Elevated CO2 and salinity are responsible for phenolics-enrichment in two differently pigmented lettuces
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Abstract

Both salt stress and high CO2 level, besides influencing secondary metabolism, can affect oxidative status of plants mainly acting in an opposite way with salinity provoking oxidative stress and elevated CO2 alleviating it. The aim of the present work was to study the changes in the composition of phenolic acids and flavonoids as well as in the antioxidant activity in two differently pigmented lettuce cvs (green or red leaf) when submitted to salinity (200 mM NaCl) or elevated CO2 (700 ppm) or to their combination in order to evaluate how a future global change can affect lettuce quality. Following treatments, the red cv. always maintained higher levels of antioxidant secondary metabolites as well as antioxidant activity, proving to be more responsive to altered environmental conditions than the green one. Overall, these results suggest that the application of moderate salinity or elevated CO2, alone or in combination, can induce the production of some phenolics that increase the health benefits of lettuce. In particular, moderate salinity was able to induce the synthesis of the flavonoids quercetin, quercetin-3-O-glucoside, quercetin-3-O-glucuronide and quercitrin. Phenolics-enrichment as well as a higher antioxidant capacity were also observed under high CO2 with the red lettuce accumulating cyanidin, free chlorogenic acid, conjugated caffeic and ferulic acid as well as quercetin, quercetin-3-O-glucoside, quercetin-3-O-glucuronide, luteolin-7-O-glucoside, rutin, quercitrin and kaempferol. When salinity was present in combination with elevated CO2, reduction in yield was prevented and a higher presence of phenolic compounds, in particular luteolin, was observed compared to salinity alone.
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1. Introduction
Globally averaged concentration of CO2 in the atmosphere reached the symbolic and significant milestone of 400 ppm for the first time in 2015 (WMO Greenhouse Gas Bulletin, 2016)) and its increase is predicted in conjunction with environmental stress factors including drought and salinity, especially in arid and semiarid regions (Sgherri et al., 2000b; Geissler et al., 2015). In particular, soil salinity will contribute to a more and more serious threat to agriculture, already affecting more than 6% of the global total land area and more than 30% of the global irrigated farmland (Geissler et al., 2015). Moreover, the controlled use of alternative water resources, such as diluted seawater, could be a valid tool to face drought in some regions (Sgherri et al., 2007). Thus, high CO2 and salinity are among the major environmental constraints plants have to face in the next future.
Environmental stresses generally induce reactive oxygen species (ROS) production; consequently, an oxidative stress comes into play determining yield losses (Sgherri et al., 2007). Activation of antioxidative defense mechanisms could be observed depending on stress intensity (Sgherri and Navari-Izzo, 1995), cultivar tolerance to stress (Sgherri et al., 2000a), stage of development, tissue and stress duration (Ranjit et al., 2016), and moderate salinity has been seen to induce the synthesis of antioxidants (Sgherri et al., 2007). This is because there must be a balance between the production of ROS and their removal by antioxidant systems, which play a crucial role during oxidative stress. When the produced ROS are not counterbalanced by antioxidant pool damage to tissues occurs.
The main source of ROS production in photosynthetic tissues is represented by the leakage of electrons from the photosynthetic electron transport system to oxygen (Sgherri and Pérez-López, 2013). In particular, during environmental stresses, plants close their stomata and a CO2-limited carbon fixation occurs, decreasing the availability of NADP+ as an electron acceptor of photosystem I. Under these conditions, oxygen can compete with NADP+ as a Hill reductant and superoxide may be produced (Sgherri et al., 1993). In this way, although the so called “Mehler reaction” provides a pathway for the removal of excess electrochemical energy an oxidative stress comes into play. Under elevated CO2 conditions a higher concentration gradient exists for CO2 both inside and outside the leaf. As a consequence, elevated CO2 usually allows plants to cope better with those situations where stomatal conductance is decreased (Tyree and Alexander, 1993), reducing the risk of oxidative stress (Sgherri et al., 2000b; Idso and Idso, 2001; Pérez-López et al., 2009). Moreover, the increased CO2/O2 ratio at the photoreduction sites usually increases the photosynthetic rate and eventually growth and yield (Champigny and Mosseau, 1999).
Lettuce (Lactuca sativa L.) is the most important salad vegetable consumed worldwide, known as an important source of phytochemicals such as phenolic compounds. The Food and Agriculture Organization of the United Nations (FAO, 2015) reported that world production of lettuce and chicory reached about 24 million tons in 2013. The increase in CO2 can stimulate plant growth but, it can also change the antioxidant activity and plant phytochemical composition. Thus, it is more and more interesting to know if the ongoing rise in the air’s CO2 content will cause an increase in lettuce production as well as in its health-promoting constituents in concomitance with environmental factors such as salinity which can affect yield.
Phenolic acids and flavonoids belong to a large family of secondary plant metabolites, comprising anthocyanins, also present in lettuce and responsible for the major part of the antioxidant activity of the hydrophilic fraction (Pérez-López et al., 2014). Differently colored lettuce cultivars present differences in phenolic composition, with the red ones showing a higher antioxidant capacity (Llorach et al., 2008; Pérez-López et al., 2014). Due to their role as antioxidants, phenolic compounds have been recognized as phytonutrients able to lower the incidence of some types of cancer and cardiovascular diseases (Hooper and Cassidy, 2006), and thus as indicators of lettuce quality. Following the increasing consumer interest in health-promoting foods, attention has been shifted from concerns over quantity alone to concerns over food compounds that can optimize health (Idso and Idso, 2001). Considering the above, accumulation of antioxidants in plant tissues can be reached essentially in two ways: inducing the synthesis of antioxidants under a moderate abiotic stress (Sgherri and Navari-Izzo, 1995) or reducing their consumption because the oxidative stress is lower.
In addition to humans, many functions have been ascribed to phenols in plants. In particular, phenolic acids have been recognized to play a role in the plant vacuoles in the removal of hydrogen peroxide taking part in a cycle where it is involved a peroxidase (Zancani and Nagy, 2000). The phenoxyl radicals resulting from the reaction can be reduced back by ascorbic acid, whose enhancement under some altered environmental conditions can be responsible of the increase in phenolic acids amounts (Sgherri et al., 2004). The relationship between the main antioxidative mechanisms and phenol metabolism could thus increase the plant resistance to adverse conditions. Beckman (2000) pointed out that phenolic acids can also be synthesized by plants in response to physical injury, infection or other stresses and that they are often stored primarily in the apoplast or in the vacuole, strategically playing either a signaling or a direct role in defense. In fact, secondary metabolites help plants defend themselves against both vertebrate and invertebrate herbivory as well as the attacks of plant pathogens (Langenheim, 1994). This role is particularly worthy of being investigated under CO2 enrichment which has the potential to change carbon-based secondary compounds altering plant palatability and, consequently, plant’s degree of protection from the ravages of foraging insect pests (Idso and Idso, 2001).
To our knowledge, no report has investigated till now the effects of the interactions of a mild salt stress with elevated CO2 on phenolic compound enrichment and composition in lettuce. The aim of this work was to study the changes of phenolic acids and flavonoids composition as well as of the antioxidant activity in two differently pigmented lettuce cvs (Blonde of Paris Batavia, green leaf and Oak Leaf, red leaf) when submitted to salinity (200 mM NaCl) or elevated CO2 (700 ppm) or their combination in order to evaluate whether the next climate change may affect the production of secondary phenolic metabolites improving lettuce quality.

2. Materials and Methods

2.1. Chemicals
All reagents were of the highest purity and were purchased from Sigma-Aldrich (Milan, Italy). Water was of Milli Q grade. All solvents and water were accurately degassed before use in the analyses. The standards gallic, protocatechuic, p-hydroxybenzoic, chlorogenic, chicoric, vanillic, caffeic, syringic, p-coumaric and ferulic acids as well as 2,2'-azinobis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) were purchased from Sigma (Milan, Italy). The standards luteolin-7-O-glucoside, rutin, myricetin, quercitrin, quercetin-3-O-glucuronide, quercetin-3-O-glucoside, quercetin, luteolin, kaempferol, cyanidin and cyanidin-3-O-glucoside were purchased from Extrasynthèse (Genay, France).

2.2. Plant material and growth conditions

Two differently pigmented cvs of Lactuca sativa L., Blonde of Paris Batavia (PB, green leaf) and Oak Leaf (OL, red leaf), were grown in an environmental controlled growth chamber. Growth conditions were a day/night temperature of 25/18 °C, a relative humidity of 60/80% day/night and a daily light regimen of 14 h of light and 10 h of darkness with a photosynthetic photon flux of 400 µmol photons m-2 s-1 during the light period. Every week plants were randomly repositioned inside the chamber to minimize intra-chamber effects. Plants were continuously subjected to ambient (400 ± 20 µmol/mol) or elevated (700 ± 20 µmol/mol) CO2 from sowing. The atmospheric CO2 concentration was continuously recorded by a CO2 sensor, the signal being received by a computer which activated CO2 injection into the chamber to maintain a constant level. Six seeds were sown per pot containing a mixture of perlite/vermiculite (3:1). Seven days after sowing (DAS), most uniformly sized plants were selected, leaving one plant per pot. Lettuce was watered with Hoagland’s solution (Arnon and Hoagland, 1940) every two days till 35 DAS. From this date to the end of experiment, some plants, grown either at ambient or elevated CO2, were subjected to salt treatment supplying each day Hoagland’s solution supplemented with 200 mM NaCl considered as moderate salinity stress (Adnan et al., 2016). At harvest (39 DAS), the external fully matured leaves were randomly selected to obtain more homogenized results since all the leaves have received light at the same extent. Fresh weight was recorded, and samples were taken for dry weight measurements. For the biochemical analyses, leaves were first kept in a tray for two minutes with deionized water and after soaked for 15 seconds in ultrapure MilliQ water, immediately frozen in liquid nitrogen and lyophilized. Six independent plants (one plant per pot) were taken for measurement for each treatment and cultivar. Since yield is of the most interest for growers, and environmental stresses such as salinity and elevated CO2 affect biomass production, mainly in an opposite way, data were expressed per plant.

2.3. Sample extracts

Samples (0.1 g) of lyophilized material were extracted for the biochemical analyses essentially following Pérez-López et al. (2014). Solutions were repeatedly degassed during the different step procedures and all operations were performed in the dark. Lettuce samples were extracted with 70% methanol containing 1% HCl using a mortar, after which homogenizations were completed sonicating for 30 min. After centrifugation at 4 °C at 12,100 g for 20 min, sonication was repeated on the pellets. Supernatants were collected and filtered by Sartorius (Goettingen, Germany) filters (Minisart 0.45 µm) to remove any suspended material.

2.4. In vitro antioxidant activity

Antioxidant assay was performed on methanolic extracts as previously described in Pérez-López et al. (2014). The radical cation ABTS (2,2’-azino-di-[3-ethylbenzthiazoline sulphonate]) was generated as reported by Pellegrini et al. (1999). The radical solution was diluted in ethanol in order to obtain an absorbance at 734 nm of 0.70  0.05. The decrease in absorbance was recorded after 10 min from the addition of the extract and compared to that of the Trolox standard. Quantification of the activities of the extracts was performed using a dose-response curve of Trolox in the 0.2-1.5 mM range. Antioxidant activity was expressed in terms of Trolox equivalent antioxidant capacity (TEAC)/plant.

2.5. Total phenolics

Total phenolic amounts were determined on methanolic extracts essentially following the method described by Mazzoncini et al. (2015) based on the reaction between phenols and the Folin-Ciocalteu reagent. Calculations were performed using a calibration curve prepared with gallic acid as standard. Total phenols were expressed in terms of gallic acid equivalents (GAE)/plant.

2.6. Phenolic acid analysis

Phenolic acids were determined after analysis of methanolic extracts by RP-HPLC. Twenty microliters of extract were injected into a Waters model 515 HPLC system fitted with a 4.6 mm  250 mm Prodigy ODS column (Phenomenex, Bologna, Italy). A Waters 2487 dual λ UV-visible detector was set at 280 nm. Mobile phases used were as previously described (Pérez-López et al., 2014) and a linear gradient of 10-90% mobile phase B was run for 60 min at 1 ml min-1. Identification and quantification of phenolic acids were performed by co-chromatography on HPLC with authentic standards, and by using a standard curve in the range of 20 – 200 ng of standard mixtures containing gallic, protocatechuic, p-hydroxybenzoic, chlorogenic, chicoric, vanillic, caffeic, syringic, p-coumaric and ferulic acids. Chromatogram analysis was performed by the software Millennium 32 (Waters).
Analysis of conjugated phenolic acids was performed after alkaline hydrolysis of methanolic extracts with 4 N NaOH. In order to prevent oxidation (Mazzoncini et al., 2015), alkaline solution was added of 1% ascorbic acid and 10 mM ethylenediaminetetraacetic acid (EDTA). Samples were left to incubate for 1 h at room temperature under a continuous flux of nitrogen and in the dark. After acidification with 12 N HCl to reach a pH of about 2, the resulting mixtures were extracted three times with 1 mL ethyl acetate. Organic phases were collected after centrifugation at 2,900 g for 5 min and evaporated to dryness. Before analysis, the residue was re-dissolved in 50% (v/v) acetonitrile and filtered by a Sartorius filter (Minisart 0.45 µm) in order to eliminate any suspended material.

2.7. Flavonoid analysis

Flavonoids were analyzed at the chromatographic conditions previously reported in Tavarini et al. (2015). Detection was performed at 360 nm using a Waters 2487 dual λ UV-visible detector. Mobile phases as well as the linear gradient applied were as previously described (Pérez-López et al., 2014). Identification of the free flavonoids was performed by co-chromatography with authentic standards. Quantification was achieved using standard curves in the range of 10 - 500 ng of a standard mixture containing luteolin-7-O-glucoside, rutin, myricetin, quercitrin, quercetin-3-O-glucuronide, quercetin-3-O-glucoside, quercetin, luteolin and kaempferol. Chromatogram analysis was performed as described above for phenolic acids.
Detection of cyanidin and cyanidin-3-O-glucoside was performed in the dark at the conditions before reported for flavonoids with the exception of absorbance, which was set at 520 nm. Quantification of anthocyanins was obtained after co-chromatography with cyanidin and cyanidin-3-O-glucoside in the range 100 - 500 ng.

2.8. Statistical analysis

	The experiment was performed according to a completely randomized design. All data are reported as mean values ± SE from six biological replicates, each repeated twice (n = 6). The significance of differences among mean values was determined by ANOVA. Comparisons among means were performed using the Duncan’s multiple range test. Means in tables and figures accompanied by different letters are significantly different at P ≤ 0.05. Statistical analyses were performed using SPSS 21.0 (SPSS Inc., Chicago, IL, USA). Before analyses, homogeneity of variances and normally distributed errors were verified. The homogeneity of variances for all the studied parameters was evaluated by Levene’s test and the distribution of the residuals was assessed by Kolmogorov-Smirnov test. When necessary, an arc sin or angular transformation was applied before statistical analysis was performed. Principal component analysis was performed using R (R Core Team, 2016). All treatments and the most representative parameters were included in the analysis.

3. Results

3.1. Antioxidant capacity, total phenols and anthocyanins

At control conditions (no salinity at ambient CO2) the red cv. showed an antioxidant capacity 2-fold higher than the green one. This higher value was maintained for all treatments. In particular, under elevated CO2 both cvs increased antioxidant activity, approaching values which were twice those of the control conditions (Fig. 1A).
In the red cv. grown in control conditions, total phenol amount doubled that of the green lettuce too. However, under elevated CO2 red lettuce showed much higher increases than the green one reaching amounts 3- and 2-fold the control value under enriched CO2 alone or in combination with salinity, respectively (Fig. 1B).
In the red cv. cyanidin was the major anthocyanin representing 17% of total phenolic compounds (Figs. 1B and 2). Cyanidin-3-O-glucoside was also present approaching 1 mg/plant. Cyanidins were subjected to increases under elevated CO2. In particular, in comparison with control conditions, cyanidin increased by 54 and 93% under enriched CO2 alone or in combination with salinity, respectively (Fig. 2).

3.2. Free phenolic acids

	For both cvs major free phenolic acids were represented by chlorogenic and chicoric acids (Figs. 3A and 3B). In the red lettuce both acids were present for all treatments in a 1:1 ratio. On the contrary, in the green lettuce free chicoric acid reached values from 6 to 10-fold higher than chlorogenic acid. These two compounds increased under elevated CO2 and maintained a higher value in combination with salinity compared to salt treatment alone in both cultivars. 
	In control conditions, total free phenolic acids showed a value 1.7-fold higher in the red lettuce than in the green one. In both cvs they doubled under elevated CO2 and maintained a higher value when both stressors were administered together in comparison with salt treatment alone. However, in all cases the red cv. displayed the higher values (Fig. 3C).
Minor free phenolic acids were represented by gallic, protocatechuic, caffeic and p-coumaric acids (Table 1). Ferulic acid was found at significant amounts only in the red cv. under salt treatment. Gallic and protocatechuic acids almost disappeared under elevated CO2 with the exception of gallic acid in the red cv. subjected to both treatments (200 NaCl + 700 CO2), which showed a value more than twice higher than that of the control conditions. In both lettuce cvs caffeic acid was always induced under altered environmental conditions, whereas p-coumaric, which showed a value about 10-fold higher in the red lettuce, was reduced by 20% in the same cv. when subjected to salinity (Table 1).

3.3. Conjugated phenolic acids

The major conjugated phenolic acid was caffeic acid (Fig. 4A), mainly derived from alkaline hydrolysis of the most representative free phenolic acids, chlorogenic and chicoric acids (Fig. 3). It contributed to the total conjugated phenolic acid amounts for 91 and 95% in the green and red cv., respectively. Under all altered environmental conditions, the red cv. showed higher values of conjugated caffeic acid and total conjugated phenolic acids than the green lettuce (Figs. 4A and B), even if caffeic acid was affected by salinity, which determined a decrease by 22% in comparison with control conditions. In both cvs CO2 enrichment induced increases in conjugated caffeic acid and total conjugated phenolic acids, which mainly doubled the values of control conditions. In the red cv. the combination of salinity and elevated CO2 slightly affected the above parameters in comparison with CO2 treatment, even if their amounts remained higher than when salinity was applied alone (Fig. 4).
The least representative conjugated phenolic acids were generally affected by salt conditions with the exception of gallic acid in the green lettuce, which approached 3-fold the control value, and p-coumaric acid in the red one, which remained unaltered (Table 2). p-Hydroxybenzoic, vanillic and syringic acids, which were not present as free phenolic acids, were released by alkaline hydrolysis in the green cv. The red lettuce, instead, showed the presence of detectable amounts of p-hydroxybenzoic and syringic acids only under salinity (Table 2). In contrast to gallic and protocatechuic acids, p-coumaric and ferulic acids were present at higher amounts in the green cv. However, both cvs showed higher values of p-coumaric and ferulic acids under the combination of salinity and elevated CO2 in comparison with salinity alone. In particular, in the green lettuce increases by 3- and 7-fold the salinity value were monitored for p-coumaric and ferulic acids, respectively, whereas in the red one p-coumaric doubled the value of salt conditions and ferulic acid reached detectable amounts (Table 2).

3.4. Free flavonoids

Major flavonoids in lettuce were represented by quercetin, quercetin-3-O-glucoside, quercetin-3-O-glucuronide, luteolin-7-O-glucoside and luteolin (Figs. 5A-5E), although quercetin and luteolin were found at trace levels in the green cv. at control conditions (Figs. 5A, 5E). Total flavonoids in the red lettuce were always higher than in the green one even if increases were monitored in both cvs under all altered environmental conditions (Fig. 5F). With the exception of quercetin-3-O-glucoside and luteolin-7-O-glucoside in the red cv., all major flavonoids increased under elevated CO2 both alone or in combination with salinity in comparison with control conditions. In particular, highest increases were monitored for luteolin under elevated CO2 and salinity where this flavonoid approached to 21.2 and 24.6 mg/plant in the green and red lettuce, respectively (Fig. 5E). Also salinity generally induced the presence of major flavonoids with the exception of luteolin-7-O-glucoside in the red cv., which showed a decrease by 53% compared to control conditions, and luteolin in the green one, which remained at trace levels (Figs. 5D, 5E).
Other flavonoids were represented by rutin, myricetin, quercitrin and kaempferol (Table 3). In the red lettuce rutin was undetectable in control conditions but was induced under enriched CO2 (2.6 mg/plant). Even quercitrin and kaempferol increased under elevated CO2 reaching 3-fold and 61-fold the control value, respectively. Those flavonoids were also induced under salinity alone (Table 3). In the green cv., with exception of quercitrin that was increased by salinity under both CO2, all minor flavonoids were negatively affected when salinity was imposed alone. However, these values were 3-7-fold higher when salinity was in combination with elevated CO2 in comparison with salinity alone (Table 3).

3.5. Principal component analysis

Principal component analysis (PCA) was performed to display the maximum amount of variation in a data profile within a few principal components and to understand relations between variables. The plots depict standardized scores along the first two components. In the green cv. the first two components explain 91% of the data variability (Fig. 6A). The treatments grown under elevated CO2 and under ambient CO2 separated mainly along PC1 (70% of data variability). All the variables analyzed in the model appeared positively correlated with PC1, highlighting free chicoric acid, free chlorogenic acid, luteolin, luteolin-7-O-glucoside, quercetin-3-O-glucuronide, conjugated caffeic acid, total phenols, and total antioxidant capacity. PC2 (21% of data variability) divided the treatments based on saline treatment. The variables most correlated with PC2 were quercetin and quercetin-3-O-glucoside.
In the red cv. the first two components explain 95% of the data variability (Fig. 6B). PC1 (61% of data variability) also divided the treatments based on CO2 concentration in the red cv., and the variables most correlated were free chicoric acid, free chlorogenic acid, cyanidin, quercetin-3-O-glucuronide, conjugated caffeic acid, total phenols, and total antioxidant capacity. PC2 separated between control and salinity under elevated CO2. The variables most associated with PC2 were luteolin, luteolin-7-O-glucoside, cyanidin, cyanidin-3-O-glucoside, and quercetin.

4. Discussion
In the present work, our main hypotheses were: (i) an oxidative stress can be induced by salinity and elevated CO2 may alleviate its negative effects; (ii) accumulation of antioxidants as well as an increase in antioxidant activity may occur when the oxidative stress is moderate or reduced; and (iii) production of secondary phenolic metabolites may greatly differ in two differently pigmented lettuce cvs grown under salinity or high CO2 affecting quality.

4.1. Effects of moderate salinity on antioxidant activity and phenolic compounds in a green and red lettuce cv.

Salinity, even if applied for a short term, affected yield determining a reduction by 4.8 and 9.8% in the green and red cv., respectively (data not shown). The adverse effects of salinity on plant growth are the result of changes in plant physiology, which include ion toxicity, osmotic stress and nutrient deficiency resulting in the overproduction of ROS (Munns, 2002) and, thus, in oxidative stress (Sgherri et al., 2007).
Notwithstanding the red lettuce showed a greater growth reduction under salinity, it increased its antioxidant capacity under treatment and maintained double values of total phenolic compounds in comparison with the green one (Figs. 1A, 1B). The antioxidant activity of a plant extract is the result of the antioxidant amounts as well as of the composition in antioxidants. In fact, each antioxidant has a characteristic TEAC value often related with the number and positions of hydroxyl groups (Rice-Evans et al., 1997). As phenolic acids and flavonoids represent the most important hydrophilic antioxidants in lettuce (Llorach et al., 2004; Pérez-López et al., 2014), changes in their composition may likely explain the different behavior of the two cvs under salinity (Figs. 3A, 4, 5 and Tabs. 1-3). Moreover, the red pigmentation is known to contribute to the antioxidant capacity with a faster kinetic activity (Pérez-López et al., 2014) implying great differences in lettuce quality. The fact that following salinity most representative phenolics as well as antioxidant activity (Figs. 1, 3, 4, 5) showed higher values in the red cv. indicates that the red-pigmented lettuce maintained better quality features than the green one even under that environmental condition.
Since main anthocyanins and total free phenolic acids maintained the control values (Figs. 2, 3C) whereas total flavonoids increased under salt treatment (Fig. 5F), we can hypothesize that under a moderate intensity stress the antioxidant production can be induced (Sgherri and Navari-Izzo, 1995). In fact, a balance between ROS formation and their detoxification may be expected. In particular, free caffeic acid, quercetin, quercetin-3-O-glucoside, quercetin-3-O-glucuronide and quercitrin were present in both cvs at higher amounts under stress conditions, implying an activation of the secondary metabolite pathways. Similar to our results, Oh et al. (2009) also found in lettuce that chlorogenic acid, caffeic acid, chicoric acid, quercetin-3-O-glucoside, and luteolin-7-O-glucoside accumulated in response to stress treatments such as heat shock, chilling and high light. Due to its polyhydroxy nature chlorogenic acid has been hypothesized to be involved in the scavenging of free radicals of oxygen during stress conditions (Sgherri et al., 2004). Being caffeic acid the precursor of chlorogenic acid, it could have had a role in plant defense besides contributing to the antioxidant potential. As it has been found for other environmental stress such as drought, toxic metals and UV, also salinity could induce the production of the antioxidant flavonoids, which provide protective functions besides affecting allelopathic plant-plant and plant-pathogen interactions (Treutter, 2005). It is noteworthy the fact that quercetin reached a value 33-fold higher under salinity in the red cv., whereas the green one showed only detectable values supporting the hypothesis that the two lettuce cvs behave differently under altered environmental conditions.

4.2. Effects of elevated CO2 on antioxidant activity and phenolic compounds in a green and red lettuce cv.

	Increase in growth and production is a common feature determined by high CO2 conditions (Sgherri et al., 1998; Champigny and Mosseau, 1999), and it was previously demonstrated for both PB and OL cvs (Pérez-López et al., 2015). Also in the present experiment yield increased following elevated CO2, even if major changes were observed in the red cv. (+38%) compared to the green one (+29%) (data not shown).
	The general enhancement in phenolic compounds in lettuce subjected to high CO2 (Figs. 1B-5, Table 3) could be related with conditions that promote photosynthesis resulting in the production of excess non-structural carbohydrates (Sgherri et al., 1998; Tausz et al., 2013). Indeed, this process is expected to lead to the synthesis of carbon-based secondary compounds such as phenolics (Idso and Idso, 2001; Becker and Kläring, 2016). In addition, the evidence that atmospheric CO2 enrichment reduces oxidative stress induced by the normal metabolism (Sgherri et al., 1998; Sgherri et al., 2000b; Idso and Idso, 2001) may explain the lower consumption of antioxidant molecules to maintain the balance between ROS production and detoxification, further contributing to their higher values.
	Phenolics-enrichment as well as a higher antioxidant capacity (Fig. 1) implies that under a future global change lettuce quality may be improved. However, the intensity of the response to elevated CO2 as well as the composition in phenolic compounds could be considerably affected by lettuce cv. In particular, the red lettuce seems to be the more responsive to altered environmental conditions mainly accumulating cyanidin (Fig. 2A), free chlorogenic acid (Fig. 3A), conjugated caffeic and ferulic acids (Fig. 4, Table 2) as well as quercetin, quercetin-3-O-glucoside, quercetin-3-O-glucuronide, luteolin-7-O-glucoside, rutin, quercitrin and kaempferol (Fig. 5 and Table 3). Both luteolin-7-O-glucoside and quercetin-3-O-glucoside were also detected in lettuce following chilling and high light treatments (Oh et al., 2009), indicating that these compounds are stress-induced in lettuce. The large increase in conjugated caffeic acid may be explained with the increases in free chlorogenic and chicoric acids being them the esters of caffeic with quinic or tartaric acids, respectively (Figs. 3, 4). Besides the fact that quercetin, luteolin, and kaempferol are recognized as more potent antioxidants than their corresponding glycosides (Heim et al., 2002), the large increase in kaempferol monitored in the red cv. grew under high CO2 conditions may account for an additional role of this flavonoid under those conditions. Moreover, the finding that quercetin has a higher TEAC value than kaempferol (Soobrattee et al., 2005) and that it reached an almost double value than kaempferol in the red lettuce subjected to elevated CO2 (Fig. 5A, Table 3) could explain, in part, the increase in antioxidant capacity (Fig. 1A). Noteworthy is also the fact that this cv. could be more photoprotected, being photoprotection a predominant role of flavonoids afforded by a high quercetin/kaempferol ratio (Ryan et al., 2002), and more resistant against pathogens and herbivores (Treutter, 2005).

4.3. Effects of the combination of elevated CO2 and moderate salinity on antioxidant activity and phenolic compounds in a green and red lettuce cv.

	Some evidence about the feature of a CO2-enriched atmosphere to ameliorate oxidative stress as well as to limit biomass reduction following environmental stress conditions already exist (Sgherri et al., 2000b; Idso and Idso, 2001; Schwanz and Polle 2001; Pérez-López et al., 2010). This phenomenon is generally associated with the enhanced presence of antioxidants which counteract the damaging effects of ROS. However, the combined effects of elevated CO2 and salinity on secondary metabolism, phenolics in particular, have not been investigated yet.
	In both lettuce cvs an amelioration of stress damaging effects was evident from the lack of yield reduction compared to samples grew under high CO2 alone (data not shown). However, the different phenolic compounds reacted differently to the combined environmental factors within the same cv., besides being affected by the cv. itself. The maintenance of the antioxidant activity in the red lettuce grown under combined conditions compared to the antioxidant capacity detected in red lettuce grown under elevated CO2 alone (Fig. 1A) could be explained with the increase in cyanidin (Fig. 2A), which counteracted the decreases in free phenolic acids, conjugated phenolic acids and total flavonoids (Figs. 3-5). In contrast, the green lettuce slightly decreased the antioxidant activity compared to high CO2 alone (Fig. 1A) even if total phenols showed an induction (Fig. 1B), together with caffeic acid (Table 1), conjugated caffeic and p-coumaric acids (Fig. 4, Table 2) and total flavonoids (Fig. 5F). The reason for the reduction in antioxidant capacity could be due the decrease in the content of total free phenolic acids (Fig. 3C).  
[bookmark: _GoBack]The general decrease in free phenolic acids found in both cvs (Fig. 3C) could account for a possible involvement of these molecules in the removal of hydrogen peroxide resulting in the formation of phenoxyl radicals (Sgherri et al., 2004), thus representing an important defense mechanism against oxidative stress induced by salinity. The involvement of phenolic compounds as antioxidants in the protection of plants against the damaging effects of increased ROS levels due to salt stress has also been found by Petridis et al. (2012). The consumption of chlorogenic acid observed under salinity in the red lettuce (Fig. 3A) could suggest that this compound might have had a particular role in this cv. as previously observed in plants subjected to dehydration (Sgherri et al., 2004). This role might also be proven by its elevated levels compared to the green one (Fig. 3A) as well as by its polyhydroxy nature. Moreover, according to Rice-Evans et al. (1996), chlorogenic acid appears to be more active as an antioxidant than the hydroxy-derivatives of benzoic acid such as p-hydroxybenzoic acid, which is more represented in the green lettuce as conjugated form (Table 2) explaining the higher antioxidant capacity of the red one (Fig. 1). 
Despite the reductions in free phenolic acids under combined conditions compared to elevated CO2 (Fig. 3C), both cultivars generally showed higher values of phenolic compounds compared to salinity alone indicating an improvement of their quality when salinity was present in combination with elevated CO2. Exceptions to this trend were represented in green lettuce by the least representative free gallic and protocatechuic acids (Table 1) as well as by conjugated gallic and vanillic acids (Table 2) which decreased when salinity was present in combination with elevated CO2. Overall, the red lettuce maintained better quality parameters than the green one under a combination of salinity and elevated CO2 (Figs. 1-5), confirming previous results which showed the relationship between the red pigmentation and the increasing hydrophilic antioxidant capacity, together with the contents in free and conjugated phenolic acids, free and conjugated flavonoids, and anthocyanins (Pérez-López et al., 2014). 
	In both cvs, flavonoids seem particularly responsive to salinity in the presence of high CO2, some of them decreasing and others increasing depending on the cv. and the molecule considered (Fig. 5, Table 3). Treutter (2005) reported that these defense-related compounds can be divided into two groups: “preformed” and “induced” compounds, the latter being synthesized by plants in response to physical injury, infection or stress. It is noteworthy the accumulation (about 20-fold) of luteolin under salinity in both cvs in comparison with high CO2 alone, and the increase in kaempferol in the green one (Table 3). Being luteolin a flavone, it seems that under combined conditions the synthesis of flavones is more upregulated than the synthesis of flavonols.
The PCA analysis indicates that the total antioxidant capacity is dependent on various compounds (flavonoids and phenolic acids) in both cvs. Additionally, in the case of the red cv. the two treatments under elevated CO2 responded differently, under salt conditions it showed a strong correlation with cyanidin which may indicate that the total antioxidant capacity is associated with cyanidin under salt stress.

5. Conclusions

A future global change where salinity and high CO2 may occur alone or in combination can greatly affect lettuce quality depending on pigmentation. In general, red-pigmented cvs maintain higher phenolic amounts and antioxidant capacity than green ones. Moderate salinity was able to induce the synthesis of the antioxidant flavonoids such as quercetin-3-O-glucoside, quercetin-3-O-glucuronide and quercitrin, whereas quercetin reached a value 33-fold higher than the control only in the red cv., influencing differently the lettuce quality in the two cvs. Phenolics-enrichment as well as a higher antioxidant capacity were also observed under high CO2. The red lettuce was more responsive to altered environmental conditions mainly accumulating cyanidin, free chlorogenic acid, conjugated caffeic and ferulic acids as well as quercetin, quercetin-3-O-glucoside, quercetin-3-O-glucuronide, luteolin-7-O-glucoside, rutin, quercitrin and kaempferol. When salinity was present in combination with elevated CO2 reduction in yield was prevented and a higher presence of phenolic compounds, in particular luteolin, was observed compared to salinity alone, even if a consumption of chlorogenic acid was monitored in the red lettuce.
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Legends to figures
Fig. 1. Antioxidant capacity and total phenols in two cvs of lettuce (PB, Paris Batavia and OL, Oak leaf) subjected to salt treatment under ambient or elevated CO2. Each value represents mean ± standard error (n = 6). Within each cv., significant differences (at P ≤ 0.05) are indicated by different letters. * shows differences between cvs; TEAC, trolox equivalent antioxidant capacity; GAE, gallic acid equivalent; 0 NaCl + 400 CO2, no salinity at ambient CO2; 200 NaCl + 400 CO2, salinity at ambient CO2; 0 NaCl + 700 CO2, no salinity at elevated CO2; 200 NaCl + 700 CO2, salinity at elevated CO2.

Fig. 2. Changes in cyanidin and cyanidin-3-O-glucoside in a red cv. of lettuce (Oak leaf) subjected to salt treatment under ambient or elevated CO2. Each value represents mean ± standard error (n = 6). Within each parameter, significant differences (at P ≤ 0.05) are indicated by different letters. 0 NaCl + 400 CO2, no salinity at ambient CO2; 200 NaCl + 400 CO2, salinity at ambient CO2; 0 NaCl + 700 CO2, no salinity at elevated CO2; 200 NaCl + 700 CO2, salinity at elevated CO2.

Fig. 3. Changes in the most representative free phenolic acids and in total free phenolic acids in two cvs of lettuce (PB, Paris Batavia and OL, Oak leaf) subjected to salt treatment under ambient or elevated CO2. Each value represents mean ± standard error (n = 6). Within each cv., significant differences (at P ≤ 0.05) are indicated by different letters. * shows differences between cvs; 0 NaCl + 400 CO2, no salinity at ambient CO2; 200 NaCl + 400 CO2, salinity at ambient CO2; 0 NaCl + 700 CO2, no salinity at elevated CO2; 200 NaCl + 700 CO2, salinity at elevated CO2.

Fig. 4. Changes in conjugated caffeic acid and total conjugated phenolic acids in two cvs of lettuce (PB, Paris Batavia and OL, Oak leaf) subjected to salt treatment under ambient or elevated CO2. Each value represents mean ± standard error (n = 6). Within each cv., significant differences (at P ≤ 0.05) are indicated by different letters. * shows differences between cvs; 0 NaCl + 400 CO2, no salinity at ambient CO2; 200 NaCl + 400 CO2, salinity at ambient CO2; 0 NaCl + 700 CO2, no salinity at elevated CO2; 200 NaCl + 700 CO2, salinity at elevated CO2.

Fig. 5. Changes in the most representative free flavonoids and in total free flavonoids in two cvs of lettuce (PB, Paris Batavia and OL, Oak leaf) subjected to salt treatment under ambient or elevated CO2. Each value represents mean ± standard error (n = 6). Within each cv., significant differences (at P ≤ 0.05) are indicated by different letters. * shows differences between cvs; 0 NaCl + 400 CO2, no salinity at ambient CO2; 200 NaCl + 400 CO2, salinity at ambient CO2; 0 NaCl + 700 CO2, no salinity at elevated CO2; 200 NaCl + 700 CO2, salinity at elevated CO2.

Fig. 6. Principal component analysis (PCA). Biplot based on PC1 and PC2 from PCA of Paris Batavia green lettuce cultivar (A) and Oak leaf red lettuce cultivar (B). Percentages correspond to how much data variability is explained by the respective component. Projections of the arrows on the axes indicate with which variables the PCs are linked the most. The arrow closeness indicates how much correlation exists between the variables. For treatments: CA, no salinity at ambient CO2; SA, salinity at ambient CO2; CE, no salinity at elevated CO2; SE, salinity and elevated CO2. For parameters, Chi, chicoric acid; Chlo, chlorogenic acid; CoCaf, conjugated caffeic acid; Cy, cyanidin; CyO, cyanidin-3-O-glucoside; Lut, luteolin; LutO, luteolin-7-O-glucoside; Qtin, quercetin; QtinOr, quercetin-3-O-glucuronide; QtinOs, quercetin-3-O-glucoside; TAC, total antioxidant capacity; TF, total phenols.
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Table 1. Changes in the composition of the least representative free phenolic acids (µg/plant) in two cvs of lettuce (PB, Paris Batavia and OL, Oak leaf) subjected to salt treatment (200 mM NaCl) under ambient (400 µmol/mol) or elevated CO2 (700 µmol/mol). Each value represents mean ± standard error (n = 6). Within each cv., significant differences (at P ≤ 0.05) are indicated by different letters. * shows differences between cvs; tr, traces. 
	                                                                                                PB                                                                                                                                    OL

	
	______________________________________________________
	__________________________________________________________

	
	400 CO2
	700 CO2
	400 CO2
	700 CO2

	
	___________________________
	__________________________
	___________________________
	___________________________

	
	0 NaCl
	200 NaCl
	0 NaCl
	200 NaCl
	0 NaCl
	200 NaCl
	0 NaCl
	200 NaCl

	_____________________________________________________________________________________________________________________________________________

	Gallic acid
	17.2 ± 1.1 a
	20.7 ± 2.5 a
	tr
	4.2 ± 1.1 b
	9.9 ± 0.7 b*
	7.2 ± 0.7 b*
	tr
	22.4 ± 2.5 a*

	Protocatechuic acid
	68.1 ± 3.7 a
	27.5 ± 2.5 b
	tr
	tr
	93.1 ± 4.2 a*
	29.0 ± 1.6 b
	tr
	tr

	Caffeic acid
	324.3 ± 7.5 d
	356.3 ± 1.1 c
	415.8 ± 37.2 b
	484.6 ± 30.1 a
	221.3 ± 5.7 c*
	329.2 ± 16.3 b
	394.6 ± 25.1 a
	302.3 ± 25.3 b*

	p-Coumaric acid
	28.0 ± 2.6 b
	31.4 ± 2.5 b
	11.7 ± 1.6 c
	59.8 ± 5.3 a
	249.5 ± 4.9 a*
	199.8 ± 18.0 b*
	236.2 ± 34.7 a*
	229.9 ± 24.2 a*

	Ferulic acid
	tr
	tr
	tr
	tr
	tr
	76.7 ± 6.7
	tr
	tr




Table 2. Changes in the composition of the least representative conjugated phenolic acids (µg/plant) in two cvs of lettuce (PB, Paris Batavia and OL, Oak leaf) subjected to salt treatment (200 mM NaCl) under ambient (400 µmol/mol) or elevated CO2 (700 µmol/mol). Each value represents mean ± standard error (n = 6). Within each cv., significant differences (at P ≤ 0.05) are indicated by different letters. * shows differences between cvs; tr, traces.
	                                                                                                 PB                                                                                                                                    OL

	
	______________________________________________________
	__________________________________________________________

	
	400 CO2
	700 CO2
	400 CO2
	700 CO2

	
	___________________________
	__________________________
	___________________________
	___________________________

	
	0 NaCl
	200 NaCl
	0 NaCl
	200 NaCl
	0 NaCl
	200 NaCl
	0 NaCl
	200 NaCl

	_____________________________________________________________________________________________________________________________________________

	Gallic acid
	54.2 ± 2.6 c
	171.4 ± 7.1 a
	tr
	129.6 ± 8.9 b
	273.7 ± 12.3 a*
	17.5 ± 1.6 d*
	186.7± 7.9 b*
	103.2 ± 8.3 c*

	Protocatechuic acid
	87.1 ± 15.0 a
	66.4 ± 4.6 b
	72.2 ± 5.3 ab
	99.4 ± 6.9 a
	170.2 ± 7.4 a*
	108.7 ± 10.6 b*
	tr
	tr

	p-Hydroxybenzoic acid
	89.0 ± 3.7 b
	29.3 ± 2.5 d
	40.3 ± 5.3 c
	152.9 ± 10.6 a
	tr
	42.5 ± 2.2*
	tr
	tr

	Vanillic acid
	93.1 ± 3.7 a
	27.1 ± 3.6 b 
	tr
	tr
	tr
	tr
	tr
	tr

	Syringic acid
	83.0 ± 4.9 a
	9.3 ± 1.1 b
	tr
	76.7 ± 5.3 a
	tr
	26.3 ± 2.2 *
	tr
	tr

	p-Coumaric acid
	366.9 ± 28.8 b
	184.2 ± 4.6 c
	371.2 ± 14.3 b
	549.6 ± 15.9 a
	118.1 ± 9.9 b*
	110.7 ± 8.3 b*
	237.0 ± 14.8 a*
	228.1 ± 6.1 a*

	Ferulic acid
	140.2 ± 7.5 a
	15.3 ± 1.1 d
	75.9 ± 5.3 c
	105.8 ± 6.9 b
	17.8 ± 1.7 c*
	tr
	120.5 ± 5.2 a*
	85.1 ± 6.1 b




Table 3. Changes in the composition of the least representative flavonoids (µg/plant) in two cvs of lettuce (PB, Paris Batavia and OL, Oak leaf) subjected to salt treatment (200 mM NaCl) under ambient (400 µmol/mol) or elevated CO2 (700 µmol/mol). Each value represents mean ± standard error (n = 6). Within each cv., significant differences (at P ≤ 0.05) are indicated by different letters. * shows differences between cvs; tr, traces.
	                                                                                        PB                                                                                                                                             OL

	
	____________________________________________________________________
	___________________________________________________________________

	
	400 CO2
	700 CO2
	400 CO2
	700 CO2

	
	__________________________________          ________________________________
	_________________________________
	__________________________________

	
	0 NaCl
	200 NaCl
	0 NaCl
	200 NaCl
	0 NaCl
	200 NaCl
	0 NaCl
	200 NaCl

	____________________________________________________________________________________________________________________________________________________________

	Rutin
	84.9 ± 1.9 b
	15.7 ± 1.1 d
	325.0 ± 9.0 a
	65.1 ± 2.6 c
	tr
	tr
	2618.2 ± 63.8 a*
	51.0 ± 5.3 b

	Myricetin
	58.7 ± 3.0 c
	42.8 ± 3.6 d
	205.5 ± 5.3 a
	146.5 ± 5.8 b
	37.3 ± 1.7 b*
	tr
	tr
	80.7 ± 6.1 a*

	Quercitrin
	21.3 ± 1.9 c
	158.9 ± 6.1 a
	73.3 ± 3.7 b
	150.2 ± 6.9 a
	266.8 ± 3.2 b*
	756.4 ± 8.3 a*
	770.5± 5.2 a*
	tr

	Kaempferol
	59.8 ± 2.6 b
	35.7 ± 1.1 c
	tr
	269.8 ± 9.0 a
	22.2 ± 1.7 d*
	671.2 ± 29.9 b*
	1355.8 ± 33.1 a*
	33.7 ± 2.5 c*
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