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Abstract: The possible role of an early calcium application via sprays (0.25, 0.5 and 1M CaCl2) on
dormant buds to improve sweet cherry (cv. Ferrovia) fruit quality at harvest was investigated. Fruit
quality characteristics were also investigated in response to the age of spurs, the ripening stage, and
their interactions. Results indicate that calcium enters the dormant flower buds and the phloem but
not to the dormant vegetative buds. At harvest, the levels of Zn, Mn, and Cu were declined in fruits
by increasing CaCl2 doses of sprays. Fruit respiratory activity was higher and on–tree fruit cracking
was lower in red-colour (unripe) cherries as well as in fruit that was produced by 2-year-old short
spurs or by Ca-treated buds. Differences in the sweet cherry skin metabolic profiles were identified.
Fruit produced from Ca-exposed spurs exhibited lower levels of ribose and other cell-wall-related
sugars and higher sucrose, maltose, and quininic acid levels. Nutrient shift was increased in red
cherries, while anthocyanins were boosted in the black ones. PCA analysis was performed between
the high dose of calcium spray and a control for mineral element content and cherry quality traits.
This study illustrates that the high dose of calcium application during bud dormancy can effectively
improve sweet cherry fruit characteristics, in terms of calcium content, cracking incidence, and fruit
set. Overall, the present study contributes to a better understanding of the impact of calcium nutrition
in fruit crops, which will provide references for alternative nutrient management and quality control
in sweet cherry production.

Keywords: bud dormancy; calcium; cracking; fruit nutrition; fruit quality; skin polar metabolites

1. Introduction

Sweet cherry (Prunus avium L.) is a highly demanded fruit, as it is the earliest stone
fruit to ripen and because of its great consumer acceptance [1]. Its nutritional and com-
mercial value gives the sweet cherry a great economic importance in more than forty
temperate climate countries worldwide where environmental factors are favourable for its
growth [2]. The quality of the sweet cherry fruit is highly affected by the environmental
conditions, since excessive rainfall before and during the harvest can lead to the fruit
cracking [3]. Although the mechanism that leads to cherry cracking remains unclear [4],
cracking is currently assumed to be the result of a net influx of water into the fruit, caus-
ing an increase in fruit volume and surface area, resulting in a strained fruit skin, which
eventually ruptures [5].

Calcium is a key mineral for most plant organs and tissues, particularly for fruit. The
range of critical physiological functions affected by calcium is diverse and includes the
signal transduction as a secondary messenger, the control of gene expression and protein,
the maintenance and regulation of membrane permeability, and the cross-linking and
structural reinforcement of cell wall constituents [6]. In fruit, including sweet cherries, high
calcium has been reported to increase fruit firmness, reduce rain cracking susceptibility,
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decrease the incidence of rotting, and maintain colour and turgidity of pedicels [5]. More-
over, the low mobility of calcium in the xylem (it is not transported in the phloem) poses
serious problems to ensure the distribution of this element to the fruit through calcium
application in the soil. In addition, calcium taken up from the soil solution is transported
in the xylem stream predominately to the leaves due to their high transpiration [7]. Sub-
sequently, the treatment of aerial plant parts with calcium sprays is used to prevent fruit
calcium deficiency or to improve fruit quality. The penetration of calcium into fruit likely
occurs through the stomata on the fruit surface. However, penetration rates have been
shown to vary with cultivar, application method, and formulation of calcium used [8].
Calcium supplementation is not always effective; in some studies, in-season foliar calcium
applications were found beneficial while in others there was no significant effect, such as
in blueberries and peaches [9,10]. In addition to this, there are limitations regarding the
calcium concentration of the foliar solution due to leaf injury and defoliation caused when
high calcium doses are applied [9,11]. An alternative strategy to foliage calcium spray
could therefore be calcium sprays during tree dormancy, such as those performed in other
mineral-element-based applications, including those of zinc and copper [12,13].

Considering the importance of calcium in the quality of sweet cherry, the objective of
this study was to determine if calcium sprays applied during sweet cherry tree dormancy
could affect the overall sweet cherry fruit quality at harvest. Three main factors, namely
dosage of calcium sprays, age of short spurs sprayed, and harvest at two fruit ripening
stages, as well as their interaction in response to early calcium application, were evaluated.
Additionally, skin metabolic characteristics were assessed and linked to cracking incidence
to gain insight into the physiological background of calcium-affected cracking behaviour.

2. Materials and Methods
2.1. Tree Processing and Fruit Sampling

The experiment was conducted in an experimental sweet cherry orchard of cv. Ferrovia
(Prunus avium L.). The orchard consisted of 10-year-old trees, planted at 5 × 5 m spacing
between rows and along the row, grafted onto MaxMa 14 rootstock and trained in open
vases. The application of calcium (CaCl2*2H2O, ACS reagent, ≥99%Sigma-Aldrich + 0.01%
TWEEN 20 Sigma-Aldrich) was performed in 8 sweet cherry trees via spray (0, 0.25, 0.5 and
1M CaCl2) on either one- or two-year-old short spurs at dormancy stage, specifically two
weeks prior to buds burst (Figure S1). At each tree, a quarter of the canopy was sprayed
for each calcium treatment. One week after external calcium application, phloem tissue,
flowers, and vegetative buds were tested for internal calcium and other mineral element
content. In addition, fruit set (%) was determined 40 days after full blossom (DAFB).
Cherry fruits were harvested at two different ripening stages, namely red and black skin
colour, at 81 DAFB. Accordingly, four calcium treatments (0, 0.25, 0.5, and 1M CaCl2) and
two ripening stages (red and black skin colour) in two ages of short spurs (1 and 2 years
old) were studied, as well as their interacting effects. A schematic representation of the
experimental procedure is provided in Figure 1.



Horticulturae 2021, 7, 135 3 of 16

Horticulturae 2021, 7, x FOR PEER REVIEW 3 of 16 
 

 

and measured for each condition in triplicate (three branches). Thereafter, by 40 DAFB, 

the remaining fruits were measured in each marked branch on the tree, and the results 

were expressed as percentage of fruit set (%). 

 

Figure 1. Schematic representation of the experiment procedure. Calcium treatments (0, 0.25, 0.5, and 1M CaCl2*2H2O) 

were applied in sweet cherry (cv. Ferrovia) trees at bud dormancy stage, specifically two weeks prior to flower bud burst. 

Sweet cherry fruits were harvested and grouped based on calcium treatments, the ages of short spurs (1- and 2-year-old 

spurs) and the ripening stage (red and black colour); afterwards, samples were analysed for nutrient content, quality 

attributes, and skin metabolites. 

2.3. Fruit Quality Characteristics 

2.3.1. Skin Cracking Assessment 

Sweet cherry skin cracking incidence was evaluated on tree at harvest (81 DAFB). 

Thereafter, the non-skin-splitted cherries were assessed for their cracking potential using 

Christensen and Waterfall methods, as previously described [14]. 

Skin cracking in the orchard was measured in the experimental fruits (calcium treat-

ment/spur types/ripening stages) in four replicates per condition. Each replicate consisted 

of 50 fruits for which the incidence of skin cracking was recorded, and the results were 

expressed as a percentage (%). Similarly, the skin cracking was assessed using two in vivo 

methods (calcium treatment/spur types/ripening stages) on the remaining intact fruits us-

ing three replicates per condition. Skin cracking in the orchard was determined due to 

rain precipitation during fruit development and, in particular, the days near harvest (Fig-

ure S1). 

To evaluate the in vivo sweet cherry cracking, fruits (3 replicates × 25 fruits) just after 

harvest were weighed and immersed in distilled water based on the modified ‘Christen-

sen method’ [15], as previously described in detail [14]. The results were expressed as a 

percentage of cracking susceptibility (%) by the equation [∑ (7 −
6

𝑖=1

i) x cracked fruits in i hour)/6 × total fruits] × 100. In addition to this assay, another batch 

of fruits (3 replicates × 25 fruits) was evaluated for skin cracking using the currently es-

tablished ‘Waterfall method’, in which fruits are continuously wetted under controlled 

conditions [14]. The results were expressed as a percentage of skin cracking susceptibility 

(%) by the equation {[ ∑ (13 − i) x cracked fruits in i hour)
4

𝑖=1
 + ∑ (13 −

6

𝑛=3

2 x n) x cracked fruits in (2 x n) hour) /12 × total fruits} × 100. 

2.3.2. Fruit Water Absorption 

Sweet cherry fruits were weighted before and just following both cracking assays 

(Christensen and Waterfall methods) after the removal of surface water by centrifugation 

0.5M CaCl2

Bud dormancy stage

Foliar spray two weeks prior 

to flower bud burst

Harvest stage (81 DAFB)

Control 0.25M CaCl2 0.5M CaCl2 1M CaCl2

Control 0.25M CaCl2 0.5M CaCl2 1M CaCl2

Classification according to ripening stage

1
s
t
y
e

a
r

s
p

u
r

2
n

d
y
e

a
r

s
p

u
r

1
s
t
y
e

a
r

s
p

u
r

2
n

d
y
e

a
r

s
p

u
r

Figure 1. Schematic representation of the experiment procedure. Calcium treatments (0, 0.25, 0.5, and 1M CaCl2*2H2O)
were applied in sweet cherry (cv. Ferrovia) trees at bud dormancy stage, specifically two weeks prior to flower bud burst.
Sweet cherry fruits were harvested and grouped based on calcium treatments, the ages of short spurs (1- and 2-year-old
spurs) and the ripening stage (red and black colour); afterwards, samples were analysed for nutrient content, quality
attributes, and skin metabolites.

The number of cracked fruits was visually recorded at harvest, while the noncracked
fruits just after harvest were assessed for cracking using two in vivo estimation methods.
Fruits were transferred to the laboratory, classified according to their ripening stage (red
and black skin colour), and several physiological traits were evaluated (Figure 1).

2.2. Fruit Set

The fruit set (%) was determined in the individual trees following calcium treatments,
and the two types of spurs (1 and 2 years old) using three replicates per condition (e.g.,
control/tree 1/1-year-old spur). At full blossom, the flowers were initially marked and
measured for each condition in triplicate (three branches). Thereafter, by 40 DAFB, the
remaining fruits were measured in each marked branch on the tree, and the results were
expressed as percentage of fruit set (%).

2.3. Fruit Quality Characteristics
2.3.1. Skin Cracking Assessment

Sweet cherry skin cracking incidence was evaluated on tree at harvest (81 DAFB).
Thereafter, the non-skin-splitted cherries were assessed for their cracking potential using
Christensen and Waterfall methods, as previously described [14].

Skin cracking in the orchard was measured in the experimental fruits (calcium treat-
ment/spur types/ripening stages) in four replicates per condition. Each replicate consisted
of 50 fruits for which the incidence of skin cracking was recorded, and the results were
expressed as a percentage (%). Similarly, the skin cracking was assessed using two in vivo
methods (calcium treatment/spur types/ripening stages) on the remaining intact fruits us-
ing three replicates per condition. Skin cracking in the orchard was determined due to rain
precipitation during fruit development and, in particular, the days near harvest (Figure S1).

To evaluate the in vivo sweet cherry cracking, fruits (3 replicates × 25 fruits) just after
harvest were weighed and immersed in distilled water based on the modified ‘Christensen
method’ [15], as previously described in detail [14]. The results were expressed as a percent-

age of cracking susceptibility (%) by the equation [
6
∑

i = 1
(7 − i) × cracked fruits in i hour)/6
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× total fruits] × 100. In addition to this assay, another batch of fruits (3 replicates ×
25 fruits) was evaluated for skin cracking using the currently established ‘Waterfall
method’, in which fruits are continuously wetted under controlled conditions [14]. The
results were expressed as a percentage of skin cracking susceptibility (%) by the equation

{[
4
∑

i = 1
(13 − i) × cracked fruits in i hour) +

6
∑

n = 3
(13 − 2 × n) × cracked fruits in (2 × n)

hour)/12 × total fruits} × 100.

2.3.2. Fruit Water Absorption

Sweet cherry fruits were weighted before and just following both cracking assays
(Christensen and Waterfall methods) after the removal of surface water by centrifuga-
tion and airflow for 1 min. The results were expressed as a percentage (%) of fruit
water absorption.

2.3.3. Fruit Weight

Weight (gr) in three batches of ten fruits per condition (calcium treatment/spurs
types/ripening stages) of the whole fruit and its individual parts (stem, core, and flesh)
were determined. The results were expressed as the ratio of flesh weight to the whole fruit
weight (%). Furthermore, dry weight in three batches of ten fruits per condition (calcium
treatment/spurs types/ripening stages) was determined, following fruits drying in an
oven at 65 ◦C for three days. The results are expressed as a percentage (%).

2.3.4. Fruit Ripening Traits

Three batches of ten fruits from each condition (calcium treatment/spurs types/ripening
stages) were juiced (core excluded) in a mechanical blender, then centrifuged, and the
total soluble solids (TSS, % Brix) were determined at the supernatant using an electronic
refractometer (model Atago PAL 1, Tokyo, Japan). Titratable acidity (TA, % malate) was
determined by potentiometric titration.

The penetration force was determined using 15 fruits per replication using a TA–XT2i
Texture Analyser (Stable Microsystems, Godalming, Surrey, UK), as described [16]. The
results were expressed in newtons (N).

2.3.5. Respiration Activity

The fruit respiration rate was analysed in three batches of ten fruits per condition
(calcium treatment/spurs types/ripening stages). Fruits were enclosed in 2 L air-tight
jars for 30 min at 20 ◦C. The respiration rate was assessed using gas chromatography
(Shimadzu GC–2014, Kyoto, Japan), as described in detail previously [17].

2.4. Mineral Elements Analysis in Sweet Cherry Fruit, Buds, and Phloem Tissues

Determination of nutrients (K, P, Ca, Mg, Na, Zn, Fe, Mn, Cu) was performed in fruits
(Table S1), buds, and phloem samples by an inductively coupled plasma optical emission
spectrometry (ICP–OES) system (Perkin Elmer Optima 2100DV), using three biological
replicates per condition after each tissue incineration at 550 ◦C for 6 h and ash dissolution
in 6 N HCl [18].

2.5. Total Phenols, Total Anthocyanins, Flavonols, and Hydroxycinnamic Acids of Sweet Cherries

The extraction of polyphenolic substances was conducted using 3 biological replicates
×10 fruits per condition, as described [19]. The content of total phenols was determined
using the Folin–Ciocalteu method, and optical density was measured at 760 nm with a
microplate reader (Tecan infinite M200 PRO). Results were expressed in equivalents of µg
gallic acid g−1 FW.
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Total anthocyanins, flavonols, and hydroxycinnamic acids were determined [20] at
520, 360, and 320 nm, respectively, with a UV microplate reader (Tecan infinite M200 PRO).
The results were expressed in equivalents of µg cyanidin, rutin, and caffeic acid g−1 FW
for anthocyanins, flavonols, and hydroxycinnamic acids, respectively (Table S2).

2.6. Primary Polar Metabolite Analysis in Sweet Cherry Skin Tissue

Primary polar metabolite extraction and derivatization processes were performed
as described [21–23] with slight modifications. Frozen ground skin tissue (0.5 gr.) from
the control and high (1M) calcium treatment of black skin colour (full ripe) sweet cherry
fruits produced from 1-year-old spurs or 2-year-old spurs were used. Samples were
extracted with 1.4 mL of pure methanol (−20 ◦C), and adonitol (0.1 mL of 1 mg/mL)
was added as an internal quantitative standard, then incubated for 10 min at 70 ◦C. In
the supernatant, 0.75 mL chloroform (−20 ◦C) and 1.5 mL dH2O (4 ◦C) were added and
then centrifugated (2200× g, 4 ◦C, 10 min). An aliquot of 0.15 mL of the supernatant was
transferred into a glass vial and placed to dry in a desiccator under vacuum. The residues
were redissolved in methoxyamine hydrochloride (0.04 mL of 20 mg/mL) and then in
N–methyl–N–(trimethylsilyl) trifluoroacetamide reagent (MSTFA, 0.07 mL) for 120 min
and 30 min at 37 ◦C, respectively. The GC–MS analysis was carried out with a Perkin
Elmer Clarus™ SQ 8 (USA) as described in detail [22]. Compounds were determined using
standards or the NIST11 database or GOLM metabolome database [24]. The metabolites
are expressed as a relative abundance of adonitol, based on the peak area. The description
of metabolites and data with relative abundance of metabolites are provided in Table S3.

2.7. Statistical Processing and Analysis

The statistical analysis of all quality traits, fruit sets, and mineral elements was con-
ducted using SPSS (SPSS v21.0., Chicago, IL, USA) by 3-way ANOVA or by multivariate
analysis of variance (MANOVA) in the analysis of the mineral elements in the two types
of tissues (buds and phloem). Metabolic analysis was performed by analysis of variance
(ANOVA) between the control and high-dose (1M) CaCl2 treatment. Mean values were
compared based on Duncan’s multiple range test (more than 2 variables) and Student’s
t-test (for 2 variables and metabolites); p ≤ 0.05. Specifically, the three factors that were
tested in fruit set were the Ca treatments (control, 0.25, 0.5, and 1M CaCl2), the ages of
short spurs (1 or 2 years old), and individual tree parameter (tree number 1, 2, 3, or 4).
In parallel, the three factors for quality traits and elements were the Ca treatments, ages
of spurs (1 or 2 years old), and the ripening level (red or black). In the case of cracking
estimation procedures (Christensen and Waterfall methods) and fruit water absorption, the
statistical analysis was based on Ca treatments, ages of spurs, and the ripening stages.

Principal component analysis (PCA) was used to detect simple patterns, groupings,
similarities, and differences. PCA was performed between the control and high-dose (1M)
CaCl2 treatment for quality traits and nutrients. The Kaiser–Meyer–Olkin (KMO) measure
of sampling adequacy was used for testing whether the variables are adequate to correlate,
and Bartlett’s test of sphericity (BS) was used for testing if there is a relationship between the
variables used. PCs with a variance under 15% and individual variables with communality
or loading under 0.5 were rejected in order to avoid the low representation of variables in
the PCA model (Table S4).

3. Results
3.1. Calcium Content in Sweet Cherry Tree Tissues during Dormancy and Its Effect on Fruit Set
and Skin Cracking

In order to examine the internal calcium level in sweet cherry tissues following the
external application of calcium (0.25, 0.5, or 1M CaCl2*2H2O) during dormancy, phloem,
flower, and vegetative buds tissue were analysed for nutrient content one week after the
various calcium treatments. Higher calcium content in response to 0.5 and 1M CaCl2 treat-
ments was detected in phloem and flower buds, but not in vegetative buds (Figure 2).
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Furthermore, calcium content was better explained by the flower bud model (R2 = 0.74)
rather than by the phloem model (R2 = 0.48). Moreover, an average increase in the ab-
sorption rate by 0.3% of dry matter per molarity of CaCl2 was defined (Figure 2). With
the exception of P content in flower buds, the levels of the rest of the nutrients (P, K, Mg,
Na, Zn, Cu, Mn, Fe) were not affected by calcium treatments in the tested tissues (phloem,
flower, vegetative buds) (Table S1).

Our data further showed that the fruit set was seriously affected by the individual tree
and calcium treatments. An increase of fruit set (%) was observed in response to 0.25 and
1M CaCl2 treatments 54 days following sprays (40 DAFB, Table 1), but an even greater effect
was found to be tree dependent (p < 0.001) or associated with tree × treatment interaction
(T × Tr; p < 0.01) (Table 1).

Skin cracking was also affected by the calcium treatments, the age of spurs, and the
ripening stages. Lower fruit cracking in the field was observed following 0.5 and 1M
CaCl2 treatments in comparison to the control. In addition, we found lower cracking
levels in 2-year-old spurs and in red skin colour cherries than in 1-year-old spurs and
black skin colour fruits, respectively (Table 1). Interaction effects between the various
calcium treatments and the two ages of spurs as well as between calcium treatments
and the two ripening stages were also defined (Table 1). This section may be divided by
subheadings. It should provide a concise and precise description of the experimental
results, their interpretation, and the experimental conclusions that can be drawn.
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Figure 2. Calcium content from the phloem (a), flower (b), and vegetative buds (c) following 1 week
of calcium treatments (0, 0.25, 0.5, and 1M CaCl2*2H2O). Regression analysis of tissues in response to
the different calcium concentration in triplicate per condition. Different letters indicate significant
difference based on Duncan’s multiple range test, p ≤ 0.05.
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Table 1. The effect of different factors in fruit set (40 DAFB) and in on-tree fruit cracking at
harvest (81 DAFB).

Fruit Set (%) On-Tree Fruit Cracking at Harvest (%)

Mean SD Mean SD

Treatment (T) Control 11.56 a 6.24 28.71 a 8.61
0.25M
CaCl2

16.01 b 8.92 23.84 ab 11.29

0.5M
CaCl2

14.55 ab 5.76 21.18 b 5.91

1M
CaCl2

15.09 b 4.49 19.09 b 6.04

Age of spurs (AS)
1st 14.54 6.14 25.86 9.07
2nd 14.06 7.21 20.55 7.87

Trees (Tr) 1st 16.91 a 8.64 Ripening (R) Red 21.48 7.29
2nd 16.8 a 3.82 Black 24.93 9.97
3rd 13.23 b 5.11
4th 10.27 b 6.02

Factors p-value N Factors p-value N

T 0.045 * 24 T 0.002 ** 16
AS 0.68 48 AS 0.003 ** 32
Tr <0.001 *** 24 R 0.049 * 32

T × AS 0.459 12 T × AS 0.009 ** 8
T × Tr 0.007 ** 6 T × R 0.027 * 8

AS × Tr 0.337 12 AS × R 0.12 16
T × AS × Tr 0.59 3 T × AS × R 0.969 4

Different letters indicate significant difference based on Duncan’s multiple range test, p ≤ 0.05. Asterisks indicate
significant difference (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001).

3.2. The Effect of Calcium Application at Dormancy in the Nutrient Level of Sweet Cherry Fruit
at Harvest

The content of elements in sweet cherry at harvest was significantly altered by calcium
treatments, age of spurs, and, particularly, by fruit ripening stage (Tables 2 and S5). Calcium
content was higher in red skin colour cherries than in black ones, and the interacting effect of
calcium treatment and the ripening stage was also evidenced (Table 2). A lower level of Zn
and Mn in response to 1M CaCl2 treatment was detected as well as a decrease of Cu content
in both 0.5 and 1M CaCl2 treatments in comparison to the control (Table 2). Red skin colour
fruits exhibited an accumulation of Zn, Mn, P, Mg (p < 0.001), and K (p < 0.05) compared to
the black ones. Additionally, fruits obtained from 2-year-old short spurs showed higher
levels of Mn and Na (p < 0.05) compared to 1-year-old spurs (Table 2 and Table S5). An
alternation of Cu levels has been observed due to the interaction between calcium treatment
and the age of short spurs (p < 0.05). In addition, K content was also modified by the
interaction between ripening stage and age of short spurs (p < 0.05) (Tables 2 and S5).

3.3. Factors Affecting the Quality Traits of Sweet Cherry Fruits at Harvest

Sweet cherry quality characteristics at harvest stage were altered by calcium treat-
ments, ages of spurs, and ripening. Total soluble solids (TSS) were higher in the 0.5M
CaCl2 treatment (p < 0.05), while titratable acidity (TA) was lower in 0.5 and 1M CaCl2
treatments (p < 0.001) (Table 3). Additionally, TSS was decreased in black skin colour
cherries due to the ripening factor (p < 0.05). Three interactions among factors that affected
TSS were determined. The first interaction was noticed between calcium treatment and
the age of spurs (p < 0.05), the second between calcium treatment and the ripening stage
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(p < 0.001), and the third among calcium treatment, age of spurs, and the ripening stage
(p < 0.05) (Table 3).

Table 2. The effect of calcium treatments (0, 0.25, 0.5, and 1M CaCl2*2H2O), ages of short spurs (1-
and 2-year-old spurs), and the ripening stage (red and black colour fruits) in the Ca, Zn, Cu, and Mn
content of fruit.

Calcium
(Ca, % DW)

Zinc
(Zn, ppm)

Copper
(Cu, ppm)

Manganese
(Mn, ppm)

Mean SD Mean SD Mean SD Mean SD

Treatment (T)
Control 0.09 0.01 5.69 a 0.98 4.04a 0.5 3.26 a 0.43
0.25M
CaCl2

0.1 0.02 5.86 a 1 3.7ab 0.82 2.81 b 0.42

0.5M
CaCl2

0.1 0.01 5.32 ab 0.65 3.27b 0.75 3.03 ab 0.49

1M
CaCl2

0.1 0.01 4.87 b 1.09 3.2b 0.69 2.98 b 0.37

Age of spurs
(AS)

1st 0.1 0.01 5.56 1.04 3.66 0.77 2.91 0.45
2nd 0.1 0.01 5.31 0.94 3.45 0.75 3.13 0.43

Ripening (R) Red 0.1 0.01 5.93 1 3.68 0.78 3.31 0.34
Black 0.09 0.01 4.94 0.71 3.42 0.73 2.73 0.34

Factors p-value N p-value N p-value N p-value N

T 0.263 12 0.026 12 0.009 12 0.013 12
AS 0.145 24 0.299 24 0.266 24 0.019 24
R <0.001 24 <0.001 24 0.18 24 <0.001 24

T × AS 0.882 6 0.67 6 0.009 6 0.416 6
T × R 0.035 6 0.546 6 0.677 6 0.708 6

AS × R 0.54 12 0.158 12 0.464 12 0.759 12
T × AS × R 0.993 3 0.426 3 0.721 3 0.921 3

Different letters indicate significant difference based on Duncan’s multiple range test, p ≤ 0.05.

The cherries after the 0.25M CaCl2 treatment had the lowest dry matter compared
to those treated with 0.5 and 1M CaCl2 (p < 0.05). Moreover, the most striking effect was
observed due to the fruit ripening stage (p < 0.001), with black skin colour cherries having
1.5% dry matter higher than the red ones (Table 3). Furthermore, the dry matter of sweet
cherries was affected (p < 0.05) by the interactions between the ripening stage and calcium
treatment as well as by the ripening stage and the age of spurs (Table 3). Meanwhile,
the respiration rate of fruits was affected by the different calcium applications (p < 0.001),
ages of spurs (p < 0.001), and ripening stages (p < 0.01) (Table 3). In particular, respiration
activity was increased after calcium treatments as follows: control < 0.25M = 0.5M < 1M
CaCl2. Moreover, an increase of fruits’ respiratory activity of 2-year-old short spurs and of
the red skin colour fruits compared to that of 1-year-old short spurs and of the black skin
colour cherries, respectively, was observed (Table 3).

In the remaining quality traits, including skin cracking assessment, flesh portion (%),
and biochemical features at harvest, the most affecting factor was the ripening stage of
sweet cherries (Table S2). In detail, the skin cracking index (assessed using Christensen and
Waterfall methods) as well as the fruit water absorption (based on the Waterfall method)
were significantly affected only by the ripening stage (p < 0.001), with the black skin colour
cherries exhibiting an increase in the three abovementioned variables. The ratio of the
flesh to the whole fruit per fruit was increased in black skin colour cherries (p < 0.05) and
in the interaction between the ripening stage and age of spur (p < 0.05). Furthermore,
the effect of the ripening stage on polyphenols (p < 0.05), anthocyanins (p < 0.001), and
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hydroxycinnamic acid (p < 0.05) content was also demonstrated (Table S2). Higher content
of polyphenols and anthocyanins was found in black skin colour cherries while the red
cherries contained higher levels of hydroxycinnamic acids. In parallel, the penetration
force was affected by the age of spurs (p < 0.01) and by the ripening stage (p < 0.01), with a
higher force to be demanded for the penetration of sweet cherries obtained by 1-year-old
short spurs and of the red ones (Table S2).

Table 3. The effect of calcium treatments (0, 0.25, 0.5, and 1M CaCl2*2H2O), ages of short spurs (1- and 2-year-old spurs),
and the ripening stage (red and black colour fruits) in the TSS, TA, dry weight, and the respiration rate of the fruits.

TSS
(%, Brix)

TA
(%, Malic Acid)

Dry Weight
(%)

Respiration Rate
(mL CO2 kg−1 h−1)

Mean SD Mean SD Mean SD Mean SD

Treatment (T)
Control 15.75 b 0.69 0.71 a 0.02 15.47 ab 1.2 41.13 c 3.11
0.25M
CaCl2

15.91 b 0.41 0.68 ab 0.03 14.94 b 1.85 46.62 b 2.31

0.5M
CaCl2

16.2 a 0.33 0.65 c 0.03 15.99 a 0.8 46.72 b 3.1

1M CaCl2 15.96 ab 0.31 0.66 bc 0.04 15.68 a 0.41 53.1 a 2.62

Age of spurs (AS)
1st 15.95 0.56 0.68 0.04 15.67 1.35 45.11 4.95
2nd 15.95 0.38 0.67 0.03 15.37 1.07 48.67 4.62

Ripening (R) Red 16.08 0.28 0.68 0.03 14.77 1.15 47.73 4.93
Black 15.83 0.59 0.67 0.04 16.27 0.72 46.05 5.17

Factors p-value N p-value N p-value N p-value N

T 0.022 12 <0.001 12 0.024 12 <0.001 12
AS 1 24 0.592 24 0.216 24 <0.001 24
R 0.014 24 0.176 24 <0.001 24 0.007 24

T × AS 0.026 6 0.115 6 0.928 6 0.984 6
T × R <0.001 6 0.432 6 0.013 6 0.393 6

AS × R 0.127 12 0.114 12 0.031 12 0.449 12
T × AS × R 0.038 3 0.079 3 0.289 3 0.26 3

Different letters indicate significant difference based on Duncan’s multiple range test, p ≤ 0.05.

3.4. PCA Model of Quality Attributes and Nutrient Level of Cherry Fruits Treated with High Dose
of Calcium

The impact of high dose of calcium application (1M CaCl2) during bud dormancy
stage in the sweet cherry quality traits and nutrient content was characterized using PCA
analysis. This analysis was performed on the correlation matrix of 24 variables with 9 of
them belonging to the mineral elements (Table S4). However, due to the low representation
of variables in the PCA model, 14 variables remained, with 6 of them belonging to the
nutrients (P, Ca, Mg, Zn, Cu, Mn), while the rest of the variables belong to fruit quality
traits (i.e., respiration rate, dry weight, anthocyanins, polyphenols, on-tree and in vivo
cracking, fruit water absorption) (Figure 3). Total variance of the data explained by the
PCA model was 68.5%, with 45.1% from PC1 and 23.4% from PC2. Changes in PC1 scores
coincide with the dark skin colour, suggesting that PC1 may be associated with ripening.
In the structure of PC1, most of the variables (11) are a part of the model construction. Dry
weight, anthocyanins, polyphenols, skin cracking (Christensen and Waterfall methods),
and fruit water absorption were related to black skin colour cherries, while five of the six
nutrients (P, Ca, Mg, Mn, Zn) were related to red skin colour fruits (Figure 3). On the other
hand, PC2 is more closely linked to calcium treatment, and the final construction of PC2
was obtained mainly by three variables with high loadings, which were Cu content, on-tree
cracking, and respiration rate (Figure 3). The Cu content and on-tree cracking were related



Horticulturae 2021, 7, 135 10 of 16

to a higher level with the control, while the respiration rate was related to a high dose of
calcium treatment. Meanwhile, on the biplot of the PCA analysis, a separation between the
control and the 1M CaCl2 treatment, as well as a worthy separation between the black and
red skin colour cherries, was clearly observed (Figure 3).

3.5. Changes in Sweet Cherry Skin Metabolites in Response to High Dose of Calcium Application

To further characterize the influence of high calcium (1M CaCl2) treatment in sweet
cherry skin metabolism and skin cracking behaviour, primary metabolites in the skin of
black (full ripe) sweet cherry fruits obtained from the 1- and the 2-year-old spurs were
analysed (Figure 4). This analysis identified 29 skin primary metabolites that were further
classified into five categories (Table S3). These metabolic categories correspond to sugars
(15 metabolites), alcohols (4 metabolites), acids (5 metabolites), amino acids (3 metabolites)
and other compounds (2 metabolites). A lower abundance of ribose was detected in
response to the high-dose calcium application in both ages of spurs (Figure 4 and Table S3).
Furthermore, the application of high (1M) calcium decreased oxoproline, arabinose, xylose,
and galactose in the skin of the fruit of 1-year-old spurs. On the contrary, an increase of
malic acid, rhamnose, quininic acid, maltose, and lactitol was found in cherries of the
1-year-old spurs that were treated with high calcium (Figure 4 and Table S3). Additionally,
phosphoric acid and sucrose were increased in the cherries of 2-year-old spurs following
the 1M CaCl2 treatment (Figure 4 and Table S3). Generally, higher levels of acids and other
compounds were detected in response to high-calcium application in cherries of 1- and the
2-year-old spurs, respectively (Figure 4 and Table S3).
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Figure 4. Heatmap diagram of primary polar metabolites in full ripe sweet cherry skin (black
skin colour) between control and high-dose calcium (1M CaCl2) treatment as well as between 1-
and 2-year-old spurs. The red colour indicates an increase and the green colour a decrease of the
metabolite’s abundance in response to treatment (1M Ca). Data of metabolite relative abundance are
provided in Table S3.

4. Discussion
4.1. External Calcium Feeding at Bud Dormancy Altered Nutrient Homeostasis and
Ripening Physiology

Recent studies suggested that calcium application via spray during sweet cherry
development had a beneficial impact on fruit quality characteristics both at harvest and
postharvest periods [17,25]. Moreover, foliar applications of high doses of calcium chloride
(more than 8 Ca kg ha−1) to fruit trees is not recommended because of potential leaf
injury [11]. To overcome this limitation, in this work, we tested the calcium supply via
spray in a high dose (0.25, 0.5, and 1M CaCl2) during the dormant stage (two weeks prior
to bud burst) of the sweet cherry tree in the absence of leaves and fruits (Figure 1). In this
sense, high doses of mineral element sprays during tree dormant stages, in particular, zinc
for nutrient fertilization [12] and copper for preventing the entry of pathogens [13], are
well established.

Previous studies proposed that in tissues with lower transpiration rates, such as flower
buds and annual shoots, the accumulation of Ca2+ is more difficult because Ca2+ are not
translocated at a long distance through the phloem [7]. Current data indicated that one
calcium spray in the dormant stage was effective to increase the calcium content in flower



Horticulturae 2021, 7, 135 12 of 16

buds and phloem by 0.3% (Figure 2). This work further showed that external calcium
application during tree dormancy increases endogenous Ca2+ content of red cherries and
the 1M Ca treatment at harvest (Table 3), indicating that an early bud-load calcium applica-
tion serves as an efficient system to stimulate calcium accumulation in sweet cherry fruit.
Calcium content was gradually increased from dormant to bud break, and then to fully
developed leaf due to an increased transpiration rate, resulting in calcium accumulation
through xylem transport [18]. It is now known that calcium is relatively immobile in
the phloem and in the symplast [8], but phloem is able to provide low concentrations of
calcium at a short distance, such as via pedicel to the edible part of sweet cherry. Alterna-
tively, it is possible that several metabolic pathways activated during fruit development,
possibly also related to xylem sap transportation, lead to Ca2+ accumulation in cherries
(Figure 3). Regarding the content of the rest of the elements, it is interesting to note that
fruit copper content was positively associated with skin cracking and negatively with the
fruit respiration rate (Figure 3), possibly suggesting an important, still unexplored, role of
copper in the sweet cherry physiology.

Significant research into how calcium impacts fruit cell wall interactions and horticul-
tural disorders has been carried out; however, the influence of calcium on fruit ripening
has not been thoroughly explored [7]. In this regard, an interesting finding of the present
work was the fact that the fruit ripening index (TSS/TA) was increased in ripened sweet
cherry as a response to calcium application during tree dormancy (Table 3). This ripening
feature is attributed to the higher total soluble solid concentration and simultaneously to
the lower titratable acidity of fruits from calcium-treated tree branches (Table 3). However,
it remains elusive how an early calcium loading in dormant bud can exert its long-lasting
(100 days later) ripening effect in sweet cherry fruit. It was well-documented that abscisic
acid (ABA) may play a key role in the regulation of the sweet cherries ripening through the
modulation of ripening-related pathways [26]. Additionally, an association between ABA
exogenous application and an increase of endogenous calcium content in fruits has been
demonstrated [27], which could lead to the hypothesis that the opposite effect, namely the
calcium-induced ABA biosynthesis, may occur in order to moderate a possible adverse
effect due to the sharp increase of calcium content in the tissue [28], thus leading to the
higher ripening index of sweet cherries (Table 3) due to high levels of ABA. An alterna-
tive possibility to account for the observed ripening alternation of calcium-treated fruit
(Table 3) could liken the [Ca2+]cyt signalling network to a basic cellular ‘memory’. There is
strong evidence that the [Ca2+]cyt signatures elicited by one environmental challenge can
be modified by prior exposure to a contrasting one. For example, the magnitude of the
[Ca2+]cyt perturbations in response to oxidative stress was reduced by prior exposure to
hyperosmotic stress [29,30], and the magnitude of the [Ca2+]cyt perturbations in response to
hyperosmotic stress was reduced by prior exposure to oxidative stress [30,31], suggesting
the existence of crosstalk between the memory signalling and the [Ca2+]cyt level responding
to these challenges. Similarly, in this work, the short duration of the high-calcium exposure
episode might represent a oxidative signal in dormant buds, and possibly also in other
sweet cherry tissues, which can be perceived as a ‘memory’ imprint during the oxidative
conditions occurring under the ripening process [32]. Further experiments are needed to
clarify the exact biochemical mechanisms underpinning these far-reaching consequences
of an early calcium application on sweet cherry ripening physiology.

4.2. Influence of Sweet Cherry Ripening in Nutrient Status and Quality Traits

The sweet cherries tree load several days after anthesis includes fruits of different
levels of ripening due to the different fruit position on the tree, fruit loading on each branch,
fruit shadowing, and other tree training system factors [33]. Apart from calcium-affected
quality changes in sweet cherry fruit (Figure 3/Tables 1 and 3), this work revealed several
ripening-responsive nutritional changes that occur in fruits with distinct ripening status.
For example, calcium, zinc, manganese (Table 2), phosphorus, potassium, and magnesium
(Figure 3 and Table S5) were strongly accumulated in red compared to black skin colour
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cherries. Mineral nutrients move into the sweet cherry fruit most rapidly during the
early stages of development at a time when xylem water flow dominates [34]. As fruit
approach maturity, surface to volume ratio declines, the skin becomes less permeable to
water loss, and large amounts of photoassimilate are imported via phloem connections.
As a result, a significant part of the nutrients reaching the fruit now through the phloem
are loaded into the leaf veins along with the photoassimilate, travel in the phloem, and
so reach fruit [35]. Moreover, the xylem of the sweet cherry drupe loses functionality in
the course of the last stage (stage III) of development; this decrease is first evident at the
stylar (distal) end of the fruit during pit hardening and progresses basipetally towards
the pedicel (proximal) end of the fruit at maturity [36]. Such a scenario could be partially
explained by the abovementioned accumulation of nutrients in red versus black skin colour
fruits (Figure 3).

In the present work, several major quality attributes of sweet cherry fruits were altered
in response to ripening (Tables 1 and 3 and Table S5). For instance, skin cracking evaluated
at harvest, either on tree or using two in vivo methods, was found to be higher in black skin
cherries compared to the red ones (Figure 3). This observation is in line with a previous
study that demonstrates a progressive increase of skin cracking with fruit ripening [37].
In addition, other quality traits, such as the levels of anthocyanins and total polyphenols
were also higher in the black skin cherries (Figure 3), confirming previous reports [38,39].
Additionally, black skin cherries displayed higher level of dry weight (Figure 3), whereas
it had been reported that fruits’ dry matter on tree was affected by fruit-loads [40] and
the ripening stage [41]. Furthermore, increased skin penetration force has been observed
in red skin cherries (Table S2); this quality feature has been mentioned to be related to
the harvest stage and fruit canopy position, with a higher force to be demanded in less
mature fruits [42].

4.3. Skin Primary Metabolism and Cracking Development Is Seriously Affected by the Early
Calcium Application

To further evaluate the effect of the high dose of calcium (1M CaCl2 treatment) on
skin primary metabolism and particularly on cracking development, metabolites of sweet
cherries of the 1- and the 2-year-old spurs were determined at harvest. Reports on the
sweet cherry cracking response have shown that either a foliar or postharvest dipping
application of calcium lowered the water-induced cracking [17,25]. An interesting finding
that emerged from this work is the fact that skin cracking evaluated in the field was lower
following the 1M CaCl2 treatment (Figure 3). This reduction of on-tree fruit skin cracking
could be associated with the Ca-induced respiratory activity (Tables 1 and 3 and Figure 3),
which is in line with a previous study indicating that a cracking-tolerant cultivar exhibits
higher respiration rates than a highly susceptible to skin cracking cultivar [41].

Emerging evidence suggests that an early metabolic reprogramming occurs in cherry
fruit prior to cracking events; however, as of yet, no clear consensus exists on which com-
pounds are linked to cracking development [14,43,44]. In line with recent suggestions that
the sucrose steady-state level was negatively correlated with cracking development in
various sweet cherry cultivars [14], we observed that sucrose abundance was increased
by high calcium treatment in fruits obtained from 2-year-old spurs (Figure 4). The accu-
mulation of sucrose in skin tissue plays an osmoregulatory role and would decrease the
fruit permeability, thereby allowing less water entry in sweet cherry fruit when exposed
to water stress conditions, such as rain-induced cracking [43]. It is also possible that this
Ca-elicited sucrose accumulation would provoke the synthesis of carbohydrate polymers,
i.e., starch or cellulose, or in the generation of energy necessary for the production of
numerous ripening-related compounds [45], thereby altering the ripening physiognomy of
sweet cherry fruit. Another interesting observation is the fact that ribose abundance was
depressed by calcium treatment in both 1- and 2-year-old spurs (Figure 4), which is in agree-
ment with the induction of ribose levels detected in the skin of the cracking-susceptible
cultivar ‘Early BiGi’ [14], indicating that calcium could regulate skin intracellular energy
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transfer and possibly cracking behaviour by controlling the levels of ribose. Further study
on the specific role of sucrose and ribose on calcium action and skin cracking is required.

The decrease of other cell-wall-related sugars in sweet cherry skin, such as arabinose,
xylose, and galactose, after the 1M CaCl2 application on the 1-year-old spurs (Figure 4) is
indicative of a possible inactivation of the cell-wall-related enzymes that are associated with
cell wall modifications [46]. The current data further disclosed that the application of 1M
CaCl2 provokes the biosynthesis of maltose and quininic acid in the skin tissue. Whether
maltose and quininic acid accumulation in Ca-treated fruit may reflect a cracking-related
effect is not clear; nevertheless it has been recently mentioned that maltose and quininic
were accumulated in cherry flesh and skin tissues due to the high levels of calcium in
the fruit tissue [16], highlighting a possible role for these metabolites in the regulation of
calcium responses in sweet cherry.

5. Conclusions

The evidence discussed presently suggests an important role for early calcium appli-
cation in sweet cherry fruit physiology that is associated, among other elements, with a
specific and long-lasting nutrient, ripening, cracking, and metabolic changes. Furthermore,
this work provides insight into sweet cherry quality in terms of ripening status, the age
of short spurs, and nutrient accumulation. The data reported here, in combination with
previous findings, will expand our understanding of calcium function in sweet cherry and
suggest that calcium spray in high doses at the dormant stage represents an efficient ap-
proach to improve fruit quality traits at harvest, thereby helping to develop calcium-based
treatment strategies for controlling fruit ripening and quality in practice.
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