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Abstract: In this study, the rate of absorption and transport of calcium (Ca) in orange fruits (Citrus
sinensis cv. Fukumoto) after surface treatment with 45Ca was evaluated by supplying treatments
at different dates between fruit set and mid-phase II of growth (i.e., 30, 44, 66 and 99 days after
full bloom, DAFB). 45Ca absorption was always detected, but 45Ca application at the fruit set was
associated with the highest rates of Ca transport into the pulp (39%) compared to the other treatments
(17–19%). Scanning electron microscopy SEM) images of the fruit surface showed the occurrence of
stomata along with the entire rind at all the developmental stages evaluated. However, from the
beginning of stage I, stomata began to collapse and develop plugs, and this became frequent as the
fruit age increased. From 44 DAFB, oil gland density increased, and Ca oxalates (CaOx) were found
in the fruit flavedo and albedo. Fruit Ca (not labeled) concentration increased from fruit set (30 DAFB)
to 99 DAFB, although oil gland formation and rind growth and differentiation likely hindered Ca
transport to internal fruit tissues (pulp). The total Ca concentration in the pedicel was always higher
than that in the fruit, with no differences between the first three treatments. The information obtained
in this study may be essential for improving Ca fertilizer efficacy in citrus by spray applications.

Keywords: calcium; foliar application; fruit; morphology; orange

1. Introduction

Calcium (Ca) has different functions in plants, such as being a structural component
of the cell wall and a cytosolic messenger in cells [1]. Calcium uptake by plants from soil
occurs through the roots, and its accumulation in fruit is dependent on transport through
the xylem, as calcium has low phloem mobility [1,2]. The Ca content in fruit is highly
regulated by transpiration [3,4], showing greater content in organs with more transpiration,
such as leaves [5]. Therefore, the lower transpiration capacity of fruits compared to leaves
makes them more susceptible to Ca deficit [1]. Calcium influx and accumulation into
the fruit have been reported to be higher during the early stages of development and
decrease progressively over time [6]. This effect is likely due to the higher transpiration
rates at the early stages of fruit development, which are closely related to Ca accumulation
in fruit [2,4,5].

Many disorders have been related to Ca nutrition, but the mechanisms that control
their occurrence are not clearly understood yet. Any condition that affects Ca uptake
by the plant and its distribution to the fruit can lead to Ca deficit disorder [7–10]. In
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citrus fruits, a variety of disorders related to Ca availability exist, the most common being
cracking [3], albedo breakdown [11], splitting, and peel pitting [12]. Calcium disorders are
mainly caused by the low mobility of Ca and cellular Ca partitioning in the plant or tissue,
but it is also possible to have Ca-related disorders associated with a high Ca content in a
given tissue [1,7].

Foliar Ca applications are a common way to supply Ca to the fruit, but the supplied
Ca mostly stays within the treated plant part, with a small proportion moving to adjacent
organs [13]. These foliar Ca applications commonly aim at improving firmness and color
and decreasing fruit disorders [3,7,11]. Fernández et al. [14] showed that the effectiveness
of foliar applications depends on various aspects such as environmental factors such
as temperature and humidity; physicochemical factors such as concentration, solubility,
charge, and solution pH; or plant-related factors such as the presence of trichomes [15],
stomata [16], the nature of the cuticle, or plant physiological status [17].

Regarding morphological factors, the cuticle is the first barrier against the absorption
of foliar-applied chemicals [18]. Thus, cuticular irregularities, such as cracks or the presence
of stomata or trichomes can significantly contribute to foliar uptake [17]. According to
Wang et al. [19], the cuticle develops over time; in Newhall oranges, it has a minimal
presence until 90 days after full bloom (DAFB) and reaches its maximum thickness at
approximately 150 DAFB. As the cuticle grows, wax platelets start forming all over the fruit
cuticle surface to the point where stomata are plugged by them [20,21]. Stomata have been
shown to collapse and lose functionality as the season advances [20].

Citrus fruits have three main parts that are morphologically distinct, i.e., flavedo,
albedo, and pulp [22]. The exocarp or flavedo, which is the colored external part of the rind,
contains stomata and oil glands in its epidermis. The flavedo surface is covered by a cuticle,
and its width depends mainly on the age of the fruit, which thickens over time [22–24].
During the early stages, flavedo is a photosynthetically active tissue with chloroplasts that
are transformed into chromoplasts while the fruit ripens [25].

The mesocarp or albedo is the inner part of the rind, typically being white or uncolored.
Fruit size increases mostly during stage I due to growth of the mesocarp, representing
90% of the fruit volume, but in stage II, this growth stops [25,26]. In this stage, the albedo
develops numerous air spaces, increasing its intercellular space [22]. As the pulp grows,
the albedo becomes thinner [25]. Finally, the pulp conforms to the edible part of the fruit.
These vesicles begin formation after bloom [22,26]. The juice sac number shows little
increase during stage I of fruit development, and in stage II, the pulp grows due to cell
expansion [24,25].

Fruit morphological tissues have been shown to exhibit different Ca influx behaviors
and Ca concentrations [6]. Some tissues even have shown the capacity to form calcium
oxalate (CaOx) crystals in the vacuole of specialized cells called idioblasts [27,28], effectively
sequestering calcium [29,30]. Crystal formation is believed to be a genetically regulated
process, and large amounts of Ca be precipitated as CaOx, which is physiologically and
osmotically inactive [28]. This process reduces the apoplastic concentration of Ca in
adjacent cells [31] and regulates the cytosolic calcium level to avoid interference with cell
processes [32,33]. Despite high fruit calcium concentrations, fruit can show deficiency
symptoms when calcium is sequestered as calcium oxalate [6].

A common technique to study Ca absorption, distribution, and partitioning among
organs and tissues is the use of Ca-45 (45Ca) as a tracer [34–38]. Studies using Ca isotopes
have shown that the absorption of calcium directly applied to the fruit is positively corre-
lated with its distribution in the fruit’s inner tissues [13,39]. This study aimed to evaluate
the link between navel orange fruit morphology (from fruit set to mid-stage II) and the
absorption and mobility of surface-applied Ca using 45Ca as a tracer.
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2. Materials and Methods
2.1. Site and Plant Material

The experiment was carried out in Central Chile (−33.77 Lat. and −70.73 Lon.) in a
ten-year-old orange orchard (Citrus sinensis L. Osbeck cv. Fukumoto) on (Poncirus trifoliata)
Rubidoux rootstock. The soil was classified as fluventic haploxerolls according to USDA
soil taxonomy; the soil Ca concentration (24 cmol+/kg) was measured by extraction with
1 N ammonium acetate at pH 7.0 and analyzed by inductively coupled plasma—optical
emission spectroscopy (ICP-OES, Agilent 720 ES axial spectrometer, Varian Inc., Victoria,
Australia).

2.2. 45Ca Measurements

To study Ca absorption and movement over different stages of fruit development, 45Ca
was used as a tracer on different dates. The treatment (Table 1) consisted of the application
of 5 µL of 45Ca directly to fruit using a micropipette and no surfactant, with 45Ca Cl2
(2,187,630 Bq m/L; PerkinElmer) at 5 mCi. Solutions were applied 30, 44, 66, and 99 days
after full bloom (DAFB). To determine the 45Ca activity in fruit per tissue, the calcination
method of 45Ca samples for isotope ratio analysis via liquid scintillation was used [40]. In
April 2019, all treated fruit was harvested. Fruits (15) were collected at each developmental
stage, and the diameter (mm) was determined.

Table 1. Description of the application times to the 45Ca tracer. Days after full bloom (DAFB), dates,
development stages, fruit diameter, and environmental conditions.

Treatment
DAFB Date Development

Stage
Fruit Diameter

(mm)
Relative

Humidity (%)
Air Temperature

(◦C)

30 11/14/18 Fruit Set 7.6 ± 0.9 69.5 13.5

44 11/28/18 Stage I 15.4 ± 1.9 66.5 16.0

66 12/20/18 End Stage I 29.2 ± 1.7 71.2 11.6

99 01/22/19 Mid Stage II 48.8 ± 1.7 64.9 17.8

2.3. Tissue Ca Concentrations

In each development stage, five fruits were collected, and the concentration of Ca
(not labeled) in the pedicel and whole fruit were determined. At harvest time, fruits were
partitioned into different parts (flavedo, albedo, and pulp) and Ca was analyzed. For this
purpose, fresh fruit tissue (fresh weight, FW) was kept in an oven at 65 ◦C for 48 h until
reaching a constant weight (dry weight, DW). Calcium concentration was determined after
dry tissue ashing at 500 ◦C (4 h), ash dissolution in 2 M HCl, and Ca determination by
ICP-OES (Agilent 720 ES axial—Varian, Victoria, Australia).

2.4. Electron Microscopy Observations

To analyze the fruit surface and inner tissues, scanning electron microscopy (SEM)
was used. Samples containing rinds and pulp of each treatment were prepared from control
fruit of the same developmental stages as those treated with 45Ca. The tissue was obtained
from the equatorial zone of the cut fruit with a scalpel. The SEM sample preparation
protocol was as follows: fixation of the fruit samples in 2.5% glutaraldehyde, dehydration
in an increasing series of ethanol concentrations from 30% to 100%, critical point drying,
and sputtering with gold.

Samples were subsequently observed with a scanning electron microscope (Hitachi TM
3000 model and LEO 1420VP model). The composition of CaOx and wax-like substances
were determined with an energy-dispersive X-ray spectroscopy (EDX) system (Oxford
instruments with INCA software) coupled to the SEM apparatus.

To determine cuticle presence and thickness, transmission electron microscopy (TEM)
samples were prepared from the fruit rind at 30 DAFB and 44 DAFB. The samples were
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prepared according to a previously reported method [41] to protect the cuticle from possible
chemical deterioration. TEM samples were observed in a Philips Tecnai 12 microscope
(Eindhoven, The Netherlands) at 80 kV. Fruit tissues, pedicel tissues, and cellular structure
and dimensions were estimated by image analysis (ImageJ software) [42].

2.5. Statistical Analysis

The experimental design was completely random, with four treatments and five
replicates. Data were statistically analyzed with Infostat software [43] using analysis of
variance (ANOVA). When the F test was significant (p < 0.05), means were separated by
Tukey’s test. Data regarding 45Ca detection were transformed to arcsin-sqrt before ANOVA.
Dry weight, Ca concentrations, and fruit diameter are expressed as means ± standard
deviation (SD).

3. Results

3.1. Absorption and Movement of 45Ca

The results of orange tissue analyses after 45Ca application at different dates and
collected in April 2019, namely, flavedo + albedo (rind) and pulp, are shown in Figure 1. In
all the fruits of the different applications, the presence of 45Ca was detected, indicating that
Ca absorption occurred. On all application dates, the largest Ca concentration was found
in the rind (flavedo + albedo). The distribution of Ca found in the different tissues was
significantly different for the application treatment at 30 DAFB (fruit set), compared to the
other treatments applied at 44, 66, and 99 DAFB, which have no differences between them.
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Figure 1. 45Ca partition at fruit harvest, pulp and rind (flavedo + albedo). Treatment: 5µL 45Ca
application 30, 44, 66, and 99 days after full bloom (DAFB). Different capital and lower case letters
indicate statistically significant differences (p ≤ 0.05) between treatment dates. Capital letters refer to
differences regarding the rate of 45Ca partition in the pulp, and lowercase letters are associated with
the rate of 45Ca partition in the rind.

In the pulp, the greatest Ca partition rate was observed for the 30 DAFB treatment
(i.e., at fruit set, 39 ± 6%), which was significantly higher than at 44 DAFB (19 ± 4%),
66 DAFB (18 ± 2%), and 99 DAFB (17 ± 3%) (Figure 1). Regardless of the date of application,
the largest 45Ca concentration was always recovered in the rind (flavedo + albedo). The
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45Ca partition rates in the flavedo were 29% at 30 DAFB and 39–45% at 44, 66 and 99 DAFB.
45Calcium albedo partition varied from 31% at 30 DAFB and from 38–43% at 44, 66, and
99 DAFB.

3.2. Fruit Dry Weight and Ca Concentration

The dry weight of the fruit remained constant between 30 DAFB and 44 DAFB (Table 2).
Between the beginning and end of phase I of fruit development, the dry weight decreased
significantly. After the end of phase I, the dry weight decreased slightly (Table 2).

Table 2. Dry weight (D.W., %) and Ca concentration (% D.W.) in whole fruit and pedicel (data
are means ± standard deviations, SD). Within columns, values marked with different letters are
significantly different according to Duncan’s Multiple Range Test (p ≤ 0.05).

D.W. (%) Ca Concentration (% D.W.)

Developmental Stage DAFB Fruit Pedicel Fruit Pedicel

Fruit Set 30 33.60 ± 1.58 a 27.44 ± 0.15 a 0.31 ± 0.05 a 2.72 ± 0.15 a

Stage I 44 32.50 ± 1.36 a 26.89 ± 0.40 a 0.48 ± 0.06 b 2.74 ± 0.10 a

End stage I 66 26.47 ± 3.01 b 32.48 ± 5.91 a 0.80 ± 0.21 c 2.49 ± 0.40 a

Mid stage II 99 21.23 ± 2.62 b 49.05 ± 9.33 b 0.87 ± 0.06 d 1.73 ± 0.46 b

Fruit Ca concentration significantly increased during fruit development, reaching a
maximum at the mid-stage II phase (Table 2). The Ca concentration in the pedicel was
always higher than in the fruit. Pedicel Ca concentrations were higher and not statistically
different threat earlier developmental stages compared to the decrease recorded for mid-
stage II. On the other hand, the pedicel D.W. increased with fruit maturity. Finally, at
harvest, the Ca concentration (% D.W.) determined in different fruit parts corresponded to
0.96 ± 0.05% for the flavedo, 0.87 ± 0.06% for the albedo, and 0.40 ± 0.03% for the pulp.

3.3. Fruit Anatomy
3.3.1. Rind Surface Topography

Stomata were observed in the entire rind at any stage of orange fruit development.
During the fruit set, stomata showed a domed projection over them. This stomatal crypt
forms a protective chamber over the stomatal pore (Figure 2).
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Figure 2. Scanning electron micrographs of stomata and the cuticle of orange fruits 30 (A), 44 (B,C),
66 (D,E), and 99 (F,G) days after full bloom (DAFB), showing healthy (A,B,D,F) and collapsed (C,F,G)
stomata. Guard cells are distinguishable at 66 DAFB (arrow in D), scattered crystalized waxes (arrow
in E) are also visible.
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At 30 DAFB, stomata were fully developed in the fruits epidermis with a domed
projection (crypt) over the guard cells. In this early phase, stomata appeared to be fully
functional, and no plugs were observed (Figure 2A,B). From stage I of fruit development
(>44 DAFB), there was a gradual occurrence of collapsed and plugged stomata occurred in
the orange fruit surface, which increased with fruit maturity (Figure 2C,E,G). Some stomata
were found to be covered with a closed crypt and epicuticular waxes (Figure 2C,E,G). No
remarkable differences regarding fruit surface stomatal structure were found in stages I
and II of fruit development.

At 44 DAFB, elongated bi-pyramidal crystalized wax structures started to appear on
the fruit surface in considerable amounts, often forming clusters. These clusters became
more common at 66 DAFB (Figure 2E). Few cracks in the rind surface could be observed at
30 DAFB and 44 DAFB, with no difference regarding crack size and frequency of appearance
between both fruit developmental phases.

At 99 DAFB, during stage II of fruit development, two different wax structures were
observed on the orange fruit surfaces. The first type (Figure 2F) were bipyramidal struc-
tures, with waxy substances of platelet forms covering most of the fruit surface. The second
type showed a uniform amorphous material covering the fruit surface (Figure 2G). The
amorphous and bipyramidal substances occurring at the orange fruit surface were chemi-
cally analyzed by SEM-EDX to determine their composition, which only contained carbon
(C) and hydrogen (H) atoms, indicating they were true waxes. During stage I of fruit devel-
opment, surface wax structures were heterogeneously present, with the occurrence of high
density and low-density areas. Focusing on cuticle morphological development during
the fruit set (30 DAFB), amorphous waxes were unevenly present in the fruit surface and
covered only a small fraction of it (Figure 3A). At stage I of fruit development (44 DAFB),
the surface area coverage of amorphous waxes increased (Figure 3B). At 30 DAFB and
44 DAFB, the orange fruit cuticle had a thickness of 0.036 ± 0.003 µm and 0.038 ± 0.003 µm
(Figure 3C,D), respectively.
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Figure 3. Scanning electron micrographs of orange fruit surfaces analyzed 30 (A) and 44 DAFB (B).
Transmission electron micrographs of orange fruit epidermal cell wall and cuticle of fruits sampled
30 (C) and 44 DAFB (D). Arrows indicate the cuticle, and dark material underneath the cuticle
corresponds to pectin.
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3.3.2. Fruit Cross-Section Anatomy

To identify possible physical barriers for Ca transport with the fruit following fruit
surface treatment with a Ca fertilizer; cross-sections were examined at different fruit
phenological stages. As early as 30 DAFB (~7.58 mm fruit diameter) (Figure 4A,B), all the
major structures of citrus fruit were already recognizable, namely: flavedo, albedo and
pulp, and oil glands.
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Figure 4. Cross-sections of orange fruits at different developmental stages with a focus on the albedo
(a), flavedo (f), oil glands (og) and pulp (p). Micrographs correspond to 30 DAFB (A,B), 44 DAFB (C),
66 DAFB (D), and 99 DAFB (E,F).

Flavedo cells were smaller in size but had a higher density, occupying the zone
immediately underneath the fruit surface and close to the larger and less dense albedo cells
(Figure 4A,B). Juice sacs occupied a small fraction of the fruit during stage I (Figure 4A,B)
and experienced a marginal size increase during this stage. Oil glands appeared as oval
depressions near the fruit surface (Figure 4C–F) and were always found in the area between
the flavedo and the albedo. The cells forming these glands are commonly long and stretched,
being smaller in the flavedo area and larger in the albedo area. At 30 DAFB, some oil glands
were recognizable, but the majority appeared from 44 DAFB onwards (~15.36 mm fruit
diameter), oil glands increased in size, and the depression that they formed started to be
more pronounced. Albedo cells were the largest and most abundant cells during stage I of
fruit development, occupying most of the fruit volume (Figure 4A–D).

At 99 DAFB (stage II of fruit development ~48.77 mm fruit diameter), juice sacs
were large, making the pulp the major fraction of the fruit relative to that of the albedo
(Figure 4E,F).

Chloroplasts were found at the fruit set and stage I of development, most commonly
in flavedo but also albedo cells (Figure 5). Albedo cells were larger in size than flavedo
ones (Figure 5D versus Figure 5C).
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Figure 5. Transmission electron micrographs of orange fruits. Chloroplasts were found in flavedo
(A,C) and albedo cells (B,D) of 30 DAFB fruits. Flavedo cells near an oil gland (E) and albedo cells
near an oil gland (F) of 44 DAFB fruits.

3.3.3. Calcium Oxalate Crystals

Observations of fruit cross-sections revealed the presence of CaOx crystals from stage
I of fruit development (44 DAFB). Crystals formed in the area of the flavedo and albedo
but not in the pulp. These crystals were unevenly distributed (Figure 6A), showing an
elongated bipyramidal shape with a square base (Figure 6B). Crystal clusters (CaOx) were
frequently found around oil glands but not within them and were observed until mid-stage
II of fruit development (99 DAFB). SEM-EDX was also used to determine the elemental
composition of the crystals, which were always found to contain C, oxygen (O), and Ca,
with the proportion of Ca sometimes reaching up to 42.08%. Fruits collected at different
developmental stages were analyzed, also focusing on other structures close to the CaOx
crystals, which were never found to contain Ca in their chemical composition.
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3.3.4. Pedicel Cross-Sections

In Figure 7, scanning electron micrographs of pedicel cross-section corresponding
to 30 DAFB (diameter of 1.34 mm ± 0.04) and at 44 DAFB (diameter of 2.29 mm ± 0.04)
are shown.
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Figure 7. Pedicel cross-section (×50) of 30 DAFB (A,B) and 44 DAFB (C,D) orange fruits observed
by SEM. Entire cross-sections (A,C) and magnified images (×200) (B,D) showing the xylem (x),
phloem (p), and cortex (c).
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Pedicel cross-sections significantly increased in the diameter between 30 and 44 DAFB
(Figure 7A versus Figure 7C). At the fruit set (30 DAFB, Figure 7A,B), the xylem, phloem,
and cortex can be distinguished, and these structures were increasing in size toward
44 DAFB (Figure 7B,D). (Figure 7. Scanning electron micrographs of pedicel cross-section
cuts at 30 DAFB (A) and 44 DAFB (B). An overview (A1 and B1) and a magnified micrograph
(A2 and B2) for the identification of xylem (x), phloem (p) and cortex (c).)

4. Discussion

The success of foliar fertilization and fruit surface treatments depends on the absorp-
tion and mobility of the nutrients which are applied to the plant tissues. However, the
effectiveness of foliar nutrient sprays can be variable because it depends on the interactions
between environmental, physical, and chemical factors and also plant tissue anatomy [14].
In particular, Ca is a major essential nutrient that has a key structural role in the cell
wall and membranes. Hence, Ca nutrition is associated with the quality and firmness of
commercial fruits. Calcium transport depends on plant organ transpiration. Therefore,
any factor which reduces transpiration can limit Ca transport from the roots to the leaves
and/or fruits [7,44], and deficiency can develop in organs with low transpiration rates,
such as fruits [1]. Subsequently, fruit surface treatments with Ca fertilizers supplied as
sprays are often recommended as a ‘potential tool to decrease the incidence of Ca-related
disorders, and also for increasing fruit firmness, storability, and shelf-life’ [1,45].

In this study, 45Ca was used as a tracer on different application dates to determine the
absorption and mobilization of Ca supplied to the surface of fruits. The presence of this
tracer in treated fruit tissues showed that the surface-applied Ca was absorbed in all the
phases of fruit development evaluated (i.e., from fruit set to mid stage II). Citrus fruits have
two morphologically distinct parts: the pericarp (i.e., the rind formed by flavedo + albedo)
and the endocarp (i.e., the pulp) [46].

After 45Ca absorption, this tracer was transported from the fruit surface to the flavedo
and albedo (Figure 1). This suggests that the morphological development of the rind during
the period analyzed in this experiment was not a limiting factor for the transport of 45Ca
from the surface to the fruit flavedo and albedo. However, the mobility of 45Ca to the pulp
varied with the fruit phenological stage (i.e., with the different dates of Ca application).
The highest partition rate of the 45Ca tracer reaching the pulp (39%) was recorded at the
fruit set (30 DAFB), whereas in the other treatments, only between 17 and 19% of the tracer
was recovered in this inner tissue. Some authors [46] indicated that in citrus fruits, the
pulp is hydrolytically separated from the rind, which could partly explain our findings.
Additionally, it must be considered that the rind of the fruit (mainly the albedo) experiences
a great development after the fruit set, while the pulp in the same period shows minimal
growth [22,25,26].

Before reaching the pulp, the surface absorbed 45Ca has to be transported through the
flavedo and the albedo. The highest percentage of this tracer remained in the rind, reaching
up to 81–83% for the supplied 45Ca amount when treatments were carried out after fruit
set (i.e., at 44, 66, and 99 DAFB) (Figure 1). Out of this proportion, approximately 39 to 45%
was found in the flavedo and 38 to 43% in the albedo of orange fruits.

From our results, it can be derived that fruit morphology (rind development) at the
fruit set influences 45Ca distribution. Previous reports analyzed the development of the
citrus peel and its main features, describing the increase in fruit size due to a high rate
of cell multiplication and growth in these early developmental phases [22,25,26]. During
these stages, the morphology and composition of tissues will change. The authors of [47]
indicated that the most important factors for Ca efficiency are the timing of the application
and the crop developmental stage.

Application of 45Ca during the fruit set period (30 DAFB) led to an increased 45Ca
transport from the treated surface to the pulp in comparison to the other treatment dates
(Figure 1). At the fruit set, the transpiration rate of the fruit is maximum, but it quickly
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declines, whereas leaf transpiration is maintained at a greater rate [2]. In these early stages
of fruit development, most of the Ca2+ is delivered to fruit [4,5].

Regarding Ca absorption and mobility, some studies highlight the development of
stomata, cuticles, and oil glands, in addition, to the appearance of a discontinuity between
the tissues of the rind and pulp [19,20,22,48]. It has also been reported that the fruit surface
can influence the effectiveness of foliar fertilizer applications, mainly due to its chemical
and structural nature [14], which can change during fruit development (Figures 4 and 6).
Calcium spray absorption and mobilization may also be affected by other physiological
aspects, such as mineral element homeostasis, plant water status, or the development of the
pedicel. To identify the possible factors that affect the absorption and transport of surface
applied 45Ca, different observations and analyses were carried out with orange fruits of
different ages. Stomata were always found on the orange fruit surfaces (Figure 2), which
were morphologically similar to the ones described for “Satsuma” mandarin fruits [20].
Orange fruit stomata were composed of a pair of guard cells protected by a crypt with a
hole at the top. Stomata were morphologically intact in young fruits, but some gradually
collapsed during fruit growth. In this study, stomatal collapse and plugging were observed
at the early stages of fruit development and became more frequent over time (Figure 2).

It has been described that the density of fruit stomata is determined at anthesis,
stomatal frequency decreasing during fruit expansion [20,49,50]. Thereby, for a fruit with
a fully developed cuticle, the surface of open pores will be mainly determined by the
occurrence of functional or collapsed stomata. In “Satsuma” mandarin, it has been reported
that stomata grow from anthesis to approximately 88 DAFB with an increasing frequency of
collapse, which is slow until 118 DAFB and more rapid up to 153 DAFB has been observed,
with a proportion of more than 80%, occluded stomata at the mature stage [20]. The
contribution of stomata to the absorption of fertilizer sprays can be highly significant, but
many aspects associated with the uptake process are unclear to date [16]. No relationship
has been found between stomatal density and citrus fruit transpiration [20], which suggests
that stomatal absorption may be related to the functionality rather than the frequency of
stomatal pores. In this study, the contribution of stomata to the absorption of 45Ca applied
on to fruit surface from fruit set could not be quantified, but they may serve as uptake
pathway through the cuticle towards the fruit interior.

In this work, it was found that all stomata were functional at the fruit set (30 DAFB)
and began to collapse from 44 DAFB onwards, which coincided with the highest percentage
of 45Ca found in the pulp when applied during the fruit set.

The cuticle has been described as a key barrier for the absorption of agrochemicals
applied to the surface of fruits [51]. In this way, any opening through the cuticle may
facilitate the absorption of nutrient sprays [14]. Epicuticular waxes of different morphology
were detected at the surface of developing fruits, which began to appear from 44 DAFB in
a sparse and dispersed way and were observed from 66 DAFB more frequently in groups
or “clusters· (Figure 2). In the middle of phase II of fruit development (99 DAFB), two
different epicuticular wax morphologies were found on orange fruit surfaces. The first was
associated with bipyramidal and platelet-shaped structures covering the entire surface of
the fruit, excepting stomata (Figure 2E), as described by other authors [19,20,52,53]. The
second kind of waxes corresponded with a uniform amorphous layer (Figure 2G), as also
described in some studies [19,54]. The different surfaces found for the same state of fruit
development may be due to chemical and structural variations during cuticle development
(Figure 3). In this sense, the effect on sun exposure has been described, with the shaded side
having more crystalline structures than the exposed side, which presents more amorphous
waxy structures [53,54]. These amorphous, platelet-shaped structures have been described
for citrus fruits in similar fruit developmental stages [53,54]. SEM-EDS microanalysis of
such fruit surface structures showed that they were composed of C as the main element and
waxed. These results are consistent with previous descriptions of citrus fruits epicuticular
waxes, which are mainly composed of fatty acids and derivatives [54].
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Analysis of cuticle thickness observed in transmission electron microscopy (TEM)
micrographs showed no significant differences between samples at 30 DAFB and 44 DAFB
(Figure 3). This result is similar to previous reports with “Newhall” orange, which showed
a significant development of the cuticle at approximately 120 DAFB [19]. The appearance
of the fruit cuticle at 30 and 44 DAFB was similar, with the presence of scattered and sparse
epicuticular waxes (Figure 3A,B). This result suggests that on both dates, there was a lower
barrier effect to the absorption of surface applied 45Ca, which is also correlated with the
subsequent Ca mobilization toward inner tissues of the fruit [39]. In addition, on both dates,
stomata were fully developed, possibly favoring the process of foliar absorption of 45Ca.

The presence of these epicuticular waxes does not seem to be an impediment to the
absorption of 45Ca during fruit set or phase I of fruit development. The greater development
of epicuticular waxes after 44 DAFB did not result in differences in the distribution of 45Ca
in the fruit. These findings suggest that cuticle development during fruit set (30 DAFB) and
mid-phase II of fruit development (99 DAFB) had a weak or no effect on the absorption
and transport of the 45 Ca applied to the surface of fruits.

The chemical composition of the cuticle has been described for 60 DAFB “Newhall”
oranges, mainly presenting fatty acids up to 120 DAFB [54,55]. After this date, the com-
position of the cuticle begins to change, and the content of fatty acids decreases in favor
of aldehydes and alkanes. Both compounds have a positive correlation with water re-
tention by the fruit, making it more impermeable. In contrast, fatty acids do not show
this effect [19,54]. These studies point to the lower waterproofing capacity of the cuticle
before its change in composition, which would occur late in phase II of fruit development.
Hence, it is likely that during this experiment, the cuticle of fruits did not have a strong
waterproofing layer which also limited the absorption of surface-applied 45Ca.

Observation of fruit cross-section by SEM showed incipient oil glands in the fruit rind
during fruit set (30 DAFB), which became much more noticeable during phase I of fruit
development (44 DAFB) (Figure 5). After this date, the oil glands continued to develop and
increase in size, which has been reported in “Washington” navel oranges, mainly during
phase I of fruit development, the stage of cell division, accompanied by an increased cell
wall thickness of the perimeter cells of these glands [48]. The greater development of the
oil glands at 44 DAFB is coincident with the lower delivery of 45Ca to the pulp during this
date, compared to that at 30 DAFB. The greater presence of these glands in early phase
I of fruit development may be an obstacle for the mobilization of 45Ca to the pulp. We
hypothesize that the presence of oil glands in the orange rind could represent a barrier to
the flow of Ca into the pulp (Figures 5 and 6).

Regarding the development of fruit tissues, the albedo is the largest fruit volume
fraction from the fruit set to the end of phase I [22], constantly increasing its size between
30 DAFB and 66 DAFB. This larger size of the albedo would imply that the distance to the
pulp increases significantly, which would also affect the transport of 45Ca to the pulp. In
addition, morphological changes, such as the separation and discontinuity of the tissue
from the albedo to the pulp (Figure 4A,B), may hinder Ca mobility. After the end of phase I
of fruit development, the pulp grew at a high rate, increasing the separation of the rind
with the pulp, being it the largest fraction of the fruit volume at 99 DAFB during mid-phase
II of fruit development (Figure 4B). The maximum growth of the albedo has been described
during hpase I of the fruit, followed by an increase in the growth rate of the pulp juice
vesicles as they approach phase II of fruit development [22,25,52].

It is possible that the increase in albedo growth during phase I of fruit development
caused a lower mobilization of 45Ca in the rind due to the greater cellular activity occurring
in these tissues and the consequent formation of several cellular structures that require
Ca [1]. Additionally, there is a discontinuity between the tissues that hinder mobility [22].
It is also possible that the surface-applied 45Ca was diluted in the fruit of greater volume,
as previously reported [5].



Agronomy 2022, 12, 150 13 of 17

The concentration of unlabeled Ca in the fruit increased as fruit development pro-
gressed. On the other hand, the percentage of dry weight decreased (Table 2). At harvest,
the orange rind showed a higher Ca concentration than the pulp.

In the fruit pedicel cross-sections, the xylem, phloem, and cortex were recognizable
already at the fruit set (30 DAFB). A significant increase in the size between the fruit set and
phase I of fruit development (44 DAFB) of all pedicel tissues was also observed (Figure 7.
It has been reported in “Salustiana” orange that the transverse growth of the pedicel is
determined by the growth of the xylem and phloem, which is also correlated with fruit
growth [56].

The growth of the xylem area was coincident with the increase in fruit Ca concentration
(Table 2). Several studies have suggested a relationship between the influx of Ca on the
fruit and the functional area of the xylem in the pedicel [6,7,57]. This would mean that the
growth after the fruit set would favor a greater influx and possibly a greater concentration of
Ca in the fruit, which would be deposited in greater magnitude in the rind. However, vessel
density, size, and area in the pedicel showed no correlation with the fruit Ca uptake rate [58].

Calcium oxalate crystals of a square-based bipyramidal morphology were found in
fruit cross-sections from the beginning of phase I of fruit development until the end of this
experiment (Figure 7). The crystals in orange fruits were found in the flavedo and albedo
and showed high levels of Ca in their chemical composition on all dates of observation,
which was corroborated by SEM-EDX. By contrast, the structures found did not contain
Ca in their composition, indicating that they were epicuticular waxes. The consistency of
crystal morphology has been reported as evidence for genetic regulation in the formation
of these crystals. The plant seems to be able to regulate the environment in which the
crystals develop, which is decisive for the final morphology of these crystals [28,33,59].
This square-bipyramidal morphology has been identified as CaOx dihydrate in different
structures related to medicine, geology, and chemistry, in tissues such as living organisms,
biogeochemical processes, or processes of artificial synthesis of CaOx crystals [59–62].

Voogt et al. [47] indicated that even after mineral element leaf absorption, the relevance
of foliar fertilization to plant growth is unclear; some nutrients are not mobilized to other
organs by binding to permanent structures where they are deposited. Calcium is a nutrient
with low phloem mobility, and thus, once deposited in an organ, there is little to no
redistribution [9]; e.g., once Ca is deposited in vacuoles, it is rarely redistributed [28].

The relationship between Ca and the development of different fruit tissues during the
stages studied in this work has been described by several authors in different citrus species.
In orange, the albedo is the tissue with the highest growth during phase I and presents the
greatest influx of Ca to its cells, with a higher concentration of calcium in the rind than in
the pulp, which at this stage has minimal development [6,22].

Regarding the evolution of Ca concentrations at different fruit developmental stages,
Ca concentration was lower at the fruit set (30 DAFB) than that at stage I (44 DAFB)
(Table 2), in which it showed a significant increase that coincided with the appearance of
CaOx crystals. Calcium concentrations showed a peak at the end of stage I (66 DAFB) and
harvest; this study showed a decreased rate of Ca accumulation [63]. The formation of CaOx
crystals could indicate that at this fruit developmental stage, the Ca level was sufficient,
and with a higher quantity, the plant regulated cytosolic Ca through the mechanisms of
sequestration of calcium in the vacuole as crystals [32,33,37].

The occurrence of CaOx crystals only in the flavedo and albedo issues suggests that
their presence is related to the higher concentration of Ca existing in both tissues. At no
dates were CaOx crystals found in the pulp, which is a tissue with relatively lower Ca
concentrations, as previously reported [30].

The concentration of Ca in the pedicel was always higher (between 2 and 9 times)
than in the fruit, a “bottleneck” effect of pedicels on the mobilization of Ca from plant to
fruit has been described, which would cause the high concentration differences between
the two [58]. The Ca concentration found in this study supports the possible bottleneck
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effect of pedicels, as the concentrations were different from fruit set to mid-phase II of fruit
development.

5. Conclusions

The fruits of orange cv. Fukumoto absorbed 45Ca after fruit surface applications which
were carried out at different stages of fruit development, namely: fruit set (30 DAFB), phase
I of fruit growth (44 DAFB), end of phase I (66 DAFB), and mid-phase II (99 DAFB). The
distribution of 45Ca when applied during the fruit set period (30 DAFB) was significantly
different when compared to that of the other treatments, with 61% in the rind and 39% in
the pulp. Regarding the transport of 45Ca applied at 44, 66, and 99 DAFB, 81–83% remained
in the rind, and between 17 and 19% reached the pulp.

After tissue SEM analysis, it was observed that the 45Ca absorption and transport
results were coincident with the development of oil glands, the increase in the diameter of
the pedicel, the appearance of CaOx crystals, and an increase in the fruit size due to the
growth of the albedo, increasing the distance to the pulp. Stomata were defined on the fruit
surface, and as the season advanced, a greater number of collapsed ones were observed.
On the other hand, the cuticle of the fruit surface did not impede surface-applied 45Ca
absorption in the developmental stages of the fruit studied.

The distribution of 45Ca found in treated fruits at the fruit set (30 DAFB) led to
significant differences in the mobilization of the exogenous Ca toward the pulp. This result
suggests that once the structures of the oil glands have been formed and the pulp tissue
was differentiated, it is difficult to reach that tissue; i.e., the influx of Ca into the pulp is
reduced by physical impediments, more distance between rind and pulp and sequestration
of Ca as CaOx.

The presence of CaOx crystals was coincident with an increase in the concentration of
Ca in the fruit and lower mobility of foliar 45Ca toward the pulp. The fruit Ca concentration
increased from the fruit set, 30 DAFB to 99 DAFB. From the first date, the pedicel showed
the formation of xylem, phloem, and cortex, and it is Ca concentration was always greater
than that of the fruit.

The information obtained in this study may be essential for improving Ca fertilizer
efficacy in citrus because it can help optimize foliar/surface-applied Ca absorption and
transport in fruit tissues and design suitable fertilizer programs and spray application
methods.
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