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Abstract: Calcium deficiency or its inefficient translocation to pepper fruits leads to considerable
economic loss by reducing the number of marketable fruits. The present study proposes grafting as
an environmentally friendly technique to effectively reduce such loss. A commercial variety (Al-cudia
F1; V) was grafted onto two pepper (Capsicum annum L.) accessions (V/A6 and V/A8), a hybrid
rootstock (V/N) and was also self-grafted (V/V). All rootstock–scion combinations were cultivated
under greenhouse conditions with optimal and suboptimal Ca supply and assessed for fruit yield and
biomass production, gas exchange and chlorophyll fluorescence, mineral concentration in leaves and
fruits as well as several fruit quality parameters. The V/N plants demonstrated an enhanced capacity
for increased biomass, higher yield and number of commercial fruits and greater mean fruit weight
compared with the other rootstock–scion combinations. These improvements are attributed primarily
to increased intrinsic water efficiency. Additionally, a significantly higher Ca concentration in leaves
was found under suboptimal Ca conditions in the V/N combination than that found in the other
rootstock–scion combinations indicating a higher capacity for Ca uptake and translocation. Under
the same conditions, the concentration of organic acids in fruits, such as citric and tartaric, which
impact the organoleptic quality, was also higher in V/N plants. Consequently, we can conclude that
grafting pepper onto tolerant rootstocks is a successful tool for ameliorating the negative impact of
suboptimal Ca conditions on pepper crop performance and fruit quality.

Keywords: Capsicum annum L.; grafting; calcium; gas exchange; yield; fruit quality; mineral composi-
tion; organic acids

1. Introduction

With a cultivated area of approximately 2 million hectares and an annual global
production of almost 35 million tons, peppers (Capsicum annum L.) are currently among
the most widely cultivated vegetable crops [1–3]. Calcium deficiency in pepper induces
“blossom-end rot” (BER) in fruits which is the main physiological disorder that causes
a reduction in yield [4–7]. Interestingly, its incidence has increased significantly, driven
primarily by climate change [5]. The well-visible symptomatology of the fruits determines
their unsaleability, causing waste and deleterious economic losses.

Calcium, an essential macronutrient in plants, stabilizes cell membranes and walls
and plays a crucial role as a secondary messenger in cell signalling [6]. Environmental
(temperature and vapour pressure deficit), genetic, and physiological (photosynthetic
activity) factors significantly influence the uptake and transport of this element in the
plant [5]. The establishment of conditions that limit Ca2+ translocation to developing fruits
triggers the development of BER [4].
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Genetic improvement programs aimed at developing cultivars tolerant to suboptimal
growth conditions, such as calcium deficiency and/or unavailability, have not been suc-
cessful due to the complexity of multigenic traits involved in response to such stresses [7,8].
Moreover, low genetic availability inexorably reduces conventional breeding programs.
However, even the development of genetically modified plants cannot be considered a
concrete solution due to stringent EU regulations [9].

Given the above, plant grafting is an effective technique to counteract and overcome
stress conditions in Cucurbitaceae and Solanaceae [9]. Furthermore, since no chemical treat-
ment is required, grafting should be considered an environmentally friendly agronomic
technique [10]. Although the primary objective of grafting was to limit the damaging effects
of soilborne pathogens [11], over time, this practice has expanded remarkably successfully
for other purposes [12]. Grafting has been shown to improve nitrogen efficiency and
uptake [13], potassium [14] and magnesium [15]. Increased biomass and improved archi-
tecture of the hypogeal system of selected rootstocks (wild genotypes of the same species as
the scion and hybrids or relatives thereof) due to improved water and macro/microelement
uptake ensure better performance under suboptimal abiotic conditions [7,12]. At the same
time, improved performance of grafted plants under abiotic stresses is associated with the
maintenance of ion homeostasis, enhanced hormonal signalling, a stronger antioxidant
defence system, and long-distance and large-scale movement of proteins, small RNAs, and
mRNAs [7] associated mainly with robust rootstock able to cope environmental stresses.
Indeed, the latter play crucial roles in regulating plant development and growth, influenc-
ing their response to different abiotic stresses, including suboptimal temperatures, high
salinity, drought, and deprivation of key mineral elements [16].

Considering the high susceptibility of Solanaceae fruits to BER [5,17], increasing uptake
and improving calcium translocation in fruits due to grafting could be a viable and practical
solution. To date, investigations on the influence of this agronomic technique have focused
mainly on tomatoes without highlighting the positive impact of grafting on reducing
BER [12]. Unsurprisingly, among Solanaceae, sweet bell pepper grafting has received less
attention, probably due to its limited compatibility with other species [18] which limits the
availability of commercial rootstocks. However, specific pepper rootstocks are an effective
solution, especially against the onset of water, heat, and salt stress [8,19,20].

To the best of our knowledge, there is a lack of information in the scientific literature on
the influence of grafting under sub-optimal calcium supply in pepper plants. For this reason,
the objective of this research was to find new pepper rootstocks tolerant to suboptimal
calcium conditions from an agronomic and physiological point of view. The crop tolerance
to suboptimal calcium conditions was evaluated under greenhouse conditions in terms of
fruit yield and quality, net photosynthesis, transpiration, water use efficiency, leaf and fruit
mineral composition and fruit quality attributes. To reach this objective, we have selected a
sweet bell pepper (Alcudia F1) that was grafted onto two accessions (A6 and A8), a hybrid
rootstock (NIBER®) and onto its own roots (self-grafted), under optimal and sub-optimal
calcium concentration.

2. Materials and Methods
2.1. Plant Material

The species used for this experiment was pepper. The commercial pepper (Capsicum
annuum L.) variety Alcudia F1 (Semillas Fitó, Spain, Lamuyo type) was used as a scion (V).
The grafting combinations used for this experiment were: (i) self-grafted (V/V); (ii) vari-
ety grafted onto two pepper accessions (V/A6 and V/A8, respectively), provided by the
germplasm bank placed in the Institute for Conservation and Improvement of Valencian
Agrodiversity “COMAV” (Universitat Politècnica de València, Valencia, Spain); (iii) a com-
mercial hybrid pepper rootstock, called NIBER® (N), registered by the “Instituto Valenciano
de Investigaciones Agrarias (IVIA, Valencia, Spain) and the “Universitat Politècnica de
València”, (V/N). Non-grafted pepper plants were not included in the present study.
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Seeds of scion and rootstocks were sown in 104-hole seed trays containing a commer-
cial peat-based substrate (Bril) for germination. Two months after sowing, V was grafted
onto the three selected rootstocks herein (V/A6, V/A8, V/N) and self-grafted (V/V). Three
weeks after grafting, plants were transplanted at a plant density of 2.7 plants m−2 in a
300 m2 polyethylene greenhouse located in the Experimental Farm ‘Nello Lupori’ of Tuscia
University (Viterbo, Italy) into a 15 L pot containing a mixture of sand and peat (1:1; v:v).
Plants were grown under natural light conditions. After transplant, plants were irrigated
with two nutrient solutions that contained the following nutrients in common: 8.0 mM
N-NO3, 1.0 mM N-NH4, 1.0 mM P, 1.0 mM S, 5.0 mM K, 1.5 mM Mg, 20 µM Fe, 9 µM Mn,
0.3 µM Cu, 1.6 µM Zn, 20 µM B, and 0.3 µM Mo. The two solutions were differentiated in
the Ca concentration: optimal Ca concentration (OCC; 4.5 mM Ca) and sub-optimal Ca
concentration (SCC; 0.5 mM of Ca). CaCl2 was used to reach the highest Ca concentra-
tion. The pH and electrical conductivity of the nutrient solutions were on average 4.4 and
1.2 dS m−1, respectively.

The experimental design was a factorial combination of 4 grafting combinations (V/A6,
V/A8, V/N, V/V) and 2 nutrient solution concentrations (optimal and sub-optimal Ca
concentration) with four replicates for each plant combination and Ca concentration with
four plants by replicate.

2.2. Yield Production and Biomass

Fruits of all plants were harvested at 71, 84 and 98 days after the beginning of the
calcium treatment (DAT) and individually classified into marketable (FW > 100 g) and
non-marketable (FW < 100 g) fruits. After that, fruits were counted and weighed to finally
obtain the number of fruits and yield per plant, as well as the average weight of marketable
fruits. The shape index (SI) of fruits was determined as the width/length ratio [21].

At the end of the experiment (98 DAT), two plants per replicate (n = 8) were cut,
separated fruits from the aerial part and separately weighted. Afterwards, both were dried
in an oven at 65 ◦C and weighed when weight was constant to obtain the dry weight (DW).
With both measurements, harvest index (HI) was calculated by the ratio between the total
dry fruit weight/total aerial dry weight [19].

2.3. Fluorescence Measurements

Maximum efficiency of photosystem II (Fv/Fm) in dark-adapted conditions was mea-
sured at 37, 51, 71, 84 and 98 DAT in all plants, from 12.30–14.00 (UT + 01:00) on saturating
light conditions (1000 µmol m−2 s−1) with a Handy PEA portable fluorimeter (Hansatech
instruments, King’s Lynn, UK). Measurements were taken on one fully expanded leaf per
plant (the 3rd–4th leaf from the apex).

2.4. Gas Exchange Measurements

CO2 fixation rate (AN; µmol CO2 m−2 s−1), stomatal conductance (gs; mol H2O
m−2 s−1), substomatal CO2 assimilation rate (Ci; µmol CO2 mol−1 air) and transpira-
tion rate (E; mmol H2O m−2 s−1) were measured with a portable LI-COR 6400 infrared
gas analyzer (Li-Cor Inc., United States). Measurements were taken from 12.30–14.00
(UT + 01:00) on saturating light conditions (1000 µmol m−2 s−1), 400 ppm CO2, at a cuvette
temperature of 25 ◦C (1 ± ◦C) and 75% of relative humidity. Parameters AN/E, AN/gs and
AN/Ci were calculated as instantaneous water use efficiency, intrinsic water efficiency and
instantaneous carboxylation efficiency, respectively.

Two plants per block replicate were measured (n = 8), on one fully expanded leaf (the
3rd–4th leaf from the apex).

2.5. Mineral Analysis

Macronutrients (total N, P, K, Ca, Mg and S) were measured in dried leaves and fruits
of one plant per replicate in the case of leaves and five fruits homogenized together per
replicate (n = 4). Total nitrogen content analyses were conducted on dry, milled samples
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using the Kjeldahl method. Based on [22] protocol, a 250 mg aliquot of milled (model
MF10.1, IKA-Werke GmbH & Co., KG, Staufen, Germany) and a dry leaf sample was
used for the determination of mineral (P, K, Ca, Mg, and S) composition. Mineral analysis
was then carried out after 0.45 µm filtering using an ion chromatographer (model ICS-
3000, Dionex, Sunnyvale, CA, USA), quantified using an electrical conductivity detector
equipped with an IonPac CS12A and IonPac AS11-HC analytical columns for the analysis
of cationic and anionic contents, respectively (Dionex, Sunnyvale, CA, USA).

2.6. Fruit Quality

At 84 DAT, 5 fruits per plant replicate were harvested and used for quality trait
determinations (n = 4). Firmness was measured in triplicate on the middle part of the
pepper fruits using a manual penetrometer (Bertuzzi FT 011; Brugherio, Milan, Italy) fitted
with an 8 mm-diameter round-head probe. Edible (EP; pericarp) and inedible (IP; seeds
and central placenta) part of each fruit was then weighed separately and the ratio between
EP/IP was calculated

Edible parts of the fruits were separated into two parts: one part was weighed and
dried in an oven at 65 ◦C for 72 h to determine the percentage of dry fruit weight and the
other part was used for electrical conductivity (EC; dS m−1), pH, organic acids (malate,
tartrate, oxalate, citrate and isocitrate), and total soluble solids (TSS; ◦Brix) determinations.
Organic acids were analyzed using anion exchange HPLC with conductivity detection as
reported by [23].

2.7. Statistical Analysis

Experimental data were subjected to a one-way ANOVA analysis (Statgraphics Centu-
rion for Windows, Statistical Graphics Corp.) where Ca treatment (T) and plant combination
(Pc) were joined as individual factors of the analysis. Mean separation was performed by
Fisher’s least significance difference (LSD) at P < 0.05.

3. Results
3.1. Yield, Yield Components and Biomass Parameters

The number of marketable fruits per plant (Figure 1A) was significantly highest for
V/N plants under SCC conditions, the rest of the plant’s combinations did not show
significant differences between them for any treatment. On the other side, the number
of non-marketable fruits (Figure 1B) was significantly affected in V/A6 in both OCC and
SCC treatments; the lowest non-marketable fruit number was recorded for V/N plant
combination and for SCC.

When marketable and non-marketable fruit yields were recorded (Figure 1C,D), a
similar pattern to the number of marketable and non-marketable fruits was observed,
respectively. V/N reached the highest marketable yield in SCC (Figure 1C). In the case of
non-marketable yield (Figure 1D), V/N showed the lowest values in OCC and SCC without
significant differences between them. The non-marketable fruits were mainly fruits with
blossom-end rot.

In line with the above results, aerial plant dry weight (ADW) was improved only in
V/N (Figure 2A) in OCC and SCC, while the rest of the plant combinations did not display
significant differences among them for any treatment. For mean marketable fruit weight
(Figure 2B), the heaviest fruits were found in V/N in OCC and SCC with significant differ-
ences followed by V/A8 under OCC treatment. HI index (Figure 2C) showed significant
differences with the highest values in all plant combinations and treatments except for
V/N where the HI obtained the lowest values in both Ca conditions. Finally, SI (Figure 2D)
decreased significantly in V/A6 and V/N in OCC and SCC while the highest values were
observed in V/A8 under SCC.
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Figure 1. Number of marketable (A) and non-marketable (B) fruits per plant, marketable (C) and
non-marketable (D) fruit yield (Kg/plant) under optimal (OCC) and suboptimal (SCC) calcium
conditions. The selected variety (V) was grafted onto the rootstocks A6 (V/A6), A8 (V/A8) and
NIBER® (V/N), as well as self-grafted (V/V). Data are the mean values of n = 4 and bars correspond
to the standard deviation. Different letters indicate significant differences at P < 0.05 (LSD test).

3.2. Photosynthetic Parameters

Table 1 shows the effect of calcium concentration on photosynthetic parameters at
the end of the experiment (98 DAT). Attend to AN, AN/E and AN/Ci parameters, non-
significant differences were observed On the other side, the highest gS value was for V/A6
under OCC treatment and the lowest values were measured in V/N for OCC and SCC The
Ci parameter and AN/gS ratio showed the highest values for V/A6 at OCC and V/N at
OCC, respectively.

The maximum quantum yield of chlorophyll fluorescence (Fv/Fm; Table S1) did not
show significant differences among plant combinations and Ca treatment, with Fv/Fm
values near or high to 0.8 indicating no photoinhibition processes.

3.3. Mineral Composition in Leaves and Fruits

The use of different rootstocks and treatments caused significant differences in mineral
concentration in the leaves of the scion (Table 2). Potassium was the mineral with the
highest concentration with respect to N, P, Ca, Mg and S, but K did not show significant
differences for any plant combination and treatments. Total nitrogen was the second mineral
with the highest concentration in leaves; the maximum leaf concentration was found in
V/N in OCC with significant differences. Mg and S exhibited the highest concentration
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for both ions under SCC in V/N and V/A8 plant for Mg and only for V/N in the S. Ca
contribution showed the highest significant differences in V/N under SCC, which was the
plant combination with the highest capacity for Ca assimilation.

Like leaves, K concentration had the highest concentration in the fruits (Table 3) but
without significant differences in the ANOVA test, as well as S. Total N and Ca showed
the highest values in V/N under OCC and V/A6 under SCC. Phosphorus analysis had the
lowest concentration in V/A6 plants for both treatments.

3.4. Organic Acid Contents in Pepper Fruits

The most abundant organic acids in fruits at the end of the experiment were malate and
citrate (Table 4), with a mean concentration similar between them (9.80 and 9.94 g Kg DW−1,
respectively). For malate, the maximum concentration was in OCC treatment for V/A6
and V/A8 and in SCC for V/N. Conversely, the citrate level was higher in SCC treatment
for V/N and V/A8 plants. The highest concentration for isocitrate and tartrate acid content
was observed in V/N under SCC treatment.

OCC SCC

Ae
ria

ld
ry

w
ei
gh

t(
g/
pl
an

t)

0

50

100

150

200

250
V/V
V/A6
V/A8
V/N

b b

b

a

b

b b

a

OCC SCC

M
ea

n
fru

it
w
ei
gh

t(
g/
fru

it)

0

50

100

150

200

250

bcd bcd abc
a

d cd
bcd ab

OCC SCC

H
ar
ve
st
in
de

x

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
a a

ab
b

a
ab

a

b

OCC SCC

Sh
ap

e
in
de

x

0.0

0.2

0.4

0.6

0.8

1.0

ab
bcc c abc c

a
c

a

A B

C D

Figure 2. Aerial dry weight (ADW, g; (A)), mean marketable fruit weight (g; (B)), harvest index
(HI; (C)) and shape index (SI; (D)) under optimal (OCC) and suboptimal (SCC) calcium conditions.
The selected variety (V) was grafted onto the rootstocks A6 (V/A6), A8 (V/A8) and NIBER® (V/N),
as well as self-grafted (V/V). data are the mean values of n = 4 and bars correspond to the standard
deviation. Different letters indicate significant differences at P < 0.05 (LSD test).
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Table 1. Effects of calcium concentration and plant combinations on the net CO2 assimilation rate (AN), stomatal conductance (gS), substomatal CO2 concentration
(Ci), transpiration rate (E), instantaneous water use efficiency (AN/E), intrinsic water use efficiency (AN/gS) and instantaneous carboxylation efficiency (AN/Ci) of
pepper leaves at the end of the experiment (98 DAT).

Ca Con-
centration

Graft Com-
bination

AN (µmol CO2 m−2 s−1) gS (mol H2O m−2 s−1) Ci (µmol CO2 mol−1) E (mmol H2O m−2 s−1) AN/E AN/gs AN/Ci
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

OCC V/V 21.30 1.49 0.99 0.29 bc 319.21 10.60 abc 5.78 0.90 a 3.86 0.47 23.88 7.94 cd 0.067 5.58 × 10−3

V/A6 21.65 1.29 1.37 0.24 a 329.53 6.10 a 5.88 0.56 a 3.70 0.27 17.36 3.90 d 0.066 3.96 × 10−3

V/A8 20.66 1.97 0.89 0.16 cd 319.23 7.73 abc 5.47 0.43 ab 3.76 0.53 23.98 3.84 cd 0.067 6.81 × 10−3

V/N 19.72 1.54 0.54 0.17 f 299.99 18.29 d 4.94 0.79 bc 4.04 0.57 37.14 11.75 a 0.065 5.80 × 10−3

SCC V/V 19.63 1.47 1.17 0.30 b 325.15 17.31 ab 6.02 0.78 a 3.54 0.68 18.05 5.16 d 0.060 4.70 × 10−3

V/A6 20.22 1.02 0.70 0.19 de 315.30 4.90 bc 4.77 0.76 c 4.12 0.37 27.46 3.70 bc 0.064 2.73 × 10−3

V/A8 20.26 1.42 0.67 0.11 ef 309.39 12.40 cd 4.96 0.40 bc 4.08 0.44 30.94 6.14 ab 0.065 5.90 × 10−3

V/N 19.74 1.07 0.65 0.17 ef 311.71 16.86 cd 4.78 0.66 c 4.22 0.71 30.22 9.77 ab 0.064 6.11 × 10−3

Significance ns *** *** ** ns ** ns

OCC = Optimal calcium concentration; SCC = Sub-optimal calcium concentration. Significant differences were represented by ns (0.05 > P), * (0.05 < P), ** (0.01 < P) and *** (0.001 < P).
Different letters indicate significant differences (0.05 < P) with LSD test.

Table 2. Effects of calcium concentration and plant combinations on mineral composition (N total, P, K, Ca, Mg and S—g/kg DW) of pepper leaves at the end of the
experiment (98 DAT).

Ca Con-
centration

Graft Com-
bination

N P K Ca Mg S
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

OCC V/V 32.09 4.12 b 2.4 0.16 bc 60.87 8.9 9.32 0.74 cd 3.57 0.58 bc 1.32 0.22 c
V/A6 33.61 3.9 b 2.5 0.15 abc 61.07 6.47 9.87 0.83 c 3.03 0.48 c 1.47 0.25 bc
V/A8 36.21 3.2 b 2.78 0.27 ab 70.74 12.16 11.34 0.52 ab 4.33 0.13 ab 1.45 0.31 bc
V/N 47.23 8.86 a 2.78 0.3 ab 56.39 6.68 10.18 0.21 bc 3.63 0.35 bc 1.71 0.32 bc

SCC V/V 34.12 6.71 b 2.96 0.42 a 58.57 17.85 8.4 1.3 d 3.94 0.91 abc 1.69 0.44 bc
V/A6 34.99 4.95 b 2.03 0.3 c 56.26 5.21 9.78 0.97 c 4.11 0.57 ab 1.91 0.24 b
V/A8 38.99 5.19 ab 2.75 0.41 ab 71.83 8.19 9.08 0.27 cd 4.71 0.82 a 1.61 0.24 bc
V/N 33.68 7.1 b 2.75 0.3 ab 59.9 9.92 11.84 1.03 a 4.85 0.71 a 2.44 0.36 a

Significance * * ns *** * **

OCC = Optimal calcium concentration; SCC = Sub-optimal calcium concentration. Significant differences were represented by ns (0.05 > P), * (0.05 < P), ** (0.01 < P) and *** (0.001 < P).
Different letters indicate significant differences (0.05 < P) with LSD test.
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Table 3. Effects of calcium concentration and plant combinations on mineral composition (N total, P, K, Ca, Mg and S—g/kg DW) of pepper fruits at the end of the
experiment (98 DAT).

Ca Concen-
tration

Graft Com-
bination

N P K Ca Mg S
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

OCC V/V 0.89 0.16 bc 3.26 0.33 ab 22.06 3.2 5.04 0.71 ab 0.86 0.1 bcd 0.81 0.06
V/A6 1.1 0.21 abc 2.69 0.34 c 21.39 1.57 5.61 0.81 ab 0.74 0.1 d 0.71 0.1
V/A8 0.9 0.23 bc 3.19 0.24 ab 23.69 3.43 4.84 0.79 b 0.84 0.12 bcd 0.72 0.07
V/N 1.39 0.44 a 3.4 0.24 ab 21.83 3.9 6.18 0.95 a 0.79 0.11 cd 0.88 0.05

SCC V/V 1.16 0.18 ab 3.48 0.13 a 25.51 1.7 5.64 0.6 ab 1.02 0.04 a 0.83 0.07
V/A6 1.44 0.45 a 2.99 0.31 bc 22 1.79 6.07 0.86 a 0.79 0.05 cd 0.8 0.09
V/A8 1.14 0.11 ab 3.32 0.41 ab 23.63 2.2 5.63 0.79 ab 0.92 0.08 abc 0.77 0.1
V/N 0.76 0.13 c 3.06 0.2 abc 22.84 3.01 4.79 0.56 b 0.99 0.16 ab 0.78 0.05

Significance ** * ns * ** ns

OCC = Optimal calcium concentration; SCC = Sub-optimal calcium concentration. Significant differences were represented by ns (0.05 > P), * (0.05 < P), ** (0.01 < P) and *** (0.001 < P).
Different letters indicate significant differences (0.05 < P) with LSD test.

Table 4. Effects of calcium concentration and plant combinations on organic acid compositions (malate, tartrate, oxalate, citrate and isocitrate—g/kg DW) of pepper
fruits at the end of the experiment (98 DAT).

Ca Concen-
tration

Graft Com-
bination

Malate Tartrate Oxalate Citrate Isocitrate
Mean SD Mean SD Mean SD Mean SD Mean SD

OCC V/V 9.99 1.09 ab 0.83 0.13 c 1.79 0.26 c 8.68 0.79 cd 0.31 0.08 b
V/A6 11.62 1.64 a 0.98 0.11 bc 1.93 0.11 bc 7.24 0.72 d 0.33 0.05 b
V/A8 10.91 1.23 a 1.00 0.12 bc 1.85 0.07 c 7.78 1.51 d 0.32 0.05 b
V/N 10.42 0.64 ab 0.96 0.13 bc 1.82 0.13 c 11.38 1.72 ab 0.27 0.04 b

SCC V/V 7.80 0.86 c 0.86 0.11 c 2.23 0.33 ab 10.45 1.12 bc 0.49 0.09 a
V/A6 9.02 1.32 bc 0.88 0.12 c 2.03 0.28 bc 10.34 0.47 bc 0.30 0.03 b
V/A8 8.82 1.30 bc 1.13 0.17 ab 2.38 0.29 a 10.90 0.91 ab 0.32 0.04 b
V/N 9.83 1.32 ab 1.22 0.15 a 2.13 0.26 abc 12.75 2.10 a 0.42 0.03 a

Significance ** ** * *** **

OCC = Optimal calcium concentration; SCC = Sub-optimal calcium concentration. Significant differences were represented by ns (0.05 > P), * (0.05 < P), ** (0.01 < P) and *** (0.001 < P).
Different letters indicate significant differences (0.05 < P) with LSD test.
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3.5. Fruit Quality

The analysis of fruit quality parameters (Table 5) revealed that some of them did not
show significant differences such as IP%, EP%, EP/IP ratio, firmness and EC. However,
fruit dry weight displayed the highest values for V/A8 in OCC and SCC with significant
differences. Additionally, calcium supply had a significant effect on TSS, and the highest
concentration for V/A8 under SCC treatment followed V/V at SCC and OCC. pH values
showed the highest values under SCC in V/A8.

Table 5. Effects of calcium concentration and plant combinations ondry weight (FDW), percentage of
inedible (IP) and edible (EP) part, ratio between edible and inedible parts (EP/IP), firmness, total
soluble solids (TSS) and pH of pepper fruits at 84 DAT.

Ca Con-
centration

Graft Com-
bination

FDW (%) IP (%) EP (%) EP/IP Firmness (N
cm−2) EC (dS/m) TSS (◦Brix) pH

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

OCC V/V 5.86 0.13 c 8.04 1.57 91.96 1.57 13.27 2.89 2.22 0.37 3.71 0.14 4.80 0.16 ab 5.26 0.01 d
V/A6 5.88 0.27 c 7.70 1.13 92.30 1.13 12.36 2.06 2.22 0.16 3.63 0.22 4.68 0.15 b 5.42 0.06 c
V/A8 6.16 0.17 a 8.23 0.79 91.77 0.79 11.36 1.38 2.40 0.11 3.80 0.12 4.63 0.06 bc 5.40 0.07 c
V/N 5.85 0.04 c 7.98 0.78 92.02 0.78 12.42 1.31 2.30 0.27 3.71 0.18 4.73 0.13 b 5.40 0.07 c

SCC V/V 5.88 0.16 bc 7.79 2.05 92.21 2.05 11.47 2.79 2.24 0.25 3.68 0.10 4.73 0.06 ab 5.51 0.12 bc
V/A6 5.64 0.23 c 7.99 1.02 92.01 1.02 12.49 2.39 2.31 0.24 3.68 0.13 4.47 0.06 c 5.55 0.07 ab
V/A8 6.14 0.06 ab 8.04 0.84 91.96 0.84 12.01 1.42 2.20 0.24 3.73 0.13 4.93 0.10 a 5.66 0.08 a
V/N 5.75 0.07 c 8.34 1.26 91.66 1.26 11.39 1.63 2.23 0.10 3.68 0.09 4.73 0.19 b 5.54 0.09 ab

Significance ** ns ns ns ns ns * ***

OCC = Optimal calcium concentration; SCC = Sub-optimal calcium concentration. Significant differences were
represented by ns (0.05 > P), * (0.05 < P), ** (0.01 < P) and *** (0.001 < P). Different letters indicate significant
differences (0.05 < P) with LSD test.

4. Discussion

Vegetable grafting is an eco-friendly technique to improve plant growth and mar-
ketable fruits [2,3] enhancing nutrient and water uptake. Among all the demanded
macronutrients in plants, calcium deficiency is one of the most important ones, but how
grafted plants could improve Ca efficiency uptake is an almost unexplored field, so it claims
special attention. In this study, we analysed if the grafting technique can be useful for im-
proving pepper production under suboptimal calcium conditions mediated by agronomic
and physiological approaches.

Regarding the agronomical parameters studied herein, we have demonstrated that
NIBER® (N) rootstock, previously classified as tolerant to salt and water stresses [19,24],
improved commercial production, as well as reduced the non-commercial production
when compared to self-grafted (V/V) or V/A6 and V/A8 plants under sub-optimal Ca
concentration (SCC) (Figure 1). It is a positive effect of N rootstock given that a low Ca
concentration could have resulted in an increase of BER [25,26]. The increase in commercial
production in V/N plants was positively joined to an increase in mean commercial fruit
weight (Figures 1C and 2B). Additionally, plants grafted onto N rootstock also reached the
highest biomass, a symptom of its high vigour (Figure 2A) in OCC and SCC conditions.
Our previous results [19,24] using N as rootstock have demonstrated a higher root length
under control and abiotic stress indicating that this rootstock could help absorb a larger
amount of water and nutrients. Similar studies have also demonstrated that grafting
improves production under low nutrient availability, such as in the case of [27], where
authors demonstrated that grafting cotton onto a tolerant rootstock improved HI, biomass
and K+ uptake under low K+ concentration. Similarly, nitrogen uptake was improved
in [28] when high-efficiency tomato rootstock was used, improving aerial and root biomass.

Mineral deficiency affects photosynthetic parameters [15,28]. An optimal ion in-
flux by roots allows increased CO2 fixation and improves the photosynthesis rate in the
scion [29,30]. Herein, we focused on the effects of calcium concentration levels on pho-
tosynthetic parameters. In V/N under both Ca concentrations, gS and E were reduced
with improved instantaneous water use efficiency (AN/gS) compared to the other plant
combinations studied herein (Table 1), which in turn was positively correlated with ADW
(R = 0.79). It would mean that V/N plants needed a smaller stomatal aperture to maintain
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photosynthesis, which minimized water losses and thus improved biomass and production.
Additionally, the fact that Ci was not significantly modified in SCC with respect to OCC
in this plant combination could reveal only stomatal limitations. Improved tolerance to
nutrient deficiency by the grafting technique has been reflected in changes in gas exchange
parameters in other horticultural species, such as the case of watermelon under low Mg
concentration [15] or tobacco under K deficiency [31].

Grafting influences the absorption and translocation of macronutrients and micronu-
trients mediated by rootstock [32]. In our work, after subjecting pepper plants to SCC
during all periods of growing and fructification, differential nutrient accumulation has been
detected in both studied organs. The fact that NIBER® rootstock improved Ca concentra-
tion, especially in leaves (Table 2), compared to the rest of the plant combinations denoted
a better Ca uptake and accumulation due to better plant development. As consequence,
processes where Ca is involved (i.e., part of cell membranes and walls, a counter-cation
in the vacuole or as a second messenger [33]) were expected to be more active than in the
other three plant combinations. Indeed, peach plants grafted onto tolerant rootstocks were
demonstrated to have less lipid membrane damage, more phenolic content, and increased
cortex and xylem area under low calcium availability, which authors suggested mitigated
Ca deficiency [34].

Not only NIBER® has been associated with better Ca uptake under SCC. This is the
case of increased nitrogen under OCC in both leaves and fruits and S in V/N leaves under
SCC (Tables 2 and 3). Both nutrients are linked to the synthesis of proteins and amino
acids [35], which makes them essential for plant growth and development. In this line,
previous studies have demonstrated that improving tolerance to Ca deficiency can improve
hypoxia stress tolerance by increasing levels of N content and N-related enzymes in the
roots of muskmelon [36]. Similarly, foliar application of both Ca and S improves tolerance
to chromium toxicity in tomato and eggplant by the mediation of NO formation [37], which
reflects the great importance of looking for mechanisms to improve nutrient uptake.

Nutrient deficiency modifies fruit quality characteristics [38,39], but herein reduced
Ca availability did not alter, in general terms, pepper quality parameters when the dif-
ferent rootstock combinations under SCC were compared to OCC or self-grafted plants
(Table 5). However, interesting results were found regarding fruit organic acid content eval-
uated, reflected in the modification of almost all of them under the two Ca concentrations
studied (Table 4). Organic acids are abundant constituents of fruits and they determine
many fruit characteristics such as sourness and flavour, as well as possess many health-
related benefits [40,41]. Since they can be modified by the selected rootstock, their study is
remarkable [42].

Malate and citrate, the most abundant organic acids in many fruits, are proposed
in the bibliography as responsible for pH regulation [43,44] but herein we did not find a
significant correlation between both parameters (R = −0.29 and 0.34, respectively). Conse-
quently, the increased citrate concentration of V/N with respect to the other pepper grafting
combinations played alternative roles in this plant combination. High levels of citric acid
are proposed as key to improving taste and quality as well as delaying fruit senescence in
Citrus spp. fruits [41], as well as improving general fruit quality in the case of tomatoes [45],
so similar functions could be attributed to fruits of the tolerant pepper combination of this
experiment.

Even if the tartrate concentration was lower than in the case of malate and citrate,
it is worth mentioning since its concentration under SCC increased almost 30% in V/N
compared to the V/V pepper combination. Its increase may have contributed as well to
fruit acidity and improved fruit quality, as has been demonstrated in Vitis vinifera fruits [46].

5. Conclusions

In the present study, we conclude that graft can be a successful technique to overcome
Ca deficiency when the appropriate rootstock is used. In our experimental conditions,
grafting onto pepper rootstock NIBER® (N) displays higher tolerance to Ca deficiency
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compared with the other grafted plant combinations. This has been testified by better plant
growth and development, as well as enhanced commercial fruit production and a decrease
in non-marketable fruits associated with a higher Ca concentration under SCC. These
results can be attributed to improved instantaneous water use efficiency (AN/gS), obtaining
the maximum photosynthesis efficiency with the minor stomata opening. Differential Ca
supply affect the organic acid composition in the fruit where V/N showed higher levels in
tartrate, citrate and isocitrate in V/N, which contribute to better fruit quality. However, the
specific mechanisms of nutrient uptake and fruit metabolite synthesis and accumulation
remain unanswered, so further study is necessary.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/agronomy12071644/s1, Table S1: Effect of calcium concentration
on maximum efficiency of PSII (Fv/Fm) in five periods of measurements (37 DAT, 51 DAT, 71 DAT,
84 DAT, 98 DAT) in the different grafting combinations studied.
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