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Abstract: In areas characterized by mild winter climate, pepper is frequently cultivated in unheated
greenhouses in which the temperature during the winter may drop to suboptimal levels. Under low
temperature (LT) conditions, the uptake of nutrients may be altered in a different manner than that
of the water and thus their uptake ratio, known as uptake concentration, may be different than
in greenhouses with standard temperature (ST) conditions. In the present study, pepper plants of
the cultivars “Sammy” and “Orangery”, self-grafted or grafted onto two commercial rootstocks
(“Robusto” and “Terrano”), were cultivated in a greenhouse under either ST or LT temperature
conditions. The aim of the study was to test the impact of grafting and greenhouse temperature on
total yield, water use efficiency, and nutrient uptake. The LT regime reduced the yield by about 50%
in “Sammy” and 33% in “Orangery”, irrespective of the grafting combination. Grafting of “Sammy”
onto both “Robusto” and “Terrano” increased the total fruit yield by 39% and 34% compared with
the self-grafted control, while grafting of “Orangery” increased the yield only when the rootstock
was “Terrano”. The yield increase resulted exclusively from enhancement of the fruit number per
plant. Both the water consumption and the water use efficiency were negatively affected by the LT
regime, however the temperature effect interacted with the rootstock/scion combination. The LT
increased the uptake concentrations (UC) of K, Ca, Mg, N, and Mn, while it decreased strongly that
of P and slightly the UC of Fe and Zn. The UC of K and Mg were influenced by the rootstock/scion
combination, however this effect interacted with the temperature regime. In contrast, the Ca, N,
and P concentrations were not influenced by the grafting combination. The results of the present
study show that the impact of grafting on yield and nutrient uptake in pepper depend not merely on
the rootstock genotype, however on the rootstock/scion combination.

Keywords: abiotic stress; Capsicum annuum L.; calcium; rootstock; uptake concentrations;
soilless culture

1. Introduction

The concentration of each nutrient in nutrient solutions supplied to plants in closed hydroponic
systems should be equal to the corresponding nutrient to water uptake ratio to avoid depletion
or accumulation in the root zone [1]. The unit used to measure nutrient to water uptake ratios is
mass of nutrient per water volume, which is identical to that used for concentrations in nutrient
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solutions. Therefore, several authors use the term “uptake concentration” (UC) to describe the nutrient
to water uptake ratios [2-7]. Nutrient uptake and water uptake respond differently to changes in
the greenhouse microclimate, since physiologically these are two fully independent processes [8].
However, CO, and water vapor share the same transport pathways as they pass through leaf stomata,
through to different directions. As a result, the fluctuations in the transpiration to assimilation ratio,
as expressed in terms of water use efficiency, are small for a particular plant species [9]. Since the
rates of carbon fixation determine also the plant dry mass accumulation and concomitantly the plant
nutrient requirements [10], the nutrient-to-water uptake ratio exhibits a noticeable stability with
time, as has been shown by several investigators [6,11,12]. This is particularly true if the climatic
conditions do not change dramatically compared to optimal levels [1,3]. Nevertheless, major changes
in climatic parameters may differently influence the uptake rates of one or more nutrients compared
to those of water uptake, thereby imposing commensurate changes in their uptake ratio [13]. This is
particularly true if a climatic parameter strongly deviates from the optimal range, thereby imposing
stress conditions that alter differently the uptake of a nutrient than that of water at a physiological
level other than transpiration.

The minimum temperature threshold for growth of most of the chilling-sensitive fruit vegetables,
such as pepper (Capsicum annuum L.), eggplant (Solanum melongena L.), cucumber (Cucumis sativus L.),
tomato (S. lycopersicum L.), and melon (C. melo, L.), is about 8-12 °C [14,15]. In most Mediterranean
greenhouses used for the production of fruit and vegetables, heating during the cold season of the year
is either not applied or applied sporadically, aiming merely to maintain the inside temperature to levels
higher than the minimum threshold for growth [16,17]. However, under low temperature conditions,
plant metabolism, and concomitantly nutrient requirements, may change substantially compared to
optimal temperature conditions. Furthermore, the transpiration rates, and concomitantly the water
uptake, alter considerably under low temperature conditions [18,19]. Hence, the nutrient to water
uptake ratios may change considerably compared to those determined under optimal temperature
conditions if the mean temperature inside a greenhouse is substantially lower than the standard range.

Grafting has been used as an efficient crop protection technology in fruit and vegetable production
for more than 50 years in many parts of the world [20]. Grafting is not associated with agrochemical
input to the crops and, therefore, it is considered an environmentally-friendly operation in integrated
vegetable production [21,22]. Furthermore, grafting proved to be an efficient technology to increase the
tolerance of fruit and vegetables to several abiotic stress factors such as salinity, nutrient deficiencies
or toxicities, exposure to heavy metals, etc. [23]. Therefore, grafting serves in many cases as a rapid
alternative to breeding, which is considered a relatively slow methodology of conferring tolerance
to biotic and abiotic stress, while its effectiveness is frequently restricted due to a narrow genetic
variability [24,25].

The application of grafting is less widespread in the commercial production of sweet pepper
compared to tomato, cucumber, and watermelon [26]. Nevertheless, in recent years, several rootstocks
used to graft sweet pepper proved to confer considerable tolerance to biotic and abiotic stress
factors [27-29]. Therefore, the interest in pepper grafting has increased appreciably among greenhouse
pepper producers in recent years. However, compared to tomato, very little is known about the
impact of grafting on nutrient uptake by pepper [30]. Furthermore, to the best of our best knowledge,
no report has been published to date in peer-reviewed journals addressing the impact of suboptimal or
low temperature on nutrient uptake by grafted pepper plants. The impact of grafting and suboptimal
temperature on nutrient uptake concentrations is very crucial also for the application of closed soilless
systems in pepper cultivation in most Mediterranean greenhouses. In view of this background,
the present paper was designed to test whether grafting alters the nutrient to water uptake ratios
(i.e., uptake concentrations) in pepper crops grown in unheated or inadequately heated greenhouses
under Mediterranean climatic conditions.
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2. Materials and Methods

2.1. Plant Material and Growth Conditions

The experiment was carried out in two different compartments of a heated glasshouse
at the Agricultural University of Athens (37°58'57.8” N, 23°42/14.3” E). During the whole
experimental period, the minimum day/night temperature was maintained constantly at 21/16
°C and 12/7 °C in compartments 1 and 2, respectively, corresponding to a standard temperature
(ST) and a low temperature (LT) treatment, respectively. In both compartments, two sweet
pepper cultivars (Capsicum annuum L.) either self-grafted or grafted onto two different rootstocks
were grown in recirculating nutrient solution (NS) according to the principles of the Nutrient
Film Technique (NFT). The two bell pepper cultivars were one blocky type (“Orangery”) and
one elongated type (“Sammy”), while the two rootstocks were “Robusto” and “Terrano”, both
belonging to Capsicum annuum. The obtained grafting combinations were “Sammy” /“Sammy”,
“Robusto” /“Sammy”, “Terrano”/“Sammy”, “Orangery”/”Orangery”, “Robusto”/”Orangery”,
and “Terrano”/“Orangery”. Each treatment was replicated three times and thus 36 experimental
hydroponic circuits (EHC) were used. Each EHC comprised one channel, 3.0 m in length, 0.15 m in
width, and 0.30 m in height, and consisted of an individual supply tank, a pump, and irrigation pipes.

Splice grafting was performed when seedlings had developed 34 true leaves. The rootstock
seeds were sown three days before those of the scion to compensate for the slower growth rate of the
former in the hetero-grafting treatments. On 29 November, when the grafted seedlings had developed
5-6 true leaves, they were transferred into the 36 EHC. Each EHC accommodated nine plants and this
arrangement resulted in a plant density of 2.5 plants per m?. Climatic data during the experiment are
shown in Figure 1.

In each channel, the NS was automatically pumped at a rate of 0.4 m® h~!, while the total volume
of NS recirculating in the closed circuit amounted to 3 L s~! plant~!. The level of NS in the supply
tank was maintained at a constant using a floater and a pipe connected to a “replenishment tank”,
which was positioned above it. Thus, the NS consumed by the plants was compensated by automatic
injection of a NS with a composition suitable for pepper cultivation in closed hydroponic systems,
henceforth termed Nutrient Solution for Closed Systems (NSCS) [31], which was contained in the
replenishment tank. The recirculating nutrient solution was not discharged and not replaced by
fresh solution during the period of measuring the UC. The composition of the NSCS was assumed
to be roughly equal to standard uptake concentrations for pepper, as estimated in a previous
paper [30]. The NS consumed by the plants was counted daily by recording the level difference
in the replenishment tank and, thus, the cumulative water consumption could be precisely estimated.
Once per day, the pH in the recirculating NS was adjusted to 5.6 by adding appropriate amounts of
nitric acid (1 N) or potassium hydroxide (1 N) to the supply tank, based on the actual pH level that
was measured using a portable pH-meter. All channels were covered with black-white polyethylene
sheets to avoid water evaporation. No drainage water was discharged and losses due to technical
failures were negligible.

Before transplanting, all supply tanks were filled with a starter NS, while all replenishment tanks
were filled with NSCS. Immediately after transplanting, NSCS was supplied to the plants through the
floater in all circuits to compensate for nutrient solution uptake by the plants.
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Figure 1. Fluctuations of (a) mean temperature (°C) and (b) mean relative humidity (%) during
790 degree-days from treatment initiation in two greenhouse compartments in which a standard
temperature (ST) and a low temperature (LT) regime were maintained during the experimental period
(from 29 November to 20 May).

2.2. Leaf Biomass, Yield, Water Consumption, and Water Use Efficiency

On 6 February, two plants were collected from each experimental unit and the leaf fresh weigh
was measured (LFW). Harvesting commenced on 6 February and on 23 March in the ST and LT
compartments, respectively, and terminated on 20 May in both compartments. Commercially mature
fruits were harvested twice per week to estimate the total fruit yield, the total number of fruit per plant,
and the mean fruit weight in each treatment. Fruits from “Sammy” plants were physiologically unripe
at commercial maturity, as this cultivar is harvested at the green-yellow maturity stage, while fruits
from “Orangery” were harvested physiologically ripe, as they are commonly harvested when their
color has fully turned to orange. Crop water use efficiency was calculated as fruit yield (kg/plant)
divided by the cumulative water consumption (L/plant).

2.3. Composition and Sampling of Experimental Nutrient Solutions

The nutrient concentrations in the starter NS were in all treatments as follows: 6.0 mM K*, 6.5 mM
CaZ*, 2.0 mM Mg?*, 0.5 mM NH,*, 15.6 mM NO3;~, 1.2 mM H,PO;~, 3.1 mM SO42~, 15.0 uM Fe,
10.0 uM Mn, 7.0 pM Zn, 0.7 uM Cu, 60.0 uM B, and 0.5 uM Mo. The EC and pH of the starter NS were
2.6 dSm~! and 5.6, respectively. The nutrient concentrations in the NSCS were as follows: 7.0 mM
K*, 3.0 mM Ca?*, 1.25 mM Mg?*, 1.0 mM NH,*, 12.3 mM NO;~, 1.1 mM H,PO,~, 1.3 mM SO42~,
15 uM Fe, 10.0 uM Mn, 4.0 uM Zn, 0.7 uM Cu, 25.0 uM B, and 0.5 uM Mo.
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Immediately after transplanting, i.e., on 29 November, samples of starter and replenishment NS
were collected from all EHC. After completion of 790 degree-days in both compartments, samples of
recirculating NS were collected from all EHC. The collection of NS samples after 790 degree-days
coincided with anthesis at the fourth internode in both compartments. However, due to the different
temperature regimes in each compartment, the time needed to reach the same degree-days was
different. Thus, the samples of recirculating NS were collected on 10 January in the ST compartment
and on 7 February in the LT compartment. Collecting NS samples after completion of the same
degree-days rather than the same time interval was aimed at comparing mean uptake concentrations
for the same developmental stage, given that plant development is mainly determined by degree-days
rather than by time per se.

2.4. Determination of Nutrient Concentrations

The concentrations of Ca, Mg, Fe, Mn, and Zn in the nutrient solution samples were
measured using an atomic absorption spectrophotometer (Perkin Elmer 1100A, Perkin Elmer,
Waltham, MA, USA), while that of K was determined by flame photometry (Sherwood Model 410,
Cambridge, UK). The concentrations of NO3-N, NH4-N, P, and B were measured photometrically using
a 96-position microplate spectrophotometer (Anthos Zenyth 200; Biochrom, MA, USA). Nitrate N
and ammonium N were determined by applying the copperized cadmium reduction method
(Griess-llosvay procedure) at 540 nm and the indophenol blue method at 630 nm, respectively.
Phosphorus was measured as phosphomolybdate blue complex at 880 nm. Boron was estimated
photometrically at 420 nm by the azomethine-H method. The NH4-N concentration was added to that
of NO3-N in each sample to obtain the total N concentration [30].

2.5. Estimation of Mean Uptake Concentrations

Mean nutrient to water uptake ratios (uptake concentrations) for Ca, Mg, K, total-N, P, Fe, Mn,
Zn, Cu, and B were estimated by measuring the total removal of each nutrient from the recirculating
nutrient solution and the water uptake during a cropping period corresponding to 790 degree-days in
both compartments. More specifically, the mean uptake concentration of the i nutrient (C;, in mmol
L~! for macronutrients and umol L~! for micronutrients, where i = Ca, Mg, K, P, total-N, Fe, Mn, Zn,
and B) was determined using the following mass balance equation [32]:

Ciu = (Vr (Cib - Cie ) + Vucic)/vu (1)

where V, (L) denotes the total volume of recirculating nutrient solution in each experimental unit,
V(L) denotes the total volume of NS that was taken up by the plants in each experimental unit during
the experimental period, Cj, and C;, (mmol L~! for macronutrients and pmol L~! for micronutrients)
denote the concentrations of the i nutrient in the recirculating NS on the first and the last day of the
experimental period, and Cj. (mmol L~! for macronutrients and pumol L™! for micronutrients) denotes
the concentration of the i nutrient in the NSCS.

2.6. Statistical Analysis

Yield and yield components were evaluated separately for each cultivar (“Sammy” and
“Orangery”) to more clearly demonstrate the impact of the rootstock on pepper fruit production
as statistically comparing yield performance of two different types of pepper makes no
sense.  Thus, for each cultivar, a 2-factorial split-plot experimental design was applied
(temperature x rootstock) with two temperature regimes (normal and low) and three grafting
treatments (self-grafting, grafting onto “Terrano”, and grafting onto “Robusto”). However, for water
consumption, water use efficiency, and nutrient/water uptake, it was interesting to statistically test
if they were differently affected by each cultivar. Therefore, for these parameters, two temperature
regimes (ST and LT) and six scion/rootstock combinations were evaluated in a single 2-factorial
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split-plot experimental design. The impact of the different treatments was evaluated by applying
2-factorial ANOVA, while multiple comparisons of means were performed by applying the Duncan’s
Multiple Range Test. The STATISTICA software package, version 12.0 (StatSoft, Inc., Tulsa, OK, USA)
was used to statistically evaluate the data.

3. Results

The LT regime reduced the total fruit yield by about 50% in “Sammy” and 33% in “Orangery”,
and the fresh leaf biomass by about 72% in “Sammy” and 50% in “Orangery”, irrespective of the
grafting combination (Table 1). Grafting onto both “Robusto” and “Terrano” raised the total fruit yield
of “Sammy” by about 35% in comparison to self-grafting. However, when the scion was “Orangery”,
only grafting onto “Terrano” was capable of increasing the total fruit yield and the fresh leaf biomass
compared to self-grafting, whereas grafting onto “Robusto” had no significant impact on yield and
fresh leaf biomass. The yield increase in “Sammy” due to grafting onto both “Robusto” and “Terrano”
resulted exclusively from an increase in the fruit number per plant, while the mean fruit weight and
the fresh leaf biomass were not influenced by grafting. The yield increase imposed by grafting of
“Orangery” onto “Terrano” was also a result of a commensurate increase in the fruit number per plant.
Finally, grafting of “Orangery” onto “Robusto” proved to provide no yield benefits, not only because
it failed to increase the fruit number per plant, however also because it significantly reduced the mean
fruit weight.

Table 1. Impact of temperature (T) and grafting of two cultivated pepper varieties, i.e., “Sammy” (S),
and “Orangery” (O), self-grafted or grafted onto the rootstocks “Robusto” or “Terrano”, and grown in
recirculating nutrient solution on total fruit weight (TFW), total fruit number (TFN), mean fruit weight
(MFW) per plant, and fresh leaf weight (FLW).

Temgecr?ture TFW (Kg plant~1) TFN (No plant™!) MFW (g fruit™1) FLW (g plant~1)

Rootstock S (@] S O S (e} S O

Main effects
Standard T 310a 214 a 57.10 a 18.75 5429 a 11413 a 161a 129 a
Low T 1.50b 1.43b 42.35b 20.73 35.42b 68.98 b 45b 64b
1.85b 1.57b 42.20b 16.00 b 43.84 98.13 a 107 87b
Self-grafted
" . 2.57 a 1.64b 53.28 a 20.51 ab 48.24 79.96 b 96 83b
Robusto
" Y 249 a 214 a 53.70 a 22.71a 46.37 9423 a 105 115a
Terrano
Statistical significance

Temperature EXTY *% *% ns *%% EXTY EXxy *%
(T
Rootstock (R) o * ** * ns * ns *
T xR ns ns ns ns ns ns ns ns

*,** #*% and ns denote significance at p < 0.05, 0.01, 0.001 and “not significant”, respectively. Means (n = 3) followed

by different letters within the same column indicate significant differences for each factor according to the Duncan’s

multiple range test.

As shown in Table 2, the low temperature significantly decreased the water consumption of
“Sammy” plants irrespective of the grafting combination, while it had no significant impact on the
water consumption of “Orangery” plants. Grafting onto the rootstock “Robusto” had no impact on
plant water consumption, while grafting onto “Terrano” increased the water consumption only when
the scion was “Orangery”. The water use efficiency (WUE) decreased considerably at low temperature,
irrespective of the rootstock/scion combination. Hetero-grafting of “Sammy” significantly increased
the WUE irrespective of the scion at LT, however only when the rootstock was “Robusto” at ST.
However, grafting of “Orangery” had no impact on WUE, irrespective of the rootstock and the
temperature regime.
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Table 2. Impact of temperature (T) and grafting of two cultivated pepper varieties, i.e., “Sammy”
(S) and “Orangery” (O), self-grafted or grafted onto the rootstocks “Robusto” or “Terrano”,
and grown in recirculating nutrient solution on cumulative water consumption (CWC) and water use

efficiency (WUE).
° Grafting Combination 1 1
Temperature (°C) (Rootstock/Scion) CWC (L plant™) WUE (gL~ 1)
Main effects
Standard T 48.48 54.05
Low T 36.84 39.77
“Sammy” /“Sammy” 48.13 37.18
“Robusto” /“Sammy” 47.94 51.89
“Terrano” /“Sammy” 49.99 48.18
“Orangery” /“Orangery” 32.49 47.65
“Robusto” /“Orangery” 35.72 45.70
“Terrano” /“Orangery” 41.70 50.85
Interactions
“Sammy” /“Sammy” 55.00 a 45.95 bc
“Robusto” /“Sammy” 56.31 a 61.62a
Standard “Terrano” /“Sammy” 62.72 a 52.54b
andar “Orangery” /“Orangery” 35.24 cd 55.71a
“Robusto” /“Orangery” 36.89 cd 50.74 ab
“Terrano” /“Orangery” 4470 b 57.71a
“Sammy” /“Sammy” 41.25bc 2841d
“Robusto” /“Sammy” 39.57 be 42.15¢
L “Terrano” /" Sammy” 37.26 bed 43.82 ¢
ow “Orangery” /“Orangery” 29.73d 39.59 ¢
“Robusto” /“Orangery” 34.54 cd 40.66 ¢
“Terrano” /“Orangery” 38.70 be 43.99 be
Statistical significance
Temperature ok ok
Grafting combination i **
*3% *3%

Temperature x grafting combination

** and *** denote significance at p < 0.01 and 0.001, respectively. Means (1 = 3) followed by different letters within

the same column indicate significant differences for each factor Duncan’s multiple range test.according to the.

The uptake concentration (UC) of K was significantly higher under LT than under ST conditions
in self-grafted plants as well as in plants grafted onto “Robusto”, irrespective of the scion (Table 3).
However, this difference was not significant in plants of both “Sammy” and “Orangery” when they
were grafted onto “Terrano” because “Terrano” significantly increased the UC of K by both “Orangery”
and “Sammy” under ST conditions compared to the other grafting combinations. The UCs of calcium
were not influenced by any grafting combination, however were significantly higher at the LT regime
in the greenhouse. Similarly to K, the UC of magnesium was significantly higher under LT than under
ST conditions in self-grafted plants as well as in plants grafted onto “Robusto”, irrespective of the scion,
while they were not influenced by LT when both cultivars were grafted onto “Terrano”. Grafting onto
both “Robusto” and “Terrano” enhanced the Mg UC in the HT regime, while under LT conditions,
only Robusto was capable of increasing the Mg UC.
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Table 3. Mean uptake concentrations (UC) of potassium (K), calcium (Ca), and magnesium (Mg)
in a pepper crop grown in recirculating nutrient solution during 790 degree-days from treatment

initiation, as influenced by temperature (T) and grafting of two cultivated varieties, i.e., “Orangery”

and “Sammy”, either on their roots or onto the rootstocks “Robusto” and “Terrano”.

Temperature (°C)

Grafting Combination
(Rootstock/Scion)

K UC (mmol L™1)

Ca UC (mmol L1)

Mg UC (mmol L™1)

Main effects

Standard T 6.03 292b 0.92
Low T 6.85 3.57a 1.19
“Sammy” /“Sammy” 6.33 3.18 0.95
“Robusto” /“Sammy” 6.49 3.36 1.25
“Terrano”/“Sammy” 6.78 3.32 1.09
“Orangery” /“Orangery” 5.97 3.03 0.89
“Robusto”/“Orangery” 6.23 3.27 1.13
“Terrano” /“Orangery” 6.86 331 1.04
Interactions
“Sammy” /“Sammy”’ 5.62 cd 3.02 0.73d
“Robusto” /“Sammy” 5.94 bc 3.08 1.10 be
Standard “Terrano”/“Sammy” 6.90 a 2.97 1.05 bc
andar “Orangery”/“Orangery” 5.12d 2.51 0.67d
“Robusto” /“Orangery” 5.77 cd 3.01 0.94 ¢
“Terrano” /“Orangery” 6.84 ab 291 1.04 bc
“Sammy” /“Sammy”’ 7.03a 3.34 117b
“Robusto” /“Sammy” 7.04a 3.64 140a
L “Terrano” /“Sammy” 6.65 ab 3.66 1.12 be
ow “Orangery” /“Orangery” 6.81a 3.54 1.10 be
“Robusto” /“Orangery” 6.69 ab 3.52 1.32a
“Terrano”/“Orangery” 6.87 ab 3.70 1.03 be
Statistical significance
Temperature ok ok ok
Grafting combination * ns x
Temperature x grafting ** ns **

ns, ¥, **, and *** denote “not significant” or significance at p < 0.05, 0.01, and 0.001, respectively. Means (1 = 3)
followed by different letters within the same column indicate significant differences for each factor according to the
Duncan’s multiple range test.

The UCs of total N was significantly lower, while that of P was significantly higher under
standard temperature conditions compared to low temperature, irrespective of cultivar and root
genotype (Table 4). The rootstock/scion combination had no significant impact on the UC of total N
and P and the interaction between temperature regime and grafting was insignificant.

Under ST conditions, the UCs of Fe and Zn were significantly higher, while that of Mn was
significantly lower compared to LT without any significant interaction between temperature regime
and rootstock/scion combination (Table 5). Furthermore, the grafting combination had no significant
impact on the UCs of Fe and Zn. However, the UC of Mn was significantly influenced by both the
cultivar and grafting. In particular, “Orangery” was taking up significantly more Mn per Liter of water
absorbed than “Sammy”, irrespective of the root genotype. Furthermore, hetero-grafting onto both
“Robusto”, and “Terrano” reduced the mass of Mn uptake per L of water absorbed by “Orangery”,
while it had no impact on the UC of Mn by “Sammy”. The UC of B was not influenced by temperature
regime or by the rootstock/scion combination.
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Table 4. Mean uptake concentrations (UC) of total nitrogen (total-N) and phosphorus (P) in a pepper
crop grown in recirculating nutrient solution during 790 degree-days from treatment initiation, as
influenced by temperature (T) and grafting of two cultivated varieties, i.e., “Orangery” and “Sammy”,
either on their roots or onto the rootstocks “Robusto” and “Terrano”.

Grafting Combination

- _1 _1
(Rootstock/Scion) Total-N UC (mmol L™) P UC (mmol L™)

Temperature (°C)

Main effects

Standard T 12.14Db 0.89 a

Low T 1472 a 0.46 b
“Sammy” /”Sammy” 13.36 0.64
“Robusto” /“Sammy” 13.79 0.68
“Terrano” /“Sammy” 13.19 0.79
“Orangery” /“Orangery” 13.37 0.58
“Robusto”/“Orangery” 13.39 0.66
“Terrano” /“Orangery” 13.48 0.72

Statistical significance

Temperature ok ok

Grafting combination ns ns

Temperature x grafting ns ns

ns and *** denote “not significant” or significance at p < 0.001. Means (1 = 3) followed by different letters within the
same column indicate significant differences for each factor according to the Duncan’s multiple range test.

Table 5. Mean uptake concentrations (UC) of iron (Fe), manganese (Mn), zinc (Zn), and boron (B)
in a pepper crop grown in recirculating nutrient solution during 790 degree-days from treatment
initiation, as influenced by temperature (T) and grafting of two cultivated varieties, i.e., “Orangery”
and “Sammy”, either on their roots or onto the rootstocks “Robusto” and “Terrano”.

Temperature Grafting
g, P Combination FeUC (umolL™!) MnUC (umolL~!) ZnUC (umolL~1) B UC (umol L1
(Rootstock/Scion)
Main effects
Standard T 18.46 a 11.08 b 7.37 a 28.97
Low T 17.16 b 12.06 a 6.61b 29.54
" "o ” 17.80 11.35¢ 6.99 29.76
Sammy” /“Sammy
“Robusto”/“Sammy” 18.09 1131 ¢ 7.18 30.36
“Terrano” /“Sammy” 16.93 11.30 ¢ 6.50 28.39
“Orangery” /“Orangery” 19.04 1223a 7.69 29.47
“Robusto” /“Orangery” 18.34 11.85b 7.25 29.65
16.66 11.67b 6.34 28.79

“Terrano” /“Orangery”

Statistical significance

Temperature * e * ns
Grafting combination ns o ns ns
Temperature x grafting ns ns ns ns

ns, *, and *** denote “not significant” or significance at p < 0.05 and 0.001. Means (1 = 3) followed by different
letters within the same column indicate significant differences for each factor according to the Duncan’s multiple
range test.

4. Discussion

Pepper is a warm-season crop with a high susceptibility to suboptimal temperatures [33] and,
hence, the yield decreases imposed by low temperature in the present study were fully anticipated.
However, in the present study, the suppressive effect of low temperatures on pepper yield did not
interact with grafting and the rootstock, which indicates that the tested rootstocks have no impact on
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the cold tolerance of pepper. Shu [34] grafted two pepper cultivars onto five different non-commercial
rootstocks and found that only one out of the 10 tested grafting combinations had a higher resistance
to low temperature. This finding indicates that the tolerance to low temperature in pepper depends
not only on the rootstock genotype, however also on the genotype of the scion.

The results of the present study showed that grafting can provide significant benefits to pepper
crops in terms of total fruit yield, in agreement with findings of previous investigators [27,35,36].
However, the impact of grafting on fruit yield is depending on the rootstock/scion combination,
as also suggested by Rouphael [23], Guimaraes [37], and Savvas [38]. Indeed, in the current study,
both “Robusto” and “Terrano” increased the total fruit yield by 39% and 34% compared with the
self-grafted control when the scion was the commercial variety “Sammy”. However, when the scion
was “Orangery”, only “Terrano” was capable of increasing the total fruit yield by 35% compared with
that obtained from self-grafted “Orangery” plants, while “Robusto” had no impact on yield. The yield
increases achieved by grafting pepper plants in the present study are appreciably higher than that
reported by Jang [39], which amounted to only 9.2%. In agreement with the results of the present
study, Lopez-Marin [36] found that grafting of pepper cv. “Herminio” increased yield only when the
rootstock was “Creonte”, while grafting of “Herminio” onto “Atlante” and “Terrano” had no impact
on yield. These findings show that research on the agronomic impact of grafting in pepper crops
should be based on testing each individual rootstock/scion combination rather than on screening
different rootstocks using just one scion. Lépez-Marin [36] also found that grafting the sweet pepper
cultivar Herminio onto the commercial rootstock Creonte had no significant impact on leaf biomass,
however it increased the total and marketable fruit yield by 30% and 50% under non-shaded and
shaded conditions compared to the non-grafted plants, respectively.

In “Sammy”, the absence of any impact of grafting on fresh leaf biomass and water consumption
despite the significant increase in the fruit number per plant points to a positive effect of both tested
rootstocks on fruit setting rather than on plant vigor. A similar response was observed also by
Lopez-Marin [36], with the sweet pepper cultivar Herminio grafted onto the commercial rootstock
Creonte. On the other hand, when “Orangery” was grafted onto “Terrano” in the present study;,
both the plant biomass and the water consumption increased proportionally to the increase in fruit
number per plant, which indicates that this grafting combination increases yield due to stimulation
of plant vigor. Nevertheless, all grafting combinations increased yield exclusively by raising the
number of fruit per plant in the present study, while they had no effect on the mean fruit weight.
This was surprising as in a previous study, grafting of pepper was found to affect the fruit shape [40],
which means that grafting may have an impact on morphological characteristics of each individual
fruit. Nevertheless, Colla [35], who grafted the sweet pepper cultivar Edo onto five different rootstocks,
found that four of them significantly increased the total fruit yield and in all cases the yield increase
was exclusively due to a higher fruit number per plant.

By definition, the impact of grafting on water use efficiency (WUE) depends on both fruit yield and
water consumption. Thus, sometimes rootstock/scion combinations imposing quite different effects
on yield than on water consumption may result in similar effects on WUE. Indeed, grafting “Orangery”
onto “Robusto” had no impact on WUE because it had no impact on both fruit yield and water
consumption. However, grafting “Orangery” onto “Terrano” had no impact on WUE because this
rootstock/scion combination proportionally increased both the fruit yield and the water consumption
as it enhanced the fresh leaf biomass production. Furthermore, grafting “Sammy” increased the WUE
irrespective of the tested rootstock because both “Robusto” and “Terrano” increased yield without
affecting the vegetative plant biomass and concomitantly the water consumption via transpiration.
Colla [35] and Lépez-Marin [36] also found that grafting different scions onto the same rootstock and
vice versa may result in different yield responses. These results indicate that the impact of grafting on
water use efficiency (WUE) depends on the rootstock/scion combination rather than merely on the
rootstock or on the scion.
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Different rootstock/scion combinations may result in increased yield due to a more favorable
modulation of several, metabolic, physiological functions, and transcriptomic responses [41,42].
These include favorable changes in hormonal balance between root and shoot [26,43-46],
improved resistance to recurrent abiotic and biotic stress [23,46,47], and enhanced nutrient and water
uptake due to a more vigorous root system [26,48]. In the present investigation, the hormonal balance
was not studied, while the single abiotic stress tested, i.e. low temperature, was not alleviated by
any grafting combination. However, the measurements of fresh leaf biomass, water consumption,
and nutrient uptake allows for an assessment of the contribution of nutrient and water uptake to the
observed yield enhancement. Thus, the stimulatory effect of grafting on fruit yield under ST conditions
in the present study might be partly associated with enhanced K and Mg uptake (for “Terrano”) or Mg
uptake (for “Robusto”). On the other hand, the enhancement of yield by some grafting combinations
were observed under both temperature regimes tested in the current study, while the increases in K
and Mg uptake concentrations were observed only in plants cultivated under standard temperature
conditions. Furthermore, the uptake concentrations of Ca, N, P, and micronutrients were not enhanced
by any grafting combination. Thus, a favorable modulation of nutrient uptake efficiency cannot be
considered the main reason for the yield increases imposed by some grafting combinations in the
present study. Further research is needed to unravel the physiological and molecular mechanisms
implicated in the enhancement of total fruit yield by some rootstock/scion combinations.

As reported by Rouphael [23] and Savvas [38], certain grafting combinations may restrict the
uptake of some micronutrients and non-nutrient ions, an effect that may be helpful to crops exposed
to excessive concentrations of these ions in the root zone. In the present study, both “Robusto”
and “Terrano” reduced slightly, however significantly, the Mn uptake by “Orangery”, while the
same rootstocks, had no impact on Mn uptake when the scion was “Sammy”. In a previous study,
Ropokis [30] also found no impact of grafting on Mn uptake concentrations. The different responses of
“Sammy” and “Orangery” to grafting concerning the Mn uptake further support the notion that the
impact of grafting on nutrient uptake depends on the specific rootstock /scion combination rather than
on the rootstock genotype.

The increases in the uptake concentrations of K, Ca, Mg, and N under low temperature conditions
was a consequence of the reduction in water consumption by 24%. Especially the increases in the uptake
concentrations of Ca (22%) and Mg (27%) were very similar to the reduction in water consumption,
which indicates that the absolute amounts of Ca and Mg absorbed by the crop were not restricted
by low temperature, despite the reduction in plant biomass. Unlike the uptake concentrations of
metallic micronutrient cations, that of P was reduced by low temperature. These results indicate that
the uptake mechanism of HyPO4~ by pepper is much more susceptible to low temperature than that
of K, Ca, Mg?*, and N. As shown by Adams [49], the uptake of P responds much stronger to the
root temperature than the uptake of N and K. The low temperature treatments in the present study
resulted in low temperatures also in the root zone, which recovered slower during the day than the air
temperature. Phosphorus occurs at much lower concentrations in the soil solution compared to other
macronutrients [50]. Therefore, during their evolution, plants developed an active uptake mechanism
for P uptake, which is much more dependent on the availability of metabolic energy in the roots
than for uptake of other nutrients [51]. However, the low root temperature decreases root respiration
and, consequently, the availability of metabolic energy for active P uptake [52]. Thus, the profound
reduction of P uptake by pepper in the LT regime may be ascribed mainly to the low root temperature.
From another point of view, the results of the present study provide support to the notion that the
uptake of P by pepper is stronger influenced by root temperature than by that prevailing in the air.

The UCs found by Voogt [53] in a pepper crop grown in a closed rockwool system in the
Netherlands, averaged for the whole cropping period, were 2.2 mmol L~! for Ca, 0.78 mmol L~! for
Mg, 4.6 mmol L~! for K, 10.30 mmol L' for N, and 0.81 mmol L~! for P. The UC of macronutrients
estimated by Ropokis [30] ranged from 2.4 to 3.7 mmol L~ for Ca, 1.0 to 1.5 mmol L~! for Mg, 6.2 to
9.0 mmol L1 for K, 11.7 to 13.7 mmol L1 for N, and 0.7 to 1.1 mmol L~! for P. Finally, the average
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UCs found in the present study during the vegetative cropping period under ST conditions were
2.92 mmol L~ for Ca, 0.92 mmol L~! for Mg, 6.03 mmol L~! for K, 12.14 mmol L~! for N, and 0.89
mmol L~ for P. Comparing the data from these three different crops shows that the UC of Ca, Mg, K,
and N are generally higher in winter crops of pepper grown under Mediterranean climatic conditions
than those reported for Dutch greenhouses, while that of P is similar in both environments. The values
found in the present study are comparable with those found by Ropokis [30] in a previous study,
although Mg and K tended to be somewhat lower in the current study. Both the present study and that
of Ropokis [30] showed that the temperature inside the greenhouse, the cultivar, and the rootstock
when using grafted plants may have a significant impact on the UCs. Since these factors may vary in
different crops, the UCs found in the three studies are only indicative. Therefore, their use as a basis
to prepare nutrient solutions for closed hydroponic systems entails frequent readjustment following
measurements of the nutrient concentrations in the root zone of the crop, as suggested by Savvas [31].

5. Conclusions

Minimizing greenhouse heating under Mediterranean climatic conditions so as to maintain the
minimum inside day/night temperature at 12/7 °C, respectively, suppressed the fruit yield of pepper
to levels depending on the cultivar, however not on grafting onto “Robusto” or “Terrano”. The yield
decrease imposed by low temperature (LT) resulted from a reduction of the mean fruit weight (MFW)
in “Sammy” and from a reduction of both fruit number per plant (FNP) and MFW in “Orangery”.

Grafting of “Sammy” onto both “Robusto” and “Terrano” increased the fruit yield, while grafting
of “Orangery” increased yield only when the rootstock was “Terrano”. The yield increase imposed by
grafting resulted exclusively from enhancement of the fruit number per plant (FNP).

The water use efficiency (WUE) decreased considerably at LT, irrespective of the rootstock.
Grafting of “Sammy” significantly increased the WUE irrespective of the scion at LT, however only
when the rootstock was “Robusto” at ST. Grafting of “Orangery” had no impact on WUE, irrespective of
the rootstock and the temperature regime.

The LT increased the uptake concentrations (UC) of K, Ca, Mg, N, and Mn, while it strongly
decreased that of P and slightly those of Fe and Zn. The UC of K and Mg were influenced by the
rootstock/scion combination, however this effect interacted with the temperature regime. In contrast,
the Ca, N, and P concentrations were not influenced by the grafting combination.

The results of the present study show that the impact of grafting on yield and nutrient uptake in
pepper depend not merely on the rootstock genotype, however on the rootstock/scion combination.
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