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Abstract

:

Applications of solutions with various organic acids have been widely demonstrated as effective disinfectants on lettuce. However, agronomic techniques of improving the concentration of internal organic acids in lettuce are not well investigated. Hereon, changes in growth, antioxidants, and organic acids of baby lettuce (Lactuca sativa L. var. longifolia) resulting from different levels of nitrogen fertilizer (0.10, 0.14, 0.18, or 0.22 g/5 kg soil) and water supply (300, 600, or 900 mL) were investigated. The pot experiment was conducted under a net house at North-West University (Mafikeng Campus), South Africa. Data on growth parameters (number of leaves and leaf area) and chlorophyll concentration were sampled weekly until leaf organic acids (citric, malic, and tartaric), total antioxidant compounds (TAO), as well as dry matter content, were measured at harvest. Reducing the amount of water supplied to baby lettuce significantly (p < 0.05) increased the chlorophyll concentration, leaf area, TAO, citric acid, and malic acid. The number of leaves and the leaf tartaric acid concentrations were increased by increasing the treatment levels. It was conclusive that decreasing water supply increases the organic acids regardless of the nitrogen level.
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1. Introduction


Lettuce (Lactuca sativa L. var. longifolia) is widely consumed as a salad because it contains various nutritional benefits, including low calories, fats, and sodium, while it is a good source of fibre, iron, folate, and vitamin C [1]. It is characterised by a short period of growth which makes its production rapid and economically viable. Baby lettuce is harvested at a shorter period compared with fully grown lettuce, which is kept longer in the field. The parameters used for determining maturity levels for fresh market are the same. The economic yield quality of lettuce leaves is normally based on average leaf area and the number of leaves, while vitamin C content and total soluble solids are used for physiological quality [2]. The measurement of vitamin C content in vegetables is widely based on an equivalent to one major antioxidant compound, the ascorbic acid [3]. The total soluble solids (TSS) are based on the total amount of solids that are extractable from the plant tissue. The TSS measurement as a quality parameter is vague since it combines reflectance with all phyto-compounds, including organic sugars, oils, pigments, and organic acids.



Organic acids are significant contributors to the antioxidant and TSS concentrations of plants. Plants use them to defend themselves against pathogens and reactive compounds that deteriorate their freshness and storage quality. They possess both antimicrobial and physiological benefits. Organic acids are used as an active ingredient in anti-browning agents applied on lettuce post-harvest [4]. Application of solutions with various organic acids has been widely demonstrated as an effective disinfectant agent on lettuce [5,6]. The effectiveness of organic acids is associated with their activity when applied on the leaves externally. Dipping fresh cut lettuce in solutions containing organic acids is a known effective way to decrease counts of external pathogens, such as E. coli and L. monocytogenes [7]. Oxalic, propionic, tartaric, butyric, malonic, malic, lactic, citric, maleic, fumaric, and succinic acids have been found in the leaves of lettuce [8]. Internally, organic acids inhibit microorganisms via a mechanism associated with pH, the ratio of the associated form of organic acids, chain length, cell physiology, and metabolism [9]. Organic acids that are lipophilic penetrate plasma membranes and reduce the pH of a pathogen’s cell interior, causing cell inactivation [10].



Research focusing on improving the contents of organic acids in baby lettuce harvested for fresh produce market is critical. The improvement of organic acid concentrations in lettuce to increase its defence mechanisms is not well investigated. Harvested fresh greens are commonly washed with chlorine to improve defence mechanisms against pathogens. It has been found that washing baby spinach with lactic and citric acid, or lactic and malic acid at 40 °C for 5 min is a better treatment, achieving a 2.7 log reduction of E. coli O157:H7 that is significantly higher than the commercially used chlorine [11]. The phytochemical contents of baby lettuce are normally compromised during harvesting, as they are harvested at a tender stage compared with fully grown lettuce. Fully grown lettuce display a higher content of total sugars, phenolic compounds, vitamin C and folates, while baby lettuce have a higher content of organic acids, carotenoids, and chlorophylls [12]. The higher pigmentation on baby lettuce is also used by consumers as a quality indexing parameter. Nitrogen is the fertilizer nutrient responsible for the green pigmentation of vegetables. The nitrogen contents of leafy vegetables have a strong linear relationship with the chlorophyll pigment [13]. The amount of nitrogen available for plant uptake from a fertilizer causes a significant change in the pigmentation of baby lettuce.



Cano and Arnao [14] found that the stems and oldest leaves of fully grown lettuce contain more lipophilic than hydrophilic antioxidant compounds compared to younger leaves. The amount and activity of hydrophilic antioxidant compounds, being immersed in water, are directly affected by the water content of the young leaf. Deficit irrigation can be an ideal technique to increase the TSS as well as the concentrations of antioxidant compounds in baby lettuce. Deficit irrigation is known to increase the concentration of TSS in plant tissues [15]. It was hypothesised that increasing nitrogen and water supply levels will increase the growth, total antioxidants, and organic acids of the baby lettuce. This study investigated the effect of applying different levels of nitrogen fertilizer and irrigation water on growth, antioxidants, and organic acids of baby lettuce.




2. Material and Methods


2.1. Growing Conditions


This study is reported as an average of two pot experiments executed in the year 2019 and repeated in 2020. The experiments were conducted during the winter season inside a net house that had an average of 27 °C ambient temperature and no rainfall throughout the experiment period at the North-West University Farm (25°49′15.8′′ S 25°36′50.4′′ E) located in Mafikeng, South Africa. The net house was 10 × 60 m3, covered with a 60% grey net, and faced south-east, which was diagonal to the sun direction.



A virgin red sandy-loam soil was collected from the experimental site. Its texture was determined using the standard hydrometer method. The collected soil was sieved using a 3 mm sieve to avoid clogged particles. The soil moisture content was reduced by spreading the soil on top of a plastic sheet inside the net house for three days. This was performed to simulate a condition of a farm soil that went through a dry winter season. The prepared soil was randomly sampled and analysed for its nitrogen content using the Leco instrument (LECO Africa (Pty.) Ltd., Spartan, Kempton Park, South Africa), before samples of 5 kg were poured into 7 L pots.



The collected soil had a sandy loam texture (56% sand, 6% clay, 38% silt), a slightly acidic pH (6.50), residual carbon of 256.67 µg/g, and residual sulphur of 1.11 µg/g. Residual nitrogen in the soil was also assessed and found to be 20.08 µg/g. This is the soil property associated with leaf area and overall yield. The amount of N left in the soil after crop harvest is known to vary from year to year because of the ever-changing and unpredictable/random environment that causes yield levels to fluctuate every season [16]. The value of nitrogen carryover information can be obtained by using stochastic or deterministic plateau functions. Over-application of nitrogen can have negative environmental implications if residual N is not considered, which can be avoided by the use of appropriate functions during assessment of total N that will be available for the planted lettuce [17].



Romaine lettuce seeds were selected because this cultivar is known to withstand heat better than other cultivars. The seeds from Starke Ayres® (STARKE AYRES PTY LTD, Northmead, South Africa) were purchased from a local market. They were germinated in seedling trays containing hygromix organic substrate media for their development and growth until they were transplanted into pots containing the soil. The healthy and vigorous seedlings were transplanted one week after emergence.




2.2. Experimental Design


This study was laid out in a 3 × 4 completely randomised block design with 3 replications resulting in the total of 36 pots per experiment. The pots were spaced in a measured 1 × 1 m2 layout which occupied a space of 10 × 4 m2 of the 10 × 60 m2 net house. One seedling was grown in each pot. Four nitrogen fertilizer (urea) levels were based on the recommended N application for lettuce which is 140 kg/ha (0.14 g/5 kg soil) (DAFF, 2020). The applied N levels were 0.10, 0.14, 0.18, and 0.22 g, placed in rooting zone prior to transplanting. The recommended rate of lettuce irrigation amount is 600 mL/5 kg at two-day intervals in sandy loam soils (DAFF, 2020). Therefore, the irrigation levels L1 (300 mL), L2 (600 mL), and L3 (900 mL) per pot were carefully poured into the pots using a calibrated 1 L beaker at two-day intervals.




2.3. Measurement of Chlorophyll Concentration, Plant Growth and Dry Matter Content


The chlorophyll concentration was measured weekly throughout the three weeks experimental period using the chlorophyll meter (Apogee MC-100 Handheld, Apogee Instruments, India). The measurement was taken weekly from the middle of a fully matured leave. The number of leaves were counted per pot. Leaf area was expressed as a product of the leaf length and width. The dry matter content was measured as a percentage of dry matter to fresh sample mass. The mass of freshly harvested leaf samples was measured using a digital weighing scale (RS PRO Weighing Scale, 300 g Weight Capacity Type A—North American/Japanese 2-blade) before being oven dried at 75 °C. The mass of the dried leaf samples was measured in 2 hr intervals until stable mass values were observed.




2.4. Quantification of Organic Acids


The two oldest and biggest leaves were taken in the final sampling at three weeks after transplanting, which was the 4th week after emergence. The leaf sample was cut from the base of the plant and taken to the laboratory for analysis. The citric, tartaric, and malic acids were evaluated by the titratable acidity method [18]. Briefly, 0.5 g of each sample was crushed and mixed with 10 mL distilled water to extract the juice, then the 0.25 µm filter papers were used to filter the extract into a beaker. The pH was basified using 0.5 M sodium hydroxide (NaOH) to the end point of pH 7.0. The amount of NaOH used (titre) was recorded and the formulae for citric acid (1), malic acid (2) and tartaric acid (3) were applied to calculate their concentrations in the leaf as percentages (%):


%Citric acid = ((0.0064 × titre))/(10 mL juice) × 100



(1)






%Malic acid = ((0.0067 × titre))/(10 mL juice) × 100



(2)






%Tartaric acid = ((0.0075 × titre))/(10 mL juice) × 100



(3)








2.5. Quantification of Total Antioxidant Compounds


The crushed sample from the oldest leaves that was taken during the fourth week after emergence sampling was also used for obtaining extracts for analysis of antioxidant compounds. Leaf extracts were obtained by immersion of 0.5 g ground leaf mass into 10 mL of 80% (v/v) methanol. The extraction was kept at room temperature for 1 h in the dark, with the agitations at 15 min intervals. The pure aqueous extract was obtained by filtering the sample through a 0.25 µm filter papers.



The total antioxidant compounds (TAO) of the extracts were evaluated by the phosphor-molybdenum method according to [19]. The 0.3 mL methanolic extract was combined with 3 mL reagent solution (0.6 mM sulphuric acid, 28 mM sodium phosphate and 4 mM ammonium molybdenum) and incubated at 65 °C for 60 min. The solution was allowed to cool at room temperature before its absorbance was measured at 695 nm using the UV-180 Spectrophotometer (Shimadzu Scientific Instrument INC., Washington, Columbia, USA) against a methanol blank of 0.3 mL. The total antioxidant activity was expressed as milligrams equivalent of ascorbic acid per gram of plant-fresh mass based on the developed standard curve with the formula: y = 0.4665x + 0.0618, and R2 = 0.96.




2.6. Data Analysis


The analysis of statistical variance among collected data was performed using GenStat statistical software (GenStat®, 14th edition, VSN International, Harpenden, UK). The average of data from the 2019 to 2020 experiments was calculated prior to the analysis of overall means of treatment. The prepared data were subjected to ANOVA and means were separated by least significant difference (LSD) at two levels of confidence: 95% confidence interval (p = 0.05), then 99% confidence interval (p = 0.01). The correlations between the parameters were performed with 95% accuracy via chemometric data analysis that was executed using The Unscrambler® X software (The Unscrambler® X v10.5, Camo Software AS, Oslo Science Park, Olso, Norway).





3. Results


3.1. Chlorophyll Concentration and Plant Growth


There were no significant differences (p > 0.05) in the leaf chlorophyll concentrations from the different N levels. A significant effect (p < 0.05) was caused by the difference in water supply levels. The combination of water supply and N levels showed a significant effect (p < 0.05) on the leaf chlorophyll concentration (Table 1). There was a higher chlorophyll concentration in week three than in week one in all treatment combinations. The chlorophyll concentration was lowest in the 0.18 g N level and L2 combination. The 0.18 g N level was above the 0.14 g level recommended by DAFF [20], but below the highest level (0.22 g) applied in this study. The chlorophyll concentration increased with time in all treatment combinations (Figure 1).



Significant differences in the number of leaves were caused by the N level (p < 0.01), the water supply (p < 0.01) and the treatment combinations (p < 0.001) throughout the three-week period (Table 1). The number of leaves significantly increased along the three experimental weeks in all treatments except the 0.22 g N level and L3 water supply (Figure 2). Although differences were observable, there was a non-significant difference in the number of leaves because of N level in the L3 water supply throughout the experimental period.



The N levels caused significant differences (p < 0.01) in the leaf area. The water supply levels resulted in non-significant differences. The leaf area showed significant differences (p < 0.01) in all treatment combinations (Table 1). Notably, the difference between the leaf areas of treatment combinations was significantly increased by increasing the water supply. The treatment combination of the highest water and lowest nitrogen levels (L3(0.10 g)) resulted in doubled expansion of the leaf area compared with the lowest treatment combination. The L2(0.22 g) and L3(0.10 g) were significantly higher than the other treatments, but not much from each other. The highest leaf area was observed in the lowest nitrogen (0.01 g) followed by the 0.14 g, 0.22 g, and the 0.18 g, in the highest water supply (Figure 3).




3.2. Total Antioxidant Compounds, Organic Acids, and Dry Matter Content


The levels of nitrogen and water supplied to the baby lettuces significantly (p < 0.05) affected the leaf concentration of total antioxidant compounds (Figure 4). The lowest supply of water with moderate nitrogen fertilizer level (L1(0.18) and L1(0.22)) showed 8.22% and 7.23% that were the higher TAO concentrations than any other treatment combinations. The 0.18 level of nitrogen showed highest TAO concentration on both L1 (8.22%) and L2 (6.72%). However, further increase in water supply resulted in non-significant differences in the L3 supply that had the lowest concentration of 2.19% at the L3(0.22) treatment combination. Increasing water supply decreased the TAO concentration of the lettuce leaf regardless of the increase in applied nitrogen levels. Increasing the nitrogen levels or the treatment combinations significantly (p < 0.001) increased the TAO concentrations, while the increase in water levels significantly (p < 0.001) decreased it (Table 2).



The leaf citric acid concentration was the highest (p < 0.05) at the lowest water supply and nitrogen level (L1(0.10)). Increasing the amount of nitrogen in L2 and L3 increased the leaf citric acid concentration (Figure 5). There was a non-significant difference between the lowest (0.10) and the highest (0.22) nitrogen levels in the L2 water supply. Increasing the amount of water supplied increased the positive response of leaf citric acid to the nitrogen application. However, the increase in water supply significantly reduced it. This is observed in L3 where the lower levels of nitrogen (0.10 and 0.14) had significantly lower citric acid concentrations than the higher levels (0.18 and 0.22). The concentration of leaf citric acid was significantly (p < 0.001) increased by increasing the nitrogen level, but significantly (p < 0.001) reduced by increasing the water supply or the treatment combinations (Table 2).



Increasing both the water supply and nitrogen levels increased the leaf tartaric concentration of the baby lettuce (Figure 6). There were no significant differences in the top three levels of the treatment interactions (L3(0.14), L3(0.18), and L3(0.22)). These levels were higher than any other treatment combination but not significantly higher than the L1(0.10) concentration (3.55%). The lowest tartaric acid concentrations of 1.12% and 1.09% were observed in the L1(0.18) and L2(0.14) treatment combinations, respectively. The concentration of the leaf tartaric acid was increased by increasing the water supply (p < 0.001), more than it was affected by the nitrogen level (p = 0.196) in this study (Table 2). The combinations of the treatments also contributed non-significantly (p < 0.05) to the increase in leaf tartaric acid concentration.



Supplying the lowest amount of water resulted in a significantly (p < 0.05) increased concentration of the leaf malic acid (Figure 7). Although the differences were not statistically significant between the lowest treatment combination (L1(0.10)) and L1(0.22), the L1(0.10) treatment showed the highest concentration (6.55%) than any other treatment combination. A further increase in water supply to L2 or L3 significantly decreased the concentration of leaf malic acid concentration regardless of the nitrogen level. The lowest concentration (0.97%) was observed in the L2(0.14) treatment combination. The leaf malic acid concentration was not significantly affected by the nitrogen level (p = 0.166) or the treatment combinations (p > 0.05) but was significantly (p < 0.001) reduced by the water supply (Table 2).



Increasing water supply significantly (p < 0.05) decreased the leaf dry matter percentages, irrespective of the nitrogen level (Figure 8). The highest combination of treatments (L3(0.22)) resulted in the lowest dry matter percentage (8.20%) compared to any other treatments. The highest dry matter percentage (14.32%) was observed in the L1(0.10) treatment combination. In L1, only L1(0.10) was significantly different to other L1 water supply. In L2, only the L2(0.10) was significantly different to other L1 water supply. The significantly high (11.39%) dry matter percentage was observed in the L3(0.10), while the L3(0.22) treatment combination had the lowest (8.20%) dry matter percentage in the L3 water supply. A significant (p < 0.001) decrease in the dry matter percentage resulted from increasing the nitrogen level or the water supply, as well as increasing treatment combinations (p < 0.05) in this study (Table 2).




3.3. Correlation of Growth Parameters to Chlorophyll, Antioxidants, Organic Acids, and Dry Matter Percentage


Chlorophyll concentration had a positive correlation to the number of leaves (0.15), leaf area (0.58), and dry matter percentage (0.10), while it had a negative correlation to the total antioxidant compounds (−0.02) and the organic acids. The number of leaves had a positive correlation to the leaf area (0.11), total antioxidant compounds (0.20) and the tartaric acid (0.03), while it had a negative correlation with the citric acid (−0.31), malic acid (−0.23) and the dry matter percentage (−0.26). The leaf area had a positive correlation to the tartaric acid (0.01) and dry matter (0.03), while it had negative correlations to antioxidant compounds (−0.18), citric acid (−0.14), and malic acid (−0.20). The total antioxidant compounds had a positive correlation to citric acid (0.11), malic acid (0.22) and dry matter (0.09), while it had a negative correlation to tartaric acid (−0.13). Organic acids had positive correlations to each other (Table 3). The dry matter had a positive correlation to citric acid (0.37) and malic acid (0.56), while it had a negative correlation to tartaric acid (−0.46).





4. Discussion


Understanding accurate water and nitrogen balance appropriate for optimal plant production during growth is ideal, especially in baby greens, such as the baby lettuce investigated in this study. Shortage of water and inappropriate water application are among major factors limiting the production of horticultural crops. Over-fertilization can cause toxicity problems in crops if water is not applied properly [21]. Toxicity results in increased susceptibility to various diseases and disorders. Deficit irrigation increases the concentration of nutrient solution absorbed by crops throughout their development and growth stages. The concentrations of defence phytochemical compounds, including TAO and organic acids, can be associated with plant growth rates and age, as well as fertilizers and water management. Deficit water availability is considered an important abiotic stress factor affecting plant growth parameters as it influences plant growth at various levels, from the cell to the entire plant parts [22].



4.1. Chlorophyll Concentration and Plant Growth


The amount of nitrogen available for plant uptake is the factor contributing to processes, such as photosynthesis, that result in biomass production [23]. It was found that an ideal amount of nitrogen for ideal leaf chlorophyll concentration and growth is the moderate that implies avoiding toxicity or lack of nutrients to the plants. Young leaves of lettuce are more sensitive to soil nitrogen changes [24]. Although differences were non-significant, the nitrogen level higher than the recommended level but lower than the highest level was found to have the highest leaf chlorophyll in this study. This showed that increasing water and nitrogen levels does not always result in a greener crop. A non-significant difference in the contents of carotenoids and chlorophylls in fresh weights of lettuce that received the highest and the lowest nitrogen supply levels has been found previously [25]. A positive correlation between chlorophyll and dry matter content was found. It is hypothesised that the pigmentation of tender baby lettuce cannot be solely associated with the chlorophyll content. Other parameters, such as water content, concentration of other pigments, inactive maturity enzymes, as well as the immature chloroplasts, reduced the processes that result in chlorophyll production. Pigments, including chlorophyll, lutein, and β-carotene, have been found to be more augmented at advanced maturity stages, and to be more concentrated in the red pigmented cultivar of lettuce [26].



The difference in the number of leaves on the lettuce from all the N treatments did not vary significantly in the highest water supply. This was associated with the effect from the water supply level. The significant difference in the number of leaves was observed in the L1 and L2 water supply. The water content of plants is known to contribute as media in processes that results in the development of new plant tissues [27]. The dynamic responses of leaf water potential and stomata are affected by the hydraulics of inner leaf tissues, and that affects the plant carbon economy and leaf expansion growth [28]. The lowest water supply had the lower number of leaves, and the least was observed in the treatment with the highest nitrogen level in L1 and L2. This was attributed to the concentration of nitrogen having an effect either by toxicity or solution concentration where it lowered reactions that are responsible for the development of new leaves.



The leaf area was significantly decreased by changing the nitrogen level. Similar results were also observed by Moosavi [29] on maize. The observed highest leaf area in the combination of least N level and highest water supply is associated with the process of photosynthesis. Water is an input during photosynthesis [30]. The lowest concentration of nitrogen is needed during photosynthesis because it can increase the viscosity of the internal plant sap and reduce the water available for the photosynthesis. This study provided a basis for optimal levels of water and nitrogen application during the growth of baby lettuce. Optimizing this field of research is complicated by the need for well-sized attractive green leaves in the market. It was stipulated that this can be obtained by compromising the concentration of chlorophyll to improve the growth and physiological processes of the baby lettuce via water and nitrogen levels.




4.2. Total Antioxidant Compounds, Organic Acids, and Dry Matter Percentages


Increasing water supply decreased the TAO concentration of the lettuce leaf regardless of the increase in applied nitrogen level. Increasing nitrogen level increased the concentration of TAO in L2 and L3; however, it decreased in the highest nitrogen level (Figure 4). This was associated with nitrogen playing a vital role in the activity of enzymes facilitating pathways that produce antioxidant compounds. The enzyme nitrate reductase is known to be insensitive to the nitrogen levels in baby lettuce [31]. Whether nitrate reductase is present or not, nitrogen plays a role in antioxidants against reactive oxygen species and toxic ions, such as cadmium [32]. The tolerance to stress caused by nitrogen is attributed to the fact that two N3- ions can bond with three Cd2+ ions and reduce the stress effect from cadmium. The observed difference in TAO was attributed to the increase in nitrogen level improving antioxidant compounds that are non-nitrogen “consumers”, as they do not need the process of nitrogen reduction from the nitrate reductase enzyme. Fertilizer treatments can provide lettuce with substantially different nitrate contents responsible for maintaining pigmentation while strongly influencing the contents of phenolic acids and flavones that are among phytochemicals included in TAO [25]. This study showed that increasing nitrogen levels or reducing water supply levels does not always result in higher TAO that is associated with nitrate reductase enzymes. Nitrogen availability has a direct effect on the amount of available total antioxidant compounds.



Increasing the amount of supplied water increased the positive response of leaf citric acid to the nitrogen application. The highest water supply resulted in significant differences amongst nitrogen levels. Increasing both the amount of water supply and nitrogen level increased the leaf tartaric concentration of the baby lettuce. Supplying the lowest amount of water resulted in a significantly (p < 0.05) increased concentration of the leaf malic acid regardless of the nitrogen level. High concentrations of leaf citric and malic acids were also found in purslane (Portulaca oleracea) applied with a high N level by Camalle et al. [33]. The authors associated these results with the acidic NO3- ion in which N is absorbed by plants. However, we hypothesize that the nitrogen form associated with increasing leaf acidity of baby lettuce is the NH4+ instead of the NO3- stated by Camalle et al. [33]. Both forms are readily available for plant uptake. However, this hypothesis is based on the fact that NH4+ can substitute H+ ions in the leaf sap and result in an elevated level of acidity. The discovery of increasing organic acid concentrations by regulating irrigation and fertilizer amounts is significant in the horticultural industry. It was found that organic acids extracted from seeds of Cuminum cyminum L showed the most promising antifungal activity against Botrytis cinerea both in vitro and in vivo [34].



Increasing water supply significantly (p < 0.05) decreased the leaf dry matter percentages irrespective of the nitrogen level. It is known that the shoot dry mass of baby lettuce does not differ because of the different sources of nitrogen [31]. However, this study showed that the level of nitrogen also does not contribute as much as the water level. The dry matter content of baby lettuce was increased by reducing the amount of plant available water. This was correlated with a decrease in number of leaves and tartaric acid, while increasing the chlorophyll, leaf area, TAO, citric acid, and malic acid.





5. Conclusions


Reducing the amount of water supplied to baby lettuce provided a significant increase in the chlorophyll, leaf area, total antioxidant compounds, citric acid, and malic acid. The hypothesised effect that increasing nitrogen and water supply levels will increase the growth, total antioxidants, and organic acids of the baby lettuce was rejected. It was the number of leaves and the leaf tartaric acid concentration that were increased by increasing both the N levels and water supply treatments. The industrial significance of these findings could be based on the use of lower amounts of water to produce lettuce with high green pigmentation and leaf area. The produced baby lettuce will have high antioxidant compounds and organic acids, which are directly related to the high level of lettuce health value to consumers and higher defence mechanisms against pathogens. Finding agronomical ways of increasing the internal concentration of organic acids was significant since it was associated with increasing the defence mechanism of the baby lettuce. The limitation of this study was the lack of pathogenic tests as that would confirm the antimicrobial improvement through increasing internal organic acid content. Future studies will be based on in vivo assessment of susceptibility to common diseases of lettuce with high concentrations of organic acids. This finding could substitute the post-harvest sterilization with inorganic acids that is commonly performed on fresh lettuce. Studies investigating the susceptibility to common pathogens of lettuce with high concentrations of internal organic acids are recommended.
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Figure 1. The effect of nitrogen level (0.10, 0.14, 0.18, and 0.22 g) and water supply at L1-300 mL (a), L2-600 mL (b), and L3-900 mL (c) on chlorophyll concentration of baby lettuces. Bars labelled with similar letters in each graph show no significant difference under 95% confidence interval. 






Figure 1. The effect of nitrogen level (0.10, 0.14, 0.18, and 0.22 g) and water supply at L1-300 mL (a), L2-600 mL (b), and L3-900 mL (c) on chlorophyll concentration of baby lettuces. Bars labelled with similar letters in each graph show no significant difference under 95% confidence interval.
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Figure 2. The effect of nitrogen level (0.10, 0.14, 0.18, and 0.22 g) and water supply at L1-300 mL (a), L2-600 mL (b), and L3-900 mL (c) on the development in the number of baby lettuce leaves. Bars labelled with similar letters in each graph show no significant difference under 95% confidence interval. 






Figure 2. The effect of nitrogen level (0.10, 0.14, 0.18, and 0.22 g) and water supply at L1-300 mL (a), L2-600 mL (b), and L3-900 mL (c) on the development in the number of baby lettuce leaves. Bars labelled with similar letters in each graph show no significant difference under 95% confidence interval.
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Figure 3. The effect of nitrogen level (0.10, 0.14, 0.18, and 0.22 g) and water supply at L1-300 mL (a), L2-600 mL (b), and L3-900 mL (c) on the development in leaf area of baby lettuces. Bars labelled with similar letters in each graph show no significant difference under 95% confidence interval. 






Figure 3. The effect of nitrogen level (0.10, 0.14, 0.18, and 0.22 g) and water supply at L1-300 mL (a), L2-600 mL (b), and L3-900 mL (c) on the development in leaf area of baby lettuces. Bars labelled with similar letters in each graph show no significant difference under 95% confidence interval.
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Figure 4. The effects of nitrogen (N) level and water supply (W) on the concentrations of total antioxidant compounds in baby lettuce leaves. Bars labelled with similar letters show no significant difference under 95% confidence interval. 
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Figure 5. The effect of nitrogen (N) level and water supply (W) on the concentrations of citric acid in leaves of baby lettuce. Bars labelled with similar letters show no significant difference under 95% confidence interval. 






Figure 5. The effect of nitrogen (N) level and water supply (W) on the concentrations of citric acid in leaves of baby lettuce. Bars labelled with similar letters show no significant difference under 95% confidence interval.



[image: Agronomy 12 00614 g005]







[image: Agronomy 12 00614 g006 550] 





Figure 6. The effect of nitrogen level (N) and water supply (W) on concentration of tartaric acid in baby lettuce leaves. Bars labelled with similar letters show no significant difference under 95% confidence interval. 
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Figure 7. The effect of nitrogen (N) level and water supply (W) on concentration of malic acid in baby lettuce leaves. Bars labelled with similar letters show no significant difference under 95% confidence interval. 
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Figure 8. The effect of nitrogen (N) level and water supply (W) on the dry matter content of baby lettuce leaves. Bars labelled with similar letters show no significant difference under 95% confidence interval. 
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Table 1. The statistical significance of the differences caused by nitrogen and water levels, as well as their combinations, to baby lettuce chlorophyll and growth parameters.
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	Parameter
	Factor of Variability
	Factor Effect
	p-Value





	Chlorophyll concentration
	N
	−
	0.343



	
	W
	+
	0.036



	
	N*W
	−
	0.049



	Leaf number
	N
	+
	0.009



	
	W
	−
	0.006



	
	N*W
	+
	<0.001



	Leaf area
	N
	−
	0.007



	
	W
	+
	0.154



	
	N*W
	+
	<0.001







N—nitrogen level; W—water supply; + means increasing a factor increased a parameter; − means increasing a factor decreased a parameter.
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Table 2. The statistical significance of the differences caused by nitrogen and water levels as well as their combinations to baby lettuce TAO, organic acids, and dry matter percentages.
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	Parameter
	Factor of Variability
	Factor Effect
	p-Value





	Total antioxidants (mg/g)
	N
	+
	<0.001



	
	W
	−
	<0.001



	
	N*W
	+
	0.001



	Citric acid %
	N
	+
	<0.001



	
	W
	−
	<0.001



	
	N*W
	−
	<0.001



	Tartaric acid %
	N
	−
	0.196



	
	W
	+
	<0.001



	
	N*W
	+
	0.057



	Malic acid %
	N
	−
	0.166



	
	W
	−
	<0.001



	
	N*W
	−
	0.353



	Dry matter %
	N
	−
	<0.001



	
	W
	−
	<0.001



	
	N*W
	−
	0.004







N—nitrogen level; W—water supply; + means increasing a factor increased a parameter; − means increasing a factor decreased a parameter.
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Table 3. The correlations of chlorophyll, growth parameters, total antioxidant compounds, organic acids, and the dry matter percentages of baby lettuce.
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	Chlorophyll (µg/g FM)
	No. of Leaves
	Leaf Area (cm2)
	TAO (mg/g FM)
	Citric Acid %
	Tartaric Acid %
	Malic Acid %
	Dry Matter %





	Chlorophyll (µg/g FM)
	1
	
	
	
	
	
	
	



	No. of leaves
	0.15
	1
	
	
	
	
	
	



	Leaf area (cm2)
	0.58
	0.11
	1
	
	
	
	
	



	TAO (mg/g FM)
	−0.02
	0.20
	−0.18
	1
	
	
	
	



	Citric acid (%)
	−0.19
	−0.31
	−0.14
	0.11
	1
	
	
	



	Tartaric acid (%)
	−0.03
	0.03
	0.01
	−0.13
	0.42
	1
	
	



	Malic acid (%)
	−0.11
	−0.23
	−0.20
	0.22
	0.74
	0.10
	1
	



	Dry matter (%)
	0.10
	−0.26
	0.03
	0.09
	0.37
	−0.46
	0.56
	1







TAO—total antioxidant compounds; FM—fresh mass.
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