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Abstract

:

Intercropping systems are a widely used agricultural practice by smallholder farmers to enhance food security and to use natural resources more efficiently. The objective of this study was to evaluate two lettuce cvs under an intercropping system. Enzymatic growth, yield and economic benefit were evaluated. The experiment was carried out from August to February in Jaboticabal (Brazil) using tomato plants as a main crop and Lucy Brown and Vanda cvs of lettuce as secondary crops. The catalase, superoxide dismutase and peroxidase activity of lettuce plants was analyzed. Mineral nutrient content, growth, yield parameters and commercial economic benefit were measured. Significant differences in stress and activity enzymatic indicators were found versus cultivars of lettuce. The loss of abiotic factors such as radiation or its effect on enzymatic stress indicators was greater than its effect on yield. Yield loss in the intercropping systems was different for each cultivar system, with cv Lucy Brown showing greater yield loss than cv Vanda. Economic benefit was only found for the Vanda lettuce cv. Although the benefits of intercropping have been demonstrated as very appropriate cultural management, the choice of cultivars involved might be the determining factor for the agronomic success of the system.
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1. Introduction


Intercropping systems are a widely used agricultural practice, mainly by smallholder farmers, in many developed and developing countries, such as Asian, African and Latin American countries, to enhance food security and to use natural resources more efficiently [1]. In intercropping systems, two or more species are grown simultaneously in the same area for part or all of the growing season [2,3].



The advantages of using intercropping systems are the reduction in cultivated area with the same production, higher efficiency and effectiveness of the agricultural area; larger and faster growth of plant cover, leading to less soil erosion [4]; and a low incidence of diseases, pests and damage caused by weeds [5,6]. This system also increases the economic benefits compared with those of the sole cropping of soybean [7,8]. The success of this approach is attributed to the efficient utilization of water and light, thereby increasing crop yield and improving biodiversity and ecological services [9,10].



The production of horticultural crops in small farms, normally characterized by the intensive use of renewable and non-renewable resources, is the sector that can most take advantage and benefit from this agronomic practice due to the possibility of the cultivation of two or more species in the same area [11]. Numerous studies have published the beneficial results of intercropping in fields [4,7,8,11,12] and greenhouses [13,14]; on the other hand, there is little information on soilless culture [15]. The efficiency of the intercropping system will depend on the choice of the crops and the management of the cultivation system for minimizing the competition between species for the environmental resources and for maximizing the complementarity between them [12].



Studies have indicated that the intercropping of tomato (Solanum lycopersicon L.) and lettuce (Lactuca sativa L.) is feasible in both conventional soil [13,14] and soilless culture [15]. In greenhouse conditions, both tomato and lettuce meet the most important criterion and perhaps the first requirement for success in the association: the plants must be complementary in agrobotanical characteristics in order to take advantage of temporal and/or spatial compatibility [13], since they are planted at the same time, reducing competition mainly for light.



Among the factors that most influence crops, such as water, nutrients and space, light is the most important factor related to excessive yield due to crop mixtures that present temporal complementarity and high efficiency [16]. In the tomato–lettuce intercropping system, shading by the taller (tomato) crop modifies the light environment experienced by the lower (lettuce) crop in terms of both light quantity (PAR-photosynthetically active radiation) and quality (R:FR ratio), causing stress [17]. These stresses threaten plant growth and development, and may cause the plant to produce reactive oxygen species (ROS), which act as early signals of a plant’s defense response to external stress and serve as secondary messengers for subsequent defense reactions [18,19,20,21,22].



Other physiological aspects of the roots of both crops may be affected, since it is well known that the roots of a secondary crop in intercropping may affect the competence of the main crop in water and nutrient uptake, thus potentially affecting nutrient uptake [23] and stress indicators for both crops.



Malondialdehyde (MDA) is an active aldehyde, and its production can be used as a marker to measure the level of oxidative stress in an organism [24,25]. Various external stresses, such as low light, often induce the activity of free-radical detoxification enzymes in plants, such as SOD, catalase and peroxidase (POX) [26,27]. The SOD enzyme is considered the first line of enzymatic defense against oxidative stress [28], and catalyzes the dismutation of O2 into H2O2 and molecular oxygen, having a fundamental role in ROS detoxification [29,30]. The CAT enzyme can be considered a good stress indicator, containing high potential to directly demutate H2O2 into H2O and O2, which are indispensable for ROS detoxification under stress conditions [31]. POD also plays an essential role in protecting plant cells against oxidative damage [32,33]. When plants are subjected to different stresses such as, for example, low light, its activity increases, with the intention of decreasing stress for plants.



Multiple stress indicators have been described for various biotic or abiotic stresses for several crops; however, little work has been carried out to record the potential stress on the main and secondary crops in intercropping systems through MDA or other enzymatic indicators.



On the other hand, numerous studies have discussed the ability of intercropping systems to increase productivity, but there is little information on the feasibility of such a system in soilless crops [13,14,15] and furthermore on the combined effects of tomato and lettuce intercropping on antioxidant enzyme activities, mineral nutrition and productive characteristics of the secondary crop (lettuce). The objective of this study was to evaluate yield, production parameters, MDA, antioxidant enzyme activity, mineral nutrient content and profitability of tomato under soilless culture intercropping systems, using two different lettuce cvs as secondary crops.




2. Materials and Methods


The experiment was conducted at the Julio de Mesquita Filho campus of the São Paulo State University (UNESP), Jaboticabal, São Paulo, Brazil (21°15′22″ S and 48°15′58″ W and 575 m), from 28 August 2013 to 15 February 2014. The climate of the region is classified as subtropical, rainy during the summer and relatively dry in the winter. The annual means of precipitation and temperature are 1424.6 mm and 22.2 °C, respectively.



2.1. Treatments and Experimental Design


The experiment was an intercropping (I) system of tomato and lettuce vs. monoculture (M) of the two species, grown in a soilless growing system. Treatments were the monoculture of lettuce cv ‘Lucy Brown’ (LB, Crisphead group), lettuce cv ‘Vanda’ (V, loose-leaf group), tomato cv ‘Debora Victory’ (T) and the intercropping of lettuce and tomato (T + LB and T + V) (Figure 1). Each intercrop replicate consisted of twelve tomato plants intercropped with twelve lettuce plants of either cultivar. For monoculture, each replicate had twelve tomato plants or twelve lettuce plants (LB and V), and in intercropping, each replicate had twelve tomato plants and twelve lettuce plants (LB and V). The experimental design was a randomized block design, with five treatments, six blocks and twelve plants per species and replicate, with a total of 72 plants in each monoculture treatment and 144 in intercropping.




2.2. Plant Growing Conditions


The experiment was conducted in a greenhouse with a low-density polyethylene cover 150 μm thick and with side and front closures with black polypropylene mesh, providing 50% shade. The greenhouse is 48 m long, 12.8 m wide and 3.3 m high and oriented east–west. A thermo-reflective mesh with 50% shading was installed to control the temperature inside the greenhouse. Tomato and lettuce plants were transplanted at the same time in cultivation channels spaced 1.10 m × 0.40 m apart (between rows × between plants). Tomato cv Mayoral grafted onto cv Emperor seedlings and lettuce cv Romaine seedlings were transplanted into coir fiber substrate bags with six and four leaves, respectively. The tomato plants were transplanted on 28 August 2013, when the lettuce plants were also transplanted. The channels were made of zinc sheet (2.00 mm thick) coated on the inside with a black plastic film with a thickness of 100 µm, trapezoidal in shape, 0.18 m wide at the base, 0.38 m wide at the top, 0.20 m high and 5.00 m long, with a capacity of 280 L of coconut husk fiber. Tomato plants were grown 0.40 m apart, with a single stem, and were individually trellised and wrapped in plastic strips. Lettuce plants were transplanted at half the distance between the tomato plants (0.40 m apart). The culture channels contained commercial coir fiber substrate, with defined physical and physicochemical characteristics that have been described by Pozo et al. [34]. Irrigation was carried out in each cultivation channel by drip irrigation, with self-compensating drippers spaced at 0.40 m and sensors to measure substrate moisture. The automatic irrigation system was activated when the average moisture value recorded by the sensors in the canals reached −4.0 kPa. The nutrient solution used for all plants was that recommended by Sonneveld and Straver [35], with pH and electrical conductivity (EC) adjusted to 5.8 and 2.0, respectively. The macro and micronutrients in the nutrient solution are shown in Table 1.




2.3. Greenhouse Climate Measurements


Recordings of maximum and minimum temperature (°C), mean relative humidity (%) and photosynthetically active solar radiation (µmol m−2 s−1) were made every 15 min and then averaged for a day, using a WatchDog 2475 microprocessor recorder (Spectrum Technologies, Aurora, IL, USA) located inside the greenhouse. The average temperature during the growing cycle was 22.9 °C (maximum mean = 31.0 °C; minimum mean = 14.9 °C), and relative humidity ranged from 37 to 97%. Photosynthetically active radiation for both tomato and lettuce in monoculture was measured two centimeters above the plant canopy by quantum light sensors model 2475 (WatchDog model 2000 series; Spectrum Technologies, Aurora, IL, USA). In the case of intercropped lettuce, the measurement was made two centimeters above the plant canopy between the tomato plants (Figure 1).




2.4. Biochemical Evaluations of Lettuce


All biochemical evaluations were performed on the lettuce species, on the first fully expanded leaf of four lettuce plants of each treatment by six replicates, two days before harvest. The collected samples were placed in liquid nitrogen and stored in a freezer at −80 °C until extraction for lipid peroxidation and antioxidant enzyme activity.



2.4.1. Lipid Peroxidation


The lipid peroxidation content was determined according to the methodologies proposed by Shimizu et al. [36] and Gratão et al. [37]. Plant tissues were homogenized in a pestle and mortar with 20% (w/v) insoluble polyvynilpyrrolidone (PVPP) and 0.1% trichloroacetic acid (TCA). The homogenate was centrifuged at 10,000× g for 5 min. Some 250 μL of the supernatant was added to 1 mL 0.5% TBA in 20% TCA. This solution was incubated in a water bath at 95 °C for 20 min, and the reaction was stopped by quickly cooling in an ice-water bath. Absorbance of the formed TBARS was determined spectrophometrically at 535 nm. Measurements were corrected for unspecific turbidity by subtracting the absorbance at 600 nm. The concentration of MDA equivalents was calculated using the absorbance coefficient 1.55 × 10−5 mol−1 cm−1.




2.4.2. Antioxidant Enzyme Activities


For enzyme extraction, 200 mg of frozen leaf samples were macerated in liquid nitrogen and homogenized with 50 mM potassium phosphate buffer (pH 7.5) containing 2 mM EDTA, 5 mM 2–mercaptoethanol and 20% PVP in a final volume of 3 mL. The homogenate was centrifuged at 10,000× g for 30 min (Mod. Beckman Avanti J–25 centrifuge; Brand, Indianapolis, IN, USA), and the supernatant was stored in a freezer at −80 °C for antioxidant enzyme analysis. Three replicates in triplicate were used for enzyme determinations.




2.4.3. Catalase


Catalase (CAT, EC 1.11.1.6) determination was carried out in a spectrophotometer, where the reaction medium was composed of a mixture containing plant extract, 100 mM potassium phosphate buffer (pH 7.5) and 30% hydrogen peroxide. The reaction took place for one minute during which the degradation of hydrogen peroxide was monitored at an absorbance of 240 nm (BioTek Instruments, Winooski, VT, USA) [38]. Results were expressed in µmol min−1 mg−1 protein.




2.4.4. Superoxide Dismutase


Superoxide dismutase (SOD, EC 1.15.1.1) activity was determined through a reaction medium containing an aliquot of plant extract, 50 mM potassium phosphate buffer (pH 7.8), 50 mM methionine, 10 mM ethylene diaminetetraacetic acid (EDTA), 1 mM nitrotetrazolium chloride (NBT) and 0.1 mM riboflavin. The reaction medium was placed in test tubes that were kept in a chamber with fluorescent light of 15 W and temperature of 25 °C for 5 min, so that a reaction could occur through the degradation of the blue formazan compound. Subsequently, samples were read on a spectrophotometer at an absorbance of 560 nm (BioTek Instruments, Winooski, VT, USA), and the values were expressed in U SOD mg−1 protein [39].




2.4.5. Peroxidase


Peroxidase (POX EC 1.11.1.7) activity was verified according to the methodology of Teisseire and Guy [40]. Briefly, the reaction system was composed of 30 μL of enzyme extract, 50 mmol L−1 potassium phosphate buffer pH 6.5, 20 mmol L−1 pyrogal pH 7.8 and 5 mmol L−1 H2O2, totaling a volume of 1.0 mL. The reaction was carried out at room temperature for 5 min. Purpurogallin formation was measured in a UV-visible spectrophotometer at 430 nm (BioTek Instruments, Winooski, VT, USA), and the molar extinction coefficient (2.5 mmol L−1 cm−1) was used to calculate the specific activity of the enzyme expressed as μmol H2O2 min−1mg−1 of protein.





2.5. Efficiency of Nutrient Absorption in Lettuce


Foliar content of nitrogen (N), phosphorus (P), potassium (K) and magnesium (Mg) in g kg−1, and iron (Fe) in mg kg−1, was evaluated in lettuce plants. For this purpose, the main vein of the outer leaf, at the head formation stage, was collected from three plants of each treatment, chosen at random, according to the methodology of Malavolta et al. [41]. Leaf samples were gently washed, oven-dried at 65 °C and ground to <1 mm in a Wiley mill. Ground leaves were digested in sulfuric acid to quantify Kjeldahl–N and in a mixture of nitric and perchloric acids to determine P, K, Mg and Fe content by plasma emission spectroscopy (inductively coupled plasma atomic emission spectroscopy (ICP–OES), Santa Clara, CA, USA) [41].




2.6. Plant Growth Biometric Parameters


Lettuce growth was verified by obtaining a fresh mass harvested 35 days after transplanting, collecting four plants per treatment. For the tomato plants, leaf area (m2) and dry mass (g plant−1) were evaluated at the end of the last fruit harvest, using three plants from each treatment. Tomatoes were harvested at the time of ripening between February and April and commercially classified according to their equatorial diameter [42] as G (60–70 mm), M (50–60 mm) and MMM (<50 mm). Yields (kg m−2) were obtained for each class, in addition to total yield. A subsample of three tomatoes per plant per treatment was collected at each harvest and a homogeneous mixture was formed to measure soluble solids (°Brix).




2.7. Economic Factors


Economic revenues of the tomato and lettuce crops were calculated for the monocultures and intercrops to evaluate the economic feasibility of intercropping as a function of the number of plants per square meter. Thus, the net revenue (NR) that corresponded to the estimated monetary value of the tomato, lettuce or intercropped production was first calculated, considering the price of the tomatoes in each commercial class (G = 0.68 EUR kg−1, M = 0.53 EUR kg−1 and MMM = 0.41 EUR kg−1). A mean price of 0.59 EUR kg−1 was used for lettuce cv Lucy Brown and 0.85 EUR kg−1 was used for cv Vanda. The prices were obtained from CEAGESP [43]. To calculate the operating cost, the number of plants per square meter was considered the only differential between the planting systems. The company’s profit (EUR m−2) was calculated as the difference between the NR and the cost of the plants.




2.8. Statistical Analysis


Parameters were compared by analysis of variance (ANOVA). When necessary, means were separated by Tukey’s test at 5% (p < 0.05) for each treatment and sample of Biochemical Evaluations of each lettuce cv, using AgroEstat software, version 1.1, São Paulo State University (UNESP), Jaboticabal, Brazil [44].





3. Results and Discussion


3.1. Incident Radiation


Figure 2A shows the photosynthetically active radiation (PAR) intercepted during the lettuce intercropping cycle. During the first two weeks there was no significant difference between crop systems; however, with the intercropping system, as the tomato plants grew, radiation reaching the lettuce decreased. The total loss of incident radiation on the lettuces in the intercropping system compared to those grown by monoculture was 48.7% (Figure 2B), while Tringovska et al. [14], with the same crops (tomato and lettuce), reported a lower plant growth loss of 27%. In the same intercropping situation, also with tomato and lettuce at a latitude of 32° (Almeria, Spain), Cunha–Chiamolera et al. [45] published a mean PAR value of 8 E m−2 day−1, meaning that 30% of radiation was lost, while in Jaboticabal (Brazil) at a latitude of 21° and a mean radiation of 12 E m−2 day−1, a 50% reduction in PAR was also obtained.



After the first two weeks, there was a significant decrease in incident PAR in intercropping lettuce. This progressive reduction is due to the shading that produces tomato plants, which show a greater vertical plant growth, favored in part by the form of tutoring. It is well known that during intercropping, light is frequently the most important factor related to crop yields [2]. It is well known that light has significant effects on plants: either the presence of neighboring plants or self-shading within the canopy could reduce the availability of PAR and alter light quality for each plant [46].




3.2. Biochemical Indicators in Plants


3.2.1. Lipid Peroxidation Measurement


Numerous authors have reported lipid peroxidation, expressed as MDA content, as a good indicator of stress [32,47,48]. Figure 3 shows MDA levels in the two lettuce cvs and cropping systems. The levels for cv Lucy Brown were significantly higher than those for Vanda in monoculture. In addition, in both intercropping systems, MDA levels were higher than for monoculture. An average reduction in radiation of 50% in the intercropping system led to a very significant increase in MDA of 60.9% and 58.2% in cvs Lucy Brown and Vanda, respectively. MDA content is closely related to the antioxidant defense system through the action of enzymes that can eliminate ROS [49,50,51]. The high levels in both lettuces in intercropping show that the plants suffered under low light conditions. Therefore, MDA was a good indicator of potential light stress, as already published by Wang et al. [52] for garlic plants with eggplant intercropping. Our MDA values were similar to those found by Alves et al. [51] working on salt stress in lettuce seedlings of the same cultivars we used.




3.2.2. Antioxidant Enzyme Activities


The effect of light reduction on the defense system of lettuce was measured through antioxidative enzymes such as CAT, SOD and POX content. Lettuce plants in intercropping systems significantly increased their content of enzymes with antioxidant capacity (Figure 4). Figure 4A shows significant differences in CAT enzyme activity within cropping systems and between cultivars. In monoculture, no significant differences were observed between cultivars, but in intercropping, the enzymatic activity was higher for Lucy Brown. However, the mean increase in enzyme activity was similar for Lucy Brown and Vanda, with 64.3% and 66.9%, respectively. Contrary to what was found for CAT, the highest SOD enzyme activity was found in cv Vanda (Figure 4B). In monoculture, the highest activity was found in cv Lucy Brown, with an increase of 62%. However, when comparing cultivation systems for the same cultivar, the difference in enzyme activity was 37.8% and 71.1% for Lucy Brown and Vanda, respectively. This shows that, for SOD enzyme activity, cv Vanda was more affected. POX enzyme activity was very similar to that of SOD in monoculture and intercropping, with higher activity for cv Lucy Brown (Figure 4C). However, when enzyme activity was evaluated within the same cultivar, the difference between cultivars was similar, with values of 69.5% and 73.5% for Lucy Brown and Vanda, respectively.



Under limiting conditions, such as low light, plants activate a defense mechanism by increasing antioxidant metabolites, so that they can compensate for stress and ROS homeostasis and maintain crop yield [53,54]. Plants have different antioxidant defense systems, and depending on the degree of stress, the various defense mechanisms may suffer irreversible damage, not being efficient against ROS sequestration and degradation [37,54]. When the plants were subjected to low light, there was an increase in CAT, SOD and POX activity. That caused the enzymes to increase their activities in an attempt to prevent the plants from damage caused by oxidative stress, according to what has been reported by Alves et al. [30]. Kolahi et al. [55] also observed an increase in the activity of the same enzymes (CAT, SOD and POX) when lettuce was subjected to stress.



However, all CAT, SOD and POX enzymes were good indicators of stress in plants. Xu et al. [53] and Alves et al. [54] had already reported the increase of CAT, SOD and POX as stress indicators. Although the mean increase in enzyme activity response was similar for the two lettuce varieties, each cultivar showed different proportional increases, while CAT was shown to be the best indicator for Lucy Brown, and SOD and POX for Vanda. Therefore, these results suggest that different indicators of enzyme activity under light stress can be found for each variety of crops such as lettuce.





3.3. Efficiency of Nutrient Absorption in Lettuce


When lettuce was growing in monoculture, N, P and K values were similar in both lettuce cultivars, while Mg and Fe content in Lucy Brown was higher than in Vanda (Table 2). On the other hand, when lettuce was growing in intercropping with tomato, all levels of nutrient content showed significant differences between the two cultivars. While Vanda showed higher levels of N, P and K content, the values of Mg and Fe content were higher in Lucy Brown. With the exception of P in the intercropping cv Vanda, N and P content was within the ranges published by Trani and Raij [56] for lettuce (30–50 g kg−1 and 4–7 g kg−1, respectively). The Mg content was below the recommended (4–7 g kg−1), and the K and Fe content was all above (50–80 g kg−1 and 50−150 mg kg−1, respectively) [56]. Similar results were found by Nascimento et al. [11] in lettuce plants for nitrogen content.



With the exception of K, the effect of competition on the uptake of lettuce roots growing with tomato plants was significantly affected (% ∆ I−M). P in the case of cv Lucy Brown was very significantly reduced by up to 31%, while this decrease uptake caused by intercropping competition was recorded for Fe in cv Vanda (Table 2).



Mineral metabolism can be altered by different plant stresses. Mineral composition and the maintenance of mineral balance are important for plant growth and development [57]. Physiological stresses can result in rapidly increasing amounts of ROS in plant cells, damaging cell structure and decreasing the nutritional quality of their fruits and vegetative parts [20,58,59,60,61].



It is possible to observe how the stress suffered by the plants negatively affected the absorption of some nutrients, causing K and Fe toxicity, in addition to Mg deficiency. The assessment of the nutrient balance of the plants can show relevant information about the nutritional status in various growth conditions [62]. Other authors also found the plants were affected in relation to nutrient uptake, when subjected to stress [11,63,64].




3.4. Lettuce Growth


The fresh weight values of Lucy Brown lettuces in monoculture were more than those for Vanda (Figure 5). The decrease in intercropping yield for Lucy Brown (77.2%) was higher than the 50% reduction in average incident radiation, while Vanda’s loss of fresh mass was lower (33.2%). Barros Junior et al. [63] and Barbosa et al. [65] also found a similar trend when working with Lucy Brown and Vanda cvs. This difference in the growth of the cultivars is related to the greater need of light in the Lucy Brown cv compared to the Vanda cv [66]. This loss of yield for lettuce was also recorded by Yan et al. [67], Cecílio Filho et al. [68], Su et al. [69] and Tringovska et al. [14], who used intercropping systems with lettuce and tomatoes.




3.5. Tomato Growth


Intercropping should provide the benefit of a secondary crop without a significant loss of the main crop. Tomato growth was not affected by the intercropping system with lettuce in the parameters evaluated (Table 3 and Table 4). Tomato development and productivity were within the expected limits for the culture, showing that it is viable for tomato intercropping, as long as it is with smaller cultures [14,70].



There was significant difference in leaf area, dry mass and total soluble solids values. A similar trend was reported by Cecílio Filho et al. [68] and Tringovska et al. [14], who, when using tomato and lettuce in an intercropping system, also did not find significant losses in the main crop. Tomato growth has not suffered with the presence of lettuces, due to the high degree of complementarity in the cultures, since lettuces have a low bearing, not affecting the levels of solar radiation and nutrient absorption of tomatoes [71].




3.6. Economic Benefit


Table 5 shows values for the tomato crop considering the price of each size as a function of the market standard [43]. The net revenue of intercropping tomato in comparison to monoculture was −7.08% and 9.06% when grown with Lucy Brown and Vanda lettuce, respectively. This results in a total profit of −12.80% and 5.65% for Lucy Brown and Vanda, respectively. These data are similar to those of Cecílio Filho et al. [68], in tomato intercropping with lettuce, in which they also found losses in income when tomato was grown together with Lucy Brown. The intercropping of tomato and lettuce cv Vanda showed higher tomato profitability compared to monoculture. It was observed that the cost with lettuce was lower than the cost with tomato; however, the profit was lower. The cv Vanda presented a higher profit when compared to cv Lucy Brown. The benefit of intercropping between tomato and Vanda was higher (7.77 EUR m−2) than for tomato and Lucy Brown (6.03 EUR m−2). This higher value was also due to the higher productivity obtained by the higher yield of class-G tomatoes, which have a higher market value, and the higher economic contribution of lettuce, despite the loss of size and value of intercropped lettuce in relation to monoculture. These results agree with those observed in other studies that evaluated the agronomic and economic viability of tomato and lettuce intercropping [13,68].



One of the questions that arise when working with vegetable intercropping is whether the productive performance of the intercropping systems evaluated is translated into economic efficiency [72,73]. The different economic performance of the two varieties in the intercropping system suggests that a detailed study of the cultivars within the same secondary crop is necessary. This may be linked to the minimum light requirements of each variety [66].





4. Conclusions


Tomato plants do not express an overall negative effect from the incorporation of lettuce in intercropping. Instead, lettuces grown in intercropping register competition stress from both abiotic factors and competition with tomato, shown by (1) stress indicators, (2) enzymatic indicators, (3) mineral composition and (4) their vegetative development.



Metabolic and stress indicators, as well as nutrient content, have been shown to be excellent indicators of potential loss due to the effect of competition (spatial and for resources in the rhizosphere).



In general terms, it can be stated that there is a proportional loss due to the use of intercropping systems, which leads to a loss of important resources necessary for the crops. If we evaluate their proportion, we find (1) a significant decrease in abiotic resources (especially radiation to secondary crops), (2) an exchange in metabolism through enzymatic and stress indicators, and a negative effect (3) both in the main crop in intercropping (in our case, tomato) and (4) in the secondary crop (in our case, lettuce). Points 1 to 4 are proportionally ordered from largest to smallest.



However, the final economic gains in one of the varieties indicate that there is a clear benefit of the lettuce and tomato intercropping system depending on an appropriate choice of secondary vegetable cultivar.



In summary, our work suggests that there is an opportunity for small and medium-sized farmers to benefit from the implementation of simple farm management.
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Figure 1. Tomato–lettuce intercropping and monoculture systems. Number 1 indicates radiation measurement in monocropping and number 2 indicates radiation measurement in intercropping. 
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Figure 2. Reduction of photosynthetically active radiation in tomato and lettuce plants in intercropping (I) compared to monoculture (M). (A) Time of crop. (B) Total cycle. 
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Figure 3. Lipid peroxidation (MDA) (μmol mg−1 fresh biomass) in lettuce plants. Capital and lowercase letters indicate significant differences according to Tukey’s test at 5% (n = 20) probability of cultivars in the same cropping system and in the same cultivar between cropping systems, respectively. 
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Figure 4. Specific activity of antioxidant enzymes. (A) Catalase (CAT, µmol min−1 mg−1 protein), (B) superoxide dismutase (SOD, U SOD mg−1 protein) and (C) peroxidase (POX, μmol of H2O2 min−1 mg−1 protein) in lettuce plants. Capital and lowercase letters indicate significant differences according to Tukey’s test at 5% (n = 20) probability of cultivars in the same cropping system and in the same cultivar between cropping systems, respectively. 






Figure 4. Specific activity of antioxidant enzymes. (A) Catalase (CAT, µmol min−1 mg−1 protein), (B) superoxide dismutase (SOD, U SOD mg−1 protein) and (C) peroxidase (POX, μmol of H2O2 min−1 mg−1 protein) in lettuce plants. Capital and lowercase letters indicate significant differences according to Tukey’s test at 5% (n = 20) probability of cultivars in the same cropping system and in the same cultivar between cropping systems, respectively.



[image: Horticulturae 09 00783 g004]







[image: Horticulturae 09 00783 g005 550] 





Figure 5. Total fresh mass (g plant−1) of lettuce plants. Capital and lowercase letters indicate significant differences according to Tukey’s test at 5% (n = 20) probability of cultivars in the same cropping system and in the same cultivar between cropping systems, respectively. 
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Table 1. Nutrient solution used for the crop.
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EC

	
Macronutrients (mM)

	
Micronutrients (µM)






	
dS m−1

	
pH

	
NO3−

	
H2PO42−

	
SO42−

	
K+

	
Ca2+

	
Mg2+

	
Fe

	
Mn

	
Cu

	
Zn

	
B

	
Mo




	
2.00 a

	
5.80

	
10.25

	
1.50

	
1.75

	
4.75

	
5.00

	
1.51

	
15

	
10

	
0.75

	
5

	
30

	
0.5








a Based on Sonneveld and Straver (1994) [35]. EC: electrical conductivity.
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Table 2. Foliar levels of nitrogen, phosphorus, potassium, magnesium and iron in two lettuce cultivars, Lucy Brown and Vanda, subjected to two cropping systems, monoculture and intercropping.
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N

	
P

	
K

	
Mg

	
Fe




	

	
g kg−1 plant−1

	
mg kg−1 plant−1






	
Monoculture (M)

	

	

	

	

	




	
Lucy Brown

	
36.5 a

	
7.6 a

	
97.3 a

	
3.2 a

	
600 a




	
Vanda

	
38.4 a

	
7.5 a

	
101.0 a

	
2.6 b

	
433 b




	
p

	
0.1835

	
0.6326

	
0.0927

	
0.0188

	
0.0377




	
Intercropping (I)

	

	

	

	

	




	
Lucy Brown

	
33.3 b

	
5.7 b

	
102.3 b

	
4.2 a

	
666 a




	
Vanda

	
39.5 a

	
9.6 a

	
109.6 a

	
2.7 b

	
333 b




	
p

	
0.0091

	
0.0008

	
0.0315

	
0.0059

	
0.0171




	
% ∆ I−M

	

	

	

	

	




	
Lucy Brown

	
−9.49 b

	
−31.2 b

	
4.8 a

	
22.9 a

	
7.75 a




	
Vanda

	
4.3 a

	
21.5 a

	
7.9 a

	
3.7 b

	
−30.9 b




	
p

	
0.0183

	
0.0007

	
0.2528

	
0.0085

	
0.0210








Different letters indicate significant differences according to Tukey’s test at 5% (n = 15).
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Table 3. Leaf area, dry mass and total soluble solid content of monoculture tomato crop and in intercropping with two lettuce cultivars.
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Crop System

	
Leaf Area

	
Dry Mass

	
Total Soluble Solids




	
m2 plant−1

	
g plant−1

	
°Brix






	
Tomato monoculture

	
1.45 a

	
143.3 a

	
4.73 a




	
Tomato intercropping Lucy Brown

	
1.44 a

	
133.8 a

	
4.66 a




	
Tomato intercropping Vanda

	
1.46 a

	
150.6 a

	
4.61 a








a: No significant differences occurred in any parameter after mean comparison by Tukey’s test p < 0.05 (n = 20).
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Table 4. Tomato fruit size by class and yield (kg m2) in monoculture and in intercropping with lettuce cultivars.
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	Crop System
	G (60–70 mm)
	M (50–60 mm)
	MMM (<50 mm)
	Total





	Tomato monoculture
	3.84 a
	6.47 a
	2.76 a
	13.07 a



	Tomato intercropping Lucy Brown
	2.76 a
	6.20 a
	3.12 a
	12.08 a



	Tomato intercropping Vanda
	3.17 a
	7.28 a
	2.76 a
	13.21 a







a: No significant differences occurred in any parameter after mean comparison by Tukey’s test p < 0.05 (n = 20).
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Table 5. Net revenue, cost of plant and profit (EUR m−2) of tomato and lettuce (Lucy Brown and Vanda) in monoculture and intercropping.
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	Crop System
	Net Revenue
	Cost of Plant
	Profit Total





	Tomato monoculture
	6.07
	0.76
	5.31



	Tomato intercropping Lucy Brown
	5.34
	0.76
	4.58



	Tomato intercropping Vanda
	6.04
	0.76
	5.28



	Lucy Brown monoculture
	1.34
	0.40
	0.94



	Lucy Brown intercropping
	0.30
	0.25
	0.05



	Vanda monoculture
	0.87
	0.60
	0.27



	Vanda intercropping
	0.58
	0.25
	0.33



	Tomato monoculture
	6.07
	0.76
	5.31



	Tomato intercropping Lucy Brown
	5.64
	1.01
	4.63



	Tomato intercropping Vanda
	6.62
	1.01
	5.61







Mean price based on what farmers receive in agricultural cooperatives within the same cultivation period for each crop. Source: CEAGESP (2015).
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