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Abstract: Nutritional unbalances, such as calcium deficiency at the fruit level, are generally
the causative agent of post-harvest disorders in apples. Foliar application of Ca as calcium chloride
is the current solution to increase Ca concentration in apples, even though the effectiveness of
this approach is often not satisfactory. In this research, we tested the efficacy of a combined
application of Ca with selected biostimulants to improve apple quality and to reduce the incidence of
storage disorders. The experiment was conducted in two “Jonathan” apple orchards that differed in
management systems and characteristics. Tree canopies were sprayed with calcium chloride alone
and in combination with a commercial product containing zinc and silicon or a seaweed extract.
The seaweed extract increased apple quality by boosting the reddish coloration (+32% of color index)
and by enhancing final anthocyanin concentration of fruit skin. Both biostimulants significantly
reduced (by 20%) the incidence of the physiological disorder, known as “Jonathan spot”, after 160
days of storage. Increased concentration of nutrients (Ca, Zn, and Mn) in the skin of apples after
biostimulant applications, together with changes of the phenolic profile during the storage, are
discussed as the possible causes of the reduced fruit susceptibility to post-harvest disorders.

Keywords: seaweed extract; post-harvest disorder; silicon; calcium; phenolic compounds; Jonathan
spot; Malus X domestica

1. Introduction

Fruit quality is defined by a complex set of intrinsic and extrinsic parameters which include skin and
pulp color, fruit shape, flavor, texture, aroma, and nutritional value [1]. All these quality factors can be
severely jeopardized by physiological disorders which might occur during the storage and can therefore
be responsible for considerable economical losses [2]. The main post-harvest disorders for apple fruits
(Malus x domestica Borkh.), such as bitter pit, water core, senescence breakdown, Jonathan spot, and
blossom-end rot, are generally caused by an unbalance in nutrients concentration in fruit [3-5]. In detail,
calcium deficiency in fruit has often been associated to post-harvest disorders [6,7]. The insufficient
level of calcium in fruits can be the result of a scarce mobilization of this element in the target organs [8,9]
and of the antagonistic role played by other nutrients (i.e., potassium and magnesium) on Ca uptake by
plants [10-12]. Canopy applications of Ca (as calcium chloride or calcium nitrate) is currently the most
used technique to enhance Ca concentration in fruits [8,10]. The effectiveness of this technique is
often unpredictable, being highly dependent on several interplaying factors, such as the number of
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treatments, the concentration used, and the environmental conditions at the time of application which
can affect Ca penetration in plant tissues and its distribution in the fruit [8,11,12].

The efficacy of Ca applications could be enhanced by a combined use of calcium and biostimulant
compounds. Plant biostimulants are a new category of agricultural products that have been recently
included in the new EU regulation dealing with fertilizing products. These products should:

“

. stimulate plant nutrition processes independently of the product’s nutrient content
with the sole aim of improving one or more of the following characteristics of the plant or
the plant rhizosphere: (i) nutrient use efficiency, (ii) tolerance to abiotic stress, (iii) quality
traits, or (iv) availability of confined nutrients in the soil or rhizosphere”. [13]

Despite these products already being available on the market, a very limited number of research
studies have investigated their efficacy in preventing the occurrence of post-harvest disorders [14].
Soppelsa et al. [15] reported a 50-60% incidence reduction of “Jonathan spot” disorder in apple cv.
Jonathan during storage after pre-harvest foliar treatments with a plant biostimulant containing amino
acids in combination with zinc and with Siliforce®, a commercial product consisting of orthosilicic acid
plus zinc. Zinc is considered to play a key role in the limitation of post-harvest disorders in fruit, being
responsible, together with Ca, for the stability of cell walls and the partial inhibition of polyphenol
oxidase (PPO), the enzyme mostly involved in all the browning reactions of fruit flesh and skin [16,17].
The high Zn concentration found in the apple fruit skin could be the result of the combined effect of Zn
contained in the product formulation and the chelating activity of the amino acids mix included in
the formulation. This ion-chelating property of amino acids is known from studies on different plant
species [18-20]. Seaweed extracts by the other hand are known to reduce cracking in pomegranate and
cherry fruits [21,22]. Silicon was found to be effective against cherry cracking for its ability to limit cell
wall permeability to water and to confer higher elasticity to fruit tissues [23,24].

Considering the current lack of knowledge regarding the use of plant biostimulants to increase
post-harvest quality of apples, our work aimed: (i) to evaluate the effects of calcium chloride applications
alone and in combination with a product containing Zn and Si or with a seaweed extract on the yield
and fruit quality; (ii) to understand the effect of those treatments on Jonathan spot incidence.

2. Materials and Methods

2.1. Site Description and Experimental Layout

The experiment was conducted in 2014 in two apple orchards (Figure S1) located in the municipality
of Ora/Auer (46°22’ N; 11°17’ E; 237 m a.s.l.) in Alto Adige/South Tyrol, Italy. The first orchard (site 1)
was located at the Research Centre Laimburg and was characterized by five-year-old “Jonathan” apple
trees (Malus x domestica Borkh), grafted on M.9 rootstock, grown at a density of 3333 trees ha™! (1.0 x
3.0 m) and trained to spindle system. The orchard received standard horticultural cares in accordance
with the regulation governing organic production. The second orchard (site 2) was located at a private
farm and consisted of 42 year old “Jonathan” apple trees, grafted on seedling rootstock, grown at
a density of 455 trees ha~! (4.0 x 5.5 m), and trained to a palmette-like system. Despite the age, the trees
were characterized by a good uniformity as for canopy development and trunk circumference. Site 2
orchard was conducted according to the integrated management system, following the guidelines of
the province extension service [25]. Meteorological conditions during the growing season from April
to August 2014 are reported in Figure S2.

A completely randomized block design was adopted in both experimental sites with three
replicates per treatment and three trees per replicate (nine trees per treatment in total). In each site,
uniform apple trees were chosen within each plot after measuring their trunk circumference (at 20 cm
from the ground) and by estimating the flowering intensity on a scale from 1 (low intensity) to 5 (high
intensity), choosing trees evaluated as 4 to 5. Buffer trees were present between replicates to avoid any
contamination among treatments. Foliar applications started in both sites 45 days after full bloom
(DAFB) at the end of May and were continued at two-week intervals until August. Calcium chloride
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(commercial name Alical®) was applied alone and in combination with silicon and zinc (commercial
product Siliforce®) or with a commercial seaweed extract (Algavis®). Sprays were performed at
dosages indicated in the product labels. Details about the active ingredients, dosages, number of
applications, and other characteristics are reported in Table 1. Tree canopy was sprayed until the runoff
using a pulled sprayer (total volume of 1500 L ha™!). Sprays were performed under favorable weather
forecast (no rainfalls expected in the following 72 h). All chosen products are currently allowed in
organic farming.

Table 1. Product characterization, properties, and mode of application.

Treatment Active Commercial Dose (mL Number of Dates of Other
Ingredient Name 100 L-1) Applications Applications Characteristics
CON'! H,0 - - 0 - -
28 May 2014 (45
DAFB ?) 11 June
2014 (59 DAFB)
Alical® 25 June 2014 (73  Calcium chloride
(SIPlgAM DAFB) 9 July solution. Calcium
CAL CaCl, Ttali 400 6 2014 (87 DAFB) oxide
P 4 1apr1a,) 23 July 2014 (101 water-soluble:
ero, aly DAFB) 6 August 17%
2014 (115 DAFB,
3 weeks before
harvest)
Fluid mixture of
Siliforce® micro-elements
. (ILSA spa, containing silicon
SIL SLZn Mot ) ienano, 200 + 400 6 Same as for CAL Bgkg™),
CaCl, treatment
Italy) + molybdenum
Alical® (0.2%), and zinc
(1.8%)
Filtered seaweeds
cream solution
Algavis®
Seaweed (SERBIOS Same as for CAL nod(?ssucz;hyO”rmgnic
SEA cream +  stl, Polesine, 200 + 400 6 e
treatment carbon of
CaClp Italy) + . . .
Alical® biological origin

(4%), mannitol (0.7
gL™)
1 Treatments’ legend: CON, control; CAL, calcium chloride; SIL, Siliforce®; SEA, seaweeds extract. 2 DAFB, days
after full bloom.

2.2. Productive and Qualitative Parameters

Apple fruits were harvested at the end of August when they reached a starch-iodine value
between 2.2 and 3.0 according to the five-point scale proposed by Laimburg RC (see the methodology
in Soppelsa et al. [15]). All fruits from one tree per replicate were collected, counted, and weighed.
The productive parameters, such as yield tree™! and yield ha~!, were then calculated. Mean fruit
weight (g) and diameter (mm) were determined on 10 randomly selected fruits per replicate. Using
the same 10 apples per replicate, total soluble solids (TSS as °Brix), titratable acidity (TA as g L™

2 corresponding to 9.80 N cm~2) were

of malic acid), and flesh firmness (FF as kg cam~2, 1 kg cm™
determined with the automatic measuring device “Pimprenelle” (Satop Giraud Technologie, Cavillon,
France). Fruit skin color was determined by measuring the colorimetric coordinates (L*, a*, and b*)
with a colorimeter (Minolta, model CR-400, Tokyo, Japan) and the color index (CI) was calculated as
follows: (CI = (1000 x a)/(L x b)) with a higher CI value indicating a more intense red color of fruit
skin [26].

To monitor the ripening process during post-harvest storage, 30 kg of apples for each of the three
replicates (approximately 220 fruits per replicate) were stored in a cold room (2 °C and RH 85-90%)

and sampled at 60, 130, and 160 days of storage. Moreover, at the same sampling times, the incidence
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of the physiological disorder known as “Jonathan spot” was evaluated by counting the number of
symptomatic fruits per replicate as described in Soppelsa et al. [15]. “Jonathan spot” symptoms are
characterized by irregular small black spots on the skin of fruit (Figure S3).

2.3. Biochemical Analysis of Apple Fruits

2.3.1. Phenolic Compounds

Five fruits for each of the three replicates (15 per treatment) were randomly sampled at harvest
and at the end of storage (160 days after harvest). Four skin strips from each fruit were removed
with a peeler and the bulked sample immediately frozen in liquid nitrogen and stored at —80 °C.
After freeze-drying, lyophilized samples were milled to a fine powder, extracted with methanol, and
analyzed by high-performance liquid chromatography (HPLC) as described by Andreotti et al. [27]
and Guerrero-Chavez et al. [28]. In synthesis, the methanolic extracts were analyzed with a Breeze 2
HPLC System (Waters Corporation, Milford, MA, USA) coupled with a photodiode array detector
(PDAD), pumps and autosampler to separate and quantify apple phenolic compounds. Compounds
separation was achieved with a reverse-phase Supelcosil® LC-18 HPLC column (15 cm long, 4 mm
internal diameter and octadecyl silane particles of 5 pm diameter). The mobile phase was 0.01 M
phosphoric acid (solvent A) and 100% methanol HPLC grade (solvent B) with the following gradient:
0 min 0% B; 0-40 min 50% B; 40-45 min 100% B followed by an equilibrium time of 15 min. The injection
volume was 10 pL and the flow rate was 1 mL min~!. Standards, such as catechin, chlorogenic acid,
cyanidin-3-O-glucoside, phloridzin, and quercetin-3-galactoside, were purchased from Sigma-Aldrich
(St Louis, MO, USA) for qualitative and quantitative determinations of flavan-3-ols, hydroxycinnamic
acids, anthocyanins, dihydrochalcones, and flavonols class of compounds.

2.3.2. Mineral Element Content

Following the same sampling procedure described for phenolic compounds analysis, lyophilized
fruit skin samples were ground and homogenized for the analysis of mineral elements. Nitrogen content
was determined with an elementary analyzer method according Dumas DIN EN ISO_16634_1:2009;
LECO Mod. Truspec [29]) and the other macro (P, K, Ca, Mg) and microelements (S, Fe, Cu, B, Zn,
Mn, Na, 5i) were analyzed with microwave-assisted acid digestion (EPA 3052 1996; Milestone Mod.
UltraWave [30]) using the inductively coupled plasma optical emission spectrometry (ICP-OES; EPA
6010D 2014; Agilent Model 720 [31]).

2.4. Statistical Analysis

Data normality and equality of error variances were evaluated with the Shapiro-Wilk and
the Levene tests, respectively. A two-way ANOVA was performed on data collected at harvest from
both sites and mean separation of the dependent variables obtained with the Tukey HSD test (p < 0.05).
In case of significant interaction between “treatments” and “sites”, results were presented separately
for the 2 sites in dedicated figures as vertical grouped bars with standard deviation per treatment
combination. A one-way ANOVA was performed on data collected on healthy and affected fruits after
storage, keeping separated samples from the site 1 and site 2. Data are expressed in percentage were
arcsine-transformed prior to the application of the ANOVA. For non-normal data, Kruskal-Wallis test
was applied. All analyses were carried out with IBM SPSS version 25.

3. Results

3.1. Yield and Quality Components at Harvest

The markedly different orchards of the two experimental sites caused large and significant
differences in their yield components at harvest (Table 2). Site 2, characterized by lower planting
density and very large trees, presented a significantly higher yield per hectare as compared with site 1
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(55 and 42 tons ha™!, respectively) and an average yield per tree that was roughly 10 times the one of
site 1 (120 kg tree™! and 13 kg tree™!, respectively). Trees in site 2 orchard had a significantly higher
number of fruits per tree (approximately 900) as compared to site 1 trees (around 100 fruits tree™!). As
a consequences of the lower crop load per tree, apples harvested in site 1 orchard were significantly
heavier (+6%) and larger (+6%) as compared to fruits collected in site 2 orchard.

Table 2. Yield parameters at harvest as affected by treatments and sites !.

Yield (kg Tree™))  Yield (tha™)  Fruit Weight (g) Fruit Diameter

(mm)
Treatment (T)
CON 65.54 + 57.27 ab 47.53 + 6.72 133.37 +7.52 73.40 + 3.05
CAL 63.87 £55.81b 46.42 + 8.35 135.93 + 6.41 74.75 £ 1.65
SIL 69.61 + 60.81 a 50.54 + 791 134.70 + 6.44 74.48 + 4.05
SEA 68.57 £ 59.90 ab 49.78 + 6.93 131.45 +7.82 76.38 + 3.72
Significance * ns ns ns
Site (S)
Site 1 13.60 + 1.51 42.50 +4.70 137.89 + 5.50 77.06 +2.25
Site 2 120.20 + 5.47 54.63 +2.49 129.83 + 5.60 7245 +2.24
Slgl’llflCaTlCE EEx EE EE EE
TxS ns ns ns ns

I Mean values + standard deviation (SD) (1 = 3) followed by the same letter do not significantly differ according to
Tukey’s HSD post-hoc test; p < 0.05. Two-way ANOVA significant differences: *** p < 0.001; ** p < 0.01; * p < 0.05; ns:
not significant. Treatments’ legend: CON, control; CAL, calcium chloride; SIL, Siliforce® + calcium chloride; SEA,
seaweeds + calcium chloride.

The applications of CAL, SIL, and SEA did not affect the yield parameters as compared to
control (Table 2). Yield performances of CAL-treated trees were significantly lower compared to
SIL-treated trees (—8%). Differences in the number of fruits per tree were significant in site 2 only,

where CAL-treated trees showed a significant lower number of fruits as compared to trees treated with
SIL (Figure 1).

OCON mCAL OSIL ESEA
1250

a ab

ab b
2 e

1000

500

Number fruits tree! (N.)

250

T

Site 1 Site 2

Figure 1. Effect of the biostimulants on the number of fruits per plant compared with the controls
for Site 1 and Site 2. Vertical bars indicate means + SD (n = 3). Within each site, the letters indicate
significant differences according to Tukey’s HSD post-hoc test; p < 0.05 (ns: not significant).

Quality indices of apples at harvest were mainly affected by the cultivation site, whereas treatments
had a minor influence (Table 3). Apples from site 2 orchard were slightly more mature, showing higher
average Brix value and lower total acidity as compared to fruit collected in site 1. Moreover, apples
harvested in site 1 were more colored than fruits from site 2 (+32% of color index). No difference
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was detected in flesh firmness of fruits harvested in the two orchards. Treatment applications did
not change final fruit quality as for firmness, soluble solids content, and acidity (Table 3). Seaweed
applications increased significantly (by 20%) the fruit color index, independent from the orchard of
origin of the apples (Figure S4).

Table 3. Fruit quality traits (firmness, soluble solids, acidity, and color index) as affected by biostimulants

and sites .
Firmness (kg cm—2) ;"g:?éle;z:(e) Acidity (g L1) Color Index
Treatment (T)
CON 7.75+0.24 1242 +1.10 7.58 + 1.06 3213 +8.87b
CAL 7.87 £0.25 12.25 +1.20 7.60 = 1.00 32.05+733b
SIL 7.63 +0.20 12.21 +1.04 7.08 = 0.96 3233+594b
SEA 7.85+0.28 12.28 +1.11 7.50 £ 0.94 4047 +£12.39a
Significance ns ns ns *
Site (S)
Site 1 773 +0.24 11.33 £ 0.19 8.20 + 0.55 40.58 + 8.88
Site 2 7.82 +0.25 13.25+0.48 6.68 = 0.57 27.92 +2.81
Significance ns ok ok ok
TxS ns ns ns ns

! Mean values = SD (n = 3) followed by the same letter do not significantly differ according to Tukey’s HSD post-hoc
test; p < 0.05. Two-way ANOVA significant differences: *** p < 0.001; ** p < 0.01; * p < 0.05; ns: not significant.

Apples collected in site 1 orchard were generally characterized by higher phenolic concentrations
in skin tissue at the harvest stage (Table 4). In detail, the concentration of several phenolic classes
(flavan-3-ols, hydroxycinnamic acids, anthocyanins, dihydrochalcones) were higher in site 1 fruits
compared to fruits from site 2. The concentration difference was not significant for the flavonols
(quercetin derivatives) class of compounds only. The applications of calcium, alone or in combination
with Siliforce®, did not affect the phenolic concentration when compared with the control (Table 4).
Differently, the seaweed plus calcium applications resulted in significantly higher anthocyanin
accumulation in the apple skin (around 4 mg g~! DW) as compared to the control samples (2 mg g~!
DW).
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Table 4. Phenolic content in apple skin at harvest as affected by treatments and sites .

7 0f 18

Flavan-3-ols Hydroxycinnamic Anthocyanins Dihydro-Chalcones Flavonols (mg Total ( -1 pw)
(mg g~1 DW) Acids (mg g1 DW) (mg g~1 DW) (mg g~1 DW) g 1 DW) orlims s
Treatment (T)
CON 5.76 +1.08 0.28 +0.59 2.02+0.72b 1.59 £0.15 2.78 + 0.64 12.43 +2.02
CAL 542 +0.75 0.44 +0.41 3.18 £ 0.71 ab 2.00 £0.23 494 +0.99 15.98 + 1.82
SIL 5.88 +2.99 0.26 +0.23 2.60 = 1.21 ab 2.02 +0.81 4.88 +3.02 15.65 +7.72
SEA 6.92 + 3.80 0.40 + 0.52 399 +218a 215+ 0.75 514 +2.39 18.62 +9.52
Significance ns ns * ns ns ns
Site (S)
Site 1 7.26 £ 2.88 0.53 £ 0.52 3.73 £ 1.66 217 £0.72 4.98 +2.66 18.67 + 7.54
Site 2 474 £ 0.54 0.17 +0.23 2.16 £ 0.62 1.71+0.24 3.89+£1.29 12.67 +2.36
Significance * * i * ns *
TxS ns ns ns ns ns ns

! Mean values + SD (1 = 3) followed by the same letter do not significantly differ according to Tukey’s HSD post-hoc test; p < 0.05. Two-way ANOVA significant differences: *** p < 0.001;
**p <0.01; * p < 0.05; ns: not significant.
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Macronutrients accumulation in fruit skin was generally higher in site 1 compared to site 2
(Table 5), the only exception being P that showed an 8% lower accumulation. Applications of seaweed
extracts (in combination with calcium) significantly enhanced the final Ca accumulation (61.8 and
46 mg 100 g~! DW in SEA and CON fruits, respectively) and reduced K concentration (by 15%). Fruits
from site 1 were also significantly higher in manganese and selenium concentration, whereas they were
lower in boron (Table 6). For Cu and Zn concentrations, there was a significant effect of the interaction
between treatment and site, treatment effect was therefore evaluated at the level of the single site only
(Figure 2). Insite 1, SEA-treated apples resulted in significantly higher Cu concentration as compared to
control, whereas Zn accumulation was significantly higher SIL-treated fruits. No significant differences
were calculated for both nutrients in apples collected in site 2 orchard.

Table 5. Macronutrients content in apple skin at harvest as affected by treatments and sites !.

N DW) P (mg100g~1 K(mg100gl1 Ca(mg100g! Mg (mg 100
° DW) DW) DW) g1 DW)
Treatment (T)
CON 0.48 +0.02 61.46 =491 645.56 +40.92 a 46.06 £9.60 b 86.47 = 5.79
CAL 0.51 +£0.02 59.30 + 5.68 613'46:1)109'49 58.89 + 13.58 ab 88.43 + 10.07
SIL 048+002  56.71+393 581'39a§ 0762 5539 4+1676ab 8541 + 558
SEA 0.50 + 0.03 54.73 + 6.10 550.41 +49.37b 61.84 +18.66 a 85.98 +4.78
Significance ns ns * * ns
Site (S)
Site 1 0.50 + 0.03 55.82 + 6.42 645.17 + 62.60 66.95 + 11.72 91.13 £ 5.59
Site 2 0.48 +0.02 60.28 + 3.43 550.24 + 57.55 4414 + 8.21 82.02 + 3.48
Slgi’llflCﬂnCe * * H3F R s
TxS ns ns ns ns ns

1 Mean values + SD (n = 3) followed by the same letter do not significantly differ according to Tukey’s HSD post-hoc
test; p < 0.05. Two-way ANOVA significant differences: *** p < 0.001; ** p < 0.01; * p < 0.05; ns: not significant.

Table 6. Micronutrients content in apple skin at harvest as affected by treatments and sites L

B (mg kg-1 Fe (mg kg—1 Mn (mg kg-1 Si (mg kg-1 Se (ug kg-1
DW) DW) DW) DW) DW)
Treatment (T)
CON 21.66 +7.89 40.72 £ 10.12 4.08 +0.73 79.35 + 21.54 1.47 +1.38
CAL 21.39 £ 5.76 38.69 + 11.11 4.50 +1.10 81.53 + 25.25 124 +1.28
SIL 23.99 + 10.63 43.88 + 18.09 424 +0.34 115.38 + 113.48 1.88 +1.54
SEA 22.48 +£9.82 35.59 + 5.62 4.34 +0.82 117.07 + 92.80 1.70 + 1.34
Significance ns ns ns ns ns
Site (S)
Site 1 15.10 + 1.44 35.75 + 8.65 4.69 + 0.85 89.38 + 69.17 2.63 +1.03
Site 2 29.67 + 4.79 43.69 + 13.28 3.89 £ 0.37 107.28 + 77.53 0.52 +0.39
Significance il ns * ns e
TxS ns ns ns ns ns

! Mean values = SD (n = 3) followed by the same letter do not significantly differ according to Tukey’s HSD post-hoc
test; p < 0.05. Two-way ANOVA significant differences: ** p < 0.001; ** p < 0.01; * p < 0.05; ns: not significant.
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COCON @ECAL OSIL @SEA
60.00

50.00 ab

4000 5 T + T

Cu (mgkg?)
8
8

20,00
10.00 ns

5l Inml ]

Site 1 Site 2

0.00

12.00

10.00

8.00

6.00

Zn (mg kg')

4.00

il il

Site 1 Site 2

Figure 2. Effect of the biostimulants on copper (above) and zinc (below) content in apples harvested in
Site 1 and Site 2. Vertical bars indicate means + SD (n = 3). Within each site, letters indicate significant
differences according to Tukey’s HSD post-hoc test; p < 0.05 (ns: not significant).

3.2. Fruit Quality and Disorder Incidence during Storage

Treatments did not significantly affect fruit quality during the storage period (Figures S5 and 56).
Apples from both sites showed a relevant drop of flesh firmness during the storage, reaching values
around 5 kg cm~2 after 60 day in the store. As for the total acidity, fruits presented a decreasing trend
with values lower than 6 g L™! at the end of the storage period. Finally, the sugar content remained
almost stable during storage with values that, independently from the considered treatments and sites,
resulted around 12-13 °Bx.

Approximately 35% of the control fruits from both sites were affected by the Jonathan spot disorder
after 160 days of storage (Figure 3a,b). The application of calcium chloride alone was not effective in
reducing the incidence of the disorder in both sites. Differently, when calcium chloride was applied in
combination with Siliforce® or seaweed extracts, the final incidence of the disorder was significantly
reduced by approximately 20-25% as compared to control or CAL-treated apples. The final Jonathan

spot incidence of SIL- and SEA-treated apples was around 10% at the end of the storage period for
fruits coming from both sites (Figure 3a,b).
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CON CAL SIL SEA
40
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10 b b
ns b

Percentage of affected fruits
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2 30
<
o a
(%3
2
S 20 a
[}
> ab
£ b
s
K b

ns
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Days of storage

Figure 3. “Jonathan spot” disorder incidence in apples during storage (at 0, 60, 130, and 160 days) as
affected by treatments in site 1 (a) and site 2 (b). For each evaluating period, letters indicate significant
differences according to Tukey’s HSD post-hoc test; p < 0.05 (ns: not significant).

Independently from the treatments and the cultivation sites, fruits affected by the Jonathan spot
disorder generally showed higher phenolic concentration than healthy fruits (Figure 4). In detail, in site
1 the total phenolic concentration in affected fruits ranged between 12.4 and 17.2 mg g~! DW, whereas
it was between 9.5 and 14.8 mg g~! in the healthy ones (Figure 4f). Similarly, in the site 2, the total
phenolic concentration was approximately 20% higher in affected than in healthy fruits. Considering
the single classes of phenolic compounds, diseased SEA-treated fruits resulted significantly higher in
flavan-3-ols concentration than healthy fruits (6.4 and 5.5 mg g~ respectively, in site 2—Figure 4a).
Hydroxycinnamic acids concentration was higher in affected fruits from CON, CAL, and SEA treatments
(site 1, Figure 4b) and from untreated (CON) fruits from site 2. Anthocyanins (Figure 4c) concentration
was found significantly higher in affected fruits from CON and SEA treatments (site 1) and from CON,
CAL, and SEA treatments in site 2. Finally, no significant differences were detected for flavonols and
dihydrochalcones classes of compounds in affected and healthy apples at the end of the storage period
(Figure 4d,e).
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Phenolic content (flavan-3-ols—(a), hydroxycinnamic acids—(b), anthocyanins—(c),

dihydrochalcones—(d), flavonols—(e), and total—(f)) in apple skin after storage in healthy and
symptomatic fruits in site 1 (left) and site 2 (right). Vertical bars indicate mean + SD (n = 3). Asterisk
on the top of the bar indicates significant differences according to one-way ANOVA (*** p < 0.001; ** p <

0.01; * p < 0.05; ns: not significant).

When the effect of the applications was evaluated within homogeneous groups of fruits for status
(i-e., healthy or affected) and site of production (site 1 or 2), SEA fruits showed a higher total phenolic
accumulation compared to the controls in both healthy (15 and 9 mg g~! DW, respectively) and affected
(17 and 12 mg g~! DW, respectively) fruits from site 1 (Figure 5a,b). Higher concentrations were
found especially for the classes of anthocyanins and flavonols that were approximately two-fold in
SEA-treated healthy or affected fruits as compared to the control ones. Differences were also evident
in fruits from site 2 (Figure 5b), where SEA-treated apples accumulated approximately 60% more
anthocyanins than control in healthy fruits. In affected fruits from site 2, seaweed applications enhanced
by approximately 55% the final flavonols concentration as compared to untreated apples (Figure 5b).
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Figure 5. Phenolic content in apple skin after storage in healthy and affected fruits in site 1 (a) and site
2 (b). Vertical bars indicate mean + SD (1 = 3). Letters inside bars refer to significant differences among
treatments for each single phenolic class, according to Tukey’s HSD post-hoc test; p < 0.05. Letters on
the top of the bar indicate significant differences among treatments for total phenolic content, according
to Tukey’s HSD post-hoc test; p < 0.05.

Nitrogen concentration did not change significantly in healthy or affected fruits belonging to
the different treatments and sampled in both sites (Figure 6a). Affected fruits always showed lower
Ca concentration as compared to healthy fruits (Figure 6b). This was particularly evident in fruits
from site 2, where affected apples of CAL and SIL treatments presented a calcium concentration that
was significantly lower than the corresponding healthy ones. Potassium concentration was found
significantly lower (by 100-150 mg 100 g~! DW) in site 1-affected apples treated with Siliforce® and
seaweed extracts (Figure 6c) compared to the control, whereas differences were not significant when
healthy fruits of the different treatments were compared. Moreover, affected apples of CON and CAL
treatments showed significantly higher K concentrations than the respective healthy fruits. Magnesium
concentration in apple skin resulted unaffected by treatments and status in apple fruits collected in site
2, whereas in site 1, CON-, SIL-, and SEA-treated and affected fruits showed a significantly higher
concentration than the corresponding healthy ones (Figure 6d). Healthy fruits from both sites generally
presented higher Mn and Zn concentrations than affected apples (Figure 6e,f). For CAL-treated fruits,
Mn accumulation in skin tissue was statistically higher in healthy than in affected apples from both sites,
showing a +20% and a +40% concentration, respectively, in site 1 and 2. In site 1, Siliforce® applications
approximately doubled the Zn concentration of healthy apple skin compared to all other treatments,
whereas in affected fruits, the concentration increase was seven folds. In site 2, Zn concentration in
affected CAL-treated fruits were 50% of the correspondent healthy ones, whereas treatments did not
affect the Zn concentration in apples when compared to control. Finally, Si amount in apple skin
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showed a contrasting behavior, with site 1 and site 2 fruits presenting, respectively, higher and lower
Si concentrations in affected apples (significant differences in SEA-treated fruits only) (Figure 6g).
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Figure 6. Nitrogen (a), calcium (b), potassium (c), magnesium (d), manganese (e), zinc (f), and silicon
(g) content in apple skin after storage in healthy and symptomatic fruits in site 1 (left) and site 2 (right).
Vertical bars indicate mean + SD (1 = 3). Asterisk on the top of the bar indicates significant differences
according to one-way ANOVA (*** p < 0.001; ** p < 0.01; * p < 0.05; ns: not significant) between healthy
and affected fruits. Letters inside bars refer to significant differences among treatments for healthy
fruits (lowercase letters) and affected fruits (uppercase letters), according to Tukey’s HSD post-hoc test;
p <0.05.

Si (mg/kg)
8

4. Discussion

Independently from the differences in crop load and yield per tree, treatments with calcium
chloride alone or in combination with seaweed extracts or Siliforce® did not result in significant
modification of the yield parameters when compared with untreated control (Table 2). Seaweed
application did not affect the final yield, thus confirming former reports in the literature [15,32,33],
whereas it enhanced the fruit number and final yield of apple trees showing alternate bearing [34].
Siliforce® applications significantly increased the fruit number and yield per tree when compared
to the sole calcium chloride treatment (Figure 1 and Table 2). Increased yield was also detected in
strawberry [35,36] and in other crops (i.e., rice, [37]) after the application of Si-containing products
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similar to Siliforce®. Silicon is considered able to burst plant productivity because of its role in
the primary metabolism as an important cofactor of carboxylation enzymes that are responsible for
the photosynthetic process [38].

Apples from site 2 were less colored as indicated by the significantly lower average color index
value (Table 3). Large and dense canopies, like those of trees in site 2, were generally characterized
by a poor light inner-canopy distribution, resulting in reduced final fruit color [39]. Independently
from the orchards’ characteristics, seaweed applications were effective in enhancing anthocyanin
accumulation in the skin, and, consequently, apple final reddish coloration (Tables 3 and 4; Figure S4).
These findings are consistent with those reported by other authors on apple [15,33], grapevine [40],
and strawberry [35,41]. Seaweed extracts were shown to be able to interfere with the metabolism
of plant hormones (mainly cytokines and abscisic acid [42]), leading to an induction of anthocyanin
biosynthesis, and accumulation in fruit skin prior to harvest.

Coherently with expectations, treatments with Ca- and Zn-containing products resulted in higher
concentrations of those two elements in apple skin at harvest (Table 5 and Figure 2). The reduced
K concentration of treated fruits can be interpreted as the result of the K* and Ca?" competition
for biding sites at cellular level [43,44]. Moreover, site 1 presented larger Cu concentration in fruit
skin because of the repeated Cu applications foreseen for pathogens control in organically managed
orchards (Figure 2).

The combined application of calcium chloride with a seaweed extract or with a Zn-containing
product (Siliforce®) was effective in lowering the incidence of the physiological disorder “Jonathan
spot” in stored apples harvested in both the experimental orchards (Figure 3a,b). A similar reduction
of post-harvest disorders was also detected after a repeated application of Zn and amino acids in
similar growing conditions [15], whereas there is no further evidence of seaweed’s efficacy against
apple storage disorders in the literature. Unbalances in the Ca concentration in fruits have often
been associated with post-harvest disorders (i.e., bitter pit) in apples [45,46]. In our experimental
conditions, the combined application of Ca and Zn resulted in higher concentration of these elements
at apple skin level (Table 5 and Figure 2). The higher availability of these elements might have
contributed to strengthening cell membrane stability [47-49], therefore, reducing the development of
the post-harvest “Jonathan spot” disorder during storage. The higher concentration of Ca, Zn, and Mn
found in healthy apple fruits compared to the affected ones (Figure 6b,e,f) might represent further
evidence of the positive role carried out by these elements in increasing fruit resistance toward storage
disorder. Pais and Petho [50] were the first to describe a negative correlation between Zn concentration
and the “Jonathan spot” disorder incidence, whereas further studies have pointed out the positive
effects of pre-harvest treatments with Zn and Ca on apple storability and overall quality [51]. Phenolic
compounds’ concentration changed during the storage, but the interpretation of the role of these
modifications in the development of the post-harvest disorder is not straightforward. Total phenolic
concentration in apple skin at harvest was not affected by treatments, whereas the accumulation of
single classes of compounds (i.e., anthocyanins) was enhanced in seaweed-treated fruits (Table 4
and Figure 5). After storage, symptomatic apples were generally higher in phenolic concentration
than the unaffected ones, the classes of hydroxycinnamic acids and anthocyanins being the most
affected by the disorder (Figure 4b,c). Phenolics are known to be synthetized by plants in response
to stress conditions [52,53]. Our results indicate that stress conditions occurring during the storage
probably trigged phenolic biosynthesis more in symptomatic fruits than in the asymptomatic ones.
Flavanols and hydroxycinnamic acids were found higher in the skin of apples affected by bitter pit,
whereas the concentration of flavonols and anthocyanins was higher in healthy fruits [54]. These
results are partially consistent with our findings, despite differences in the considered cultivar and
the type of storage disorder. Further investigation is needed in order to better understand the effects of
concentration changes in phenolic classes during storage and their relationship with the outburst of
physiological disorders.
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5. Conclusions

This study has shown that the pre-harvest applications of biostimulants (based on seaweed
extracts and inorganic compounds Zn and Si) in combination with Ca can enhance the esthetical quality
of apple fruits at harvest by increasing the intensity of skin color and can also reduce the incidence
of storage disorder. These results were obtained under different cultivation systems such as tree
age, planting density, and production typology (integrated and organic management). Although
the research focused on a single apple cultivar and on a specific disorder (Jonathan spot), the overall
findings of this study might have relevant implications for pre-harvest practices aiming at enhancing
the quality of different fruit crops at harvest and after storage. Since the study was limited to only one
season, further research needs to be conducted to better describe the optimization of biostimulants
way of application under different environmental and weather conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/8/1214/s1,
Figure S1. Above: Site 1 orchard (five-year-old Jonathan/M9 apple trees, at a density of 3333 trees ha~!. Below:

Site 2 orchard (42 year old Jonathan/seedling, at a density of 455 trees ha™!). Figure S2: Meteorological conditions
during the growing season 2014 at the Laimburg Research Centre in Ora (Italy). Temperatures (lines) and
cumulated monthly rainfalls (columns). Figure S3: Spots development in apple fruits cv. Jonathan affected by
“Jonathan spot” disorder. Figure S4. Increased red coloration by seaweed applications (above) as compared to
untreated control (below). The pictures were taken before harvest (end of August) in site 1 orchard. Figure S5:
Firmness (a), total soluble solids (b), and acidity (c) at harvest and during storage (at 0, 60, 130, and 160 days) as
affected by treatments in Sitel. Vertical bars indicate mean + SD, n = 3. Bars without letters indicate no significant
differences according to LSD test at p < 0.05. Treatments’ legend: CON, control; CAL, calcium chloride; SIL,
Siliforce® + calcium chloride; SEA, seaweeds + calcium chloride. Figure S6: Firmness (a), total soluble solids
(b), and acidity (c) at harvest and during storage (at 0, 60, 130, and 160 days) as affected by treatments in Site 2.
Vertical bars indicate mean + SD, n = 3. Bars without letters indicate no significant differences according to LSD
test at p < 0.05. Treatments’ legend: CON, control; CAL, calcium chloride; SIL, Siliforce® + calcium chloride; SEA,
seaweeds + calcium chloride.
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