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Abstract

:

The Old Limachino Tomato is a valuable fruit with exceptional nutritional values and organoleptic sensory properties. However, it suffers from a short shelf-life, compromising post-harvest behavior. As an attempt to improve the fruit’s qualities, Limachino (L) scion was grafted onto rootstock from the rustic landrace Poncho Negro (R). Fruits produced in this graft combination were compared with fruits produced by self-grafted plants (L/L) and from a long-shelf-life cultivar Seminis (LSL). The trials were carried out for 146 days during summer of two consecutive years. Poncho Negro rootstock increased the total number of fruits produced by Limachino scion (L/R). It did not affect the fresh weight of individual fruits but reduced their water content. It has no impact on the Limachino fruit form (quality), a typical characteristic well appreciated by consumers. Fruits produced by LSL exhibited a higher firmness but a lower titratable acidity and antioxidant capacity than L/R and L/L fruits. Panels of 104 untrained final consumers and a trained panel of 13 experts attributed the highest value to L/R fruits and the lowest one to LSL. It was concluded that Poncho Negro rootstock contributes to increasing preferences and the level of acceptability towards Limachino fruits. Further research is needed to develop local technologies in order to expand the production of local tomatoes that are highly valued by consumers.
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1. Introduction


Tomato (Solanum lycopersicum L.) is one of the most important fruit crops in the world (FAOSTAT 2020). It contains a wide range of health-promoting compounds including vitamins, phenolic compounds and carotenoids and thereby contributes to the prevention of numerous chronic diseases [1]. Hence, besides the quantitative aspects of tomato production, which are crucial for a producer’s incomes, the qualitative aspects of the fruit are of paramount importance for the consumer’s health. Functional attributes and sensory properties (taste, aroma, texture, etc.) are key determinants for consumers’ acceptance [2,3,4]. Unfortunately, modern high-yielding cultivars rarely fulfill the requirement of consumers who often complain of a lack of flavor and aroma [5].



Old cultivars and landraces that have been neglected during the past decades may present interesting properties for both fruit nutritional values and sensory properties [1,6,7]. In the central zone of Chile, an old iconic local cultivar “Limachino” was rediscovered in 2014 as a result of an initiative launched by Chilean authorities to rescue the country’s agricultural heritage. Limachino has a high nutritional value and exhibits an exquisite flavour and seductive aroma. Since the beginning of the 20th century, this cultivar was only cultivated in few specific geographical areas of Chile (mainly in the communes of Olmué and Limache (32°57′35.85″ S–72°20′48.37″ W and 33°03′10.82″ S–71°06′28.32″ W) [8]. Because of its fascinating qualitative properties, this cultivar recently became a protected geographical indication (PGI) and was renamed as Tomate Limachino Antiguo (in English, Old Limachino Tomato) to differentiate it from other cultivars cultivated in the same area. Unfortunately, the fruits from this cultivar also present a major drawback in relation to their weak post-harvest qualities due to their low firmness and shelf-life after being harvested. Serious mechanical damages often occur when harvesting and transporting the fruit, which also has a very short storage capacity. Such weaknesses explain why this cultivar was progressively neglected and then almost disappeared from the market around 1980–1981 until its recent rediscovery.



Improving the post-harvest behavior of Limachino Antiguo thus constitutes an important challenge. This goal may be achieved by classical breeding with other cultivars, but this appears as a long and risky task considering the genetic complexity of traits related to fruit sensory properties and post-harvest quality [1,9]. In tomato, grafting of high value varieties onto appropriate rootstocks is a simple and cheap alternative to long-lasting breeding programs. It constitutes a standard practice commonly used to increase yield-related parameters in terms of fruit number or fruit size, as well as tolerance towards abiotic and biotic constraints [10,11]. Commercial rootstocks frequently consist in hybrids between the cultivated species (Solanum lycopersicum) and wild relatives (S. pennelli, S. habrochaites and S. peruvianum) displaying a high level of tolerance to abiotic factors such as salinity, drought or low temperatures [12,13,14]. In contrast to the quantitative aspects of tomato production, data regarding the impact of rootstocks on fruit qualitative properties remain scarce [15]. Some studies, however, demonstrated that commercially available rootstocks are not necessarily suitable for quality improvement. In 2011, Turhan et al. [16] using the well-known rootstocks ‘Beaufort’ and ‘Arnold’ already noticed that fruit quality measured in terms of dry matter, concentration of soluble solids, total sugar and vitamin C content was lower in grafted plants than in non-grafted ones. More recently, Ellenberger et al. [13] reported a decrease in lycopene content using ‘Beaufort’ while Mauro et al. [12] observed a decrease in ascorbic acid and other nutraceutical traits for fruits produced by scion grafted on ‘Optifort’ or ‘Dynafort’. Grieneisen et al. [10], Lang et al. [17] and Fu et al. [18] considered that even the best rootstocks for yield increase had no significant impact on fruit quality.



Scion-rootstock compatibility depends on the grafting procedure and both pre- and post-grafting environmental conditions but is also genetically controlled [19]. The rootstock and scion exchange a wide range of substances, including small organic molecules, essential nutrients and signaling molecules among which phytohormone play a crucial role. The root-to-shoot translocation of phytohormones may indeed assume key functions in scion adaptation to environmental constraints such as salinity and water deficit [19,20,21]. On a long-term basis, compounds such as abscisic acid, aminocyclopropane carboxylic acid (the immediate precursor of senescing hormone ethylene), auxin and cytokinins are involved in fruit development and maturation processes and may, thus, influence both qualitative parameters and post-harvest storage capacities [1]. According to Zhou et al. [15] numerous mobile proteins, protein-coding mRNAs and non-coding small RNAs may also be found in the xylem sap of grafted plants and some of them may have a strong influence on fruit metabolism and properties. Špika et al. [5] recently demonstrated that the modification of the sensory profile and volatile aroma compounds of tomato is a direct function of interactive specific effects between scion and rootstocks.



Since the use of commercial rootstocks does not constitute a guarantee of fruit quality improvement, some local landraces well adapted to a target environment might constitute an alternative [6]. Fullana-Pericàs et al. [22] demonstrated that the traditional landrace ‘de Ramellet’ used as a rootstock allowed an increase in the shelf-life of produced fruits while the commercial rootstock ‘Maxifort’ did not. In the North part of Chile, tomato producers have to struggle with ion toxicities consisting in salinity and boron excess. The traditional landrace Poncho Negro displays a fascinating ability to cope with the simultaneous occurrence of NaCl and B excess ([7,23,24,25]. The Poncho Negro—Limachino Antiguo as a rootstock-scion combination is efficient since Alfaro [26] recently demonstrated that Poncho Negro rootstock improved Limachino Antiguo resistance against Pseudomonas syringae. This prompted us to study its impact on the fruit quality produced by the Limachino Antiguo scion. Consumers’ acceptance in relation to fruit quality may be apprehended through quantitative estimation of measurable properties. However, other criteria such as taste or flavour remain subjective but can be assessed using a panel of experts but also by untrained consumers [27].




2. Materials and Methods


2.1. Plant Material, Grafting and Growing Conditions


Seeds of two accessions of Solanum lycopersicum L., namely, Poncho Negro (R, accession SLY001) and Old Limachino Antiguo Tomato (L., accession SLY074), were provided by the INIA-La Platina seed bank. An additional commercial cultivar Seminis (DRW7742) was used as a control since this cultivar exhibits an exceptional long-shelf-life. It will be thereafter designated as LSL. Following Martínez et al. [28], seeds were sown on a perlite-peat (1:1, v/v) substrate for initial germination, and seedlings were then grown in growth chambers in four outdoor containers filled with a perlite-peat (1:2 v/v), moistened regularly with half-strength modified Hoagland nutrient solution, which contained the following chemical concentrations: 5 mM KNO3, 1 mM NH4H2PO4, 0.5 mM MgSO4, 5.5 mM Ca(NO3)2, 25 µM KCl, 10 µM H3BO3, 1 µM MnSO4, 1 µM ZnSO4, 0.25µM CuSO4, 10 µM Na2MoO4 and 1.87 mg L−1 Fe-EDDHA. Twenty-one days after germination, in September (spring in the Southern hemisphere), the plants were grafted and moved on soil to a greenhouse located at the Regional Centre of INIA-La Cruz, Valparaíso Region (32°59′ LS, 71°10′ LW, 105 m.a.s.l.). Splice grafting was performed when plants reached three pairs of fully expanded leaves and a stem diameter of about 2 mm, according to Bhatt et al. [29] with slight modifications. The Limachino tomato plant was grafted on the Poncho Negro plant (L/R treatment) and on itself (L/L treatment) using a silicone clip. Preliminary studies [26] demonstrated that grafting process had no impact on Limachino behavior and that self-grafted plants presented similar physiological, phenological and agronomical properties as non-grafted plants. Plant-to-plant distance within each row was 0.6 m and, in a row, was 0.4 m. Therefore, the planting density for all treatments was 4.16 plants per m2. In relation to this value, it is pertinent to point out that the Old Limachino Tomato is a local non-hybrid accession with less vigor than commercial varieties. This difference means that the plants associated with the commercial varieties require a greater separation between them, which means that the planting density is much lower in relation to the planting density of Limachino accessions. Thus, the usual density at which the Old Limachino Tomato has been grown for almost a century has ranged, on average, between 3.8 and 4.2 plants m−2, while the value for commercial varieties ranges, on average, between 2.3 and 3 plants m−2. The study covered the 2018–2019 and 2019–2020 seasons. The type of grafting (L/L, L/R or no grafting for LSL) will hereafter be considered as “treatments”.



Plants were then grown in greenhouse under a polyethylene roof with 80% transmittance with a natural light intensity at the top of the canopy around 1200 µmol m−2 s−1 (photosynthetic photon flux density, PPFD) at noon (Figure 1). The greenhouse cover material comprised 3 mm-thick 3-layer thermal polyethylene with a two-season duration (UV 2T). At that time, the architecture and construction of the greenhouse considered a hood-type design with lateral, front, rear, and zenithal ventilation, which were open for most of the day and during the entire experimental period (spring-summer) to avoid heat excesses. The mean air temperature outside the greenhouse ranged from 8.8 °C to 26.3 °C during the cultivation period, and the average relative humidity outside the greenhouse was 65.0 ± 7.3 (Figure 1). As indicated in Figure 2, the photoperiod was 14 h light/10 h dark (spring-summer) and 11 h light/13 h dark (autumn). The experiment lasted 146 days.



Irrigation was supplied using an automatic pressurized drip system with a flow rate of 1.20 L/emitter h−1 and a 0.4 m emitter spacing. The surface flow rate was 2 L m−2 h−1. Irrigation was carried out 3 times per week during the 146 days of cultivation with periods of time defined in accordance to the developmental stages of the plant. Fertilization was supplied through fertigation management following the plants’ acclimatization, starting two weeks after transplanting. The fertilization was applied at four developmental stages with 275 Kg ha−1 N, 100 Kg ha−1 P2O5, 500 Kg ha−1 K2O, 151 Kg ha−1 CaO, 100 Kg ha−1 MgO and 75 Kg ha−1 S. The pH and the EC of the nutrient solution were set to 6.65 and 0.88 dS.m−1, respectively. An orange-colored plastic mulch was used for weed control.



The experiment was carried out in a one-way design with 12 random blocks (replicate) that contained the three treatments (6 plants per treatment). As a result of this design, a total of 216 plants were involved. Except for the fruit quality analysis, one plant (considered as a “unit”) per block was randomly selected to measure each variable according to the type of treatment; i.e., each variable was measured 12 times for each season (2018–2019 and 2019–2020). Regarding fruit quality analyses, a sample of 3 fruits (cluster) was taken per plant for each replicate (or block) and treatment, leading to a total number of 108 fruits for each season.




2.2. Shoot Biomass and Yield


Fresh weight (FW) and dry weight (DW) of stems, leaves and fruits were determined 146 days after transplanting (DAT) using twelve replicates per treatment. The entire plant was harvested at the end of the cycle, the aerial organs were separated, and the FW was weighed on a balance (Intell-lab, mod. WTB2000). Subsequently, and after the samples were kept at 80 °C for 48 to 72 h in an oven in the case of leaves and stems, DW was estimated. In the case of fruits, samples were kept for 4 to 5 days in the oven due to their high-water content. Productivity was assessed by considering the total weight of fresh and dry fruit from the 1st to the 5th bunch at maturity expressed in kg m−2 (stage of maturity 5–6 at the color scale according to US standards, Grierson and Kader [30] and USDA [31]). The total fruit yield (TFY) per plant and the number of fruits per plant were recorded at each harvest and were measured excluding fruit that presented defects and/or damage such as cracking or rot. For this purpose, 6 replicates per treatment were carried out at harvest time.




2.3. Fruit Agronomic Quality Attributes


To measure each agronomic and functional variable, three fruits of uniform size and red color (stage 5–6) per plant and per replicate were harvested manually during the morning. For agronomic analysis, some variables were measured immediately after harvest (fresh fruit weight, firmness, soluble solids, color and size) while variables such as titratable acidity, FRAP and polyphenol content were measured with fruit stored at −80 °C.



In the case of agronomic attributes and following Martínez et al. [32,33], single fruit fresh weight (FFW), dry weight (FDW), water content on a fresh weight basis (WCFW, %), dry weight basis (WCDW, gg−1) and fresh to dry weight (FW/DW) were determined on three fruits (one cluster) per plant and replicate. Total soluble solids (TSS) and titratable acidity (TA) were estimated using the seminal methodology developed by Almasoum [34] and TSS/TA was calculated. Fruit size was determined by the equatorial and polar diameters of the fruits using vernier calipers 150 × 0.02 mm (6 × 1/1000 IN) and a model caliper (foot meter). Firmness was carried out using a Silverado model FHT 803 digital pressure gauge with an 11 mm diameter plunger. Visual colour measurements were carried out following US standards Grierson and Kader [30] and USDA [31], which established quality by classifying six color stages as illustrated in Figure A1 (Appendix A). Color changes were quantified by color parameters, L*, which were measured at the polar area on each tomato after being tested with a CM-5 Spectrophotometer (Konica Minolta, Tokyo, Japan) [2,35], using an 8 mm lens aperture. Subsequently, redness values of the tomatoes were computed as a*/b* [2] and used to compare the colors of the control and treated plants.




2.4. Fruit Functional Attributes


Frozen samples were used to measure functional attributes of the fruit. Twelve replicates per treatment were performed. The fruit antioxidant capacity was measured by FRAP’s method first proposed by Benzie and Strain [36] with some modifications made by Martínez et al. [33]. The total phenolic compounds (TP) were determined according to Singleton and Rossi [37], and subsequent sight modifications were made by Galati et al. [38]. The total phenolics content was expressed as a μg of gallic acid equivalents per g FW and all analyses were performed in triplicate by replicate using an a Spectrophotometer-UV MINI 1240 Shimadzu.




2.5. Fruit Sensorial Attributes


Sensory evaluation was performed by Regional Centre for Studies in Healthy Foods (CREAS), Curauma, Region of Valparaíso, and by the laboratory of the Catholic University of Maule, San Isidro Campus, Maule Region. While CREAS conducted a sensory analysis based on 104 untrained consumers (final consumers), the University conducted an analysis based on an expert panel of 13 people.



The group conducted by CREAS was made up of men and women, workers, students and housewives between 19 and 70 years of age, with an average age of 27 years, who provided verbal consent for participation following Stone and Sidel [27]. A structured 7-point hedonic scale was used for the application of acceptability test, with categories ranging from “I like it very much” to “I dislike it very much”. The panelists were asked to evaluate 3 tomato samples, corresponding to the 3 treatments already mentioned and duly coded, indicating on this scale the level of liking of each sample, respecting the order of the presentation. On the other hand, they were also asked to evaluate the samples in the same order they were introduced (that is, from left to right), marking the sample of their preference with an X as well as adding comments if desired.



As mentioned, the group (panel) conducted by the University consisted of 13 trained panelists ranging in age from 20 to 27 years with experience in sensory evaluations of this type [39]. The evaluation procedure was carried out in line with the methodologies developed by Wittig [40] and Stone and Sidel [27]. The panelists first evaluated the appearance and acceptability on a scale of 1 to 9, where 1 corresponded to “extremely disliked” and 9 corresponded to “extremely liked”. Then, they evaluated the perception of the organoleptic attributes of the fruits such as color, sweetness, flavor, acidity, aroma, floury, texture and blandness with a line from 1 to 13 cm in a spiderweb diagram. The evaluations were always carried out in the same environment, where the panelists were positioned in such a way that they did not interact with each other and were given instructions on how to carry out the evaluation. Three treatments with six replications each were evaluated, producing a total of 18 samples.




2.6. Statistical Analysis


Data on productivity, functional and sensorial fruit quality were analyzed using a one-way analysis of variance (ANOVA) at a significance level of p ≤ 0.05. The model was defined as a single design with 12 free random blocks (replicate) and 18 plants per replicate. As previously mentioned, one cluster involved three fruits per plant. The main source of variation is the type of grafting chosen corresponding to the three treatments already described. When the ANOVA was significant at p ≤ 0.05, the Duncan Multiple Range Test was used to compare the means of each variable under study. All analyses were conducted in RStudio version 3.0.2 (R Development Core Team, 2012; available online http://www.R-project.org (accessed on 17 August 2022); the software was sourced in La Cruz, Chile). We also performed principal component analyses (PCA) using the ‘FactoMineR’ package to compare the agronomic and functional quality attributes of the fruits of the three treatments.





3. Results


3.1. Shoot Biomass and Yield


Figure 3A,B show the total fresh and dry biomass (kg m−2) assessed in the three treatments mentioned above: (1) long-shelf-lived Seminis (LSL) tomato, (2) self-grafted Old Limachino tomato (L/L) and (3) grafted Old Limachino tomato on Poncho Negro rootstock (L/R). Total fresh biomass did not show significant differences depending on the used treatment (Figure 3A), but the total dry biomass (Figure 3B) was the highest for LSL plants (1.136 kg m−2) compared to the other two treatments, with L/L showing the lowest value (0.949 kg m−2).



Figure 3C,D display the total fruit productivity on fresh weight (FW) and dry weight (DW) evaluated in the three treatments. Fruit productivity on fresh weight basis (kg of total fresh fruit per m2) of L/R plants was not significantly higher (16.0 kg m−2) compared to L/L (15.5 kg m−2) and LSL (14.9 kg m−2) plants. However, when fruit productivity was estimated on a dry weight basis (kg of total dry weight of fruits per m2), the L/R plant presented the highest average value (0.826 kg m−2) compared to the other two treatments while the productivity of L/L plants was the lowest.



LSL presented the highest total leaf fresh weight per m2 (1.91 kg m−2) compared to the other two treatments, and L/R presented the lowest one (Figure 3E). The total leaf dry weight showed a similar behavior (Figure 3F). Likewise, the total stem fresh and dry weight were both higher in the LSL treatment compared to the other two types of treatment (Figure 3G,H), reaching mean values of 0.85 kg m−2 for the fresh weight and 0.12 kg m−2 for the dry weight. The L/R treatment showed the lowest mean value for these variables: 0.51 and 0.078 kg m−2, respectively.



Another productivity indicator is the number of fruits per square meter or per plant. Figure 4 illustrates that the L/R treatment reached higher values comparatively to other treatments (LSL and L/L). It can indeed be observed that 134.96 fruits per square meter were obtained for L/R treatment, while values are 106.73 and 121.97 for LSL and L/L treatments, respectively. Using a plantation density of 4.1 plants m−2 and following the same order for treatments, the number of fruits per plant for each treatment was 32.91 (L/R), 29.75 (L/L) and 26.02 (LSL).




3.2. Fruit Agronomic Quality Attributes


The fresh and dry weight of individual fruit obtained from the LSL treatment were 10 and 21% higher, respectively, compared to the L/L and L/R treatments (Figure 5A,B). The equatorial diameter had a mean value of 6.4 cm and was not influenced by the treatment (Figure 5C). In contrast, the polar diameter was higher for LSL than for the two other treatments: L/L and L/R presented the same polar diameter (Figure 5D).



Figure 6 shows the visual color of the fruit for the three treatments either according to the USDA scale or according to the photometric spectrum. According to the USDA scale, significant differences between treatments were observed, especially in treatments in which the L accession was included. Indeed, fruits associated with the L/R and L/L treatments exhibited a mean score of 5.9 and 5.8, respectively, while the mean value for the LSL treatment was only 5.6 (Figure 6A). In contrast, according to the second method, the color parameters L* was lower in L/L and L/R fruits than in LSL fruits (Figure 6B). Regarding the ratio a*/b* (degree of redness), higher mean values were observed for L/R and L/L fruits than for LSL fruits (Figure 6C).



Water content on a fresh (WCFW, %) and dry (WCDW, g g−1) weight basis is shown in Figure 7A,B. The WCFW (%) mean value was higher in the fruit of the L/L plants (95.3%) compared to similar mean values recorded for L/R and LSL treatments (94.8%) (Figure 7A). A similar response was observed in the WCDW mean value, where the fruit of the L/L plants presented a higher mean value (WCDW = 22.49 g g−1) compared to the other two treatments (Figure 7B). The FW/DW ratio of the fruit produced by the L/L treatment (23.49) showed a significantly higher mean value compared to the two other treatments (Figure 7C).



The fruit produced by LSL showed the highest mean fruit flesh firmness (1.6 Newton) compared to the other two treatments, which showed mean values below 0.6 Newton (Figure 8). As a conclusion, fruits from LSL plants are stiffer than the those coming from the L/L and L/R treatments, and no difference was recorded between treatments involving Limachino fruits.



In relation to the chemical quality of the fruits, Figure 9 shows the content of total soluble solids (TSS, °Brix), titratable acidity (TA, mg citric acid L−1) and the ratio of total soluble solids to titratable acidity (TSS/TA) for each considered treatment. The treatment had no impact on total soluble solids content, and a mean value close to 4.2 °Brix was obtained in all cases (Figure 9A). The titratable acidity of LSL fruits (Figure 9B) showed a lower value (2.7 g citric acid L−1) compared to the other two treatments: L/L and L/R had similar values of c.a. 3.5 mg citric acid L−1. From this difference, the ratio of total soluble solids to titratable acidity (TSS/TA) was higher in the LSL fruits (1.6) compared to the L/L and L/R fruits (Figure 9C).




3.3. Fruit Functional Attributes


The FRAP antioxidant capacity (Figure 10A) and total poly-phenol content (Figure 10B) were significantly higher in fruits Limachino, (L/L and L/R treatments). In relative terms, the FRAP mean value was 50% higher in these two treatments compared to the LSL one, while the polyphenol content was 40% higher in the L/L and L/R treatments compared to LSL.




3.4. PCA Analysis of the Agronomic and Functional Fruit Quality


A PCA analysis was conducted to make the effect of Poncho Negro (R) on the agronomic and functional attributes of the Old Limachino Tomato (L) precise. The analysis confirms that R did influence these attributes. Principal component 1 (PC1) represented 38.32% of the variance (Figure 11A), and it was mainly explained by the following variables: ferric-reducing antioxidant power (FRAP), total phenolic compounds (TP), titratable acidity (TA), fruit visual color (COL) and fruit level of redness (a*/b*), fruit fresh weight (FFW), fruit dry weight (FDW) and polar diameter (PDIA). In other words, PC1 is explained by variables related to antioxidant capacity, acidity and color. Principal Component 2 (PC2) accounted for 24.69% of the variance and was mainly explained by the variable Equatorial diameter (EDIA) and components related to the fruit water content such as water content on fresh weight basis (WCFW), water content on a dry weight basis (WCDW) and the ratio of fresh weight to dry weight FW/DW. On the other hand, Figure 11B clearly shows a first and large separation between the LSL treatment (mainly the lower right quadrant) and the L/L and L/R treatments (upper and lower left quadrants). Additionally, a second separation can be noted between the L/L and L/R treatments. Indeed, there is a shared zone between the two, but at the same time, the presence of a differentiated response of the L/R treatment was clearly noted, which tends to cover the lower left quadrant of the graph.




3.5. Fruit Sensorial Attributes


From a more subjective point of view, Table 1 shows the preferences and the degree of acceptability for the fruits corresponding to the three treatments reported by the untrained sensory panel (final consumers). Fruits from the L/R treatment showed the highest number of preferences followed by L/L fruits, while fruits from the LSL treatment clearly exhibited the lowest level of preference. In relation to acceptability ranges, it is observed that, for categories 5 to 7 (Table 1), there was greater acceptability by the panel towards fruits from the L/L and L/R who exhibited almost similar values than for LSL.



On the other hand, Figure 12 shows the sensory attributes of the fruit such as color, sweetness, flavor, acidity, aroma, floury, texture and blandness (to the chewing and touch), as perceived by the panelists of the trained panel. The level of visual color perceived by the panelists was significantly higher in L/L and L/R fruits compared to LSL. In contrast, the sweetness perceived by the panelists was higher in LSL than in the other two treatments L/L and L/R. In terms of flavors, the fruits associated with treatments L/L and L/R were ranked higher by the panelists, with values of 7.5 and 6.9, respectively. The fruits from these plants (L/L and L/R) showed a higher level of acidity compared to the fruit associated with the LSL treatment, reaching a level of 4 on the evaluation scale. The level of aroma was lower in the fruit of the LSL plants (4.7) compared to the fruit of the L/L (6.8) and L/R (6.3) plants. The level of floury was lower in fruits issued from L/L treatments with a value of 1 on the evaluation scale compared to those fruits associated with L/R and LSL treatments, which showed values of 5 and 7, respectively. Fruit texture was significantly higher in LSL fruits (9.2) compared to the other two fruits. Finally, the L/L and L/R fruits showed a level of blandness significantly higher than LSL fruits, with values of 5 and 9, respectively, far from the near-zero value reported for the fruit associated with this last treatment.





4. Discussion


About 40 commercial tomato rootstocks are available in the Chilean market, and the most common ones include Arazi, Armstrong, Arnold, Beaufort, Brigeot, Emperor, King Kong, Optifort, Maxifort, Multifort and Unifort. All of them have a foreign origin and usually correspond to inter-specific hybrids that have been selected on the basis of their resistance to common diseases (viruses such as ToMV, among others, fungi present in the soil such as Fusarium oxysporum f sp lycopersci, Verticillium alboatrum and Verticillium dahlia, among others) and nematodes (Meloidogyne arenaria and Meloidogyne javanica) [26]. To the best of our knowledge, the present study is the first attempt to use local Chilean landrace (Poncho Negro; R) as a rootstock for another landrace (Old Limachino Tomato; L) in relation to fruit properties in the absence of stress.



The present study reports positive effects of the use of R on yield and some agronomic, functional and sensory quality attributes of L fruit relative to fruit produced by self-grafted (L/L) plants on the one-hand and fruits produced by a well-known long-shelf-life tomato (LSL) plants Seminis on the other hand. Total biomass expressed on a dry weight basis was higher for LSL while the total weight of produced fruits expressed on the same basis was higher for L/R (Figure 3). Since the leaf total fresh weight was the lowest for L/R and stem weight was similar in L/R and L/L, we concluded that the harvest index was the highest in L/R (0.80) and the lowest in LSL (0.67), while L/L had an intermediate value (0.74), thus confirming that L/R was the best combination allowing photosynthate distribution towards harvestable parts of the plant.



The highest fruit production of L/R combination in terms of weight per surface could be related to its higher number of fruits (Figure 4). Fullana-Pericàs et al. [22] already demonstrated that the use of local landrace as rootstock improves the fruit’s number in a more efficient manner than using a commercial rootstock such as Maxifort. The long-shelf-life (LSL) produced a lower number of fruits, but individual fruits had the highest weight (Figure 5A and 5B). This suggests that the photosynthates produced are allocated to a low number of sink organs, thus sustaining the growth of individual fruits. It must be mentioned that L/R produced a higher number of fruits than L/L, but that individual fruit dry weights were similar in the two types of plant (Figure 5B). This suggests that photoassimilate production might have been higher in source leaves of L/R than in the source leaves of L/L and/or that photoassimilates were more efficiently translocated from source to sink organs in the former than in the latter. From an agronomic point of view, fruit-thinning management has been suggested to improve the weight and the size of fruits associated with local accessions: It can remove smaller or weaker fruits from the plant or even the floret (Figure 13B), a large yellow flower that is a strong center of photoassimilate consumption but causes deformed fruits (“rosca”) (Figure 13C). Thus, by using this manual management (blossom and fruit thinning), photosynthetic assimilates (DM) will be concentrated in a few fruits, thereby increasing their size and individual weight, as observed by Ucan-Chan et al. [41] who carried out fruit thinning in tomato, thus increasing the weight of the fruits that remained in the bunch.



When comparing LSL on the one hand and L/L or L/R on the other hand, it is interesting to note that size and form differences are related to the polar diameter side and not to the equatorial side (Figure 5C,D). The visible effect of this phenomenon is the typically flattened shape of the L accessions, a characteristic of the fruit that is important since it is well recognized by consumers [8]. Hopefully, the use of the local rootstock did not alter this geometry (Figure 13A). In this regard, the literature concerning the study devoted to the effect of rootstock on tomato geometry is scarce and not consensual. On the one hand, Qaryouti et al. [42] and, more recently, Mauro et al. [43] reported a null effect of different rootstocks on several commercial tomato varieties. These findings suggest that fruit geometry is controlled by the scion genotype [44]. On the other hand, Turhan et al. [16] and Casals et al. [4] did report changes in the geometry of local tomato fruits grafted and grown under conventional, high-tunnel cultivation, observing differences between graft combinations under outdoor and organic cultivation. These findings suggest that certain scion–rootstock combinations and environmental conditions may have played some role in the geometric changes detected.



The use of the local Poncho Negro rootstock also allowed obtaining fleshier fruit with less water, thus reinforcing its interest to improve the quality of fruit produced by the L scion (Figure 7). A positive impact of some commercial interspecific hybrids rootstocks on fruit fresh weight has often been attributed to an increase in the fruit’s water content [10,16,17], leading to a decrease in fruit quality and nutritive value. This, obviously, did not occur with the Poncho Negro rootstock and could be at least partly related to the fact that Poncho Negro is issued from a dry area and behaves as a water saver with high water-use efficiency in relation to efficient aquaporin functionality and regulation [23].



Fruit color is known to be one of the quality factors in fresh tomato for consumer preference [2]. According to our data, this physical attribute would be a deciding factor of higher preference and acceptability of L/L and L/R fruits by consumers comparatively to LSL. Minolta color *a/b* values (Figure 6C) were closely associated with USDA color status values (Figure 6A) as found by Batu [2]. According to this scale, local rootstock R did have a positive effect on the level (or intensity) of the red color of the scion L fruit. Shade tests measured by Minolta color *L (Figure 6B) detected the presence of white and yellow shades in our fruit material, but these shades were significantly less intense in fruit grafted with the local rootstock. Hence, the use of the local rootstock Poncho Negro does contribute to improving the physical color quality of the Old Limachino Tomato and, therefore, its level of preference and acceptability by consumers. According to Goisser et al. [45], the values of Minolta color L and *a/b* are exponentially correlated with lycopene content with a correlation coefficient (r2) of 0.94 and 0.90. This leads us to hypothesize that both L/L and L/R fruits contained more lycopene than fruits from LSL, although this compound was not quantified in the present study. This hypothesis is supported by the fact that fruits from L/L and L/R exhibited a higher FRAP index than those from LSL, with lycopene being a strong and efficient antioxidant in tomato fruits [1]. The fact that Poncho Negro rootstocks had no deleterious impact on the fruit’s lycopene content contrasts with the recent observation of Ellenberger et al. [13], who reported a decrease in lycopene content of the fruit for scions grafted on commercial hybrid rootstocks.



Polyphenols also play a major role as an antioxidant in tomato fruits. Both L/L and L/R fruits had higher total polyphenols concentrations than LSL (Figure 10B) (about 36% higher than that observed in the long-shelf-life tomato). Martínez et al. [28] and Fuentes et al. [46] observed a similar association between FRAP antioxidant capacity and total polyphenol content in Solanum chilense fruits and landrace berries, respectively. The antioxidant properties and their potential positive health effects attributable to polyphenols attracted great interest in studies on tomatoes [47,48,49,50]. The Poncho Negro rootstock did not increase the polyphenol content of Old Limachino fruits. This is not necessarily a negative point since polyphenols are also associated with sensory properties such as astringency and bitterness, which may generate unpleasant sensations to the consumer in some cases [51,52].



As expected, the firmness of the LSL fruits was about 3 times higher than that measured in L fruits. The local rootstock Poncho Negro was unable to increase fruit firmness of the scion fruits and, thus, could not contribute to improving postharvest quality of Limachino (extension of shelf life, less sensitivity to physical or mechanical damage, etc.). In high-yielding commercial varieties, firmness is commonly related to modifications in the hormonal status and more specifically to a decrease in ethylene synthesis, which is involved in fruit softening and acts as transcriptional regulators of cell-wall hydrolase. It is well established that rootstocks and scion exchange numerous hormonal products [19,20,53], and it appears here that Poncho Negro was not able to transfer ethylene-counteracting molecules in order to improve Limachino’s fruit shelf live. Hence, a selection within the Limachino accession may be an alternative to reduce ethylene synthesis, but this constitutes a risky task inasmuch as ethylene is involved in the regulation of a plethora of metabolic pathways, which contribute to the taste and flavor of Limachino [1,8]. Our sensory panels exhibited a high preference and acceptability for Limachino fruits compared to the commercial fruit in spite of their low level of firmness. This suggests that, at the final consumer level, the firmness attribute seems to be less relevant than other attributes such as color, flavor or aroma. Nevertheless, improvements in firmness of Limachino still remain a priority for producers.



Similarly, the Poncho Negro rootstock did not influence the titratable acidity of the fruits produced by the scion Limachino (Figure 9). According to Aslam et al. [54], fruit acidity could comprise ascorbic acid (vitamin C) content and the higher TA values of Limachino fruit could be regarded as a positive property. Mauro et al. [12] reported a decrease in the ascorbic content in fruits in response to grafting on interspecific commercial rootstocks but this was not observed in the present case. The L fruits produced by L/L or L/R combination were 40% more acidic than the long-shelf-life LSL variety used in the trials (Figure 9B). Although it has an important role for human nutrition, ascorbic acid is only a minor contributor to acidity comparatively to citric and malic acid [1] and grafting was reported to alter organic acid metabolism in some rootstock/scion combinations [10]. According to Huang et al. [55], phosphoenolpyruvate carboxykinase is often stimulated during the ripening process of commercial cultivars and acts in the dissimilation of malate/citrate to provide sugar through the neoglucogenesis pathway. If this is valid in LSL fruits, it might explain the lower TA values recorded in this material. TSS was the same for the three considered treatments and it is well known that TSS in tomato fruit is mainly due to soluble sugars. By combining the values obtained for TSS (Figure 9A) and TA (Figure 9B) from our experiments, the results showed a lower and very similar value of the TSS/TA ratio for the local L/L and L/R fruits (Figure 9C). Since the TSS/TA ratio is generally associated with fruit flavour, i.e., the balance between sweetness and acidity, it is plausible to claim that acidity contained in tomato fruits is a determinant for consumers’ preferences and acceptability for and towards the fruit, similarly to what the sensory analysis reveals. In terms of acceptability, it has been documented that consumer’s acceptability of tomato fruits should be high in aroma intensity and sweetness but of intermediate acidity [3,56,57].



The putative interest of Poncho Negro rootstocks for improvements in L fruit perception by consumers is confirmed by the sensory panels analysis (Table 1). In terms of preference, L/R fruits displayed a score of 46 while it was only 34 for L/L. The acceptability levels were clearly higher for L/L and L/R than for LSL. Still, from a subjective perspective, it is plausible to argue that the decision to choose mostly the L/R fruit may be associated with its higher level of perception of attributes such as flavor, color, aroma and acidity detected by the sensory panel. However, when comparing the two fruits from the local accessions (L/L and L/R), no significant changes in acidity level were observed. In other words, it would not be the higher acidity attribute that would be the sustaining or defining preference and acceptability of the L/R fruit by consumers. Moreover, the fact that blandness was two times higher for L/R fruits than for L/L constitutes puzzling information. In addition to sugars and acids, volatile compounds are major determinants of organoleptic fruit properties and trigger a response to the olfactory system contributing to overall taste sensation. Volatiles are metabolically derived from aliphatic amino acids, terpenoids, phenolic compounds and fatty acids [44,58]. According to Zhou et al. [15] and to Špika et al. [5], rootstocks may have an important impact on volatiles profile. We may, thus, hypothesize that this complex class of compounds was modified in L/R fruits comparatively to L/L ones and contributes to the positive effect recorded by consumers’ acceptability and preference.




5. Conclusions


The present work confirms that the local tomato landrace Poncho Negro may be adequately used as a convenient rootstock for the Old Limachino tomato cultivar. Indeed, Poncho Negro rootstock allowed an increase in the total number of fruits produced by Limachino scion without negative impacts on individual fruit weight or typical fruit form. Poncho Negro rootstock, however, remained unable to increase the fruit firmness of Limachino scion fruits compared to the fruit of the long-self-life Seminis cultivar. Untrained and trained experts panels attributed the highest qualitative value for organoleptic attributes to fruits produced by the L/R combination.



Our study was performed under optimal conditions while it is well established that adapted rootstock mainly provides advantages under stress conditions [13,14,18,19,21,22,34]. Since the rustic tomato landrace Poncho Negro is highly resistant to a wide range of constraints [7,23,24,25,26], additional studies are currently in progress in our laboratories make precise the interest on the Poncho Negro rootstock with respect to Old Limachino fruits produced under drought and salt conditions.
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Figure A1. Colour classification requirements in Old Limachino Tomato based on USDA (1976): (1) Green, (2) Breakers, (3) Turning, (4) Pink, (5) Light Red and (6) Red. 
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Figure 1. Photosynthetic active radiation-PAR (µmol m−2 s−1) (A); variation in minimum, mean and maximum air temperatures (°C) (B); relative humidity (5) (C) recorded in La Cruz-Chile outside the greenhouse during the 2018–2019 cultivation period. Each figure reports daily monthly averages. The database used can be accessed by request. 
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Figure 2. Photoperiod (h light) recorded in La Cruz-Chile during the 2018–2019 cultivation season. The database can be accessed by request. 
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Figure 3. Total fresh biomass (A), total dry biomass (B), total fresh fruit weight (C), total dry fruit weight (D), total leaf fresh weight (E), total leaf dry weight (F), total fresh stem weight (G), and total dry stem weight (H) (kg m−2) for plants corresponding to treatments LSL (long-shelf-life tomato), L/L (self-grafted Old Limachino tomato) and L/R (grafted Old Limachino tomato on Poncho Negro rootstock). All parameters were expressed in kg m−2 under greenhouse conditions. Each value represents the mean ± SE (n = 12). Lower-case letters indicate differences (p ≤ 0.05, Duncan test) among treatments. 
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Figure 4. Number of fruits per m2 produced by plants from the treatments LSL (long-shelf-life tomato), L/L (self-grafted Old Limachino tomato) and L/R (grafted Old Limachino tomato on Poncho Negro rootstock) under greenhouse conditions. Each value represents the mean ± SE (n = 12). Lower-case letters indicate differences (p ≤ 0.05, Duncan test) among treatments. 
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Figure 5. Fruit fresh weight (A) (g unit−1), fruit dry weight (B) (g unit−1), equatorial diameter (C) (cm) and polar diameter (D) (cm) by treatments LSL (long-shelf-life tomato), L/L (self-grafted Old Limachino tomato) and L/R (grafted Old Limachino tomato on Poncho Negro rootstock) under greenhouse conditions. Each value represents the mean ± SE (n = 12). Lower-case letters indicate differences (p ≤ 0.05, Duncan test) among treatments. 
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Figure 6. Fruit visual color (A) (method USDA units), fruit spectral color parameters L * (B) (spectral units) and fruit level of redness a*/b* (C) by treatments LSL (long-shelf-life tomato), L/L (self-grafted Old Limachino tomato) and L/R (grafted Old Limachino tomato on Poncho Negro rootstock) under greenhouse conditions. Each value represents the mean ± SE (n = 12). Lower-case letters indicate differences (p ≤ 0.05, Duncan test) among treatments. 
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Figure 7. Water content on a fresh (WCFW, %) weight basis (A), water content on a dry (WCDW, gg−1) weight basis (B) and ratio fresh weight to dry weight (FW/DW) of the fruit (C) by treatments LSL (long-shelf-life tomato), L/L (self-grafted Old Limachino tomato) and L/R (grafted Old Limachino tomato on Poncho Negro rootstock) under greenhouse conditions. Each value represents the mean ± SE (n = 12). Lower-case letters indicate differences (p ≤ 0.05, Duncan test) among treatments. 
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Figure 8. Pulp firmness (Newton) of the fruit produced by treatments LSL (long-shelf-life tomato), L/L (self-grafted Old Limachino tomato) and L/R (grafted Old Limachino tomato on Poncho Negro rootstock) under greenhouse conditions. Each value represents the mean ± SE (n = 12). Lower-case letters indicate differences (p ≤ 0.05, Duncan test) among treatments. 
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Figure 9. Total soluble solids (TSS, °Brix) (A), titratable acidity (TA, mg citric acid L−1) (B) and ratio TSS/TA) of the fruit (C) by treatments LSL (long-shelf-life tomato), L/L (self-grafted Old Limachino tomato) and L/R (grafted Old Limachino tomato on Poncho Negro rootstock) under greenhouse conditions. Each value represents the mean ± SE (n = 12). Lower-case letters indicate differences (p ≤ 0.05, Duncan test) among treatments. 
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Figure 10. FRAP: Ferric-reducing antioxidant power (mg FeSO4 g−1 FW) (A) and total phenolic compounds (TP, μg of galic acid g−1 FW) (B) of the fruit produced by treatments LSL (long-shelf-life tomato), L/L (self-grafted Old Limachino tomato) and L/R (grafted Old Limachino tomato on Poncho Negro rootstock) under greenhouse conditions. Each value represents the mean ± SE (n = 12). Lower-case letters indicate differences (p ≤ 0.05, Duncan test) among treatments. 
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Figure 11. Principal components analysis (PCA) of the agronomic and functional fruit quality for the three treatments (A,B). Individual graphs showing the mean values per each replicate. Abbreviations are explained as follows: a*/b*: Fruit level of redness; COL: fruit visual color; EDIA: equatorial diameter; FDW: fruit dry weight; FFW: fruit fresh weight; FW/DW: fresh weight to dry weight ratio; FRAP: ferric-reducing antioxidant power of the fruit; FIRM: pulp firmness; L*: fruit spectral color parameters; PDIA: polar diameter; TA: titratable acidity of the fruit; TP: total phenolic compounds of the fruit; TSS: total soluble solids of the fruit; TSS/TA: sweetness to acidity ratio; WCFW: water content on a fresh weight basis; WCDW: water content on a dry weight basis. 
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Figure 12. Sensory attributes of fruit: colour, sweetness, flavor, acidity, aroma, floury, texture and blandness as perceived by the expert panel by treatments LSL (long-shelf-life tomato), L/L (self-grafted Old Limachino tomato) and L/R (grafted Old Limachino tomato on Poncho Negro rootstock) under greenhouse conditions. 
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Figure 13. Different outcomes of Old Limachino Tomato plants: (A) fruit, (B) floret and (C) deformed fruit (or “Rosca”). 
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Table 1. Preferences and categories of acceptability perceived by the panelists for the fruits belonging to each treatment: long-shelf-life (LSL), Old Limachino Tomato autografted (L/L) and Old Limachino Tomato grafted on Poncho Negro rootstock (L/R).
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Treatment

	
Preferences

(Number of People)

	
Acceptability (Number of People)




	
Level of Liking (Range)




	
1–3

	
4

	
5–7






	
LSL

	
24

	
46

	
22

	
36




	
L/L

	
34

	
22

	
21

	
61




	
L/R

	
46

	
25

	
16

	
63
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