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Abstract. Bell peppers (Capsicum annuum L.) are ranked eighth in value for vegetable
production in the United States (USDA-NASS, 2019). Due to the high value of bell
peppers, disorders such as blossom-end rot (BER) can cause significant losses in yield by
up to 35% for growers. BER is the symptom of a calcium (Ca2+) deficiency thatmay occur
during periods of cell expansion when the supply of Ca2+ may be lower than demand. In
this study, we determined the temporal patterns of the fruit Ca2+concentration ([Ca2+])
and accumulation in three separate studies under field and greenhouse conditions. In the
three experiments, [Ca2+] during fruit development showed varied patterns: it remained
constant, decreased transiently during the cell expansion phase, or displayed a more
gradual sustained decrease. However, in the three experiments, fruit Ca2+ accumulation
increased during development as fruit size increased. In two experiments, the distal part
of the fruit had lower [Ca2+] than the proximal end. However, there was no correlation
between [Ca2+] in various fruit sections with BER incidence. Seeds and placental tissue
had increased [Ca2+] and several other macro- and micronutrients; this spatial distri-
bution of Ca2+ coupled with subcellular Ca2+ distribution should be explored in future
studies. The temporal pattern of Ca2+ accumulation in this study suggests that fruit Ca2+

uptake continues throughout fruit development. Therefore, Ca2+ application during
bloom and early fruit development may prevent or minimize Ca2+ deficiency disorders in
bell pepper.

Calcium (Ca2+) is an essential macronu-
trient in plants. It has important roles in
providing structural stability to cell walls
and membranes and as a secondary messen-
ger in cellular signaling (White and Broad-
ley, 2003). Acquisition of Ca2+ by roots and
its transport to the shoot are determined by
environmental and physiological factors that
affect the uptake of water and nutrients into
the xylem (Gilliham et al., 2011; Hocking
et al., 2016). For example, higher canopy
transpiration rates compared with that of the
fruit can preferentially favor xylem flow and
Ca2+ partitioning to the leaves rather than to

the fruit (Adams and Ho, 1993; Ho, 1989;
Hocking et al., 2016). Under such conditions,
fruits can be susceptible to Ca2+ deficiency
disorders such as bitter pit in apple and BER
in peppers, tomatoes, and watermelons
(Gilliham et al., 2011; White and Broadley,
2003). Initiation of BER often occurs in the
distal portion of the fruit as water-soaked
spots that eventually develop into brown
necrotic areas that are sometimes localized,
internalized, or span the entire fruit (Adams
and Ho, 1993; Ho and White, 2005; Morley
et al., 1993; Spurr, 1959). The symptoms of
BER appear during the cell expansion phase
of fruit growth between 14 and 25 d after
anthesis, at a time when higher [Ca2+] may be
necessary to sustain accelerated fruit growth
(Belda and Ho, 1993; Marcelis and Ho, 1999;
Rubio et al., 2009). Therefore, the inability to
transport adequate Ca2+ to developing fruit
may trigger BER development (Ho et al.,
1993). In fruits such as apricot, apples, and
kiwi, �80% of mature fruit Ca2+ content
accumulates during early fruit growth �5 to
8 weeks after bloom (Ferguson and Watkins,
1989; Montanaro et al., 2006, 2010). How-
ever, Ca2+ uptake rates differ during devel-
opment among apples, kiwi, and grapes
(Casero et al., 2017; Montanaro et al., 2012;

Rogiers et al., 2006), with some recent evi-
dence suggesting the importance of phloem
for fruit Ca2+ uptake (Song et al., 2018).

Even though multiple studies have indi-
cated Ca2+ deficiency to be causal in BER
development, Ca2+ concentrations in BER-
affected fruit are sometimes similar to or
higher than those in non-BER fruit (Hagassou
et al., 2019; Ho and White, 2005; Nonami
et al., 1995; Saure, 2001). Despite these
correlation discrepancies, soil and foliar ap-
plications of Ca2+ have been shown to alle-
viate BER symptoms (Taylor and Locascio,
2004). Therefore, the timing of Ca2+ avail-
ability in relation to fruit development and
the spatial dynamics of Ca2+ accumulation
may be important factors associated with
BER development. In this study, we deter-
mined [Ca2+] and its accumulation at various
stages during bell pepper fruit growth and
development. Furthermore, we also quanti-
fied [Ca2+] in apical, mid, and basal sections
of the fruit. Data presented here provide the
foundation for a better understanding of the
temporal and spatial relationships between
[Ca2+] during bell pepper fruit growth and
development.

Materials and Methods

Field and greenhouse growing conditions.
Fruit were collected from three separate ex-
periments: field experiments in 2017 and
2018 and a greenhouse experiment in 2018.
In 2017, fruit were collected from commer-
cial fields located near Moultrie, GA and the
University of Georgia Tifton Vegetable Park
in Tifton; however, in 2018, fruit were col-
lected only from the latter field.

In Spring 2017, ‘PS09979325’ (Seminis,
St. Louis, MO) fruit were collected from
three commercial fields (three replicates) at
the same farm located near Moultrie, GA.
The soil was primarily a Dothan loamy sand
with 0% to 2% slope. These soils are pre-
dominately sandy and well-drained. Plants
were grown according to standard practices
for the region: on raised beds with black
plastic mulch and drip irrigation. Rows of
plastic had 1.8-m spacing and plants situated
on double rows on plastic with 30.5 cm in-
row spacing and 45.7 cm between rows on a
single bed of plastic. Preplant fertilization
was dependent on the soil tests for the fields;
all fields received �56 kg/ha N preplant
fertilizer using a custom fertilizer blend for
the field. Preplant soil pH ranged from 6.0 to
6.8 for all fields. Preplant soil Ca2+ levels
ranged from 1120.9 to 2017.5 kg/ha (Mehlich
3; Waters Agricultural Laboratory, Camilla,
GA); these levels were sufficient for the
production of bell peppers in Georgia. Cur-
rent recommendations require additional cal-
cium if soil test levels are less than 896
kg·ha–1 (Kissel and Sonon, 2008). Fertigation
was performed at least three times per week
using 7–0–7 liquid fertilizer (Ellenton Ag.
Services, Ellenton, GA). Seasonal total N
fertilization ranged from 224.2 to 252.2 kg/ha
N. The average precipitation at this location
was 3.8 mm.
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In Spring 2017 and 2018, fruit were also
collected from seven and two varieties, re-
spectively, from the University of Georgia
Tifton Vegetable Park in Tifton, GA (lat.
31�5#N, long. 83�5#W). The soil is a Tifton
loamy sand series (0% to 2% slope). In 2017,
soils were fumigated with dimethyl disulfide
(500 kg/ha) and chloropicrin (133.4 kg/ha,
Paladin PIC-21; TriEst Ag Group Inc., Tif-
ton, GA) and, in 2018, soils were fumigated
with chloropicrin (217.5 kg/ha), 1,3-dichlor-
opropene (144.6 kg/ha; Pic-Chlor 60; TriEst
Ag Group Inc.) when plastic was laid. Irriga-
tion in both years was supplied with a single
line of drip irrigation tubing (30.5-cm emitter
spacing, 31.6 mL/s per 30.5 at 69 kPa, Chapin
DLX; Jain USA Inc., Haines City, FL). Beds
were 15.2-cm-tall by 81.3-cm-wide spaced
on 1.83-m row centers covered with a 27.3-
mm-thick totally impermeable film plastic
mulch (Vaporsafe RM, TIF, 1.5-m; Raven
Industries, Sioux Falls, SD). In 2017, a pre-
plant homogenized fertilizer consisting of 56
kg/h N (5.0N–4.3P–12.5K; Rainbow Plant
Food, Agrium, Tifton, GA) was placed in the
row immediately before laying plastic mulch
and incorporated when the raised bed was
formed. In 2018, preplant homogenized fer-
tilizer consisting of 56 kg/h N (10.0N–4.3P–
8.3K; Rainbow Plant Food, Agrium) was
used. The (5.0N–4.3P–12.5K) fertilizer was
composed of 4.5% ammoniacal nitrogen and
0.5% nitrate nitrogen, whereas the (10.0N–
4.3P–8.3K) fertilizer was composed of 9.5%
ammoniacal nitrogen and 0.5% nitrate nitro-
gen. Nitrogen and phosphate in both fertil-
izers were derived from ammonium nitrate,
ammonium sulfate, and ammonium phos-
phate. Less preplant potassium was applied
in 2018 due to a higher soil test potassium
value. No Ca2+ was present in the preplant
fertilizer. Eight-week-old bell pepper seed-
lings were transplanted on 16 Mar. 2017 and
5 Apr. 2018 in a double row configuration on
each plastic bed. In 2017, plots contained 40
plants each; however, in 2018, plots con-
tained 30 plants. Three and four replicates
(plots) per variety were arranged in a ran-
domized complete block design in 2017 and
2018, respectively. Irrigation was applied at
�2.5 to 3.8 cm weekly. During the season,
weekly applications of 4–0–8 liquid fertilizer
(4N–0P–6.4K; Big Bend Supply Co Inc.,
Cairo, GA) were applied at a rate of 13.5
kg/ha N for a season total application of
217.5 kg/ha N. The 4–0–8 liquid fertilizer
contained 2.4% nitrate-N, 0.5% ammonium-
N, and 1.0% urea-N (3.9% N). Seasonal total
N fertilization was �217 kg/ha N. In both
years, bell pepper plants were staked and
strung �3 to 4 weeks after planting using
standard practices for the region (Vegetable
Crop Handbook for Southeastern United
States, 2017). Fungicides and insecticides
were applied weekly according to commer-
cial recommendations for bell pepper grown
in Georgia (Horton, 2016). The average pre-
cipitation at this location was 3.2 in 2017 and
4.4 mm in 2018.

In 2018, bell pepper var. Aristotle (Semi-
nis, St. Louis, MO) was grown from Dec.

2017 to May 2018 in Athens, GA, in a
greenhouse with minimum and maximum
temperatures of 15 and 29 �C, respectively.
The relative humidity was 66%. Initially,
seeds were germinated in plug nursery trays
in a Low Temperature Incubator Model 2015
(VWR International, Randor, PA) at 25 �C
with 12 h of light and dark. Subsequently, the
seedlings were transplanted in Fafard 3BMix
Metro-Mix 830 (Sun Gro, Agawam, MA) in
an 11.5-L plastic nursery container. Pots
were arranged in a completely randomized
design with four replicates. Plants were irri-
gated weekly using a fertilizer that contained
no Ca2+ according to the manufacturer’s label
(Jack’s Classic All Purpose 20–20–20; JR
Peters Inc., Allentown, PA).

[Ca2+] and accumulation during fruit growth
and development. In 2017, ‘PS09979325’
green fruit of varying size were harvested
from three commercial fields at Moultrie,
GA. Harvested fruit were grouped based on
their diameter to represent different develop-
mental fruit stages. [Ca2+] analyses were
performed for five developmental groups:
group 1, 10 to 15 mm (n = 20); group 2, 20
to 30 mm (n = 15); group 3, 40 to 60 mm (n =
6); group 4, 70 to 80 mm (n = 6); and group 5,
larger than 80 mm (n = 6). In 2018, fruit from
‘PS09979325’ and ‘Aristotle’ were collected
from the Tifton Vegetable Park in Tifton,
GA. A total elemental analysis in 2018 was
performed for the five groups described in the
2017 experiment, except that group 1 con-
sisted of 20 fruit with a diameter of 10 to
20 mm. An additional modification included
using only the pericarp tissue (to obtain
tissue-specific resolution) after removal of
the placental tissue and seeds. In the green-
house experiment, flowers were tagged and
manually pollinated, and fruit were collected
from four replicates at 14 d after anthesis
(DAA), 21 DAA, 28 DAA, and at ripening.
Fruit were considered ripe when the color
turned completely red and, therefore, had
variable DAA. Similar to 2018, an elemental
analysis was performed only for the pericarp
tissue (after removing the internal placental
tissue and seeds).

[Ca2+] in fruit sections. In 2017, seven
varieties, Prowler (HM Clause, Davis, CA),
Seedway 48 (Seedway, Hall, NY), Aristotle,
Antebellum, PS09979325, Green Machine,
and SV3255PB (Seminis, St. Louis, MO)
were harvested from Tifton Vegetable Park,
Tifton. In 2018, ‘Aristotle’ and ‘PS09979325’
were harvested from Tifton Vegetable Park,
Tifton. To quantify [Ca2+] in various sections
of the fruit, five marketable mature green
fruit per replicate from each variety were
randomly chosen with a total of three and
four replicates in 2017 and 2018, respec-
tively. In 2017, each fruit was divided into
three sections of approximately the same
size; proximal, middle, and distal and [Ca2+]
analyses were performed for the three sec-
tions (pericarp and placental tissue together).
In the 2018 field study, fruit were divided into
three sections, similar to that in 2017. How-
ever, an elemental analysis was performed
only using the pericarp tissue (after removal

of placenta and seeds). In the greenhouse, at
28 DAA and the ripe stage, fruit were sepa-
rated into three sections and elemental ana-
lyses were performed separately for both the
pericarp and internal fruit tissues (placenta
and seeds).

Ca2+ and elemental analysis. For all ex-
periments, fruit were dried at 60 �C. In the
2017 field experiment, samples were ana-
lyzed for only Ca2+ (Waters Agricultural
Laboratories, Inc.). In the 2018 field and
greenhouse experiments, elemental analyses
were performed by Agricultural and Envi-
ronmental Service Laboratories (AESL) lo-
cated at the University of Georgia, Athens,
GA. The amount of Ca2+ per fruit was calcu-
lated by multiplying the [Ca2+] by the dry
weight and dividing it by the total number of
fruits.

Statistical analyses involving a one-way
analysis of variance for a completely ran-
domized design for all experiments were
performed using JMP Pro 14 (SAS Institute,
Cary, NC). Means were separated using
Tukey’s honestly significant difference
(HSD) test (a = 0.05). Regression analyses
were performed using Sigmaplot 11 (Systat
Software 269 Inc., San Jose, CA).

BER incidence and correlation analyses.
In the 2017 field experiment, BER was cal-
culated for the seven varieties listed previ-
ously in the Materials and Methods ([Ca2+] in
fruit sections). Each variety was harvested
three times during the growing season. For
each harvest, fruit were collected in three
replicates. BER incidence was calculated
based on the number of fruit with BER
symptoms divided by the total number of
all fruit harvested. Correlations between the
BER incidence and [Ca2+] in the fruit were
determined using Pearson correlation coeffi-
cients (r) and JMP Pro 14 (SAS Institute,
Cary, NC).

Results

Calcium concentration and accumulation
during fruit development. In the 2017 and
2018 field experiments, fruit size classes
were treated as equivalent to fruit develop-
mental stages. In 2017, [Ca2+] in field-grown
‘PS09979325’ fruit was not different during
fruit development, with an average concen-
tration of 2.3 mg/g (Fig. 1A; Supplemental
Fig. 1A). Ca2+ accumulated in fruit through-
out fruit development; it was 3.3-fold higher
in fruit with diameters of 70 to 80 mm com-
pared with the previous stage and 1.8-fold
higher in fruit with diameters larger than
80 mm compared with 70- to 80-mm fruit
(Fig. 1B; Supplemental Fig. 1B). In 2018,
[Ca2+] levels were similar during the initial
and final stages of fruit development and
decreased in fruit with 20- to 60-mm diam-
eters by 1.3-fold in ‘PS09979325’ (means not
separable using Tukey’s HSD, a = 0.05) and
by 1.7-fold in ‘Aristotle’ (Fig. 2A and C;
Supplemental Fig. 2A and C). Similar to
2017, the Ca2+ accumulation increased with
fruit development: in ‘PS09979325’, it was
2.8-fold higher in fruit with 70- to 80-mm
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diameters than the previous stage and 1.8-
fold higher in fruit with diameters larger than
80 mm compared with 70- to 80-mm fruit
(Fig. 2B; Supplemental Fig. 2B). In ‘Aristo-
tle’, fruit Ca2+ increased by 5.9-, 1.8-, and
2.5-fold at successive developmental stages
from 20 to 30 mm to larger than 80 mm
(Fig. 2D; Supplemental Fig. 2D). In contrast
to the field experiments, in the greenhouse,
when fruit were individually tagged and

monitored during development, [Ca2+] con-
sistently decreased during fruit develop-
ment from 1.5 mg/g at 14 DAA to 0.9 mg/g
(1.7-fold) at 28 DAA, and to 0.7 mg/g (2.1-
fold) at ripening (Fig. 3A; Supplemental
Fig. 3A). Ca2+ accumulation increased dur-
ing fruit development and was three-fold
higher at 28 DAA compared with 21 DAA
(Fig. 3B; Supplemental Fig. 3B). Total fruit
Ca2+ at the final developmental stage in

‘PS09979325’ was 19.8 mg/fruit and 12.8 mg/
fruit in the 2017 and 2018 field study, respec-
tively, and 14.2 mg/fruit and 12.3 mg/fruit in
‘Aristotle’ in the 2018 field and greenhouse
studies, respectively (Figs. 1B, 2B, 2D, 3B).

Elemental analyses during the 2018 field
trial showed that [K] was similar during
development in ‘PS09979325’ but increased
in ‘Aristotle’ (Table 1). In ‘PS09979325,’
[Mg], [P], [S], and [B] decreased during the
late developmental stages. However, in
‘Aristotle,’ in addition to these elements,
[Fe], [Cu], and [Mn] showed a pattern similar
to that of [Ca2+], with higher concentrations
at early and late developmental stages
(Table 1). [N] decreased during development
in both varieties (Table 1). However, in the
greenhouse study, similar to [Ca2+], [K],
[Mg], [P], [S], [B], [Fe], [Mn], and [Zn]
decreased during development, [N] decreased
until 28 DAA and increased in ripe fruit, and
[Na] increased until 28 DAA and then de-
creased in ripe fruit (Table 3). Similar to Ca2+,
the amount of all elements increased in the
fruit throughout fruit development in the field
and greenhouse studies (Tables 2 and 4).

Calcium concentration in different sections
of the fruit. In 2017, [Ca2+] was measured at the
proximal, mid, and distal sections of the fruit of
seven varieties. There was no significant inter-
action between the variety and fruit sections.
Fruit [Ca2+] in themidsectionwas 1.2-fold lower
than that in the proximal section. However, fruit
[Ca2+] in the distal section was similar to that in
proximal andmidsections (Fig. 4A). In the 2018
field study, fruit [Ca2+] was significantly differ-
ent across the three sections. However, this was
not statistically separable using Tukey’s HSD (a
= 0.05). The trend indicated a decline in con-
centration in the distal section of the fruit by
1.3-fold compared with the proximal and
midsection (Fig. 4B). In the greenhouse
study with ‘Aristotle’, a clear trend in fruit
[Ca2+] across different sections was evident.
At 28 DAA, compared with the proximal
section, fruit [Ca2+] declined by 4-fold in the
distal section (Fig. 5). At the ripe stage, both
the mid and distal fruit sections displayed 1.4-
and 1.7-fold lower [Ca2+], respectively, com-
pared with the proximal section (Fig. 5). [Ca2+

] was highest in placenta and seed at the ripe
stage, but it was similar to that in the proximal
section at 28 DAA (Fig. 5).

In the 2018 field experiment, the macronu-
trient [Mg] and micronutrients [B], [Mn], and
[Zn] were highest in the distal section com-
pared with the proximal section (Table 5). In
the greenhouse study, [Mg] was highest in the
distal section in ripe fruit, whereas [K], [P],
and [S] were highest in the distal section at
both 28 DAA and ripe fruit compared with
the proximal section (Table 6). Micronu-
trients [B], [Mn], [Cu], and [Zn] were highest
in the distal section compared with the prox-
imal section in the ripe fruit, whereas [Mn]
was highest in the proximal section at 28
DAA (Table 6). Ripe fruit in the greenhouse
trial had the highest [Mg], [P], [N], [S], [Fe],
[Na], and [Zn] in the placenta and seed (Table 6).

Calcium concentration and BER
incidence. Fruit [Ca2+] in ‘Prowler’ was

Fig. 1. Calcium concentration (A) and amount per fruit (B) in 2017 in field-grown variety ‘PS09979325’
during fruit development. Values are means and SE of three replicates. Means separation was
performed using Tukey’s honestly significant difference following a test of significance using an
analysis of variance (a = 0.05). Means followed by a different letter are significantly different.

Fig. 2. Calcium concentration (A, C) and amount per fruit (B, D) in 2018 in field-grown variety
‘PS09979325’ (A, B) and ‘Aristotle’ (C, D) during fruit development. Values are means and SE of four
replicates. Means separation was performed using Tukey’s honestly significant difference following a
test of significance using an analysis of variance (a = 0.05). Means followed by a different letter are
significantly different.

Fig. 3. Calcium concentration (A) and amount per fruit (B) in 2018 in greenhouse-grown variety ‘Aristotle’
during fruit development at various days after anthesis (DAA). Calcium concentration (A) in ripe fruit
was harvested at different DAA, shown using X-error bars. Values are means and SE of four replicates.
Means separation was performed using Tukey’s honestly significant difference following a test of
significance using an analysis of variance (a = 0.05). Means followed by a different letter are
significantly different.
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higher compared with the other varieties except
in ‘PS09979325’ (Fig. 6A). The total amount of
Ca2+ in the whole fruit, however, was not
significantly different among varieties and

ranged from 12 to 18 mg/fruit (Fig. 6B). BER
incidences in ‘Aristotle’, ‘Antebellum’,
‘Prowler’, ‘PS09979325’, ‘SV3255PB’,
‘Green Machine’, and ‘Seedway 48’ were

8.9%, 8.7%, 10.4%, 14.9%, 16.0%, 19.0%,
and 29%, respectively (Fig. 7). The BER
incidence in ‘Seedway 48’ was higher than
that of other varieties except ‘Green

Table 1. Elemental concentration in 2018 in field-grown variety ‘PS09979325’ and ‘Aristotle’ during fruit developmental stages (fruit diameter in mm).

Fruit diam (mm)

K Mg P N S B Cu Fe Mn Na Zn

(mg/g) (ug/g)

PS09979325
10–20 36.4 a 3.0 a 5.7 a 42.3 a 3.9 a 26.1 a 25 89.9 20.9 127.4 a 47.1
20–30 36.2 a 2.8 ab 5.1 ab 37.4 b 3.6 ab 26.3 a 22.5 82.5 17.9 78.3 a 49.8
40–60 43.5 a 2.7 ab 5.5 ab 34 b 3.6 ab 25.3 ab 20.6 82.5 18.4 63.1a 41.7
70–80 40.1 a 2.5 ab 5.1 ab 29.6 c 3.2 b 21.4 bc 21.2 88.4 18.5 57.7 a 44.3
>80 44.2 a 2.2 b 4.4 b 28.6 c 3.1 b 17.2 c 21.5 91.1 18.7 157 a 38.7
Prob > F 0.017 0.0076 0.0332 <0.0001 0.0066 <0.0001 NS NS NS 0.0315 NS

Aristotle
10–20 36 bc 2.8 a 5.8 a 46.4 a 3.9 a 25.9 a 22.1 bc 93.5 ab 20 b 80.3 66.9
20–30 35.2 c 2.5 a 5.0 b 39.6 b 3.5 ab 23.1 ab 19.5 bc 75.5 b 17 bc 82 46.5
40–60 33.8 c 2.1 b 4.5 c 30.6 c 3.1 b 18.2 c 17.6 c 70.8 b 14 c 46.2 37
70–80 43.1 b 2.6 a 5.0 bc 30.5 c 3.9 a 21.3 bc 25.4 ab 102.4 a 21.3 b 199.6 49.8
>80 52.6 a 2.8 a 5.9 a 32.5 c 4.1 a 23.3 ab 29.1 a 109.5 a 28.8 a 188.7 55.3
Prob > F <0.0001 <0.0001 <0.0001 <0.0001 0.0064 <0.0001 0.0006 0.0004 <0.0001 NS NS

Values are means and SE of four replicates. Means separation was performed using Tukey’s honestly significant difference following a test of significance using an
analysis of variance (a = 0.05). Means followed by a different letter are significantly different. NS = nonsignificant.

Table 2. Elemental amount in 2018 in field-grown variety ‘PS09979325’ and ‘Aristotle’ during fruit developmental stages (fruit diameter in mm).

Fruit diam (mm)

K Mg P N S B Cu Fe Mn Na Zn

(mg/fruit) (ug/fruit)

PS09979325
10–20 5.7 c 0.5 c 0.9 b 6.7 c 0.6 d 4.1 c 3.9 d 14.1 c 3.3 c 19.8 b 7.4 b
20–30 15.6 c 1.2 c 2.2 b 16 c 1.5 cd 11.3 bc 9.7 cd 35.3 c 7.7c 32.9 b 21.2 b
40–60 75.7 bc 4.7 c 9.5 b 59.2 bc 6.3 c 44.1 b 35.8 c 143 c 31.9 c 110.1 b 72.4 b
70–80 159.5 b 10.1 b 20.4 a 118.2 b 12.7 b 85.3 a 84.3 b 352.1 b 74.1 b 231 b 176.7 a
>80 296 a 15.1 a 30.1 a 196.7 a 20.4 a 115.3 a 140.1 a 610.7 a 123.8 a 891.7 a 261.4 a
Prob > F <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Aristotle
10–20 1.8 c 0.1 c 0.3 c 2.3 c 0.2 c 1.3 c 1.1 c 4.7 d 1 c 4 c 3.5 c
20–30 12.7 c 0.9 c 1.8 c 14.2 c 1.3 c 8.3 c 7 c 27.1 d 6.1 c 29.4 c 16.9 c
40–60 82.2 b 5.1 b 10.9 b 74.5 b 7.6 b 44.3 b 42.8 b 172.9 c 34 b 112.7 cb 90.1 b
70–80 110.6 b 6.8 b 13.4 b 81.3 b 9.8 b 55.5 b 63.5 b 257 b 53.6 b 397.4 b 127.9 b
>80 309.7 a 16.6 a 34.8 a 192.1 a 24.1 a 137.2 a 171 a 643.4 a 169.4 a 1102.3 a 325.9 a
Prob > F <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Values are means and SE of four replicates. Means separation was performed using Tukey’s honestly significant difference following a test of significance using an
analysis of variance (a = 0.05). Means followed by a different letter are significantly different.

Table 4. Elemental amount per fruit in 2018 in greenhouse-grown variety ‘Aristotle’ during fruit development at days after anthesis (DAA) and ripe stage.

Stages

K Mg P N S B Cu Fe Mn Na Zn

(mg/fruit) (ug/fruit)

14 DAA 47.3 b 3.3 b 6.6 b 39.4 b 4 b 35.3 b 5.6 b 72.4 b 38.8 b 62.6 b 37.7 b
21 DAA 94.7 b 6.2 b 12.9 b 70.9 b 7.9 b 70.7 b 10 b 127.5 b 77.5 b 171.6 b 70.7 b
28 DAA 376.4 a 23.2 a 49.1 a 261.1 a 28.9 a 276.3 a 45.5 a 505.5 a 291.3 a 1216.3 a 293.4 a
Prob > F <0.0001 <0.0001 <0.0001 0.0002 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Elemental amount per fruit at ripe stage was not calculated because the total numbers of fruits were not recorded and are missing from the table. Values are means
and SE of four replicates. Means separation was performed using Tukey’s honestly significant difference following a test of significance using an analysis of
variance (a = 0.05). Means followed by a different letter are significantly different.

Table 3. Elemental concentration per fruit in 2018 in greenhouse-grown variety ‘Aristotle’ during fruit development at days after anthesis (DAA) and ripe stage.

Stages

K Mg P N S B Cu Fe Mn Na Zn

(mg/g) (ug/g)

14 DAA 34.9 a 2.4 a 4.9 a 29.3 a 3 a 26 a 4.1 53.4 a 28.7 a 46.1 c 27.9 a
21 DAA 30.4 b 2 b 4.2 b 22.9 b 2.5 b 22.8 b 3.2 40.9 b 25.1 ab 55.5 bc 22.8 b
28 DAA 27.2 bc 1.7 c 3.5 c 18.7 b 2.1 c 19.9 c 3.3 36.5 b 21 bc 88.6 a 21.2 b
Ripe 25.3 c 1.5 d 3.3 c 24.6 ab 2 c 17.3 c 3 42.2 b 19.7 c 65.7 b 23.9 b
Prob > F <0.0001 <0.0001 <0.0001 0.0028 <0.0001 <0.0001 0.1312 0.0002 0.0004 0.0003 0.0012

Elemental amount per fruit at ripe stage was not calculated because the total numbers of fruits were not recorded and are missing from the table. Values are means
and SE of four replicates. Means separation was performed using Tukey’s honestly significant difference following a test of significance using an analysis of
variance (a = 0.05). Means followed by a different letter are significantly different.
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Machine’ (Fig. 7). The [Ca2+] in whole fruit
or various fruit sections did not correlate
with the BER incidence (Table 7). Other
correlations included a positive correlation
between [Ca2+] in the proximal, mid, and
distal sections and total fruit [Ca2+] (r =
0.76, 0.93, and 0.87, respectively), positive
correlation of [Ca2+] in the proximal sec-
tion and the total amount of Ca2+ in the fruit
(r = 0.8), and positive correlation between
[Ca2+] in the mid and distal sections (r =
0.84) of the fruit.

Discussion

This study demonstrates that fruit Ca2+

accumulation increased despite differences

in fruit [Ca2+] during fruit development in
field and greenhouse conditions. The tran-
sient decrease in fruit [Ca2+] in the 2018 field
study and the more sustained decrease in the
greenhouse during fruit development may
have coincided with the active cell expansion
phase when there is a higher demand for
calcium (Marti andMills, 1991). This may be
further attributed to a dilution effect because
Ca2+ uptake lags behind the rapid increase in
fruit mass (Saure, 2005). Similarly, a tran-
sient decrease in fruit [Ca2+] during the rapid
cell expansion phase has been noted in to-
mato, where [Ca2+] decreased from 2 weeks
until 4 weeks after pollination and subse-
quently increased until ripening (Ehret and
Ho, 1986b; Ho and White, 2005). In apples,

fruit [Ca2+] decreased during rapid growth;
however, in this case, the [Ca2+] declined
throughout fruit development (Kalcsits et al.,
2017; Miqueloto et al., 2014). The differ-
ences in the patterns of fruit [Ca2+] during the
post-cell expansion phase in this study (an
increase in [Ca2+] in the field in 2018 com-
pared to a more sustained decrease in the
greenhouse) may be due to environmental
and production-related factors. The maxi-
mum and minimum daily temperatures were
similar at 29 �C and 15 to 17 �C, respectively,
in the field and greenhouse in this study.
However, other factors such as light and
irrigation frequency, which differed between
the two sets of studies, have been demon-
strated to affect fruit Ca2+ uptake in peppers
(Ho et al., 1993; Marcelis and Ho, 1999;
Silber et al., 2005). Furthermore, differences in
fruit Ca2+ uptake patterns in this study may have
been reflective of the current or recent status of
Ca2+ availability. In our field experiments, be-
cause the different fruit size classes were all
collected at the same time, it is likely that [Ca2+]
was uniform across the different size classes of
‘PS09979325’. In contrast the greenhouse study
may have captured the developmental pattern of
fruit Ca2+ uptake into pepper fruit.

In the case of other macro- and micro-
nutrients, in the field study, inconsistent pat-
terns during fruit development were observed
between the two varieties. However, in the
greenhouse study, the concentration of al-
most all elements followed a pattern similar
to that of Ca2+, where it continuously de-
clined during fruit development. As with fruit
[Ca2+], this may be a reflection of the dilution
effect during cell expansion. As mentioned,
with regard to fruit [Ca2+], differences in
other elements between field varieties and
the greenhouse study may reflect nutritional
availability at the time of sampling, environ-
mental variables, or production-related fac-
tors. In apples, fruit [Ca2+] and [K] were
similar but [N] and [P] differed during fruit
development (Miqueloto et al., 2014). In
tomato, a transient decrease in fruit [Ca2+]
but relatively consistent [K], [P], and [N]
were reported throughout development.
Therefore, this study concluded differences
in the import between Ca2+ and other macro-
nutrients (Ehret and Ho, 1986b). However,
due to the inconsistent patterns of nutrient
accumulation, a comparison of fruit uptake
patterns between [Ca2+] and other macronu-
trients was difficult to interpret in this study.

In our study, fruit Ca2+ accumulation
increased in fruits throughout fruit development

Table 5. Elemental concentrations in proximal, mid, and distal sections at the marketable green fruit stage collected from the field in 2018.

Section

K Mg P N S B Cu Fe Mn Na Zn

(mg/g) (ug/g)

Proximal 47.9 2.2 b 4.8 30.1 3.4 16.8 c 23.2 91.9 19.6 b 142.5 39.3 b
Mid 47.6 2.6 ab 5.3 29.7 3.7 20.1 b 25.9 105.7 25.0 a 238.8 50.6 a
Distal 49.7 2.8 a 5.4 31.9 3.6 23.7 a 26.7 103.2 26.6 a 137.2 51.1 a
Prob > F NS 0.007 NS NS NS 0.0002 NS NS 0.003 NS 0.0002

Because interactions among the two varieties and sections were not significant, means were averaged from ‘Aristotle’ and ‘PS09979325’. Values are means of
four replicates. Means separation was performed using Tukey’s honestly significant difference following a test of significance using an analysis of variance (a =
0.05). Means followed by a different letter are significantly different. NS = nonsignificant.

Fig. 4. Calcium concentration in proximal, mid, and distal sections at the marketable green fruit stage
collected from the field in 2017 (A) and 2018 (B). Because interactions among varieties and sections
were not significant, means were averaged from seven varieties (2017) and two varieties (2018).
Values are means and SE of three (2017) and four (2018) replicates. Means separation was performed
using Tukey’s honestly significant difference following a test of significance using an analysis of
variance (a = 0.05). Means followed by a different letter are significantly different.

Fig. 5. Calcium concentrations in proximal, mid, distal, and internal [placenta (pla) + seed] sections at 28 d
after anthesis (DAA) and ripe stage from ‘Aristotle’ in the greenhouse study. Values are means and SE

of four replicates. Means separation was performed using Tukey’s honestly significant difference
following a test of significance using an analysis of variance (a = 0.05). Means followed by a different
letter are significantly different.
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with increasing fruit diameter in all the three
experiments. Similarly, in tomato, even
though fruit [Ca2+] showed a transient de-
crease during fruit development, Ca2+ accu-
mulation continuously increased until
ripening (Ehret and Ho, 1986b; Ho and
White, 2005). An increase in overall fruit
Ca2+ accumulation during fruit development
has also been noted in avocado, grapes, and
apples (Cocucci et al., 1990; Rogiers et al.,
2006; Witney et al., 1986). In fact, absorption
of fruit Ca2+ throughout fruit development has
been demonstrated in apple, with the recom-
mendation to apply this nutrient frequently, but

in reduced concentrations during fruit develop-
ment to decrease bitter pit incidence (Kalcsits
et al., 2017). The ability of bell pepper fruit to
continuously uptake Ca2+ suggests that there is
continuous demand for it during fruit develop-
ment and, thus, its applications during fruit
growth can be optimized in the field. Consis-
tently, Coolong et al. (2019) reported a de-
crease in BER in bell pepper that received low
levels of Ca2+ via fertigation throughout
growth. These studies, along with the work
reported here, indicate that optimizing Ca2+

application during the onset of fruit develop-
ment may potentially reduce BER in pepper.

Similar to Ca2+, there was continued
accumulation of all macro- and microele-
ments in the fruit in field and greenhouse
studies. In low-transpiring organs such as

fruit, uptake of elements depends on their
mobility in the phloem, with K, Mg, P, S, N,
and Na being more phloem-mobile than Cu,
Fe, Zn, Ca2+, and Mn, whereas B is variably
mobile depending on the species (Brown
et al., 2002; Marschner, 1995; White and
Brown, 2010). Furthermore, during early
fruit development, xylem connectivity to
several fruits is generally thought to con-
tribute to only �10% to 24% of flux to the
organ, whereas the remainder is supplied by
the phloem; the xylem contribution further
decreases during later stages of develop-
ment (Drazeta et al., 2004; Ehret and Ho.,
1986a; Ho et al., 1987; Lang and Ryan,
1994). Therefore, the increase in phloem-
mobile nutrients in this study was expected.
However, the increase in relatively immo-
bile elements such as Ca2+ and Mn during
fruit development suggests that substantial
xylem connectivity persists throughout
fruit development in bell pepper.

Initiation of BER symptoms generally oc-
curs at the distal portion of the fruit (Ehret and
Ho, 1986b; Ho and White, 2005). In tomato, a
decrease in the number and density of xylem
vessels in the distal part of the fruit may explain
lower Ca2+ transport specifically to this location
(Adams and Ho, 1992; Ho et al., 1993). In this
study, [Ca2+] was significantly lower in the
distal section of the fruit in the greenhouse
study, with a similar trend in the field study in
2018. However, in 2017, [Ca2+] was similar
among different sections of the fruit. Further-
more, a correlation analysis indicated a positive
correlation between [Ca2+] in the mid and basal
sections of the fruit; however, fruit [Ca2+] did
not correlate with the BER incidence. One of
the likely reasons for the discrepancy between
[Ca2+] in various fruit sections across the three

Fig. 7. Blossom-end rot (BER) incidence in mar-
ketable green fruit in seven varieties collected
from the field in 2017. Values are means and SE

of three replicates. Means separation was per-
formed using Tukey’s honestly significant dif-
ference following a test of significance using an
analysis of variance (a = 0.05). Means fol-
lowed by a different letter are significantly
different.

Fig. 6. Calcium concentration (A) and amount per
fruit (B) and in marketable green fruit in seven
varieties collected from the field in 2017.
Values are means and SE of three replicates.
Means separation was performed using Tukey’s
honestly significant difference following a test of
significance using an analysis of variance (a =
0.05). Means followed by a different letter are
significantly different.

Table 7. Correlation of fruit [Ca2+] and total amount to blossom-end rot (BER) incidence.

BER % Proximal [Ca2+] (mg/g) Mid [Ca2+] (mg/g) Distal [Ca2+] (mg/g) [Ca2+] (mg/g) Total Ca2+ (mg/fruit)

BER % –0.10 –0.62 –0.31 –0.38 –0.21
Proximal [Ca2+] (mg/g) 0.838 0.56 0.37 0.76 0.80
Mid [Ca2+] (mg/g) 0.141 0.188 0.84 0.93 0.68
Distal [Ca2+] (mg/g) 0.505 0.416 0.018 0.87 0.70
[Ca2+] (mg/g) 0.399 0.049 0.002 0.011 0.86
Total Ca2+ (mg/fruit) 0.650 0.032 0.091 0.081 0.013

Correlations are shown above the diagonal and P values (a = 0.05) are shown below the diagonal. Significant correlations and P values are shown in bold.

Table 6. Elemental concentrations in proximal, mid, distal, and internal [placenta (pla) + seed] sections at 28 d after anthesis (DAA) and ripe stage from
‘Aristotle’.

Section

K Mg P N S B Cu Fe Mn Na Zn

(mg/g) (ug/g)
28 DAA
Proximal 23.8 b 1.8 ab 3.2 b 18.3 2 b 19.3 3.1 ab 32.6 29.2 a 84.1 b 19.6
Mid 24.4 b 1.6 b 3.3 b 17.9 2 b 19.1 3.2 ab 36.7 18.2 b 101.5 ab 21.3
Distal 33.4 a 1.6 b 4.1 a 19.7 2.2 a 21.1 3.5 a 40.3 15.6 b 80.3 b 22.8
Pla+seed 23 b 2 a 3.5 b 24.7 2.2 a 17.7 2.5 b 45.5 27 a 131 a 23.2
Prob > F 0.0002 0.008 0.0025 NS 0.004 NS 0.0174 NS 0.0002 0.0279 NS

Ripe
Proximal 23.2 b 1.3 c 3.1 c 23.4 b 1.9 c 15.3 b 2.5 b 38.7 b 17.5 b 72.2 b 20 c
Mid 23.6 b 1.5 bc 3.2 c 23 b 2 bc 16.5 ab 2.9 ab 44.4 b 20.8 b 65.4 b 25 b
Distal 29.2 a 1.6 b 3.7 b 27.5 b 2.1 b 20 a 3.5 a 43.5 b 20.7 a 59.5 b 26.8 b
Pla+seed 22.4 b 1.8 a 4.2 a 38 a 2.7 a 14.4 b 3.3 a 60.6 a 19.2 ab 114.8 a 30 a
Prob > F 0.0003 <0.0001 <0.0001 0.003 <0.0001 0.0033 0.0068 <0.0001 0.0202 0.0029 <0.0001

Values are means and SE of four replicates. Means separation was performed using Tukey’s honestly significant difference following a test of significance using an
analysis of variance (a = 0.05). Means followed by a different letter are significantly different. NS = nonsignificant.
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studies may be the sampling of the entire fruit
for [Ca2+] in 2017 compared with only the
pericarp tissue in 2018. Similarly, in pepper,
[Ca2+] was higher in pericarp tissue in fruit
displaying lower growth rates; however, these
differences were not evident when pericarp and
seeds were pooled together (Marcelis and Ho,
1999). Tissue-specific patterns in Ca2+ accu-
mulation have been observed for the rind and
flesh tissue in watermelon (Bernadac, et al.,
1996). In future studies, it is important to
determine localized cellular calcium deficiency
by investigating subcellular [Ca2+] partitioning
in fruit sections (de Freitas et al., 2011). Fur-
thermore, the lack of a direct link between
[Ca2+] deficiency and the BER incidence in
several studies also suggests a role for antiox-
idant levels in the distal part of the fruit in the
development of BER symptoms (Hagassou
et al., 2019; Nonami et al., 1995; Rached
et al., 2018; Saure, 2001).

In this study, with the exception of [Mn],
the concentration of almost all other macro-
nutrients and micronutrients had a trend op-
posite that of [Ca2+], being higher in the distal
end of the fruit compared with the proximal
end; this distinction was more evident in the
greenhouse study. The opposite trends be-
tween Ca2+ and the other relatively phloem-
mobile elements in this study suggest a
higher phloem-to-xylem ratio at the distal
end in bell pepper fruit. Another explanation
is simply that fruit expansion at the distal end
is lesser than the proximal end, suggesting a
greater dilution effect in phloem-mobile ele-
ments in the proximal end compared with the
distal end. Furthermore, comparisons of [Mn]
and [Ca2+], both of which are relatively im-
mobile, specifically in the greenhouse study,
indicated that similar to [Ca2+], [Mn] was
dramatically lower in the distal section of the
fruit compared with the proximal section at
28 DAA. This supports a more dysfunctional
xylem at the distal end of the fruit. An in-
depth investigation of the contribution of
xylem and phloem development and trans-
port in relation to spatial nutrient homeostasis
is required in future studies.

Interestingly, in this study, placenta and seed
tissues displayed higher [Ca2+] than mid and
basal sections of the fruit pericarp. Similarly,
grapes containedhigher [Ca2+] in seeds compared
with the fruit flesh (Rogiers et al., 2006). Across
multiple fruit crops, [Ca2+] in the pedicel was
reported to be 3- to 10-times higher than in the
fruit, suggesting either a bottleneck in Ca2+

transport to the fruit or remobilization of Ca2+

from the pedicel to the fruit (Song et al., 2018). In
future studies, spatial exploration of Ca2+ parti-
tioning in peduncle, seed, and placental tissue
will be necessary to determine if a similar
bottleneck occurs in Ca2+ translocation to the bell
pepper fruit pericarp tissue. This may also be true
for several other macro- and microelements such
as [Mg], [P], [N], [S], [Fe], [Na], and [Zn], which
were the highest in the placenta and seed.

In conclusion, this is the first study to
show that calcium accumulation occurs
throughout fruit growth and development in
bell pepper. This knowledge may allow for
optimizing calcium application during fruit

development to minimize symptoms of BER.
An analysis of pericarp tissue showed that the
distal section had lower [Ca2+] than the
proximal section. The placenta and seeds
had the highest amounts of Ca2+ and other
macro- and micronutrients, which may sug-
gest a bottleneck in translocation of nutrients
to the fruit pericarp. Therefore, this study
provides the foundation for future in-depth
studies of temporal and spatial relationships
between [Ca2+] and bell pepper fruit growth
and development.
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Supplemental Fig. 1. Relationship between cal-
cium concentration (A) and calcium amount
per fruit (B) with fruit developmental stages
based on the average fruit diameter in 2017 in
field-grown variety ‘PS09979325’. The rela-
tionship in A is not statistically significant.

Supplemental Fig. 2. Relationship between calcium concentration (A, C) and calcium amount per fruit
(B, D) with fruit developmental stages based on the average fruit diameter in 2018 in field-grown
variety ‘PS09979325’ (A, B) and ‘Aristotle’ (C, D).

Supplemental Fig. 3. Relationship between cal-
cium concentration (A) and calcium amount
per fruit (B) with fruit development at days
after anthesis (DAA) in ‘Aristotle’ in the 2018
greenhouse study.
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