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ABSTRACT 15 

Salinity and water shortages are two of the biggest environmental constraints 16 

that crops have to face in the climate change scenario. A fast and efficient way 17 

to overcome these stresses under the prism of a sustainable crop management 18 

is the use of grafting, combining the desired cultivar with the rootstock providing 19 

tolerances to abiotic stresses. Our aim was to validate three accessions 20 

previously selected for their tolerances to salt and water stresses (A25, B14 and 21 

C12) as rootstocks, in real field conditions. The physiological and productive 22 

behavior of the commercial pepper ‘Adige’ (A) grafted onto these accessions 23 
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was compared along the growing cycle with this cultivar grafted onto the 24 

commercial rootstock ‘Antinema’ (ANT) and with the ungrafted pepper plant (A).  25 

Under water and salt stress, grafted plants onto the selected accessions, gave 26 

higher marketable yields than ungrafted plants or that plants grafted onto ANT, 27 

particularly the A25 accession. This rootstock was able to maintain high 28 

photosynthesis levels under stressing conditions through different adjustments 29 

made in the physiological processes, such as proline accumulation. The ANT 30 

rootstock showed comparable yields to A25 in control conditions. Under salt 31 

stress, Na+ and Cl- were equally accumulated in A/A25 plants and the ungrafted 32 

ones, but A/ANT, A/B14 and A/C12 were more restrictive in their absorption 33 

along the growing season. These results reinforce the idea that the use of 34 

tolerant pepper rootstocks is a good adaptation strategy for abiotic stressing 35 

conditions. The results also suggest that the abiotic stress was alleviated by the 36 

lack of negative effects mainly on photosynthesis, which maintained plant 37 

growth and the marketable yield. 38 

 39 
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1. Introduction 41 

Nowadays, nearly 82% of potential crop yields are lost yearly due to 42 

abiotic stress (Hirt and Shinozaki, 2004). In addition, the amount of variable 43 

productive arable lands continues to decrease worldwide, which forces farming 44 

to move to marginal areas where the incidence of salinity and water stresses 45 

increases (Gomiero, 2016). The need of obtaining crops being productive under 46 
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abiotic stresses is enhanced by global warming, and by the increasing food 47 

demand for a growing world population (Thiry et al., 2016).  48 

 Among vegetables, peppers (Capsicum spp., mainly C. annuum L.) are 49 

economically and socially important crops grown in most countries around the 50 

world, and have been described as being very susceptible species to salt and 51 

water stresses (Delfine et al., 2000; Fernández et al., 2005; Pascale et al., 52 

2003; Ashraf, 2004; Foolad, 1996; Munns et al., 2006; Russo, 2012). As a 53 

result, fruit disorders, such as blossom-end rot (BER) and cracking, diminish 54 

their marketable productivity (Penella et al., 2013). 55 

The effect on pepper plants of both salt and water stresses has been 56 

described as a wide range of physiological, metabolic and genomic changes 57 

that provoke alterations in photosynthesis, carbohydrate partitioning, 58 

respiration, production of reactive oxygen species (ROS), and an imbalance 59 

uptake of other nutrients (Bethke and Drew, 1992; Lee et al., 2004; Navarro et 60 

al., 2003, Penella et al., 2014a,b, 2015, 2016). Overall, the physiological 61 

alterations induced by abiotic stresses correspond to stunted plant growth and 62 

poor yields. 63 

For many years breeding and biotechnological programs have been 64 

implemented to develop tolerant crops capable of producing economic yields 65 

under saline or drought conditions (Cuartero et al., 2006). However, the 66 

genetically complex nature of such stress tolerance makes this task an 67 

extremely difficult one (Ashraf and Foolad, 2007). 68 

One environmental-friendly technique used to avoid or reduce losses in 69 

commercial yields caused by abiotic stress conditions is to graft susceptible 70 
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commercial cultivars onto rootstocks capable of reducing the negative effect of 71 

external stress on shoots (Colla et al., 2010; Penella et al., 2015, 2016; Rivero 72 

et al., 2003; Savvas et al., 2010; Schwarz et al., 2010). The improved tolerance 73 

to salinity of grafted plants is generally associated with their capacity to exclude 74 

or retain and/or accumulate toxic ions, mainly Na+ and Cl- in rootstock roots, 75 

which thus limits their transport to leaves rather than through the synthesis of 76 

osmotically active metabolites or the induction or antioxidant systems (Edelstein 77 

et al., 2011; Estañ et al., 2005). Other authors have indicated that the influence 78 

of rootstock on a scion’s salt and water stress tolerance is due to: a more 79 

efficient control of stoma functions (changes in stomatal regulation and water 80 

relations); maintenance of photosynthesis; or using a larger and vigorous root 81 

systems capable of absorbing water and nutrients much more efficiently (Aloni 82 

et al., 2010; Penella et al., 2016). In other cases, such raised tolerance has 83 

been explained by the re-establishment of ionic homeostasis (Martinez-84 

Rodriguez et al., 2008). Grafting to overcome water stress has been mostly 85 

studied in melon, cucumber (Rouphael et al., 2012) and tomato (Nilsen et al., 86 

2014; Sánchez-Rodríguez et al., 2013) by focusing on the growth effects of 87 

grafting, and also on its physiological effects, mainly on water relations and 88 

photosynthesis traits.  89 

The grafting technique is widely used in a commercial scale in several 90 

crops, i.e. watermelon, tomato and cucumber in several countries. I.e. in Spain, 91 

one of the main producers of fresh vegetables for export, almost 100% of 92 

watermelon is produced by grafted plants, as it is the greenhouse tomato, which 93 

is near 90%. In pepper, there are not yet rootstocks robust enough to be 94 

economically interesting. That’s the reason why it is necessary to search for 95 
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genotypes that in poor growing conditions give both extra yields and quality, 96 

able to face the extra cost of the technique, both seed and labor.  97 

To date, pepper grafting has been less exploited to overcome abiotic 98 

stresses, basically because pepper genotypes tolerant to these stresses to be 99 

used as rootstocks are still not available. Studies about physiological-100 

agronomical responses in pepper-grafted plants are scarce, and their behavior 101 

when subjected to water deficit and salinity has been insufficiently tested. To 102 

tackle these problems, the first step would be to select appropriate rootstocks 103 

by searching for tolerances in wild pepper types, which is crucial to amplify 104 

genetic diversity (Naegele et al., 2014). The second step would involve knowing 105 

how grafting alleviates abiotic stress as this would be essential for performing 106 

more phenotypical screenings of different rootstock-scion combinations. In our 107 

previous experiments, we selected three pepper accessions with different 108 

degrees of salinity and drought tolerance (C12, B14 and A25) (Penella et al., 109 

2013, 2014b, 2015). These accessions have been tested under highly 110 

controlled conditions, and their physiological behavior has been studied 111 

(Penella et al., 2014a, 2015, 2016). However, their behavior under real field 112 

conditions is still unknown. To date, research that has compared several pepper 113 

graft combinations under control, water and salinity stress conditions cannot be 114 

found. Such studies would be extremely useful to know plant resilience under 115 

stressing conditions in order to face the climate change scenario. 116 

From the results observed in the selection process we hypothesize that using 117 

theses wild pepper accessions as rootstocks represents a promising strategy to 118 

provide salinity and water stress tolerances, which can consequently improve 119 

crop yields under stress conditions. To evaluate the behavior of these 120 



6 
 

accessions as rootstocks under real field conditions, different physiological and 121 

agronomical parameters were measured, under salinity, drought stress and 122 

control conditions, by comparing commercial rootstocks and ungrafted plants. 123 

 124 

2. Material and methods 125 

2.1. Plant material  126 

Based on previous studies, we selected three Capsicum accessions with 127 

increased water (Penella et al., 2014a,b) and salt stress (Penella et al., 2013, 128 

2015, 2016) tolerance to be used as rootstocks from the COMAV Gene bank at 129 

the UPV university (Valencia, east Spain): one from Capsicum chinense Jacq. 130 

(code C12), one from Capsicum baccatum L. var. pendulum (code B14), and 131 

one from Capsicum annuum L. (code A25). In general terms, when a sensitive 132 

scion was grafted onto these accessions under abiotic stress, physiological and 133 

biochemical traits such as higher net photosynthesis rate, higher nitrate 134 

reductase activity, biomass maintenance, among other characters were 135 

observed (Penella et al. 2014a, 2015). 136 

In order to test the behavior of these accessions, pepper cultivar ‘Adige’ 137 

(A) (Lamuyo type, Sakata Seeds, Japan) was grafted onto them. A commercial 138 

rootstock, cv. Antinema (Sakata) (code ANT), was also used as control 139 

rootstock.  140 

Seeds were sown in 104-hole seed trays filled with an enriched substrate 141 

for germination at the end of December. After 2 months, plants were grafted by 142 

the tube-grafting method (Penella et al., 2015). The ungrafted ‘Adige’ (A) plants 143 
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were sown 2 weeks later to obtain plants with a similar biomass to that of the 144 

grafted plants at the time of transplantation (10-12 true leaves). Five plant 145 

combinations were studied: ungrafted Adige plants (A), Adige grafted onto 146 

Antinema (A/ANT), Adige grafted onto accession C12 (A/C12), Adige grafted 147 

onto accession B14 (A/B14) and Adige grafted onto accession A25 (A/A25). 148 

2.2. Soil-field experiment 149 

The experiment was conducted in spring/early summer at three different 150 

locations. An unstressed control was carried out in Moncada (Valencia, Spain; 151 

Latitude: 39.58951793357715, Longitude: -0.3955507278442383), in the IVIA 152 

experimental fields. Irrigation of control plants satisfied 100% evapotranspiration 153 

(ETc), as described in Penella et al. (2014b). The electrical conductivity of the 154 

nutrition solution was 1.16 dS m-1 at pH 7.5. The soil characteristic were sandy 155 

clay loam soil (clay: 21.2%; silt: 11.8%; 67%); Organic matter: 0.61%; pH1/5 at 156 

20ºC: 8.1; EC 1:5 at 25ºC: 0.289 dS/m. The water stress assay was conducted 157 

in the ANECOOP experimental station field located in Museros (Valencia, 158 

Spain; 39.57736296452871, -0.36434054374694824), 4 Km away from the 159 

IVIA station and sharing similar soil conditions (sandy loam soil (clay 16.72%; 160 

silt 18%; sand 65.28%); Organic matter 1.48%; pH1/5 at 20ºC: 7.8; EC 1:5 at 161 

25ºC: 0.344 dS m-1). The water stressed treated plants were irrigated to satisfy 162 

60% of ETc by modifying the number of irrigations and maintaining the volume 163 

constant for each irrigation event. The electrical conductivity of the irrigation 164 

water was 1.03 dS m-1 at pH 7.5. For the salt condition, a field near Valencia (El 165 

Perelló; 39.28159975375096, -0.28244733810424805) with a salinity problem 166 

was used. The soil in this field had a moderate salt concentration (sandy loam 167 

soil (clay 20%; silt 6%; sand 74%); Organic matter 3.31%; pH 1/5 at 20ºC: 7.8; 168 
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EC 1:5 at 25ºC: 1.44 dS m-1) and the electrical conductivity and pH of the 169 

irrigation water in this area were 7.5 dS m-1 and 7.6, respectively, with 57.5 mM 170 

of Na+ and 71.2 mM of Cl-. 171 

The average range of minimum and maximum temperatures was 9-10º C 172 

for April and 28-29 º C for July in all locations. 173 

During the trial experiments, seedlings were transplanted in April at a 174 

density of 2.5 plants m-2 in a polyethylene greenhouse, in lines 1 m apart and 175 

0.4 m between plants. The three experiments were laid out according to a 176 

complete randomized block design with three replicates. Each replicate 177 

consisted in 40 plants. Fertilizers were applied at a rate of 200 N, 50 P2O5, 250 178 

K2O, 110 CaO, and 35 MgO all in kg.ha-1, as recommended by Maroto (2002). 179 

Ripe fruits were harvested from the end of May to the end of July, and 180 

marketable and unmarketable fruits, mainly due to BER, were weighed. All the 181 

physiological parameters were measured 80, 110 and 140 days after 182 

transplanting (DAT). No significant differences were observed among replicates 183 

in all the studied parameters at each studied location. 184 

2.3. Biomass and ion determination 185 

Plants were harvested after 140 DAT for n=8 samples of each treatment 186 

and plant combination. Afterward, leaf area was measured with a LI-COR 3000 187 

A (LI-COR, Nebraska, USA). For the dry weight (DW) determinations, leaves 188 

and roots were dried at 70°C for 72 h in a laboratory oven and were then 189 

weighed. Leaves and roots were digested in a mixture at 70% HNO3-HClO3 190 

(2:1). Na+ concentrations were measured by ICP emission spectrometry (iCAP 191 

6000, Thermo Scientific. Cambridge, United Kingdom). The chloride 192 
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concentration (Cl-) in the dry plant material was extracted with 0.1 N HNO3 in 193 

10% (v/v) acetic acid and was determined by potentiometric tritation with AgNO3 194 

in a chloride analyzer (Sherwood, MKII 926).  195 

2.4. Water relations 196 

The midday leaf water potential (Ψw) was determined in a Scholander 197 

pressure chamber (PMS Instruments, Albany, USA). In the same leaves, the 198 

osmotic potential of leaf sap (Ψs) was measured by a Digital osmometer 199 

(Wescor, Logan, USA). To this end, five leaves from each treatment and plant 200 

combination were frozen at -70 ºC. Samples were thawed and centrifuged in 201 

Eppendorf tubes at 8000 g for 10 min to obtain sap (modified from Callister et 202 

al., 2006). The mmol kg-1 of osmolytes were converted into MPa by the Van’t 203 

Hoff equation. The turgor potential (Ψp) was determined as the difference 204 

between the leaf water potential and the osmotic potential. The water, osmotic 205 

and turgor potentials were determined at 80, 110 and 140 DAT. 206 

2.5. Gas exchange measurements 207 

The net CO2 fixation rate (AN, μmol CO2 m-2 s-1), stomatal conductance 208 

(gs, mol H2O m-2 s-1), transpiration rate (E, mmol H2O m-2 s-1), and substomatal 209 

CO2 concentration (Ci, μmol CO2 mol-1 (air)), and water use efficiency (WUE= 210 

AN/E) were determined on fully expanded leaves (3rd-4th leaf from the apex) in 211 

the steady state under saturating light conditions (1000 μmol m-2 s-1) and with 212 

400 ppm CO2 by a LI-6400 (LI-COR, Nebraska, USA). Gas exchange 213 

measurements were performed from 9 am to 11 am (GMT), and 6 214 

determinations were conducted in different plants for each plant combination 215 

and location at 80, 110 and 140 DAT. 216 
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2.6. Proline determination 217 

Proline content was determined as described by Bates et al., (1973). 218 

Leaf pepper tissue (20 mg) was ground in 3% sulfosalicylic acid, the 219 

homogenate was filtered, and glacial acetic acid and ninhydrin reagent were 220 

added to an aliquot of the filtrate. The reaction mixture was boiled for 1 h, and 221 

readings were taken in a spectrophotometer at a wavelength of 546 nm. Proline 222 

concentration was measured for n ≥ 4 leaves of each treatment, plant 223 

combination and location at 80, 110 and 140 DAT. 224 

2.7. Statistical analyses 225 

To statistically compare the means between plant combinations under 226 

each treatment condition and for each studied time, a one-way analysis of 227 

variance (ANOVA) was used (Statgraphics Centurion for Windows, Statistical 228 

Graphics Corp.). Data were tested first for homogeneity of variance and 229 

normaly of distribution by Barlett’s test. Mean comparisons were made by 230 

Fisher’s least significance difference (LSD) test at P ≤ 0.05. 231 

3. Results 232 

3.1. Fruit yield 233 

Under control conditions, Adige grafted onto ANT and A25 rootstocks 234 

increased marketable yield (Fig. 1) when compared to the ungrafted plants (44 235 

and 40 % more, respectively).  236 

Water and salt stress reduced the amount of marketable fruits. It is 237 

noteworthy that the A/ANT combination showed the highest reduction under 238 

both stress conditions. Under drought stress, A/25 gave the best marketable 239 
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fruit responses, displaying the lowest reduction when compared to control 240 

conditions (Fig. 1). A/C12 and A/B14 combinations gave intermediate 241 

production under water limitation. Minimal production was displayed by the 242 

ungrafted plants and A/ANT combination under salinity (Fig. 1). Higher amount 243 

of marketable fruits were produced when grafted onto C12, B14 and A25 under 244 

salt stress.      245 

Overall, these data indicate that pepper plants displayed improved yield 246 

performance under all tested conditions when grafted onto the A25 rootstock.  247 

 248 

3.2. Water relations 249 

A statistical analysis on the leaf water potential (Ψw) confirmed the 250 

significant impact of the graft combination for the stressing treatment at 80 and 251 

140 DAT (Table 1). The Ψw values lowered (became more negative) with time 252 

for all the plant combinations and treatments, and the average decrease was 253 

greater for the plants grown under the water stress condition by the end of the 254 

experiment (140 DAT) (P≤ 0.05). 255 

At the end of the experiment, no differences were observed among 256 

combinations under control conditions. However, under both stress conditions 257 

the plants grafted onto accession A25 maintained less negative Ψw values, 258 

followed by A/B14 under water deficit, and then by A/C12 and A/B14 under salt 259 

stress. 260 

Similar values were found for the leaf osmotic potential (Ψs) in the plants 261 

under the control and salt stress conditions at any time (Table 1). Under water 262 
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stress at 140 DAT, significant differences were observed in the ungrafted plants 263 

compared the plants grafted onto B14, C12 and A25, which had less negative 264 

Ψs values.  265 

The turgor potential, Ψp, (Table 1) under water stress for the 80 DAT A/C12 and 266 

A/B14 graft combinations obtained the lowest values. At 110 DAT only the Ψp 267 

values of the ungrafted plants were negative. However at the end of the 268 

experiment (140 DAT), only plants A/A25 and A/B14 maintained positive values. 269 

Under salt stress at 80 DAT, the highest values with significant differences were 270 

for the ungrafted A/ANT and A/A25 plants, but all the plant combinations were 271 

negative at the end of the experiment. 272 

 273 

3.3. Ion partitioning 274 

No significant changes of sodium and chloride were observed during the 275 

experiment under the control and water stress conditions (data not shown), with 276 

values below 5 mg g-1 DW for Cl- and 3 mg g-1 DW for Na+. 277 

Overall, sodium and chloride content increased with time (P ≤ 0.05) in the 278 

roots of all combinations tested (Fig. 2). Chloride content was highest in the 279 

ungrafted and A/25 plants. Furthermore, lowest sodium content at the end of 280 

the experiment was determined in A/C12 plants. 281 

In leaves, chloride also accumulated in all combinations with time (P≤ 282 

0.05). Highest values were observed at the end of the experiment in ungrafted 283 

plants, followed by A/ANT and A/A25, being lowest in A/B14 and A/C12 (Fig. 2).  284 

 285 
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3.4. Proline content 286 

The statistical analysis of proline accumulation confirmed the significant 287 

impact of the studied plant combinations, treatment and time (Fig. 3). Under 288 

control conditions, plants grafted onto C12, B14 and A25 displayed slightly 289 

higher proline content at the end of the experiment. It is noteworthy that higher 290 

levels of proline were accumulated in A/B14 and A/A25 combinations under 291 

both water and salt stress in all measured dates (P≤0.05). Ungrafted plants had 292 

lower proline concentration at 140 DAT, whereas A/ANT and A/C12 plants 293 

displayed intermediate levels (Fig. 3). A/ANT combination accumulated lower 294 

proline content under salinity at the end of the experiment.  295 

3.5. Gas exchange 296 

As shown in Table 2, the net assimilation of CO2 (AN), the intercellular 297 

CO2 concentration (Ci) and instantaneous WUE parameter did not show any 298 

statistical differences during the experiment under control conditions. Drought 299 

provoked a progressive decrease in the net assimilation rate of CO2, although 300 

A/A25 and A/C12 showed highest rates at the end of the experiment (Table 2). 301 

In addition, stomatal conductance also decreased during the experiment, 302 

especially at 140 DAT. At this time point, A/A25 plants displayed higher values 303 

of gs, At the end of the experiment, this stomatal closure was related to a 304 

decrease in Ci (P≤ 0.05) in all plant combinations excepting A/A25 suggesting 305 

stomatal limitations to photosynthesis.  306 

Under salinity, although some decrease in the net photosynthetic rate 307 

was provoked in all combinations, the ungrafted plants showed significantly 308 

lower values at 140 DAT (Table 2). However at this time, stomatal closure was 309 
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significant in the ungrafted and A/ANT plants, being higher in A/B14 and A/A25 310 

combinations. From 110 DAT onwards, A/A25 showed increased WUE values 311 

(Table 2). 312 

3.6. Plant Growth 313 

At the end of the experiment (140 DAT), A/A25 plants grown in control 314 

conditions showed higher shoot biomass than the ungrafted and A/ANT plants 315 

(Fig. 4A). No significant differences were found among combinations in the root 316 

biomass in the control experiment. 317 

Interestingly, similar results were obtained in the shoot biomass both 318 

under water and salt stress conditions (Fig. 4B,C). In addition, A/A25 plants 319 

developed bigger roots under stress conditions when compared to both the 320 

ungrafted and A/ANT plants. 321 

The leaf area of the ungrafted plants was significantly smaller than the 322 

other combinations at 140 DAT (P≤0.05) (Fig. 5), when plants were grown 323 

under water (Fig. 5B) and salt stress (Fig. 5C) conditions.  324 

 325 

4. Discussion 326 

The selection of salt and water stress tolerant accessions to be used as 327 

rootstocks could be a promising approach to ameliorate the negative effects of 328 

abiotic stresses on pepper productivity (Penella et al., 2013, 2014a,b, 2015, 329 

2016). In the present study, the results showed that Adige peppers grafted onto 330 

tolerant accessions under real field stressing conditions were less sensitive to 331 

salt and water stress than their ungrafted counterparts were. This finding was 332 
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noticed at the end of the experiment by the major yields obtained mainly for 333 

Adige grafted onto A25.  334 

As expected, the growth of the ungrafted pepper plants in our experiment 335 

decreased for all the studied times under both the saline and water stress 336 

conditions. In line with other authors, this indicates that pepper plants behave 337 

as salt and drought-sensitive species (Delfine et al., 2000; Pascale et al., 2003; 338 

Rubio et al., 2010). In this sense, different authors have demonstrated that 339 

sweet pepper irrigated with water salinity (3.4 dS m-1) reduced the total yield 340 

(35%), although this salinity concentration was far respect to our salinity 341 

conditions (7.5 dS m-1); however improved some fruit quality like total sugar was 342 

observed (Alharbi et al. 2014). Increased levels of salinity produced a high level 343 

of salt accumulation in pepper root zone inducing decrease in vegetative 344 

growth, biomass production and yield but this effect was depend of growing 345 

season and of an appropriate irrigation regime (Rameshwarean et al., 2016) 346 

and the cultivar (Chartzoulakis and Klapaki 2000).  Deficit irrigation at 60% 347 

(identical decrease to our water stress) mainly during the period between 348 

flowering and fruit development caused significant reductions in pepper yield in 349 

comparison with full irrigation (Nagaz et al., 2012). These constraints could be 350 

coping with the use of tolerant root system that it could help overcome stress to 351 

the scion. Root biomass production was higher in the A/A25 plants than in 352 

ungrafted plants or in plants grafted onto ANT under stress conditions. This is in 353 

agreement with in a previous work in a controlled short-term experiment 354 

(Penella et al., 2016).  355 

Regarding aerial parts, according to Yetişir et al. (2007) and Colla et al., 356 

2010, all the grafted plants of watermelon showed a larger number of leaves 357 



16 
 

and higher dry weight values than the non-grafted control plants. Similar results 358 

have also been reported in tomato (Borgognone et al., 2013; He et al., 2009). 359 

According to our results, the ungrafted plants showed a reduced leaf area when 360 

grown under stress, which remained unchanged for all the grafted pepper plant 361 

combinations. These effects can be ameliorated by grafting, as our results 362 

evidenced. Photosynthetic activity was higher in all grafted combinations under 363 

salinity at the end of the experiment. Under drought, A/A25 and A/C12 364 

maintained highest photosynthetic rate. Similar results were obtained in our 365 

previous studies (Penella et al., 2014a, 2016). It has to be pointed out that only 366 

A/A25 combination maintained high photosynthetic rates under both stresses, in 367 

accordance with the larger amount of marketable fruits obtained.  368 

In general terms, stomatal conductance markedly decreased with the 369 

water deficit treatment for all the plant combinations; on the contrary, the 370 

decline was more attenuated under our salinity conditions. Notably at the end of 371 

the experiment (140DAT), along with the CO2 assimilation rate, the plants 372 

grafted onto accession A25 had higher stomatal conductance values under 373 

salinity and drought. The decrease in Ci with gs suggested stomatal limitations 374 

in the other plant combinations under drought. Under salinity conditions, A/A25 375 

plants showed higher WUE. These results coincide with previous findings, 376 

which have highlighted the use of tolerant rootstocks to improve the 377 

photosynthesis performance of the scion under abiotic stress conditions (He et 378 

al. 2009; Orsini et al. 2013, Penella et al. 2014a).  379 

Proline accumulation is a well-known adaptive mechanism in plants to 380 

fight against abiotic stress conditions. Several studies have attributed multiple 381 

roles to proline: compatible osmolite, a signaling molecule that influences 382 
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defense pathways, regulation of complex metabolic and development 383 

processes, and a protective compound (Szabados and Savouré, 2010; 384 

Verslues and Sharma, 2010). Proline synthesis in leaves significantly increased 385 

in plants A/A25 and A/B14 for both salinity and water stresses, and for all the 386 

studied times. Our results suggest that the proline accumulation observed in our 387 

experiments was more related with their protective role than with its role in 388 

maintaining the osmotic potential, as its contribution was less than 0.1 MPa. 389 

However, the reported protective role in the photosynthetic process (Szabados 390 

and Savouré, 2010) seems to be clear in A/A25 plants, as under both stressing 391 

conditions photosynthesis was maintained, which agrees with other studies 392 

conducted in tomato genotypes (Amini and Ehsanpour, 2005; Patanè et al., 393 

2016). Nevertheless, that was not observed in A/B14 plants, at least in water 394 

stress conditions. 395 

A specific attribute of salinity conditions was ion toxic effects on plants 396 

(Bartels and Sunkar, 2005; Munns et al., 2002). Grafting has been described to 397 

increase salt tolerance by excluding or restricting toxic ion accumulation in 398 

shoots (Colla et al., 2013). In fact we previously reported this mechanism in 399 

pepper plants grafted onto accessions B14 and C12 during a short-term 400 

experiment (Penella et al., 2015). With the present long-term experiment 401 

performed under field conditions, we corroborate that less Cl- was transported 402 

to the leaves of these accessions used as a rootstock compared to the 403 

ungrafted and A/ANT and A/A25 plants. Regarding Na+ concentration, less Na+ 404 

was allocated to A/B14 and A/ANT plant leaves under the field conditions. 405 

Contrarily, the A/A25 plant tissues accumulated high concentrations of toxic 406 

ions, as in previous studies (Penella et al., 2016), and as reported by He et al., 407 
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2009 in salt-tolerant grafted tomato plants. Despite the continuous salt ions 408 

uptake, the buffer capacity of the A/A25 plants was not superseded, as 409 

witnessed by the unaffected biomass production, even at 140 DAT. In view of 410 

the high Na+ and Cl- accumulations, their probable compartmentalization in the 411 

vacuole and/or apoplastic space to preserve the cytosol from ionic toxic effects 412 

could occur (Penella et al. 2016). 413 

Despite the negative effect on plant growth that derived from its toxic 414 

effect, accumulation of salt ions could help maintain the turgor pressure of 415 

plants (Blum et al., 1996; Navarro et al., 2003), and could occur in the A/25 416 

plants grown under salinity conditions, which was the only combination that 417 

maintained a positive Ψp. Regarding long-term water stress, A/A25, followed by 418 

A/B14, conserved their Ψp, and consequently their leaf cells remained turgid. 419 

 420 

5. Conclusion 421 

The A/A25 plants were highly tolerant to salt and water stresses 422 

presumably given the adjustments made in the physiological processes, and 423 

they obtained larger marketable yields, even under the control conditions. C12 424 

and B14 showed intermediate behaviors with minor yields for both stress 425 

situations, a better capacity to control the entry of salt ions to plants. The ANT 426 

rootstock gave similar yields than A25 under control conditions but its behavior 427 

was greatly reduced in abiotic stressing conditions. 428 

Our results show that pepper grafting on suitable rootstocks from 429 

Capsicum spp. has positive effects on cultivation performance. Specifically, the 430 
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accession A25 is a priceless plant material to be used as a rootstock, which can 431 

be further improved by breeding programs. 432 
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Figure legends 600 

Fig. 1. Marketable fruit yield (kg m-2) of cultivar Adige (A), ungrafted, Adige 601 

grafted onto commercial rootstock Antinema (A/ANT), Adige grafted onto the 602 

C12 genotype (A/C12), Adige grafted onto B14 (A/B14), and Adige grafted onto 603 

A25 (A/A25) under control conditions (A), water stress conditions (B) and salt 604 

stress (C). Values are the mean of n= 120 plants for each  treatment±SE. 605 

Different letters in each column indicate significant differences at P≤0.05 using 606 

the LSD test, following a one-way ANOVA for each treatment, with plant 607 

combinations as the variability factor. 608 

Fig. 2. The Cl- and Na+ concentrations in leaves (A, C) , B) and roots (B, D) 609 

measured under salt field conditions at 80, 110 and 140 days after transplanting 610 

(DAT) in ungrafted cultivar Adige (A), and grafted onto commercial rootstock 611 

Antinema (A/ANT), Adige grafted onto the C12 genotype (A/C12), Adige grafted 612 

onto B14 (A/B14) and Adige grafted onto A25 (A/A25), represented from white 613 

to black, as shown in the legend. Data are the mean values±SE for n=5. For 614 

each studied time, different letters indicate significant differences at P≤0.05 615 

(LSD test), following a one-way ANOVA test with plant combination as the 616 

variability factor. 617 

Fig. 3. Changes in the proline concentration at 80, 110 and 140 days after 618 

transplanted (DAT) from ungrafted cultivar Adige (A), and grafted onto 619 

commercial rootstock Antinema (A/ANT), Adige grafted onto the C12 genotype 620 

(A/C12), Adige grafted onto B14 (A/B14) and Adige grafted onto A25 (A/A25), 621 

under the control conditions (A), water stress conditions (B) and salt stress (C). 622 

Data are the mean values±SE for n=4. For each studied time, different letters 623 
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indicate significant differences at P≤0.05 (LSD test), following a one-way 624 

ANOVA test for each treatment, with plant combinations as the variability factor. 625 

Fig. 4. Dry weight (DW) for leaves and roots 140 days after transplanting from 626 

ungrafted cultivar Adige (A), and grafted onto commercial rootstock Antinema 627 

(A/ANT), Adige grafted onto the C12 genotype (A/C12), Adige grafted onto B14 628 

(A/B14) and Adige grafted onto A25 (A/A25), under the control conditions (white 629 

bar), water stress conditions (gray bar) and salt stress (black bar). Data are the 630 

mean values±SE for n=8. In each treatment, different letters indicate significant 631 

differences at P≤0.05 (LSD test), following a one-way ANOVA test with plant 632 

combinations as the variability factor. 633 

Fig. 5. Leaf area (cm2) 140 days after transplanting from ungrafted cultivar 634 

Adige (A), and grafted onto commercial rootstock Antinema (A/ANT), Adige 635 

grafted onto the C12 genotype (A/C12), Adige grafted onto B14 (A/B14) and 636 

Adige grafted onto A25 (A/A25), under the control conditions (A), water stress 637 

conditions (B) and salt stress (C). Data are the mean values±SE for n=8. In 638 

each studied treatment, different letters indicate significant differences at 639 

P≤0.05 (LSD test), following a one-way ANOVA test with plant combinations as 640 

the variability factor. 641 

Table 1. Water potential Ψw(MPa), osmotic potential Ψs (MPa) and turgor 642 

potential Ψp (MPa) of the leaves from the ungrafted cultivar Adige (A), and 643 

grafted onto commercial rootstock Antinema (A/ANT), Adige grafted onto the 644 

C12 genotype (A/C12), Adige grafted onto B14 (A/B14) and Adige grafted onto 645 

A25 (A/A25), under the control conditions, water stress conditions and salt 646 

stress, measured 80, 110 and 140 days after transplanting (DAT). Data are the 647 
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mean values±SE for n=5. For each studied time and treatment, different letters 648 

indicate significant differences at P≤0.05 (LSD test), following a one-way 649 

ANOVA test with plant combinations as the variability factor for each treatment. 650 

Table 2. Gas exchange parameters of the ungrafted cultivar Adige (A) and 651 

grafted onto commercial rootstock Antinema (A/ANT), Adige grafted onto the 652 

C12 genotype (A/C12), Adige grafted onto B14 (A/B14) and Adige grafted onto 653 

A25 (A/A25), under the control conditions, water stress conditions and salt 654 

stress, measured 80, 110 and 140 days after transplanting (DAT). The net CO2 655 

fixation rate (AN, μmol CO2 m-2 s-1), stomatal conductance to water vapor (gs, 656 

mol H2O m-2 s-1), transpiration rate (E, mmol H2O m-2 s-1), and substomatal CO2 657 

concentration (Ci, μmol CO2 mol-1 (air)), and water use efficiency (WUE= AN/E) 658 

were measured on fully expanded leaves in the steady state under conditions of 659 

saturating light (1000 μmol m-2 s-1) and 400 ppm CO2. Data are the mean 660 

values±SE for n=6. For each studied time and treatment, different letters 661 

indicate significant differences at P≤0.05 (LSD test), following a one-way 662 

ANOVA test with plant combinations as the variability factor for each treatment. 663 
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