
Citation: Pessoa, C.C.; Lidon, F.C.;

Daccak, D.; Luís, I.C.; Marques, A.C.;

Coelho, A.R.F.; Legoinha, P.;

Ramalho, J.C.; Leitão, A.E.; Guerra,

M.; et al. Calcium Biofortification of

Rocha Pear Fruits: Implications on

Mineral Elements, Sugars and Fatty

Acids Accumulation in Tissues. Sci

2022, 4, 35. https://doi.org/

10.3390/sci4040035

Academic Editor: Yinglong Chen

Received: 25 July 2022

Accepted: 15 September 2022

Published: 21 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Calcium Biofortification of Rocha Pear Fruits: Implications
on Mineral Elements, Sugars and Fatty Acids Accumulation
in Tissues
Cláudia Campos Pessoa 1,2,* , Fernando C. Lidon 1,2, Diana Daccak 1,2 , Inês Carmo Luís 1,2 ,
Ana Coelho Marques 1,2 , Ana Rita F. Coelho 1,2 , Paulo Legoinha 1,2 , José Cochicho Ramalho 2,3 ,
António E. Leitão 2,3 , Mauro Guerra 4 , Roberta G. Leitão 4 , Paula Scotti Campos 2,5 , Isabel P. Pais 2,5,
Maria Manuela Silva 2,6 , Fernando H. Reboredo 1,2 , Maria Fernanda Pessoa 1,2 and Manuela Simões 1,2

1 Earth Sciences Department, Faculdade de Ciências e Tecnologia, Universidade Nova de Lisboa,
Campus da Caparica, 2829-516 Caparica, Portugal

2 GeoBioTec Research Center, Faculdade de Ciências e Tecnologia, Universidade Nova de Lisboa,
Campus da Caparica, 2829-516 Caparica, Portugal

3 PlantStress & Biodiversity Lab, Centro de Estudos Florestais (CEF), Instituto Superior de Agronomia (ISA),
Universidade de Lisboa (ULisboa), Quinta do Marquês, Avenida da República, 2784-505 Oeiras,
and Tapada da Ajuda, 1349-017 Lisboa, Portugal

4 LIBPhys-UNL, Physics Department, Faculdade de Ciências e Tecnologia, Universidade Nova de Lisboa,
Campus da Caparica, 2829-516 Caparica, Portugal

5 Instituto Nacional de Investigação Agrária e Veterinária I.P. (INIAV), Quinta do Marquês, Avenida da República,
2780-157 Oeiras, Portugal

6 ESEAG-COFAC, Avenida do Campo Grande 376, 1749-024 Lisboa, Portugal
* Correspondence: c.pessoa@campus.fct.unl.pt

Abstract: Following an agronomic approach for the Ca enrichment of Rocha pears, this study aimed
to assess the interactions between mineral nutrients in fruit tissues at harvest and after storage for
5 months and to characterize the implications on the profile of sugars and fatty acids (FA). A total
of seven foliar sprays (with concentrations of 0.1–0.6 kg·ha−1 Ca(NO3)2 and 0.8–8 kg·ha−1 CaCl2)
were applied to pear trees. After harvest, the fruits were stored for 5 months, in environmentally
controlled chambers, and the mineral contents in five regions (on the equatorial section) of the fruits
were assessed, while the sugar and FA content were quantified. For both dates, all foliar sprayed
treatments, at different extends, increased Ca content in the center and near the epidermis of Rocha
pear fruits and the levels of K, Mn, Fe, Zn and Cu also varied. At harvest, the Ca treatments did
not affect the levels of sucrose, glucose, fructose and sorbitol and, after storage, their concentrations
remained higher in Ca-treated fruits. Additionally, the tendency of the relative proportions of FA
was C18:2 > C18:1 > C16:0 > C18:3 > C18:0 > chains inferior to 16 C (<16:0), but after storage it was
C18:2 > C16:0 > C18:3 > C18:0 > C18:1 > chains inferior to 16 C (<16:0). It is concluded that the
heterogeneous distribution of Ca in the tissues of Rocha pear fruits results from its absorption in
the peel after Ca(NO3)2 and CaCl2 sprays and from the xylemic flux in the core prior to maturity.
Additionally, the hydrolysis of complex polysaccharides affects the contents of simpler sugars during
maturation, ripening and senescence, while storage decreases the amount of total fatty acids (TFA),
but the double bond index (DBI) indicate that cell membrane fluidity remains unaffected.

Keywords: Ca enrichment; lipid content; micro-energy dispersive X-ray fluorescence; mineral content;
pears; sugar content

1. Introduction

A deficient Ca intake from one’s diet affects half the global population [1], leading to a
progressive loss of bone mass, favoring the development of pathologies such as osteopenia,
which, when aggravated, can be diagnosed as osteoporosis [2,3]. In children, despite
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vitamin D deficiencies being the main cause, Ca-mediated deformities such as rickets can
also occur [4]. Calcium intake varies with age or gender, being required in quantities higher
than 100 mg/day [5]. A study by Cormick and Belizán (2019) [6] compiled information
from four different sources (SACN, IOM, EFSA and the WHO—from the United Kingdom,
the United States of America and Canada, Europe and the FAO) and showed that the
recommended daily values varied between 200 to 1300 mg (presenting differences even
when considering the individual‘s same characteristics). It further indicated for adults
(over 19 years old) an average daily intake of Ca between 800–1300 mg [6] but, over a long
period of time, the daily intake should not exceed 2000–3000 mg to avoid compromises
in health [6,7].

Plant biofortification focuses on the increase in a target mineral in the edible part
of a chosen genotype. This can be achieved by different strategies, such as DNA modifi-
cation (the transgenic approach), the selection of favorable characteristics (the breeding
approach) or the use of foliar/soil fertilizers (the agronomic approach) [8]. According to
Garg et al. (2018) [9], transgenic, breeding and agronomic approaches prevail in cereals and,
although the mineral enrichment of fruits might be carried out with the three approaches,
fruits present the lesser number of studies in both agronomic and breeding techniques.
However, relative to fruits and other vegetables, the content of Ca in cereals is low (e.g., to
meet daily Ca needs in adults, a diet exclusively with cereals could imply the intake of up to
10 kg) [10]. Additionally, food products with lower contents of antinutrients are preferable,
as the presence of phytates and oxalates can affect the bioavailability of Ca [10–12]. In fact,
the level of phytic acid is higher in cereals, oilseeds and legumes (on a dry weight basis
varying between 1–5%), in comparison to other vegetables and fruits such as carrots or
bananas (on a dry weight basis varies between 0.015–0.09%) [13]. Oxalates also prevail in
fruits such as kiwi, avocado or oranges (about 16–29 mg per portion), in comparison to
other fruits such as pears (which ranges between 1–3 mg) [14].

Pre-harvest factors (such as mineral nutrition, chemical treatments, agronomic prac-
tices or climacteric aspects) affect the post-harvest quality and physiology of fruits, as at that
point quality can only be maintained but not improved [15]. Yet, the enrichment of several
fruits, namely pears, with foliar applications of Ca (during the pre-harvest phase), besides
increasing the amounts of this nutrient, maintains its quality during storage and triggers
some positive changes in the organoleptic properties, such as aroma [16–22]. Nevertheless,
the mineral content of pears varies according to the variety [23,24], being its sweetness
related to the content of sugars, namely sorbitol, glucose, fructose and sucrose [23,24].
Additionally, lipids, although present in low quantities (with contents varying according to
the storage method), are not just linked to the membrane structure of cells, but also to the
biosynthesis of aroma volatiles [24–26].

Rocha pear is a Portuguese variety that can be stored in environmentally controlled
chambers, at least up till seven to eight months, while it is also resistant to handling
and transport, allowing its marketability to consumers for most of the year (e.g., about
8 months after harvest) [27]. As Rocha pear is a climacteric fruit, storage conditions are thus
crucial, since it persists in being physiologically active during the post-harvest period [28].
Following an agronomic approach for the Ca enrichment of Rocha pears, this study aimed
to assess the interactions among mineral nutrients in the fruit tissues between harvest and
storage for 5 months and to assess the related profile of sugars and fatty acids (FA). Thus,
quality modifications in Rocha pear fruits resulting from Ca increases in fruit tissues was
assed to determine eventual changes in other minerals localization, as well as in some
related nutritional aspects.

2. Materials and Methods
2.1. Experimental Design

In an orchard located in Portugal (GPS coordinates 39◦29′52.641′′ N; 9◦1′19.604′′ W), an
agronomic workflow comprising seven foliar sprays (spaced 15 days between each) was car-
ried out between 11 May and 23 August of 2018 on Rocha pear trees
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(Pyrus communis L.). For the first two foliar applications, different sets of trees
(four trees per set) were sprayed with 0.1 and 0.6 kg·ha−1 Ca(NO3)2 and
0.8 and 1.6 kg·ha−1 CaCl2 (corresponding to treatments T0.1 and T0.6, as well as
T0.8 and T1.6, respectively). Another set (twelve trees) was kept as the control, only being
applied water without any other fertilizers. For the subsequent third and the remaining
4 foliar applications, respectively, 4 and 8 kg·ha−1 of CaCl2 were applied to all the four sets.
Water accumulation from rainfall during the foliar application period reached 60.4 mm,
with an average value of 0.41 mm, reaching a daily maximum of 18.03 mm. Temperatures
varied between 6 ◦C and 41 ◦C, with minimum and maximum mean values of 15 ◦C and
23 ◦C, respectively. The fruits were harvested on 10 September and each treatment was
stored in environmentally controlled chambers (at −0.5–1 ◦C and 95% humidity). An
analysis of the stored samples occurred on 13 March 2019.

2.2. Mineral Elements Content in Fruits

Quantitative determinations of Ca, K, Mn, Fe, Zn and Cu in fruits were assessed by us-
ing a micro-Energy Dispersive X-ray-Fluorescence system (µ-EDXRF) (M4 TornadoTM Bruker,
Germany) as described in Luís et al. (2021) [29], with adaptations regarding sample prepa-
ration. Fruits were firstly cleaned with deionized water and then horizontally sliced at the
equatorial zone with a stainless-steel blade. The slices were dried at 60 ◦C until constant
weight (Figure 1). An example of the different zones is present in Figure 1.
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Figure 1. Example of a sliced sample of Rocha pear fruits with a stainless-steel blade. Green lines
delineate different zones for minerals assessment (from center to epidermis, zones 1 to 5, respectively).

2.3. Sugar Content in Fruits

Sugar extraction followed the procedure of Medlicott and Thompson (1985) [30]. A
total of fifteen pears per treatment (n = 3, thus 5 fruits per sample) were firstly cleaned with
deionized water and then peeled, followed by a longitudinal cut. A total of 40 g of pulp (8 g
per fruit) per sample was added to 150 mL of cold ultrapure water and liquified, followed
by the addition of ultrapure water until 200 mL. Samples were kept in ice, then were
transferred to ultrasounds (for 5 min) and were later centrifuged (15,000× g, 15 min, 4 ◦C).
The supernatant was transferred to glass tubes in ice, while the pellet was resuspended
in ultrapure water following a new centrifuge in the same conditions. The supernatants
were added and after homogenization, 20 mL were transferred to glass tubes and put in
a boiling bath (for 4 min). Then, the tubes were removed and put into ice (6 min), and
once cold, the samples were centrifuged (15,000× g, 20 min, 4 ◦C). The samples were then
filtered (nylon 0.45 mm) and stored until injection. The samples were injected in an HPLC
(Waters, Milford, DE, USA), coupled to a refractometric detector (Waters 2414), equipped
with a SugarPak 1 column (Waters 6.5 × 300 mm) and pre-column (Wat 088141) with
SugarPak II inserts (Wat 015209). Ultrapure water containing 50 ppm calcium EDTA was
used as the mobile phase, with a flow of 0.5 mL min−1, and an injection volume of 40 µL for
each sample. The data were later analyzed with the software Breeze and a quantification
was performed based on the calibration curves of sucrose, glucose, fructose and sorbitol.
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2.4. Lipid Content in Fruits

A total of twenty pears per treatment (n = 4, thus 5 fruits per sample) were se-
lected and cleaned with deionized water and then peeled. A total of 5 g of pulp (1 g
per fruit) per sample were weighted. Fatty acid composition was determined according to
Vidigal et al. (2018) [31]. To each sample, 10 mL of a solution of methanol: sulfuric acid
(CH3OH:H2SO4, 39:1, v:v) were added, followed by the addition of an internal standard
(C17:0, heptadecanoic acid). The tubes (with a teflon stopper and septum) were then
transferred to a 70 ◦C bath (for 60 min). Once cooled, 10 mL of petroleum ether and 6.7 mL
of ultrapure water were added. After homogenization with vortex, they were left to decant
(for 60 min), followed by the removal of the top phase to tubes with a teflon cap. The tubes
were put to dry in a 40 ◦C bath and under a stream of nitrogen, being then resuspended
in GC-grade n-Hexane, and then the sample was stored in a vial with a teflon septum
at −80 ◦C until injection.

Esterified fatty acids were analyzed on a gas–liquid chromatograph (CP-3380, Varian, Palo
Alto, Santa Clara, CA, USA), coupled to a flame ionization detector (GC-FID) and separated by
means of a Varian capillary column (CP-Wax 52 CB). Total fatty acids (TFA) and the relative
abundance of fatty acids (in %) were attained. The degree of unsaturation was obtained through
the unsaturation index (DBI—double bond index), which reflects the relative abundance of
mono- and polyunsaturated fatty acids in relation to saturated fatty acids, obtained by using
the formula: DBI = [(X% monoenes + 2 X% dienes + 3 X% trienes)/% saturated fatty acids],
according to Mazliak (1983) [32].

2.5. Statistic

Statistical analysis was carried out using a Two-Way ANOVA (p ≤ 0.05) to assess
the differences; then, a Tukey’s for mean comparison was performed, considering a 95%
confidence level. Letters a, b and c represent significant differences among treatments for
each date or between regions, while A and B represent significant differences between the
analytical dates for each treatment.

3. Results
3.1. Mineral Quantification and Location in Rocha Pear Fruits

At harvest, the five zones of the equatorial region of all treatments of Rocha pear fruits
revealed (Figure 2) higher Ca contents than the control. Calcium showed a heterogeneous
distribution in fruit tissues, prevailing in the center (zone 1) and near the epidermis
(zone 5). Relative to all the analyzed minerals, the content of K prevailed. However, for
most treatments (except T0.6), zones 1 and 3 displayed levels of K inferior to the control
(Figure 2), with higher values occurring near the epidermis (zones 4 and 5). Concerning
Mn (Figure 2), relative to the control, all the sprayed fruits presented higher values in
four regions (except T1.6 in only three zones). Iron and Zn content (Figure 2) was higher in
all zones of the sprayed fruits (except for treatment T1.6 in zones 3 and 4). For Cu (Figure 2),
inferior values occurred only in three zones of treatment T1.6 and zone 1 of treatment T0.8.

After 5 months of storage, relative to the control, all the sprayed fruits displayed
higher values for Ca (Table 1) in all five zones. However, Ca heterogeneous distribu-
tion in fruit tissues persisted, with higher values prevailing in the core (e.g., center) and
near the epidermis (zone 1 and 5, respectively). Relative to the other minerals, K main-
tained the highest content. Nevertheless, like at harvest, for most treatments (except T0.6),
zones 1 and 2 showed (Table 1) lower values than the control, whereas higher values oc-
curred in zones 3, 4 and 5 (except zone 5 for treatment T0.1). Relative to the control, Mn in
the sprayed fruits revealed inferior values only in zone 1, remaining higher in four regions
as at harvest (Figure 2). The zinc values (Table 1) in the sprayed fruits were only inferior in
zones 1 and 2 (except for treatment T0.8). Similarly for Fe (Table 1), the same two zones
per treatment were inferior to the control (except for treatment T0.8 and zone 5 for T0.6).
Copper values (Table 1) remained lower in zones 1 and 2 and for T0.1 also in zone 5.



Sci 2022, 4, 35 5 of 13Sci 2022, 4, x FOR PEER REVIEW 5 of 14 
 

 

  

  

  
Figure 2. Distribution of Ca, K, Mn, Fe, Zn and Cu of Rocha pear fruits by region (from center to 
epidermis, zone 1 to 5, respectively), at harvest. Treatments Ctr, T0.1, T0.6, T0.8 and T1.6 (corre-
sponding to the control and leaves spraying with 0.1 and 0.6 kg·ha−1 Ca(NO3)2 and 0.8 and 1.6 kg·ha−1 
CaCl2, respectively), are represented by colors blue, orange, grey, yellow and green, respectively. 
Standard errors were lower than 1%. 

After 5 months of storage, relative to the control, all the sprayed fruits displayed 
higher values for Ca (Table 1) in all five zones. However, Ca heterogeneous distribution 
in fruit tissues persisted, with higher values prevailing in the core (e.g., center) and near 
the epidermis (zone 1 and 5, respectively). Relative to the other minerals, K maintained 
the highest content. Nevertheless, like at harvest, for most treatments (except T0.6), zones 
1 and 2 showed (Table 1) lower values than the control, whereas higher values occurred 
in zones 3, 4 and 5 (except zone 5 for treatment T0.1). Relative to the control, Mn in the 
sprayed fruits revealed inferior values only in zone 1, remaining higher in four regions as 
at harvest (Figure 2). The zinc values (Table 1) in the sprayed fruits were only inferior in 
zones 1 and 2 (except for treatment T0.8). Similarly for Fe (Table 1), the same two zones 
per treatment were inferior to the control (except for treatment T0.8 and zone 5 for T0.6). 
Copper values (Table 1) remained lower in zones 1 and 2 and for T0.1 also in zone 5. 

0

0.1

0.2

0.3

0.4

0.5

0.6

1 2 3 4 5

%

Ca

0

1

2

3

4

5

6

1 2 3 4 5

K

0
20
40
60
80

100
120
140
160

1 2 3 4 5

pp
m

Mn

0
50

100
150
200
250
300
350
400
450

1 2 3 4 5

Fe

0
5

10
15
20
25
30
35
40
45

1 2 3 4 5

pp
m

Zn

0

10

20

30

40

50

60

70

1 2 3 4 5

Cu

Figure 2. Distribution of Ca, K, Mn, Fe, Zn and Cu of Rocha pear fruits by region (from center to epi-
dermis, zone 1 to 5, respectively), at harvest. Treatments Ctr, T0.1, T0.6, T0.8 and T1.6 (corresponding
to the control and leaves spraying with 0.1 and 0.6 kg·ha−1 Ca(NO3)2 and 0.8 and 1.6 kg·ha−1 CaCl2,
respectively), are represented by colors blue, orange, grey, yellow and green, respectively. Standard
errors were lower than 1%.

Following a general perspective, in stored Rocha pears, Ca at different extends trig-
gered a heterogeneous distribution of minerals (Table 1). Calcium increases in the interior
part of the fruits occurred (zone 1 to 4, except zone 4 for treatment T0.8), whereas K pre-
vailed in the middle region of the pulp (zones 3 and 4), and for the remaining mineral
elements content (Mn, Fe, Zn and Cu), slight decreases in the treatments with sprays of
Ca(NO3)2 occurred.
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Table 1. Average ± S.E. of Ca, K, Mn, Fe, Zn and Cu from Rocha pear fruits by region (from center
to epidermis, zone 1 to 5, respectively), after 5 months of storage. Treatments Ctr, T0.1, T0.6, T0.8
and T1.6 correspond to the control and initial foliar spraying with 0.1 and 0.6 kg·ha−1 Ca(NO3)2 and
0.8 and 1.6 kg·ha−1 CaCl2, respectively. Letters a, b and c represent significant differences among
regions for each treatment.

M
in

er
al

s

R
eg

io
ns 5 Months Storage Rate (5 Months Storage/Harvest)

Ctr T0.1 T0.6 T0.8 T1.6 Ctr T0.1 T0.6 T0.8 T1.6

C
a

(%
)

1 0.100 a ± 0.005 0.374 b ± 0.000 0.460 ab ± 0.000 0.197 ab ± 0.000 0.478 ab ± 0.000 0.9 1.6 1.5 1.4 3.4
2 0.060 a ± 0.003 0.284 b ± 0.000 0.209 bc ± 0.000 0.188 ab ± 0.000 0.304 b ± 0.000 0.9 1.1 1.1 1.3 3.7
3 0.052 a ± 0.003 0.248 b ± 0.000 0.245 bc ± 0.000 0.205 ab ± 0.000 0.312 b ± 0.000 0.8 1.8 1.6 1.6 3.8
4 0.049 a ± 0.002 0.214 b ± 0.000 0.131 c ± 0.000 0.115 b ± 0.000 0.228 b ± 0.000 0.8 1.4 1.1 0.6 2.5
5 0.327 a ± 0.016 1.135 a ± 0.001 0.985 a ± 0.001 0.384 a ± 0.000 1.670 a ± 0.002 3.4 2.7 2.5 1.4 3.4

K
(%

)

1 5.36 a ± 0.01 4.78 a ± 0.01 6.71 a ± 0.01 3.99 a ± 0.00 5.15 a ± 0.01 2.4 2.6 1.3 2.1 2.3
2 5.53 a ± 0.01 4.91 a ± 0.01 4.96 ab ± 0.01 3.58 a ± 0.00 4.57 a ± 0.01 3.0 2.5 1.1 1.8 3.2
3 2.76 ab ± 0.00 3.55 a ± 0.00 5.31 ab ± 0.01 4.17 a ± 0.01 4.34 a ± 0.01 1.4 2.1 1.6 2.2 3.7
4 1.66 b ± 0.00 2.96 a ± 0.00 2.60 b ± 0.00 2.52 a ± 0.00 3.17 a ± 0.00 1.0 1.2 1.1 1.1 2.5
5 4.21 a ± 0.01 4.11 a ± 0.01 5.21 ab ± 0.01 4.29 a ± 0.01 5.14 a ± 0.00 2.6 1.7 2.1 1.9 1.0

M
n

(p
pm

) 1 18.3 ab ± 0.0 15.5 b ± 0.0 15.2 b ± 0.0 9.5 b ± 0.0 14.7 b ± 0.0 5.6 4.9 0.9 1.8 4.6
2 11.1b ± 0.0 16.9 b ± 0.0 12.8 b ± 0.0 14.6 b ± 0.0 11.8 b ± 0.0 4.5 3.4 1.9 3.8 3.8
3 8.5 b ± 0.0 10.3 b ± 0.0 19.1 b ± 0.0 11.7 b ± 0.0 10.7 b ± 0.0 7.6 1.9 2.8 5.1 3.0
4 8.2 b ± 0.0 12.0 b ± 0.0 10.1 b ± 0.0 9.9 b ± 0.0 10.0 b ± 0.0 5.1 1.0 6.5 0.9 4.7
5 44.5 a ± 0.0 49.5 a ± 0.0 66.3 a ± 0.0 110.2 a ± 0.0 122.1 a ± 0.0 8.5 0.3 5.5 28.6 182.1

Fe
(p

pm
) 1 37.9 b ± 0.0 35.0 b ± 0.0 46.3 ab ± 0.0 43.0 b ± 0.0 28.3 b ± 0.0 2.6 1.6 1.2 2.4 1.4

2 32.4 b ± 0.0 30.3 b ± 0.0 25.5 b ± 0.0 55.7 ab ± 0.0 21.3 b ± 0.0 3.1 1.8 0.8 3.4 1.1
3 17.4 b ± 0.0 22.8 b ± 0.0 38.2 b ± 0.0 37.8 b ± 0.0 30.5 b ± 0.0 1.3 1.6 1.6 2.1 2.3
4 18.8 b ± 0.0 23.3 b ± 0.0 23.5 b ± 0.0 22.4 b ± 0.0 24.7 b ± 0.0 1.6 1.3 0.5 0.7 2.4
5 112.2 a ± 0.0 274.2 a ± 0.0 111.4 a ± 0.0 124.8 a ± 0.0 151.6 a ± 0.0 11.0 0.7 2.1 3.0 1.4

Z
n

(p
pm

) 1 26.9 ab ± 0.0 24.8 ab ± 0.0 26.1 ab ± 0.0 27.6 ab ± 0.0 15.6 b ± 0.0 2.9 1.6 1.0 2.2 1.4
2 17.7 ab ± 0.0 22.3 ab ± 0.0 11.9 b ± 0.0 24.8 ab ± 0.0 14.1 b ± 0.0 2.7 1.5 0.5 2.3 2.0
3 11.4 b ± 0.0 14.9 b ± 0.0 20.0 ab ± 0.0 28.2 ab ± 0.0 16.5 b ± 0.0 1.5 1.4 1.4 2.3 3.1
4 11.2 b ± 0.0 19.9 ab ± 0.0 14.7 b ± 0.0 22.8 b ± 0.0 15.4 b ± 0.0 1.6 1.5 1.0 1.2 2.2
5 42.2 a ± 0.0 45.2 a ± 0.0 42.8 a ± 0.0 59.3 a ± 0.0 59.3 a ± 0.0 6.0 2.0 2.0 1.8 1.4

C
u

(p
pm

) 1 23.6 a ± 0.0 22.3 a ± 0.0 20.3 ab ± 0.0 18.4 a ± 0.0 17.9 a ± 0.0 3.3 2.1 0.9 3.0 2.4
2 27.2 a ± 0.0 23.4 a ± 0.0 12.7 ab ± 0.0 16.3 a ± 0.0 21.4 a ± 0.0 6.1 2.1 0.8 3.3 6.5
3 13.4 ab ± 0.0 14.0 a ± 0.0 17.7 ab ± 0.0 21.4 a ± 0.0 16.8 a ± 0.0 3.1 1.6 1.6 3.4 6.0
4 7.4 b ± 0.0 12.3 a ± 0.0 10.7 b ± 0.0 16.4 a ± 0.0 13.0 a ± 0.0 1.9 1.4 1.2 1.3 3.4
5 25.9 a ± 0.0 24.7 a ± 0.0 27.8 a ± 0.0 32.2 a ± 0.0 27.3 a ± 0.0 6.1 1.4 1.8 0.5 3.0

3.2. Sugar and Lipid Content

At harvest, no significant differences occurred among the Rocha pear treatments, but
the contents of fructose prevailed in all the treatments (Table 2). After 5 months of storage,
relative to the control, sucrose revealed significantly higher values in T0.1 and T0.6, whereas
in glucose and fructose this occurred in T0.1 (Table 2). Relative to the control, sorbitol and
total sugar levels (Table 2) also displayed higher values in T0.1 and T1.6.

Relative to the harvest period, after 5 months storage (Table 2), the levels of su-
crose significantly decreased in Ctr, T0.6 and T0.8 (to 17%, 36% and 28%, respectively),
whereas glucose and fructose did not vary significantly in all treatments (except T0.1,
which showed 2.52- and 2.15-fold increases, respectively), and sorbitol revealed a substan-
tial increase in T0.1 and a decrease in T0.8 (2.08-fold and to 63%, respectively). In this
context, the total sugars showed significantly higher and lower values for T0.1 and T0.8,
respectively (Table 2).

At harvest, TFA did not reveal significant variations among treatments (Table 3). For
fatty acids <16:0, treatment T0.8 was significantly higher than the control, while C16:0
showed significantly lower values in T0.1 in regard to T0.8 (Table 3). In this context, when
compared with the control, C18:0 and C18:2 did not reveal any significant deviations,
but C18:1 significantly decreased with the application of CaCl2, whereas C18:3 increased
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significantly in T1.6 (Table 3). Relative to the control, the DBI of the sprayed fruits did not
vary significantly.

Table 2. Average ± S.E. of sugar content (sucrose, glucose, fructose, sorbitol and total) from Rocha
pear from September (harvest) and March (5 months of storage). Treatments Ctr, T0.1, T0.6, T0.8 and
T1.6 correspond to the control and initial foliar spraying with 0.1 and 0.6 kg·ha−1 Ca(NO3)2 and
0.8 and 1.6 kg·ha−1 CaCl2, respectively. Letters a, b and c represent significant differences among
treatments for each date, while A and B represent significant differences between harvest and 5 month
storage for each treatment.

Treatments
Sucrose Glucose Fructose Sorbitol Total

Harvest (g/100 g FW)

Ctr 2.59 aA ± 0.40 1.67 aA ± 0.37 6.63 aA ± 1.10 2.23 aA ± 0.33 13.12 aA ± 0.95
T0.1 2.42 aA ± 0.27 1.20 aB ± 0.15 8.44 aB ± 0.92 2.43 aB ± 0.29 14.49 aB ± 1.62
T0.6 3.38 aA ± 0.44 1.46 aA ± 0.19 9.95 aA ± 1.05 3.09 aA ± 0.33 17.88 aA ± 1.98
T0.8 2.64 aA ± 0.30 1.51 aA ± 0.06 10.66 aA ± 0.62 3.32 aA ± 0.19 18.12 aA ± 0.85
T1.6 2.60 aA ± 0.65 1.32 aA ± 0.21 7.33 aA ± 1.48 2.20 aA ± 0.44 13.45 aA ± 2.47

5 Months storage (g/100 g FW)
Ctr 0.44 cB ± 0.05 1.04b A ± 0.05 6.51 bA ± 0.69 1.71 bA ± 0.20 9.70 cA ± 0.97
T0.1 1.81 aA ± 0.14 3.02 aA ± 0.08 18.14 aA ± 0.29 5.07 aA ± 0.01 28.04 aA ± 0.20
T0.6 1.21 bB ± 0.11 1.35 bA ± 0.19 8.34 bA ± 1.35 2.42 abA ± 0.32 13.32 bcA ± 1.92
T0.8 0.75b cB ± 0.17 1.23 bA ± 0.22 7.44 bA ± 1.32 2.09 bB ± 0.37 11.51 bcB ± 1.83
T1.6 0.92 bcA ± 0.04 1.51 bA ± 0.26 9.59 bA ± 1.94 5.29 aA ± 1.30 17.31 bA ± 0.88

Ratio (5 Months storage/Harvest)
Ctr 0.17 0.62 0.98 0.77 0.74
T0.1 0.75 2.52 2.15 2.08 1.94
T0.6 0.36 0.92 0.84 0.78 0.74
T0.8 0.28 0.81 0.70 0.63 0.63
T1.6 0.35 1.14 1.31 2.40 1.29

After 5 months of storage, significant differences could not be found among treatments
for TFA, fatty acids <16:0, C16:0, C18:0, C18:1 and the DBI but, relative to the control, C18:2
and C18:3 showed significantly higher and lower values for T1.6, respectively (Table 3).

Relative to the harvest period, after 5 months of storage, TFA and C18:1 decreased
significantly in all treatments, but significantly higher values (3.21-fold) were found for T0.1
of fatty acids <16:0 (Table 3). All treatments of C16:0 significantly augmented after 5 months
of storage, but the opposite occurred with C18:0 (except T1.6) (Table 3). At harvest, and
relative to 5 months of storage, C18:2 revealed significantly lower values in T1.6 (decreased
19.8%), whereas in C18:3 a similar trend was found with Ctr, T0.1 and T0.6 (decreased 72%,
64.4% and 75.2%, respectively). After 5 months of storage, significantly lower DBI values
were only found for T0.1.
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Table 3. Average ± S.E. of total fatty acid content (TFA), fatty acids profiles (relative abundance,
mol %) and double bound index (DBI) of lipids from Rocha pear fruits at harvest and after 5 months
of storage. Treatments Ctr, T0.1, T0.6, T0.8 and T1.6 correspond to the control and foliar spraying
with 0.1 and 0.6 kg·ha−1 Ca(NO3)2 and 0.8 and 1.6 kg·ha−1 CaCl2, respectively. Letters a, b and c
represent significant differences among treatments for each date, while A and B represent significant
differences between harvest and 5 months of storage for each treatment.

Treatment
TFA <C16:0 C16:0 C18:0 C18:1 C18:2 C18:3 DBI

g/100 g FW Harvest (mol %)

Ctr 0.67 aA ± 0.09 0.32 bcA ± 0.08 13.56 abB ±
1.54 5.68 aA ± 0.80 24.68 aA ± 0.77 49.44 aA ± 2.49 6.32 bB ± 0.31 7.62 abA ± 0.88

T0.1 0.71 aA ± 0.05 0.24 cB ± 0.03 9.34 bB ± 0.69 6.35 aA ± 0.64 26.10 aA ± 0.81 50.56 aA ± 0.88 7.41 bB ± 0.23 9.50 aA ± 0.32

T0.6 0.68 aA ± 0.10 0.44 abcA ±
0.04

11.50 abB ±
2.12 6.78aA ± 1.03 26.91 aA ± 1.08 49.00 aA ± 1.40 5.38 bB ± 0.32 8.05 abA ± 1.12

T0.8 0.51 aA ± 0.02 0.64 aA ± 0.09 17.65 aB ± 0.66 5.57 aA ± 0.48 17.85 bA ± 0.96 50.08 aA ± 1.08 8.21 abA ± 1.07 6.00 bA ± 0.29

T1.6 0.51 aA ± 0.06 0.59 abA ± 0.06 13.93 abB ±
1.76 5.19 aA ± 0.71 17.17 bA ± 0.61 52.01 aB ± 1.32 11.11 aA ± 1.31 8.09 abA ± 0.87

g/100 g FW 5 Months storage (mol%)
Ctr 0.40 aB ± 0.01 0.47 aA ± 0.06 19.71 aA ± 1.56 2.84 aB ± 0.22 3.22 aB ± 0.11 51.18 bA ± 1.80 22.57aA ± 3.13 7.72 aA ± 0.84
T0.1 0.35 aB ± 0.02 0.77 aA ± 0.09 22.73 aA ± 0.42 3.02 aB ± 0.24 2.99 aB ± 0.48 49.66 bA ± 2.47 20.84 aA ± 1.90 6.30 aB ± 0.18
T0.6 0.38 aB ± 0.05 0.77 aA ± 0.16 22.47 aA ± 0.80 2.59 aB ± 0.40 3.10 aB ± 0.35 49.41 bA ± 1.02 21.66 aA ± 1.03 6.53 aA ± 0.30

T0.8 0.38 aB ± 0.03 0.60 aA ± 0.04 21.29 aA ± 0.52 2.94 aB ± 0.32 2.09 aB ± 0.18 58.73 abA ±
3.70

14.34 abA ±
3.32 6.60 aA ± 0.25

T1.6 0.34 aB ± 0.02 0.73 aA ± 0.17 20.39 aA ± 1.52 3.67 aA ± 0.58 2.33 aB ± 0.12 64.84 aA ± 1.88 8.03 bA ± 0.46 6.56 aA ± 0.79
Ratio (5 Months storage (mol%)/Harvest (mol%))

Ctr 0.60 1.47 1.45 0.50 0.13 1.04 3.57 1.01
T0.1 0.49 3.21 2.43 0.48 0.11 0.98 2.81 0.66
T0.6 0.56 1.75 1.95 0.38 0.12 1.01 4.03 0.81
T0.8 0.75 0.94 1.21 0.53 0.12 1.17 1.75 1.10
T1.6 0.67 1.24 1.46 0.71 0.14 1.25 0.72 0.81

4. Discussion

As previously found in different pear varieties [16–20,33] and apples [34,35], pre-
harvest foliar spraying with Ca (with either Ca(NO3)2 or CaCl2) increased this mineral
content in Rocha pear fruits at harvest (Figure 2). Calcium can be applied in the soil or via
foliar spraying (excluding soil as “intermediate”), but its solubility (varying with the chosen
chemical compound) also affects the availability for plant absorption [36]. In fact, CaCl2
(commonly applied by foliar sprays) and Ca(NO3)2 (commonly applied on soil or through
fertirrigation) are soluble compounds that become rapidly available in comparison to other
sources such as calcium carbonate (CaCO3) or calcium sulfate (CaSO4) [36]. Nevertheless,
Ca accumulation in fruits can vary with phase and frequency of fertilizer application during
production, edaphoclimatic conditions or genotype [37]. For instance, for apples, up to 90%
of Ca assimilation can occur in the first 4 to 6 weeks after bloom [36], whereas for Rocha
pears this period can range from budbreak up to 30 to 40 days after bloom [38]. However,
the use of lower concentrations (0.5–2.0%) is advised in the initial stages of the production
cycle to avoid damaging plant structures such as leaves, while higher concentrations can be
applied later since the effects on trees or fruits is low [37,38]. In this context, Ca(NO3)2 has a
more pronounced effect on fruits, while CaCl2 mainly affects leaves [39]. Indeed, after spray-
ing Conference pears with CaCl2 (between 10 kg·ha−1–25 kg·ha−1), damages could not be
found [18]. Concerning the contents of nutrients in Rocha pears, depending on the edapho-
climatic conditions and fertilization workflows, some heterogeneity has been reported.
For instance, according to PortFIR (2022) [24,40], K content prevails in larger quantities
(150 mg/100 g FW, 960 mg/100 g DW), followed by Ca (9 mg/100 g FW, 57 mg/100 g DW),
Fe (0.3 mg/100 g FW, 1.9 mg/100 g DW) and Zn (0.2 mg/100 g FW, 1.3 mg/100 g DW). In
another study by Mendes (2017) [41] about the content in healthy Rocha pear fruits from
five orchards, after storage from 3 to 6 months, the contents (on a dry weight basis) for K, Ca,
Fe, Zn, Cu and Mn were 10.3–15.0 g/kg, 0.4–0.9 g/kg, 13.5–25.7 mg/kg, 8.0–13.9 mg/kg,
5.1–11.5 mg/kg and 1.8–3.3 mg/kg, respectively. Complementary, a different study by Sa-
quet et al. (2019) [42], with Rocha pear fruits from four different orchards, showed that
after 22 weeks of storage, the contents on a dry weight basis of K, Ca, Fe, Zn, Cu and Mn
were 10.3–15.0 g/kg, 0.5–0.9 g/kg, 14.3–25.6 mg/kg, 8.0–13.8 mg/kg, 6.1–10.8 mg/kg and
1.7–3.4 mg/kg, respectively. In this context, at harvest (Figure 2) and after storage (Table 1),
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our data also revealed that mineral ranges followed macronutrients and micronutrients
classification [43]. Furthermore, Saquet et al. (2019) [42] also found that in Rocha pears
prevails a radial decrease in Ca, Fe, Mn, Zn and Cu contents from the fruit skin to inner
flesh tissues (but K values followed an opposite trend) and Raese and Drake (2000) [33]
studying the application of CaCl2 in a different variety also detected a similar trend for
Ca accumulation between the cortex and the peel (471–524 ppm and 1563–1729). A puta-
tive explanation for the heterogeneous distribution of Ca among the tissues of the Rocha
pears fruits (Figure 2; Table 1) might implicate its absorption after spraying as well as
the progressive inhibition of mineral influx to the fruits in the later stages of develop-
ment, due to xylemic vessel degradation [37,44]. Accordingly, in the initial phases of fruits
development, Ca accumulation implicates its absorption at the epidermis but also its ac-
cumulation through xylem flux in the core. Moreover, after a progressive degradation of
the xylem vessels, Ca diffusion from the epidermis to the core of the fruit was responsible
for different accumulation patterns within Rocha pear tissues until harvest and during
storage (Figure 2; Table 1). Mineral enrichment in plant species determines synergistic or
antagonistic interactions among mineral accumulation [45]. Nevertheless, at harvest and
in most of the treatments, the general increase in K, Fe, Mn, Zn and Cu in Rocha pears
clearly points a synergism with Ca accumulation (Figure 2). Moreover, in plant species,
antagonistic interactions between Ca and K, due to the similar chemical characteristics,
often leading to competition for uptake or transport, have been reported [45]. Additionally,
the capacity of large amounts of Ca to modify the permeability of cell membranes has been
link to the inhibitory effect on K contents [45]. However, in the tissues of Rocha pear fruits,
an opposite trend was found since K mobilization and accumulation occurred preferable
outside the core zones from harvest and during storage (Table 1). This tendency was also
found in apples [35,46,47] and tubers [48] after spraying with CaCl2 and with Ca(NO3)2,
and in pears [17] with CaCl2. Although Fe, Mn and Cu have a low mobility in plant
tissues, while Zn keeps an intermediate translocation [43,48–51], the increasing contents of
Ca in pear Rocha fruits did not have a negative impact on micronutrients accumulation
(Figure 2), and still with storage their concentrations prevailed outside the core zones
(Table 1). Nevertheless, the interactions between Ca and Zn, Mn, Fe and Cu seem to depend
on plant genotypes and growth conditions. In fact, a study by Lidon et al. (2014) [52]
showed that Zn and Mn either maintained or significantly decreased in two apple varieties
sprayed with Ca(NO3)2 and CaCl2, while Fe and Cu increased for the variety ‘Golden
Delicious’ but decreased for ‘Jonagold’. Concerning grapes, synergistic and antagonistic
interactions were also found between Zn and Ca accumulations in the varieties ‘Castelão’
and ‘Moscatel’, respectively [50]. Additionally, in two varieties of tubers, the increasing
accumulation of Ca triggered by Ca(NO3)2 and CaCl2 foliar spraying presented different
accumulation trends of Fe and Zn [48].

Sugars are a product of photosynthesis, accounting as a source of energy for plants [53]
and further contributing to fruits’ flavor (namely sweetness), color, texture and nutritional
values [54,55]. According to PortFir (2022), ANP (2022) and Yahia et al. (2019) [24,27,55],
among the different varieties of pear fruits, the amount of total sugars usually varies
between 6.50 g/100 g FW and 13.20 g/100 g FW, with this amount only surpassed by water
content. However, at harvest, the control and treated Rocha pears in some cases displayed
higher values (Table 2), which can be attributed namely to the specificity of the genotype
characteristics (as found from a total of 22 varieties of pears [56]) and edaphoclimatic
conditions [15]. Additionally, still at harvest, the absence of significant differences in
each sugar among treatments (Table 2) indicated that foliar applications with Ca did
not have a negative impact on sugar content. After 5 months of storage, relative to the
control, the average content of all sugars from the different Ca treatments showed higher
values (Table 2). The sugar content of fruits changes during the maturation, ripening
and senescence phases, due to the hydrolysis of complex polysaccharides (such as starch
synthesized in the early stages of fruit development) into simpler sugars (such as glucose),
thus increasing fruit sweetness [57]. These changes keep occurring during pear storage since
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they are climacteric fruits, and thus maintain metabolic activities such as respiration [28].
The main photoassimilate produced by photosynthesis and transported to apples or pears
is sorbitol (i.e., the translocation of 60–85% of the carbon, the rest being sucrose [44]).
Nevertheless, as found in our study (Table 2), polyols such as sorbitol can only account
for 0.003–6.8 g/100 g FW [55] because its conversion into other sugars (such as glucose,
fructose, sucrose and starch) occurs during the ripening stage when it reaches the fruit [44].
Additionally, in fruits, sucrose is either transported from other plant tissues or is synthetized
from the existent sorbitol [58], whereas its decrease with storage relates to hydrolysis
reactions into its monomers [55].

In plant tissues, FA synthesis, which prevails in plastids (through the catabolism of
sugars produced during photosynthesis, namely glucose), tends to end at chain lengths of
C16:0 to C18:0, although further elongation reactions can occur [59]. Additionally, enzymes
can then catalyze the introduction of a double bond to C18:0 molecules, producing C18:1,
C18:2 or C18:3 [59]. At harvest, independent of Ca treatments, linoleic acid (C18:2) and
oleic acid (C18:1) prevailed in Rocha pears, followed by palmitic acid (C16:0), stearic acid
(C18:0) and α-linolenic (C18:3), with FA having chains inferior to 16 C (<16:0), accounting
for the lowest values (Table 3). A somewhat similar accumulation pattern was also found
in the pear varieties ‘Shughri’ and ‘Physhu’ [60] and apples (‘Golden Delicious’) [59,61].
In fact, in the pear varieties ‘Shughri’ and ‘Physhu’, the prevailing FA were linoleic acid
(C18:2), palmitic acid (C16:0), oleic acid (C18:1) and α-linoleic acid (C18:3) [60]. Yet, in
the pulp of apples (‘Golden Delicious’), according to Domínguez-Avila and González-
Aguilar (2019) [59], palmitic (C16:0, 0.017 g/100 g), stearic (C18:0, 0.002 g/100 g), oleic
(C18:1, 0.005 g/100 g), linoleic (C18:2, 0.031 g/100 g) and α-linolenic (C18:3, 0.007 g/100 g)
acids showed higher amounts, whereas Duroňová (2012) [61] reported that the prevailing
contents were palmitic (C16:0), stearic (C18:0), oleic, linoleic (C18:2) and α-linolenic (C18:3)
acids. Nevertheless, as found in apples [59], the TFA contents of Rocha pears (Table 3)
followed a similar trend, remaining under 0.8 g/100 g FW. Moreover, the effect of Ca
treatments, using CaCl2 on Rocha pear trees, revealed some minor relevant impacts in
the FA profile of the fruits, but after storage, the significant decrease in TFA resulted in
slight modifications to the FA relative abundance and led to profile modifications, with
linoleic acid (C18:2) remaining as the highest FA, followed by palmitic acid (16:0) and
α-linolenic (C18:3) and then oleic (C18:0) and stearic (C18:1) acids, with FA having chains
inferior to 16 C (<16:0) remaining as the lowest values. Like Ca, FA perform important
structural roles in fruits by being a part of cell membranes, and instability (such as TFA
decreases or changes in FA saturation degree) during storage can favor the development
of disorders [61]. Thus, the unsaturation level of membrane lipids can compromise its
functioning by affecting the selectivity of this permeable barrier, influencing cells’ correct
functioning [62]. In this context, the double bond index (DBI) is indicative of unsaturation
level, since it measures the average number of double bonds in FA. Accordingly, the
general absence of significant differences concerning Ca sprays or storage time (except
in T0.1–Table 3) suggests that membrane fluidity was not affected, avoiding ion losses or
compromises in cell compartmentation [62]. This is in accordance with the Ca impact in
cell membranes mentioned by Deng (2008) [63], namely of the latest’s integrity (impacting
turgor pressure and permeability), which can be related to the Ca stabilization of lipid
bilayers by binding to phospholipids, and the induced reduction in membrane permeability
by shrinkage of the membrane surface of plant cells [64]. However, according to Brizzolara
et al. (2020) [62], the knowledge of lipid metabolism in stored fruits is still limited, especially
in comparison to other studies involving sugars and ethylene signaling.

5. Conclusions

Trees of Rocha pears sprayed with Ca(NO3)2 and CaCl2 increase Ca content in the
center and near the epidermis of the fruits and further affects the levels of all the studied
minerals in tissues. The heterogeneous distribution of Ca for both moments of analysis
results from its absorption in the peel of the fruit after Ca(NO3)2 and CaCl2 spraying and
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from the xylem flux in the core prior to maturity. The differential Ca accumulation among
tissues of Rocha pears does not affect the permeability of cell membranes and therefore
K and micronutrients accumulation were not inhibited. Additionally, at harvest, Ca does
not affect the levels of the four analyzed sugars, and after storage, their concentration
remains higher in Ca-treated fruits. At harvest and independent of Ca treatments, the
relative proportions of FA in Rocha pears remained, but after storage the treatments with Ca
displayed a different trend. In this context, storage decreases the amount of TFA; however,
the DBI indicates that cell membrane fluidity remains unaffected.
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