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A B S T R A C T

Calcium (Ca) deficiency disorders in apple fruit have been associated with high gibberellins (GAs) activity in the
tree. This study was carried out to assess the effects of treatments of ‘Braeburn’ apple trees with prohexadione-
calcium (ProCa, an inhibitor of GAs biosynthesis) or gibberellins (GA4+7) on vegetative growth of the trees and
postharvest incidence of Ca-related physiological disorders and decay in the fruit. ProCa (300mg L-1) or GA4+7

(300mg L-1) treatments were applied post-bloom (PB) and preharvest (PH). PB treatments started 15 days after
full bloom (DAFB), with one application every week and six applications in total. PH treatments started five
weeks before anticipated harvest (125 DAFB), with one application every week and four applications in total.
Control trees were left untreated. When applied PB, ProCa reduced and GA4+7 promoted vegetative growth of
the trees. ProCa PB delayed the impairment of xylem functionality (at the proximal region of the fruit) during
fruit growth on the tree. Treatments had no effect on fruit weight, pectinmethylesterase (PME) activity or the
expression of CAX3, CAX6 and V-ATPase (transporters of Ca into the vacuole) genes assessed in the external
cortical tissue at the distal end of the fruit at harvest. When sprayed PB, ProCa increased the total Ca content and
reduced K/Ca, Mg/Ca, N/Ca, (Mg+K)/Ca and (K+Mg+N)/Ca ratios in the flesh at the distal portion of the
fruit, compared to the treatment with GA4+7, but without differing from the control. In general, ProCa appli-
cation PB or PH reduced the expression of Ca-ATPase1, Ca-ATPase2, H+-PPase and CAX2 (Ca transporters into
the vacuole) genes, increased total water‐soluble Ca and reduced electrolyte leakage in the fruit at harvest. After
two months of cold storage followed by five days of shelf-life, the incidence and severity of bitter pit (BP) was
lower on fruit from trees treated with ProCa PH, and higher on fruit from trees treated with GA4+7 PB. GA4+7 PB
also increased the incidence of skin cracking and decay in the fruit. The results showed that ProCa application
represents a feasible tool to reduce the incidence of BP. However, ProCa is more effective to reduce BP if applied
weekly for five week before harvest.

1. Introduction

The postharvest incidence of physiological disorders in apple fruit,
such as bitter pit (BP), has been associated with the low calcium (Ca)
content and high content of magnesium (Mg), potassium (K) and ni-
trogen (N) in the fruit (Ferguson and Watkins, 1989; Amarante et al.,
2006; Amarante et al., 2011; De Freitas et al., 2012; De Freitas and
Mitcham, 2012; De Freitas et al., 2016). In addition, the development of
such disorders has also been associated with a high activity of gibber-
ellins (GAs) in the trees during fruit growth and development (Saure,

2005; Saure, 2014; De Freitas et al., 2016).
GAs treatment close to full bloom promoted fruit growth (Atkinson

et al., 2009; Han et al., 2015). However, this can lead to the com-
pression and collapse of xylem vessels, impairing xylem functionality
and Ca transport into the fruit (Dražeta et al., 2004; Miqueloto et al.,
2014). In addition, GAs promote vegetative growth, increasing the
competition between leaves and fruitlets for Ca that might reduce fruit
Ca content and increase fruit susceptibility to physiological disorders,
such as BP in apples (Saure, 2005) and blossom-end rot in tomatoes (De
Freitas et al., 2012).
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Prohexadione-calcium (ProCa) reduces the biosynthesis of active
GAs (GA1, GA3, GA4 and GA7) in plants by the inhibition of dioxygenase
enzymes (GA20-oxidase and GA3-oxidase) (Davies, 2004). Therefore,
ProCa treatment of apple trees can reduce vegetative growth (Cline
et al., 2008; Hawerroth et al., 2012; Silveira et al., 2012) that reduces
the competition between leaves and fruits for Ca, and reduce fruit
susceptibility to Ca deficiency related physiological disorders (Greene,
1991; Silveira et al., 2012; De Freitas et al., 2016).

Fruit susceptibility to Ca deficiency disorders is not always fully
explained by total Ca content in the fruit. The abnormal homeostasis of
Ca in the cell, associated with depletion of soluble Ca in the apoplast,
can predispose fruit to physiological disorders incidence (De Freitas
et al., 2010). Pectinmethylesterase (PME) activity can increase Ca
binding to the cell wall and, thus, reduce the apoplastic pool of free Ca
required to preserve the integrity of the plasma membrane (Ralet et al.,
2001), eventually leading to higher fruit susceptibility to BP. In addi-
tion, soluble Ca in the apoplast can be reduced by its transport into the
vacuole, where Ca can form complexes with phenols, oxalates and
phosphates (White and Broadley, 2003). The transport of Ca into the
vacuole occurs by the activity of proteins such as Ca-ATPases (at the
expense of ATP) and Ca2+/H+ antiporters (CAXs, at the expense of
electrochemical gradient between vacuole and cytoplasm) (De Freitas
et al., 2010). Therefore, the activity of PME in the apoplast and of Ca
pumps and transporters in the tonoplast can have a great impact on Ca
homeostasis in the cell, determining fruit susceptibility to physiological
disorders (De Freitas and Mitcham, 2012; De Freitas et al., 2016).

Tomato plants sprayed with GAs from the early stages of fruit de-
velopment have higher expression of Ca-ATPases and CAXs in the fruit,
reduced content of apoplastic Ca, and increased incidence of blossom-
end rot (De Freitas et al., 2012). Therefore, the treatment of plants with
ProCa could reduce the levels of active GAs, and provide a tool to
regulate cellular homeostasis in the fruit by maintaining high Ca con-
tent in the apoplast thereby preserving the functionality of the plasma
membrane and reducing fruit susceptibility to Ca related disorders (De
Freitas et al., 2018).

Treatment with GAs have been used commercially at post-bloom to
reduce the incidence of russeting (Elfving and Allen, 1987) and pro-
mote fruit set or fruit elongation (Ghosh and Halder, 2018), but this can
advance fruit maturity and ripening and exacerbate storage breakdown
(Sharples and Johnson, 1986; Silveira et al., 2014). GAs are also
sprayed preharvest to delay fruit maturation and ripening in apples
(Turner, 1972). Also, spraying of GAs have been associated to the de-
velopments of calcium deficiency disorders in the fruit (Saure, 2005),
and treatment with ProCa reduce the risk of such disorders (De Freitas
et al., 2012; Silveira et al., 2012; De Freitas et al., 2016). However, for
the best of our knowledge, the effect of application timing of ProCa or
GAs (post-bloom or preharvest) on incidence of calcium deficiency
disorders in apple fruit has not been studied.

This study was carried out to assess the effects of post-bloom (PB)
and preharvest (PH) treatment of ‘Braeburn’ apple tree with ProCa and
GA4+7 on vegetative growth, and on mechanisms that regulate Ca
homeostasis and the incidence of postharvest physiological disorders in
the fruit.

2. Materials and methods

The experiment was carried out in 2013 in a commercial orchard,
with 10 year old ‘Braeburn’ apple trees (Malus domestica Borkh) trained
to a central leader and planted at medium density with 2.0m x 6.0m
(in-row x between-row). The orchard was located in Elk Grove,
California, USA (38°21’23.27’’N, 121°32’13.62”W, altitude of 123m).
The apple trees were sprinkler irrigated between May and August. The
trees were fruit thinned leaving two fruits per bunch to keep uniform
tree crop load between treatments. The maximum and minimum tem-
peratures and precipitation by month during the experiment are shown
in Table 1.

Trees were sprayed with ProCa (300mg L-1) or GA4+7 (300mg L-1)
PB and preharvest (PH). PB treatments started 15 days after full bloom
(DAFB), with one application every week and six applications in total.
PH treatments started five weeks before anticipated harvest (125
DAFB), with one application every week and four applications in total.
The trees were sprayed with a total volume of 1,000 L ha-1 until “run
off”. The commercial product containing ProCa was Apogee® (with
27.5% ProCa) while for GA4+7 was TypRus® (with 2.0% GA4+7).
Control trees were left untreated.

In October 2013 (180 DAFB), trees were assessed to determine
current season branch growth (in cm) with a tape measure. This was
assessed at random on 15 branches on each side of the trees, at the
middle third of the canopy. Branches were grouped in four categories in
terms of size (< 30 cm; ≥30 and<60 cm; ≥60 and<90 cm; and
≥90 cm), followed by the calculation of percentage of branches in each
category.

Xylem functionality was assessed according to the method of
Dražeta et al. (2004), only for treatments with ProCa and GA4+7

sprayed PB and for the control. Fifteen fruit per replicate were har-
vested at 55, 81, 125 and 149 DAFB. Each fruit had the base of its
peduncle removed (approximately 1mm), followed by immediate im-
mersion of the peduncle into a staining solution (1% acid safranin). The
fruits were infiltrated with the stain solution for approximately 8 h,
with transpiration under ambient conditions (25 ± 2 °C and
70 ± 10% RH) using a fan to remove the boundary layer. Fruit were
cut in half on the equator and transverse 10mm-thick slices were re-
moved from middle portions of distal (blossom end), and proximal
(peduncle end) sections, as described by Miqueloto et al. (2014). Each
slice was assessed for the number of stained primary vascular bundles
and staining intensity of the secondary cortical vascular system. The
counting method through visual analysis was used to determine the
number of functional xylem vascular bundles in the primary cortical
system. Lightness (L) and hue angle (h◦) of the cortex (in proximal and
distal regions) were measured to determine the staining intensity of the
xylem in the secondary vascular system, using a Minolta model CR 400
colorimeter, according to the methodology described by Miqueloto
et al. (2014). It was possible to quantify the red staining intensity of the
cortex that resulted from the transport of the stain solution via the
xylem vessels by multiplying L × h◦. High values of L × h◦ indicate
higher lightness (less red staining in the cortex), which indicates lower
functionality of the xylem in the secondary vascular system.

Fruit (170 fruit per replicate) were harvested at commercial ma-
turity (160 DAFB). Fifteen fruit per replicate were assessed at harvest
for flesh mass, length and diameter, PME activity, electrolyte leakage,
and mineral analysis (total contents of N, P, K, Ca, Mg, S and B, and
total water-soluble Ca). Five fruit per replicate were assessed at harvest
for gene expression of Ca transporters (Ca-ATPase 1, Ca-ATPase 2,
CAX2, CAX3, and CAX6) and electrogenic pumps (H+-PPase and V-

Table 1
Maximum and minimum temperatures and precipitation by month during the
period from January to October of 2013.
Souce: U.S. Climate data

Month Average temperatures (°C) Precipitation (mm)

Maximum Minimum

January 13.3 0.2 24.4
February 16.8 2.2 9.1
March 20.8 6.9 35.0
April 25.5 9.8 17.6
May 28.1 12.4 7.7
June 31.8 14.2 5.6
July 33.9 15.2 0.0
August 32.5 15.0 0.0
September 29.5 13.9 14.9
October 25.7 8.5 0.0
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ATPase) in the tonoplast. PME activity, electrolyte leakage, minerals,
and gene expression of Ca transporters and electrogenic pumps were
assessed in the flesh tissue sampled immediately below the skin at the
distal end of the fruit (after fruit cut in half on the equator). This
analysis was performed in the distal end of the fruit, since this is the
region where Ca deficiency disorders normally manifest (such as bitter
pit in apple and blossom-end rot in tomato) (Dražeta et al., 2004; De
Freitas et al., 2012; De Freitas and Mitcham, 2012), and therefore is
more suitable for sampling to assesses mineral composition for pre-
diction of Ca deficiency disorders in tomato (De Freitas et al., 2010) and
apple (Amarante et al., 2013) fruit.

One hundred and fifty fruit per replicate were held in cold storage
(0 ± 0.5 °C / 90-95 % RH) for two months, followed by five days of
shelf life (25 ± 2.0 °C / 60-70% RH), and then evaluated visually for
incidence (%) of BP, skin cracking and decay. The index of BP was
assessed using a scale with six levels of visual damage: none (0), one
(1), two (2), three (3), four (4), five (5) and more than five spots (6) of
BP per fruit. BP index was calculated according the formula described
by Pesis et al. (2009):

=BP index (index level) x (fruit at this level)
total number of fruit0

6

For PME measurement, the spectrophotometric assay of Hagerman
and Austin (1986) was used. The method is based on determination of a
pH change due to an increase in unesterified carboxyl groups using the
pH indicator bromothymol blue. The measured activity is expressed in
absolute values (mol s-1 kg-1 fw).

Analysis of electrolyte leakage was carried out according to the
method described by De Freitas et al. (2011). Briefly, four fruit discs of
1 cm diameter and 0.5 cm thickness were cut from the distal position
and sectioned with a double-bladed knife 1mm under the skin. Each
sample of four discs from three fruit represented one replication, which
was placed into a 50mL conical tube on a rotary shaker in a 0.2M
mannitol solution. The conductivity of the mannitol solution was re-
corded periodically over 6 h. Then, samples were frozen and thawed
twice to determine the total conductivity. The results were expressed as
the percentage increase in electrolyte leakage (conductivity) per gram
of tissue per hour relative to the total tissue conductivity.

The contents of N, P, K, Ca, Mg, S and B (mg kg-1 dw) were quan-
tified in the pulp tissue 0.5 cm below the skin at the distal end of the
fruit. Nitrogen was quantified according the method described by the
AOAC (2006). Phosphorus, K, Ca, Mg, S and B were quantified by In-
ductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES)
after sample microwave digestion with nitric acid/hydrogen peroxide
(Meyer and Keliher, 1992).

Total content of water-soluble Ca (mg kg-1 fw) was assessed by
sampling the flesh tissue 0.5 cm below the skin (∼70 g) at the distal end
of the fruit followed by juice extraction with a food processor, and
according to the methodology described by Amarante et al. (2013). The
content of water-soluble Ca in the juice was quantified with an ICP-AES.

For gene expression analysis, total RNA was extracted from the
outer cortical fruit tissue as described in the RNeasy Plant Mini Kit
(Qiagen, Valencia, CA, USA). The RNA concentration and purity were
determined at 260 nm and 260 nm/280 nm, respectively, using a UV
spectrophotometer (NanoDrop 2000, Thermo Scientific, Wilmington,
DE, USA). For all samples, 5 μg of total RNA was reverse transcribed
using SuperScript III (Invitrogen, Carlsbad, CA, USA) according to the
manufacturer’s protocol. Quantitative, real-time PCR was then per-
formed with the addition of 1× SYBR green (Applied Biosystem, Foster
City, CA, USA) to each sample containing about 100 ng of the synthe-
sized cDNA. The data obtained were normalized based on the expres-
sion of the housekeeping apple 18S rRNA. All primers designed were 20
nucleotides long with a melting point temperature of 58 ± 3 ◦C. For
CAX/H+, Ca-ATPAses, V-ATPase and H+-Pirofosfatase, the nucleotide
sequences were obtained in the UC Davis apple (Malus domestica)

Expressed Sequence Tags (EST) database (http://cgf.ucdavis.edu/
home/). The expressed nucleotides were named Ca-ATPase1
(CTG1060377) (NCBI: XM 002325215), Ca-ATPase2 (CTG1063686)
(NCBI: AJ310848), CAX2/H+ (CTG1073422) (NCBI: NM_112177),
CAX3/H+ (CTG1076982) (NCBI: XM_002533684), H+-Pirofosfatase
(EB143723) (NCBI: NM 101437) and V-ATPAse (CTG1058311) (NCBI:
NM_001036222), as described by De Freitas et al. (2010).

The experiment followed a randomized block design, with five
treatments and four blocks, each replicate consisting of a plant. Data in
percentage were transformed to arc sin [(x+5)/100]1/2 before statis-
tical analysis. Treatment means were compared by Tukey’s test
(p < 0.05). Data were analyzed using the statistical program SAS (SAS
Institute, 2009).

3. Results and discussion

3.1. Trees vegetative growth

Trees treated with GA4+7 PB (starting 15 DAFB) had the highest
percentage of branches with length ≥ 60 and<90 cm, and the lowest
percentage of branches with length ≥ 30 and< 60 cm (Table 2). Trees
sprayed with ProCa PB had the highest percentage of branches with
length<30 cm and ≥ 30 and<60 cm (Table 2). Therefore, when
treated PB, ProCa reduced while GA4+7 promoted vegetative growth.
ProCa treatment PB has been shown to inhibit the biosynthesis of active
GAs (Davies, 2004) and reduce vegetative growth of apple trees (Cline
et al., 2008; Hawerroth et al., 2012; Silveira et al., 2012).

Neither ProCa or GA4+7 had an effect on vegetative growth, com-
pared to the control, when sprayed PH (staring 125 DAFB) (Table 2).
According to Byers and Yoder (1999), apple trees reduced their vege-
tative growth 30 DAFB. Treating apple trees PH may have had no effect
on vegetative growth because the growth rate had already reduced to
lower levels than PB.

3.2. Xylem functionality of the fruit in plants treated with GA4+7 and
ProCa post-bloom

The number of stained primary cortical vascular bundles decreased
from the proximal to the distal end of the fruit, and decreased in both
parts from 55 to 149 DAFB (Fig. 1). ProCa PB delayed the loss of
functionality of primary cortical vascular bundles in the proximal part
of the fruit until 81 DAFB in comparison to the control and GA4+7 PB.
The functionality of the secondary cortical system (expressed in terms
of intensity of cortex staining - L×h◦) showed no differences between
treatments, regardless of fruit part (proximal or distal) or date of fruit
sampling (Fig. 1). De Freitas et al. (2012) reported a reduction of xylem
functionality in the early stage of tomato fruit development in response
to GAs treatments, but this was not observed in apple. Exogenous
treatment with GAs causes a more substantial differentiation of phloem
than of xylem (De Freitas and Mitcham, 2012). This can reduce the

Table 2
Percentage of current season branches in each class of length of ‘Braeburn’
apple trees treated with GA4+7 and ProCa post-bloom (PB) or preharvest (PH).

Treatments Percentage of branches in each class of length

< 30 cm ≥ 30 cm and <
60 cm

≥ 60 cm and <
90 cm

≥ 90 cm

Control 0.00 b 23.0 b 41.0 ab 35.8 a
GA4+7 PB 0.00 b 2.25 c 57.5 a 40.2 a
ProCa PB 22.5 a 72.5 a 5.00 c 0.00 b
GA4+7 PH 2.00 b 33.2 b 27.5 b 37.0 a
ProCa PH 0.00 b 41.2 b 24.2 b 34.2 a
CV (%) 91.7 50.9 43.2 49.8

Means (of four replicates) followed by the same letter within the columns are
not significantly different by Tukey’s test (p < 0.05).
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transport of Ca (that occurs almost exclusively through the xylem)
without reducing the transport to the fruit of N, K and Mg (that occurs
also through the phloem), increasing the risk of Ca deficiency disorders
in the fruit. The loss of xylem functionality is also associated with in-
creases in fruit mass during development (Dražeta et al., 2004). Since
fruit mass was not different between treatments at harvest (Fig. 2),
there was no substantial difference between treatments on xylem
functionality (Fig. 1).

3.3. Fresh weight, length and diameter of the fruit

Fresh weight (FW) and diameter of the fruit at harvest were not
different between treatments, however GA4+7 PB increased fruit length
(Fig. 2). Treatment with GAs at early stages of apple fruit development
results in a higher fruit length/diameter ratio (Nakagawa et al., 1967)
and promotes fruit growth (Braidwood et al., 2014). Since GA4+7 PB
also promoted vegetative growth (Table 2), this might have increased
the competition between vegetative growing tissues and fruitlets for the
available carbohydrates, resulting in a similar fresh weight of the fruit
compared to the other treatments. Treatment with ProCa PB has been

Fig. 1. Number of primary cortical vascular bundles stained (top) and intensity of cortex staining (L×h◦) (bottom), in the proximal (left) and distal (right) portions of
the fruit, harvested from ‘Braeburn’ apple trees treated with GA4+7 and ProCa post-bloom (PB). Increased L×h◦ values indicate a reduction in the staining of the
vascular bundles and loss of xylem function in the secondary cortical system. Values represent the mean of four replicates ± standard error. Vertical bars followed by
the same letter (comparing treatments within dates) are not significantly different by Tukey’s test (p < 0.05).

Fig. 2. Fresh weight, length and diameter of the fruit harvested from ‘Braeburn’ apple trees treated with GA4+7 and ProCa post-bloom (PB) and preharvest (PH).
Values represent the mean of four replicates ± standard error. Vertical bars followed by the same letter are not significantly different by Tukey’s test (p < 0.05).
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shown to reduce the biosynthesis of GAs and reduce cell expansion in
the fruit (Davies, 2004). However, ProCa PB benefits the transport of
carbohydrates to the fruitlets as the result of reduced vegetative growth
of the trees (Medjdoub and Blanco, 2004). Therefore, fruit from this
treatment had similar FW at harvest compared to fruit from the other
treatments.

PH treatment with GA4+7 and ProCa (starting 125 DAFB) did not
affect FW, length or diameter of the fruit at harvest (Fig. 2). Cell ex-
pansion and growth of apple fruit slows greatly beyond 120 DAFB
(Lakso et al., 1995), and it is not surprising that treatment with GA4+7

and ProCa at this stage had no impact on fruit growth.

3.4. Fruit mineral content

The total contents of N, P, K, Mg, S and B of the flesh in the distal
portion of the fruit were not different between treatments (data not
shown), with average values (± SE) of 2,705 (± 117.7), 952
(± 24.0), 7,830 (± 204.7), 320 (± 5.2), 240 (± 7.2) and 32 (± 0.8)
mg kg-1 dw, respectively.

ProCa PB increased the total Ca content and reduced K/Ca, Mg/Ca,
N/Ca, (Mg+K)/Ca and (K+Mg+N)/Ca ratios in the flesh at the
distal portion of the fruit compared to GA4+7 PB, but without differing
from the control (Table 3). Silveira et al. (2012) also reported reduction
in total Ca content and increase in K/Ca and (K+N+Mg)/Ca ratios in
the skin tissue of the fruit from ‘Fuji’ apple trees treated with GA3

(319mg L-1) PB compared to fruit from trees treated with ProCa
(319mg L-1) PB and control. The increase of vegetative growth of trees
treated with GA4+7 PB (∼25%), and the reduction in vegetative growth
of trees treated with ProCa PB (∼50%) compared to the control, might
explain these results for fruit mineral content. Greene (1991) reported
reduced vegetative growth of apple trees treated with paclobutrazol (an
inhibitor of GAs biosynthesis), leading to an increase in Ca content in
the fruit and reduction in the incidence of BP. According to the author,
the reduction in vegetative growth of apple trees treated with paclo-
butrazol reduced the competition between leaves and developing fruit
for Ca, and increased the content of Ca in the fruit. A similar mechanism
might be expected for apples trees treated with ProCa PB. On the other
hand, treatment with GAs increases the GAs/auxin ratio in the plant
that promotes the differentiation of phloem (Aloni et al., 1990) and
increases the transport of N, K and Mg to the fruit. Therefore, ProCa PB
can increase Ca content and reduce K/Ca, Mg/Ca, N/Ca, (Mg+K)/Ca
and (K+Mg+N)/Ca ratios in the fruit compared to GA4+7 PB.

The total Ca content, and K/Ca, Mg/Ca, N/Ca, (Mg+K)/Ca and
(K+Mg+N)/Ca ratios in the fruit were not different between treat-
ments with GA4+7 and ProCa applied PH and the control (Table 3).
GA4+7 and ProCa applied PH did not affect vegetative growth (Table 2)
or fruit size at harvest (Fig. 2) compared to the control. Xylem func-
tionality (number of primary cortical vascular bundles stained) at the
distal region of the fruit was low and did not change from 125 DAFB
(Fig. 1). Therefore, it is expected that treatments with GA4+7 and ProCa
PH (starting 125 DAFB) would have no impact on xylem functionality
or on total Ca content and K/Ca, Mg/Ca, N/Ca, (Mg+K)/Ca and
(K+Mg+N)/Ca ratios in the fruit at harvest (Table 3).

3.5. PME activity and expression of tonoplast transporters

PME activity and expression of CAX3, CAX6 and V-ATPase genes in
the flesh tissue at the distal end of the fruit was not different between
treatments at harvest (data not shown). Fruit from trees treated with
GA4+7 PB had high expression of Ca-ATPase1, Ca-ATPase2, H+-PPase
and CAX2 genes. Considering the same treatment time (PB or PH), there
was a trend towards higher expression of all these four genes in fruit
from trees treated with GA4+7 than those treated with ProCa. When
treatments were applied PB, fruit from trees treated with GA4+7 had
higher expression of Ca-ATPase1, Ca-ATPase2 and CAX2 genes than
those from trees treated with ProCa. For treatments applied PH, the
expressions of Ca-ATPase2 and CAX2 genes were higher in fruit from
trees treated with GA4+7 than those from trees treated with ProCa
(Fig. 3).

De Freitas et al. (2012) previously showed that tomato plants
treated with GAs had higher expression of Ca-ATPase and H+-PPase in
the fruit and higher incidence of blossom-end rot. The higher expres-
sion of these transporters can increase Ca content in the vacuole (De
Freitas et al., 2010), reducing water-soluble Ca in the apoplast required
to preserve the integrity of the plasma membrane (Marschner, 2012).
According to De Freitas et al. (2010), the reduced pool of water-soluble
Ca in the apoplast increases ion leakage on the plasma membrane and
increases the risk of BP in apple fruit.

3.6. Total water-soluble Ca content and electrolyte leakage

For treatments applied PB, total water-soluble Ca content was
higher and electrolyte leakage lower in fruit from trees treated with
ProCa than those treated with GA4+7 (Fig. 4). When treatments were
applied PH, values for total water-soluble Ca were higher on fruit from
GA4+7 treated trees than on fruit from control trees (Fig. 4A), while
electrolyte leakage was not different between treatments (GA4+7,
ProCa and control) (Fig. 4B).

There was an exponential increase in apple fruit tissue electrolyte
leakage with the reduction in total water-soluble Ca content (Fig. 5).
Fruit with a total water-soluble Ca content below ∼13mg kg-1 fw had a
substantial increase in electrolyte leakage, and corresponded to the
fruits harvested from trees treated with GA4+7 PB. Njoroge et al. (1998)
also reported an increase in electrolyte leakage with a reduction in total
water-soluble Ca content in tomato fruit.

When treatments were applied PB, GA4+7 reduced the total Ca
content (Table 3), and this was also reflected in a reduction of total
water-soluble Ca content, in comparison to ProCa (Fig. 4A). The lower
values of total water-soluble Ca in fruit from trees treated with GA4+7

PB likely resulted in a loss of plasma membrane integrity and increased
electrolyte leakage compared to ProCa PB (Fig. 4B).

3.7. Assessment of bitter pit, skin cracking and decay after storage

Fruit from trees treated with GA4+7 had higher incidence and se-
verity (index) of BP than those from trees treated with ProCa, regardless
of the application period (PB or PH) (Fig. 6). For treatments applied PB,

Table 3
Total content of Ca, and K/Ca, Mg/Ca, N/Ca, (Mg+K)/Ca and (Mg+K+N)/Ca ratios in the flesh tissue at the distal end of the fruit, harvested from ‘Braeburn’
apple trees treated with GA4+7 and ProCa post-bloom (PB) or preharvest (PH).

Treatments Ca (mg kg−1 fw) K/Ca Mg/Ca N/Ca (Mg+K)/Ca (Mg+K+N)/Ca

Control 180 bc 47.3 ab 1.87 ab 16.18 ab 49.1 ab 65.3 ab
GA4+7 PB 155 c 53.3 a 2.18 a 20.6 a 55.5 a 76.1 a
ProCa PB 262 a 29.8 b 1.29 b 11.6 b 31.1 b 42.7 b
GA4+7 PH 227 ab 37.4 ab 1.48 b 11.3 b 38.9 ab 50.2 ab
ProCa PH 230 ab 36.9 ab 1.46 b 11.8 b 38.3 ab 50.2 ab
CV (%) 23.3 38.5 31.7 42.8 38.2 39.1

Means (of four replicates) followed by the same letter within the columns are not significantly different by Tukey’s test (p < 0.05).
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GA4+7 had higher incidence and severity of BP than ProCa as a result of
lower total Ca content [and higher K/Ca, Mg/Ca, N/C, (Mg+K)/Ca
and (Mg+K+N)/Ca ratios] and lower total water-soluble Ca content
in the fruit.

Plasma membrane structure and integrity is believed to be depen-
dent on a free pool of Ca in the apoplast (Hanson, 1960; Plieth, 2001).
When the concentration of Ca in the apoplast is below the threshold
required to maintain membrane structure and function, membrane
leakiness results and BP develops in the tissue (De Freitas et al., 2016).

However, other nutrients, such as Mg, K and N, may also be involved in
BP development in apples, and the ratios K/Ca, Mg/Ca, N/Ca and
(K+Mg)/Ca have been used to predict fruit susceptibility to BP (Dris
et al., 1998; Amarante et al., 2006; Lanauskas and Kvikliene, 2006;
Amarante et al., 2013). The effects of Mg and K may result from their
competition with Ca for binding sites at the plasma membrane surface,
but these elements cannot replace Ca’s role in membrane structure and
stability (Schonherr and Bukovac, 1973; Yermiyahu et al., 1994).

BP incidence is not entirely explained by the total mineral content in

Fig. 3. Expression of genes involved in Ca transport in the outer cortical tissue at the distal end of apple fruit harvested from ‘Braeburn’ apple trees treated with
GA4+7 and ProCa post-bloom (PB) or preharvest (PH). Ca-ATPase1 and Ca-ATPase2 (putative Ca2+ pumps), H+-PPase (pyrophosphatase) (putative H+ pump) and
CAX2 (putative Ca2+/H+ exchanger). Values represent the mean of four replicates ± standard error. Vertical bars followed by the same letter are not significantly
different by Tukey’s test (p < 0.05).

Fig. 4. Total water-soluble Ca content (mg kg-1 fw) (A) and electrolyte leakage (B) in the outer cortical tissue at the distal end of the apple fruit harvested from
‘Braeburn’ apple trees treated with GA4+7 or ProCa, post-bloom (PB) or preharvest (PH). Values represent the mean of four replicates ± standard error. Vertical bars
followed by the same letter are not significantly different by Tukey’s test (p < 0.05).
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the fruit, but also by altered Ca homeostasis in the cell. The increasing
organellar and decreasing apoplastic Ca pools may result in higher
membrane permeability and Ca deficiency disorder development (De
Freitas et al., 2010). Fruit from trees sprayed with GA4+7 had higher
expression of ATPase 1, Ca-ATPase2, H+-PPase and CAX2 in the tono-
plast and this could increase Ca accumulation inside the vacuole, fur-
ther depleting the apoplastic pool of free Ca. This might result in lo-
calized membrane breakdown and higher incidence of BP in fruit from
trees treated with GA4+7 than in fruit from trees treated with ProCa,
regardless of application time (PB or PH). In tomato plants, treatment
with GA4+7 increased the expression of Ca-ATPase and the incidence of
blossom-end rot in the fruit (De Freitas et al., 2012).

According to Saure (2014), the incidence of Ca deficiency disorders
in the fruit might be associated with the formation of reactive oxygen
species (ROS). GAs might cause cell death and the development of
blossom-end rot in tomato fruit by inhibition of the activity of anti-
oxidant enzymes, such as superoxide dismutases, catalases and ascor-
bate peroxidases, increasing cell susceptibility to oxidative stress and
cell damage (Saure, 2014; De Freitas et al., 2018). In addition, GAs
promote the degradation in the cell of DELLA proteins. DELLA proteins

are nuclear-localized growth repressors, and GAs promote growth by
promoting DELLA degradation (Braidwood et al., 2014). DELLA pro-
teins also prevent the formation of ROS under environmental stress,
delaying cell damage and death (Saure, 2014). Therefore, treatment
with GAs, besides reducing Ca content, can increase the content of ROS
in the cells that increases the risk of BP in the fruit.

Fruit from trees treated with ProCa PH had a lower incidence of BP
than fruit from control trees, despite the lack of difference between
control fruit and fruit from trees treated with ProCa PB (Fig. 6).
Therefore, despite having no effect on vegetative growth of the trees,
the treatment with ProCa PH might have positively impacted cellular
Ca homeostasis, with an increase in total water-soluble Ca (Fig. 4A),
preservation of plasma membrane integrity (represented by a lower
electrolyte leakage) (Fig. 4B), and therefore reduction in BP incidence
(Fig. 5). Bizjak et al. (2012) reported higher content of total phenolic
compounds (TPC) in the peel and pulp tissues at harvest in fruit from
‘Braeburn’ apple trees treated with 250mg/tree of ProCa three weeks
before commercial maturity. Higher content of TPCs could prevent
formation of reactive oxygen species (ROS) that might also be asso-
ciated with the manifestation of Ca deficiency disorders on apples
(Saure, 2014). Therefore, ProCa treatment close to fruit maturity may
reduce BP by improving the total antioxidant activity in the fruit. Our
results show that ProCa PH is more effective to reduce BP than ProCa
PB. Only ProCa PH treated fruit had statistically lower incidence and
severity of BP than the control fruit (Fig. 6). The treatment of ‘Braeburn’
apple trees with ProCa PB and PH inhibits ethylene production and
delays fruit maturity, with a bigger effect at PH than at PB (Amarante
et al., 2019). Less mature fruit is known to be more susceptible to BP
than fruit harvested at more advances maturity stages (Ferguson and
Watkins, 1989; De Freitas et al., 2016). Therefore, despite of a stronger
effect of ProCa PH delaying fruit maturity, which has been shown to
increase fruit susceptibility to BP, this treatment resulted in the lowest
incidence and severity of BP in the fruit. The fact that ProCa PH delayed
fruit development, suggests that it could be possible to delay harvest,
which could reduce even further the risk of BP incidence in the fruit.

Fruit harvested from trees treated with GA4+7 PB had the highest
incidence of skin cracking (18.2%) and decay (6.6%) after storage. Fruit
from all the other treatments had<2.0% incidence of skin cracking
and< 3.1% incidence of decay (Fig. 7).

In apple fruit, manifestation of skin cracking was associated with
higher expression of expansin genes in the mesocarp than in the peri-
carp (Kasai et al., 2008). Also, GAs were found to promote the ex-
pression of a xyloglucan endotransglycosylase (XET) gene (Atkinson
et al., 2009; Han et al., 2015). XET was shown to catalyze the splitting

Fig. 5. Relationship between total water-soluble Ca content and electrolyte
leakage in the outer cortical tissue at the distal end of apple fruit harvested from
‘Braeburn’ apple trees treated with GA4+7 or ProCa, post-bloom (PB) or pre-
harvest (PH). Each data point represents a replicate of different treatments. *:
exponential fitted model is significant (p < 0.05).

Fig. 6. Incidence (A) and index (B) of bitter pit in apple fruit harvested from ‘Braeburn’ apple trees treated with GA4+7 and ProCa, post-bloom (PB) or preharvest
(PH), and held in cold storage for two months (0 ± 0.5 °C / 90-95 % RH), followed by five days of shelf life (25 ± 2.0 °C / 60-70% RH). Values represent the mean
of four replicates ± standard error. Vertical bars followed by the same letter are not significantly different by Tukey’s test (p < 0.05).
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of xyloglucan chains, thereby loosening the cell wall and allowing for
cell expansion, mainly in the mesocarp, of kiwifruit (Schröder et al.,
1998). Therefore, in fruit harvested from trees treated with GA4+7 PB,
the expansion of pericarp cells might not accommodate the expansion
of mesocarp cells, causing increased skin cracking. Also, fruit harvested
from trees treated with GA4+7 PB had the lowest total Ca content [and
highest K/Ca, Mg/Ca, N/Ca, (Mg+K)/Ca and (Mg+K+N)/Ca ra-
tios] (Table 3). Low Ca content has been associated with higher in-
cidence of skin cracking during cold storage in apple fruit (Perring,
1984).

The high incidence of skin cracking may have also increased the
incidence of decay during cold storage in fruit harvested from trees
treated with GA4+7 PB (Fig. 7). For some pathogens that cause post-
harvest decay in apple fruit, such as Penicillium expansum Link, the in-
fection is facilitated by cracks in the epidermal cells (Miedes and
Lorences, 2004). Silveira et al. (2014) reported lower Ca content and
lower firmness in the skin tissue of apple fruit harvested from trees
treated with GA3 (319mg L-1) PB, and this might make the fruit more
susceptible to skin cracking and decay. A lower Ca content has also
been associated with greater susceptibility to postharvest decay in
apple fruit (Conway et al., 1994), which might also explain the higher
incidence of decay in fruit from trees treated with GA3 PB.

The results show that treatment with GA4+7 PB promoted vegeta-
tive growth of the trees and increased the postharvest incidence of BP,
skin cracking and decay in the fruit. On the other hand, ProCa reduced
vegetative growth when applied PB, and reduced the incidence of BP
when applied PB and PH. ProCa application represents a feasible tool to
reduce the incidence of BP in apple orchards under climatic and man-
agement conditions that increase the risk of development of such
physiological disorder. However, our results show that ProCa PH is
more effective to reduce BP than ProCa PB.

4. Conclusions

ProCa inhibits and GA4+7 promotes vegetative growth of apple trees
when applied post-bloom;

When treatments were applied post-bloom, ProCa increased total Ca
content and reduced K/Ca, Mg/Ca, N/Ca, (Mg+K)/Ca and
(Mg+K+N)/Ca ratios in the fruit compared to GA4+7 treatment;

Regardless of application time (post-bloom or preharvest), ProCa
reduced the expression of Ca-ATPase1, Ca-ATPase2, H+-PPase and
CAX2 genes, increased total water-soluble Ca content, and reduced
electrolyte leakage in the fruit in comparison to treatment with GA4+7;

ProCa is more effective to reduce BP if applied weekly for five week

before harvest;
GA4+7 applied post-bloom increased the incidence of bitter pit, skin

cracking and decay after cold storage.
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