees. However, for this quality parameter, no significant differences were observed
among the applied melatonin doses, except for ‘Prime Giant” in 2019, in which the highest
firmness values were found in fruit from 0.3 and 0.5 mM melatonin-treated trees (Table 2).
With respect to TSS content, values of ~20.4 and 22.3 g 100 g~ ! were found in control fruit of
the ‘Prime Giant’ cultivar for 2019 and 2020, respectively, and ~20.4 and 19.0 g 100 g~ ! for
‘Lapins’, showing differences on this quality parameter between different growing years
and cultivars. Nevertheless, a similar effect of preharvest melatonin treatments on TSS was
observed for all cultivar and years, since TSS values were significantly (p < 0.05) enhanced
by these treatments (Table 2). In general, the highest increases were found with 0.3 and
0.5 mM doses, ranging from 15% in ‘Prime Giant’ in the 2019 experiment to 5% in ‘Sweet
Heart” in the 2020 experiment. Finally, TA values were also significantly (p < 0.05) increased
by preharvest melatonin treatments, ranging from 10 to 20%, depending on cultivar and
year, without significant differences attributed to melatonin concentration (Table 2).
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Table 2. Effects of preharvest melatonin treatments at 0.1, 0.3 and 0.5 mM concentration on fruit
colour, firmness, total soluble solids and titratable acidity.

Melatonin Concentration

Cultivar Year Control 0.1 mM 0.3 mM 0.5 mM
Fruit Colour (a*/b*)

‘Prime Giant’ 2019 3.20 4+ 0.07¢ 3.47 + 0.07b 3.47 £+ 0.06b 3.92 + 0.06a

‘Prime Giant’ 2020 3.12 4+ 0.09¢ 3.37 £ 0.11b 3.50 & 0.07b 3.72 + 0.11a
‘Lapins’ 2019 4.25 + 0.07¢ 4.55 4+ 0.07b 4.50 4+ 0.07b 4.76 + 0.07a
‘Lapins’ 2020 433 £0.11b 4.77 + 0.14a 4.73 + 0.09a 4.68 + 0.09a

‘Sweet Heart’ 2020 3.13 £ 0.17¢ 3.43 +0.11b 3.59 £+ 0.03b 3.79 + 0.07a

Fruit firmness (N mm™1)

‘Prime Giant’ 2019 1.59 + 0.04c 1.83 £+ 0.04b 2.02 4 0.04a 1.91 £ 0.03a

‘Prime Giant’ 2020 1.49 + 0.08b 1.84 £+ 0.09a 1.99 £ 0.06a 1.78 £ 0.10a
‘Lapins’ 2019 1.56 + 0.05b 1.73 £ 0.04a 1.80 £ 0.04a 1.77 £ 0.04a
‘Lapins’ 2020 1.60 + 0.05a 1.83 £ 0.06a 1.81 £ 0.04a 1.80 £+ 0.04a

‘Sweet Heart’ 2020 1.54 £+ 0.07b 1.87 + 0.06a 2.05 + 0.09a 1.85 + 0.05a

Total soluble solids (g 100 gfl)

‘Prime Giant’ 2019 20.43 + 0.24¢ 2245+ 0.12b  23.00 &= 0.12ab  23.47 + 0.41a

‘Prime Giant’ 2020 22.28 +0.22b 23.93 + 0.45a 23.77 £0.23a 24.27 £0.17a
‘Lapins’ 2019 20.36 + 0.14b 21.40 + 0.26a 22.10 + 0.47a 22.17 + 0.16a
‘Lapins’ 2020 18.98 £+ 0.12¢ 20.07 £ 0.06b  20.52 4+ 0.22ab  21.05 + 0.08a

‘Sweet Heart’ 2020 19.70 + 0.21b 20.92 + 0.07a 20.75 £+ 0.16a 20.72 + 0.38a

Titratable acidity (g 100 g~ 1)

‘Prime Giant’ 2019 1.10 £ 0.01b 1.31 £ 0.02a 1.24 £ 0.03a 1.22 £ 0.01a

‘Prime Giant’ 2020 1.25 + 0.01b 1.40 £+ 0.02a 1.39 4+ 0.02a 1.36 + 0.03a
‘Lapins’ 2019 0.95 £+ 0.01b 1.15 £ 0.03a 1.12 £ 0.01a 1.09 £ 0.02a
‘Lapins’ 2020 1.08 £+ 0.02b 1.21 £ 0.01a 1.18 £ 0.01a 1.17 £ 0.01a

‘Sweet Heart’ 2020 1.22 + 0.01b 1.37 & 0.04a 1.35 + 0.02a 1.36 + 0.03a

Data are the mean =+ SE of fruits harvested from three replicates of three trees for the 2019 and 2020 experiments.
For each cultivar and year, different lowercase letters show significant differences (p < 0.05) between treatments.

3.3. Total Phenolics and Total and Individual Anthocyanins

Total phenolic concentration was different depending on cultivar, year and melatonin
dose applied. In control fruit of the ‘Prime Giant’ cultivar, the total phenolic content at
harvest was 80.05 4 3.84 and 73.67 + 2.24 mg 100 g~ ! for 2019 and 2020, respectively, while
for ‘Lapins’, cultivar important differences were found for both years, 64.45 + 1.22 and
107.48 & 3.96 mg 100 g~ !, respectively. However, in general, for all cultivars and years,
preharvest treatments with melatonin led to significant increases (p < 0.05) in phenolic
concentration, the major effects being observed for 0.3 and 0.5 mM doses, with increases up
to 45% in the ‘Lapins’ cultivar in the 2019 experiment compared to the controls (Figure 4).
With respect to the anthocyanin concentration, it was significantly increased (p < 0.05)
by all applied melatonin doses in both experimental years and cultivars. The highest
effects were found in the 2019 experiment for the 0.5 mM dose, which led to 82 and 57%
increases in ‘Prime Giant” and ‘Lapins’ cultivars, respectively. In the 2020 experiment, all
melatonin treatments increased anthocyanin concentration, these increases ranging from
14 to 25%, although no significant differences (p < 0.05) among melatonin concentrations
were observed for any of the three assayed cultivars (Figure 5).
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Figure 4. Total phenolic concentration in sweet cherries from control and melatonin-treated trees in
the 2019 and 2020 experiments. Data are the mean =+ SE of determinations made in duplicate in three
replicates. Different letters show the significant differences (p < 0.05) between treatments for each
cultivar and year.
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Figure 5. Total anthocyanin concentration in sweet cherries from control and melatonin-treated trees
in the 2019 and 2020 experiments. Data are the mean =+ SE of determinations made in duplicate in
three replicates. Different letters show significant differences (p < 0.05) between treatments for each

cultivar and year.
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The concentration of individual anthocyanins were measured in the 2020 experiment
and the result showed that cyaniding 3-O-rutinoside (Cyn 3-rut) was the major antho-
cyanin in all sweet cherry cultivars, with concentrations of 76.17 = 1.30, 88.65 & 2.27 and
52.11 4 0.62 mg 100 g~ ! in control fruit of ‘Prime Giant’, ‘Lapins’ and ‘Sweet Heart’ cultivars,
respectively (Figure 6). Pelargonidin 3-O-rutinoside (Pelg 3-rut) was found at a much lower
concentration, from 7.5 to 9.1 mg 100 g~ ! for ‘Lapins’ and ‘Prime Giant’, respectively, in con-
trol fruit. Cyaniding 3-O-glucoside (Cyn 3-gluc) was only found in control fruit of the ‘Sweet
Heart’ cultivar and at very low concentration, ca. 0.5 mg 100 g 1. However, it is worth noting
that concentrations of all individual anthocyanins were significantly (p < 0.05) enhanced as
a consequence of melatonin pre-harvest treatments. These increments ranged from 20 to
40% for Cyn 3-rut and from 10 to 50% for Pelg 3-rut depending on the cultivar, although no
significant differences were observed among the applied melatonin doses (Figure 6).

'Prime Giant' '‘Lapins' a 'Sweet Heart'
L a . L
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a EZZ Pelg 3-rut
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o
S 120 -
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Figure 6. Individual anthocyanins concentration (cyaniding 3-rutinoside, cyn 3-rut, pelargonidin
3-rutinoside, pelg 3-rut, and cyanidin 3-glucoside, cyn 3-gluc) in sweet cherries from control and
melatonin-treated trees in the 2020 experiment. Data are the mean + SE of determinations made
in duplicate in three replicates. Different letters show significant differences (p < 0.05) between
treatments for each cultivar.

4. Discussion

Melatonin treatments of cherry trees increased crop yield in the ‘Lapins’ cultivar in both
experimental years, especially with 0.3 mM dose, but no significant effects were observed
for ‘Prime Giant’ or ‘Sweet Heart’ cultivars (Figure 1). No previously published papers are
available in the literature regarding the effect of melatonin treatment of sweet cherry trees
on crop yield for comparative purposes, and only a few reports are available in other fruit
species. Thus, increases in crop yield as a consequence of melatonin tree treatment during
fruit development have been reported in “Colorado’, ‘Mikado” and ‘Canino’ apricots [14,15],
as well as in tomato plants when seeds were soaked with melatonin or melatonin was
applied in the irrigation system [13]. These effects were attributed to an increase in plant
photosynthetic rate and leaf chlorophyll content. The yield of pomegranate tree was also
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increased by 0.1 mM melatonin preharvest treatment due to increases in fruit size and
number of fruit harvested by tree [22]. Similarly, a 14% of crop yield was obtained in well-
irrigated tomato plants when melatonin was applied at 30 and 50 days after transplanting,
while this increase was 37% under water deficit stress [23]. However, in another previous
paper, increases in tomato crop yield in melatonin-treated plants were only found when
plants were exposed to rain acid stress but not in tomato plants under optimal growth
conditions [24]. Then, the effect of melatonin treatment during fruit development on
plant on increasing crop yield is clear when plants are under abiotic or biotic stresses.
Nevertheless, under optimal conditions this effect depends on the plant species or cultivars,
the concentration applied or the plant development stage and deserves further research [25].

On the other hand, the total yield was quite different in both experimental years. Thus,
for the ‘Lapins’ cultivar, the yield of control trees was ca. 19 and 35 kg tree ! in 2019 and
2020, respectively, which could be attributed to the normal variability occurring in cherry
tree between the years. In this sense, a three-fold higher yield was observed in ‘Skeena’
cherry trees grown in Portugal in 2016 with respect to 2015, which was attributed to a
higher crop load rather than larger fruit size [26]. However, for the ‘Prime Giant’ cultivar,
the yield of 2020 experiment was 2.5-fold reduced with respect to 2019, either in control
as in treated trees (Figure 1). This reduction was due to a heavy rainfall (15 L m?) that
occurred on May 16, causing dropping of many fruits that were at the initial colour change
stage. On the contrary, ‘Lapins’ and ‘Sweet Heart’ cultivars were at the pit hardening
stage when the heavy rainfall occurred and were not as highly affected as the ‘Prime Giant’
cultivar, reaching high yield values, which for ‘Lapins’ were even higher than in the 2019
experiment. In addition, in ‘Prime Giant’, ca. 50% of the harvested fruit from control trees
in 2020 were unmarketable fruit, due to the appearance of cracking and/or fungal decay as
a consequence of the heavy rain that occurred. However, the percentage of unmarketable
fruit was reduced in melatonin-treated trees, leading to increases in commercial yield,
especially with a 0.3 mM dose (Figure 2). For ‘Lapins” and ‘Sweet Heart’ cultivars, in spite
of being much less affected by these high rains and rendering a much lower percentage of
unmarketable fruit in 2020, these percentages were also reduced in melatonin-treated trees.

Sweet cherry size is a quality parameter highly valued by consumers and large-sized
fruit reached higher prices on the market than small ones. The results of the present
experiments showed, in general, an effect of 0.3 and 0.5 mM melatonin treatments on
increasing fruit weight, although in the ‘Lapins’ cultivar, this effect was significant only
for 0.5 mM dose in 2020 (Figure 3). Increases in fruit size have been recently reported in
pomegranate fruit from melatonin-treated trees [22] as well as on grape berries [27], which
were attributed to an increase of the fruit sink strength, leading the fruit to uptake more
sugars and reach larger-size at harvest. Fruit colour, firmness and TSS and TA contents are
also quality parameters highly valued by consumers in sweet cherry fruit and it is worth
noting that all of them were found at higher levels in fruit from melatonin-treated trees
than in controls (Table 2). It has been reported in a wide range of sweet cherry cultivars
that fruit firmness decreased during the on-tree ripening process, while increases occurred
in colour, TSS and TA contents [1,28,29]. Thus, as melatonin treatment led to fruit with
higher firmness at harvest, it could be inferred a delay of fruit ripening as a consequence of
melatonin treatment. On the contrary, colour, TA and TSS were enhanced as a consequence
of melatonin treatments, which would show an accelerate ripening. In fact, ripening in
sweet cherry, as well as in other fruit species, is a complex and coordinated process and
each single parameter evolves at a particular pace [30]. In the ‘Ferrovia’ cultivar, foliar spray
with 0.5 mM melatonin 2 and 1 weeks prior to harvest did not affect the ripening process,
leading to fruit with similar TSS, TA and colour values than controls [21]. Accordingly, no
significant effects of 0.1 or 0.01 mM melatonin treatment (applied 19 days before harvesting)
on fruit firmness, TA or TSS were reported for the ‘Prime Giant’ cultivar by Tijero et al. [20],
although anthocyanin content was significantly decreased. These authors proposed that
sweet cherry ripening is modulated by a delicate hormonal balance. Thus, melatonin, in
combination with jasmonic and salicylic acids, would have inhibitory roles in fruit ripening,
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since these three plant hormones decreased as ripening started, while abscisic acid would
have a ripening stimulatory effect since it increased with ripening. On the contrary, three-
fold application of 0.05 and 0.1 mM melatonin (at week intervals, starting just before the
fruit turned red) on ‘Hongdeng’ sweet cherry trees led to higher contents on TSS and total
anthocyanins, although TA content was decreased [31]. These findings suggest that the
effects on melatonin preharvest treatments on sweet cherry ripening and quality traits are
notably influenced by the applied concentration, developmental stage and cultivar, among
other possible factors. However, when melatonin was applied as postharvest dipping
general effects on delaying postharvest fruit ripening, maintaining fruit quality traits and
extending shelf-life have been reported in several fruit species, such as banana, peach,
pear, kiwi, strawberry and pomegranate, as recently revised by Ze et al. [32], although
the applied dose and time dipping was different for each fruit species. These effects were
attributed to a reduced accumulation of reactive oxygen species (ROS) due to increases
in the enzymatic activities and gene expressions of antioxidant enzymes. Even in sweet
cherry, postharvest melatonin treatments, especially with 0.1 mM dose, led to a delay
of the postharvest ripening process of ‘Sunbust’ [18] and ‘Siah Mashhad’ [17] cultivars,
through increasing the activity of antioxidant enzymes and concentration of antioxidant
compounds, such as ascorbic acid, reduced glutathione and phenolics.

Sweet cherries are fruit with high content of phenolic compounds, mainly antho-
cyanins, which are primarily responsible for the beneficial health effects attributed to cherry
consumption [6,33-35]. In fact, phenolic compounds and especially anthocyanins have
strong antioxidant activity and preventive effects on a wide range of age-related and chronic
diseases, such as neurodegenerative, cardiovascular and oncologic diseases, hypertension,
obesity and diabetes, among others [36-38]. The results of the present research show
enhanced levels of phenolic and total and individual anthocyanin concentrations in fruit
from melatonin-treated trees in the three sweet cherry cultivars tested. In addition, high
correlation was found between a*/b* colour index and total anthocyanin concentration
(y = 0.02x + 2.24; r*> = 0.672), as well as between total phenolic and total anthocyanin con-
centrations (y = 0.76x + 31; 2= 0.801), taking into account data from all cultivar and years.
Thus, fruit surface colour, measured by the a*/b* indeX, is a good indicator of anthocyanin
concentration, the pigments responsible for sweet cherry colour. Moreover, these pigments
are the major phenolic compounds in these sweet cherry cultivars contributing to their
antioxidant potential and health beneficial effects [33,35,39]. The predominant anthocyanin
in the three sweet cherry cultivars was Cyn 3-rut followed by Pelg 3-rut and Cyn 3-gluc, in
agreement with previous reports on other cherry cultivars [3,40—43]. Accordingly, Cyn 3-rut
was the major anthocyanin in the ‘Ferrovia’ cultivar, although cyanidin 3-O-galactoside
and Cyn 3-gluc were the minor ones [21]. Postharvest melatonin treatments have shown
a general trend on increasing phenolic content, including anthocyanins, and antioxidant
activity in a wide range of fruit species, such as ‘Santa Rosa’ plum [44], strawberry [45],
nectarine [46], tomato [17], litchi [47] and pomegranate [48]. Accordingly, preharvest treat-
ment of pomegranate trees led to enhanced concentrations of total phenolics and total and
individual anthocyanins as well as of total antioxidant activity in arils at harvest, showing
that melatonin treatment stimulated the anthocyanin biosynthesis pathway [16].

Specifically, in sweet cherry, 0.1 mM melatonin dipping treatment increased antho-
cyanin concentration in ‘Santina’ and ‘Royal Rainier” cultivar during storage due to an
induced overexpression of two key genes coding for dihydroflavonol 4-reductase (DFR)
and anthocyanidin 3-O-glucosyltransferase (UFGT), two enzymes involved in the last steps
of anthocyanin biosynthesis partway [19]. Similarly, 0.1 mM melatonin dipping treatment
led to enhanced total phenolics, flavonoids and anthocyanins during storage in ‘Siah Mash-
had’ cultivar, these effects being accompanied by an increased radical scavenging potential
and attributed to higher phenylalanine ammonia lyase (PAL) and chalcone synthase (CHS)
activities, along with decreased PPO activity [17]. However, the effect of melatonin pre-
harvest treatment on phenolic and anthocyanin contents of sweet cherry are not as clear
as those of the postharvest ones previously mentioned. Thus, Tijero et al. [20] reported
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two-fold increases in anthocyanin concentration at harvest in ‘Prime Giant” after preharvest
0.1 mM melatonin treatment at stage II, while two-fold decreases occurred with 0.01 mM
dose. In "Hongdeng’ cultivar; moreover, an increase in the total phenolic content at harvest
was found after preharvest treatment with 0.05, 0.01 and 0.1 mM melatonin (applied three
times at weekly intervals from initial colour changes), while for the anthocyanin content,
increases were found for 0.05 and 0.1 mM—no effect was observed for 1 mM [31]. Finally,
in the ‘Ferrovia’ cultivar, 0.5 mM melatonin foliar spray treatment, 2 and 1 weeks before
harvest did not affect individual phenolic or anthocyanin contents at harvest, although
the expression of PAL codifying gene was significantly increased [21]. Taking into account
these previous results and those obtained in the present experiments, it is clear that to
obtain an increase in the phenolic and anthocyanin concentration by melatonin treatments,
0.3 and 0.5 mM doses would be effective, provided the treatments were applied at key
points of fruit development on the tree, namely pit hardening, initial colour changes and
three days before harvest, as was performed in the present experiments.

5. Conclusions

The results show that melatonin treatment of sweet cherry trees at key points of fruit
development had little effect on crop yield, except for the ‘Lapins’ cultivar, although the
decayed and cracked fruit percentage was decreased under adverse weather conditions and
commercial crop yield was increased, especially for the 0.3 mM dose. Quality parameters
at harvest, such as fruit weight, colour, firmness, TSS and TA, were enhanced by melatonin
treatments in all sweet cherry cultivars and 2019 and 2020. Moreover, antioxidant com-
pounds, such as total phenolics and total and individual anthocyanins, were also found at
higher levels in fruit from melatonin-treated trees with respect to controls. Thus, consider-
ing all these effects, 0.3 mM melatonin treatments at three key points of fruit developmental
stages could be a useful tool to improve quality traits of sweet cherries and specially their
content on bioactive compounds with antioxidant properties and health beneficial effects,
with additional effects increasing crop yield under unfavourable climatic conditions during
fruit ripening.
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