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Abstract: The application of different techniques of positive stress (eustress), such as mild and
moderate saline stress, could enhance the nutritional and functional attributes of food vegetables. The
present study aimed to evaluate the positive effect of salinity as a eustressor on the functional quality
of red lettuce growing under hydroponic conditions and subjected to increasing salinity. Red lettuce
plants were grown for 60 days and, 45 days after sowing, were subjected to different levels of salinity
(0, 50, 100, 150, and 200 mM NaCl). The phenolic compound concentration and antioxidant activity
were measured at 7 and 15 days after the application of salinity treatment. Moreover, at harvest, the
root and shoot biomass and efficiency of photosystem II were evaluated. Our results showed that
the highest phenolic concentration and antioxidant activity were obtained through moderate salt
stress (50 mM NaCl) applied for 15 days without affecting the photosynthetic activity and biomass
production of lettuce plants. By contrast, when severe salt stress levels (150-200 mM NaCl) were
applied, an increase in phenolic compounds was also obtained, but concomitantly with a significant
reduction in antioxidant activity and biomass production. The application of moderate stress in red
lettuce suggests its potential use as a tool to increase the biosynthesis and accumulation of bioactive
secondary metabolites, improving the nutritional characteristics of red lettuce.

Keywords: bioactive compounds; Lactuca sativa; saline stress; secondary metabolism

1. Introduction

Consuming a diet rich in fruits and vegetables is associated with a reduced risk of non-
communicable disease [1]. These beneficial effects are believed to be due to the presence
of phytochemical compounds, defined as bioactive compounds, including polyphenols,
carotenoids and vitamins, among others [2]. Since the overproduction of free radicals
formed through cell metabolism are involved in the pathogenesis of numerous chronic
diseases [3], the protective role of phytochemicals is associated with their antioxidant
activity, mainly through their inhibition of the oxidative damage caused by reactive oxygen
species (ROS) and reactive nitrogen species (RNS) [4].

Lettuce (Lactuca sativa L.) is a plant species representative of the Asteraceae family.
It is an important leafy agricultural product and one of the most popular vegetables
worldwide; it is currently consumed in increasing amounts due to its perception as a
healthy food [3]. The consumption of lettuce provides an important source of different
nutritionally valuable antioxidant substances, such as phenolic compounds (flavonoids and
phenolic acids), vitamin C, and fiber contents [5]. Several studies have shown significant
levels of antioxidant activity and phenolic compounds in lettuce [6-9]. Furthermore, caffeic
acid derivatives and flavonoids have been demonstrated as the major phenolic compounds
in lettuce plants [10,11]. Phenolic compounds are synthesized during normal plant growth
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and are overproduced in response to different types of environmental stresses, such as
salinity and drought, among others [12].

The high amounts of salt concentrations (mainly NaCl) in irrigation water and agricul-
tural soils produce saline stress in plants, severely affecting their growth and, consequently,
the crop yield and the quality of the final product [13]. One of the major consequences
of saline stresses is oxidative stress mediated by increased levels of ROS, such as singlet
oxygen (10,), superoxide (O,° ), hydroxyl radical (OH®), and hydrogen peroxide (H,O5),
which have the potential to interact with many cellular components, causing significant
damage to membranes and other cellular structures [9,14]. To cope with the harmful effects
of salinity, plants synthesize a broad range of secondary metabolites to counteract oxidative
damage and to scavenge ROS, particularly phenolic compounds [15]. Although salinity
generally reduces crop productivity, in many cases, the application of positive stress in
plants, also known as ‘eustress’, triggers defense mechanisms through the biosynthesis
and accumulation of bioactive secondary metabolites [16]. According to Kyriacou and
Rouphael [16], vegetable crops may show different responses to the application of eustress
(mild-to-moderate salinity) because of the stress-induced reshuffling of plant metabolism,
which increases the accumulation of bioactive compounds and enriches the functional
quality of fresh vegetables to the benefit of the human diet. Similarly, salinity stress applica-
tions can be easily applied by managing the electrical conductivity of water in hydroponic
systems [17], and could assist in the use of extensive lands subjected to salinity worldwide.

Based on the need to maximize the production of vegetable foods to improve global
food security, the demand for high-quality vegetable products is also increasing, mainly
due to the interest of consumers in fresh products with high organoleptic, nutritional, and
functional quality. Therefore, the application of eustressors such as salinity may be an
effective strategy to modulate the active compounds in vegetable crops, offering valuable
and sustainable tools for the manipulation of the phytochemical contents and functional
properties of plant foods. Considering this background, the main objective of this work
was to study the positive effect of moderate levels of salinity as a potential eustressor on
the functional quality of red lettuce grown under hydroponic conditions by means of the
composition changes of phenolic acids, flavonoids, and antioxidant activity, as well as the
effects on the photosynthetic activity and biomass production, thereby finding the right
eustress level to improve lettuce quality without compromising crop yield.

2. Materials and Methods
2.1. Growth Conditions, Biological Material, and Experimental Design

The experiment was carried out over 60 days under greenhouse conditions with tem-
peratures of 20/25 °C night/day, respectively, 50-70% relative humidity and a 16/8 h
light/dark photoperiod (Department of Chemical Sciences and Natural Resources, Univer-
sity of La Frontera, Temuco, Chile). The crop studied was Lactuca sativa L. var. acephala
cv. Lollo Rosso ‘CARMOLI" (RijkZwaan, Santiago, Chile), which was selected based on
its frequent use in hydroponic production for the Chilean market. Seeds were sown in
polystyrene trays with perlite as substrate and the seedlings were maintained for 15 days.
Next, the seedlings with robust growth were transferred to the floating hydroponic system
with continuous aeration (plastic boxes: 67 cm long, 40 cm wide, and 16 cm high), and
containing 30 L of Hoagland’s complete nutrient solution prepared with tap water [18],
which was refreshed every 10 days with the pH maintained at 6.0. At 45 days after sowing
(DAS), sodium chloride (NaCl) was added to the nutrient solution in the form of a unique
application at the following concentrations: 0 mM NaCl (control); 50 mM NaCl; 100 mM
NaCl; 150 mM NaCl; and 200 mM NaCl. These values corresponded to 0.9, 6.5, 11.6, 16.4,
and 21.1 dS m~! of electrical conductivity, respectively. Each hydroponic system was a
saline treatment, and six lettuce plants (n = 6) were grown in each one (1 = 30).
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2.2. Biomass Production and Efficiency of Photosystem 11

After 15 days of exposure to salinity (60 DAS), the plants were harvested, the shoot and
root organs were weighed, and subsamples (5 g) of fresh material were stored at —80 °C
for biochemical analyses. Furthermore, at harvest, the efficiency of photosystem II (® PSII)
was measured in vivo with FluorPen FP100 (Photon Systems Instruments, Brno, Czech
Republic) equipment 2 h after the onset of the photoperiod.

2.3. Identification and Quantification of Phenolic Compounds

The determination of phenolic compounds and antioxidant activity in the lettuce
shoots was carried out at 52 and 60 days after sowing (7 and 15 days after salinity appli-
cation). Phenolic compounds were extracted according to Santander et al. [9], with some
modifications. Briefly, one-gram samples of fresh leaves were pulverized in liquid nitrogen,
mixed with 8 mL of a mixture of MeOH:water:formic acid (25:24:3, v:v:v) followed by
1 min of ultrasonication with bar at 80% amplitude, shaken for two hours, and centrifuged
at 4000 x g for 20 min. HPLC-DAD analyses were carried out using a Shimadzu HPLC
system (Tokyo, Japan) equipped with a quaternary LC-20AT pump with a DGU-20A5R
degassing unit, a CTO-20A oven, a SIL-20a autosampler, and an UV-vis diode array spec-
trophotometer (SPD-M20A). Instrument control and data collection were carried out using
Lab Solutions (Shimadzu, Duisburg, Germany). Identity assignments were performed on
an Agilent 1100 Series system (Agilent, Ratingen, Germany), equipped with DAD (G1315B)
and LC/MSD Trap VL (G2445C VL) electrospray ionization mass spectrometry (ESI-MSn)
system, and coupled to an Agilent Chem Station (version B.01.03) data-processing sta-
tion. The chromatographic separation method (HPLC-DAD) for the determination of
phenolic compounds was developed based on the procedure reported by Parada et al. [19],
through the use of a Kromasil ClassicShell-2.5-C18 (Sigma Aldrich, St. Louis, MO, USA;
4.6 x 100 mm, 2.5 um) column and a C18 precolumn (Novapak, Waters, Milford, MA,
USA, 22 x 3.9 mm, 4 um). The samples were injected using water:acetonitrile:formic acid
(92:3:5, v:v:v) and water:acetonitrile:formic acid (45:50:5, v:v:v) as A and B mobile phases,
respectively, with an elution gradient between 6 to 50% B over 30 min at 0.55 mL min~!
and 40 °C.

Identities were assigned by comparison of the MS/MS spectra with those from the
literature data and by comparison with commercial standards. MS/MS conditions were as
follows: capillary temperature of 450 °C, an auxiliary flow rate of 15 arbitrary units and
4000 V ionization voltage, with positive ionization for anthocyanins and negative ionization
for the other phenolic compounds [20]. Flavonols and chicoric acid were quantified at
360 nm and chlorogenic acids at 320 nm, using rutin (=>94%), chicoric acid (>95%), and 5-
caffeoylquinic acid (>95%) (Sigma-Aldrich, Steinheim, Germany), respectively, as external
calibration standards. For the anthocyanin quantification, cyanidin-3-glucoside (>98%)
(Phytolab, Darmstadt, Germany) was used as standard for the external calibration.

2.4. Total Phenols and Antioxidant Activity Determinations

Total phenol concentration was determined by the Folin—Ciocalteu method, as de-
scribed by Singleton and Rossi [21], and adapted to a microplate reader, as described
in Parada et al. [19]. The absorbance was read at 750 nm, and gallic acid was used as
standard. Results were expressed as milligrams of gallic acid per gram of fresh weight
(FW). The DPPH (2,2-diphenyl-1-picrylhydrazyl) activity was determined according to the
methodology described by Parada et al. [19]. Measurements were performed at 517 nm,
and the results were expressed as Trolox equivalents.

2.5. Statistics

A fully randomized design with six replicates per treatment was established. Data
sets were analyzed by means of one-way analysis of variance (ANOVA). Ln transformation
was used when the data sets did not meet the ANOVA assumptions (homoscedasticity and
normality); nevertheless, all results are expressed in their original scale of measurement.
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Tukey’s multiple range post hoc test was used to compare the means of the treatments. Sub-
sequently, data sets were also subjected to principal component (PC) analyses. Variability
in the means was expressed as the standard error and a p < 0.05 was considered statistically
significant. IBM SPSS statistic Software v. 22.0 (Armonk, NY, USA) was used for all the
statistical procedures.

3. Results and Discussion

Biomass production is a critical characteristic of plant production and is also an
indicator of plant health [3]. At harvest time (60 DAS), the leaf and root fresh matter
production and the number of leaves were negatively affected by the increasing salinity
concentrations in the hydroponic solution (Figures 1 and 2). In detail, the plants subjected
to 100, 150, and 200 mM NaCl (severe saline stress) showed a significant reduction in fresh
leaf matter, with values ranging from 1.5-, 2.1-, and 2.9-fold, respectively, compared to
the control plants. By contrast, the lettuce plants grown at 50 mM NaCl (moderate saline
stress) reached the highest levels of leaf fresh matter production compared to all the plants
subjected to salinity treatments; furthermore, no significant differences with respect to the
control plants were registered (Figure 1a). According to Vazquez-Hernandez et al. [22],
the balance between the plant response (measured as yield, growth, quality, or tolerance)
and sensitivity may determine whether a stressor has a positive or a negative effect on
plant metabolism, ultimately determining the growth. Regarding the red lettuce plants
subjected to 100, 150, and 200 mM NaCl (severe saline stress), a significant reduction in leaf
dry matter, with values ranging from 1.4-, 1.8-, and 2.2-fold, respectively, compared to the
control plants (Figure 1c), was registered.
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Figure 1. Production of fresh leaf matter (a), dry leaf matter (b), number of leaves (c), and efficiency
of photosystem II (PPSII) (d) in red lettuce plants (Lactuca sativa Lollo Rosso cv. ‘CARMOLI’) growing
at increasing NaCl concentrations in a hydroponic system. Different letters indicate significant
differences (p < 0.05), according to the Tukey multiple range test (p < 0.05) following ANOVA. Data
are expressed as mean =+ SE, nn = 6.
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Figure 2. Morphological visual comparison of red lettuce plants (Lactuca sativa Lollo Rosso cv.
‘CARMOLYT’) growing at: (a) 0 mM NaCl, (b) 50 mM NaCl, (c) 100 mM NaCl, (d) 150 mM NaCl, and
(e) 200 mM NaCl in a hydroponic system.

In this regard, several studies have reported that high concentrations of Na in irrigation
water diminish the biomass production of lettuce plants [9,23-26]. Salinity affects plant
growth and development, which starts through a quicker response due to the osmotic
effect; subsequently, a slower response caused by the toxic effect of salt accumulation in
leaves takes place [27]. Consequently, the salt accumulation reduces photosynthetic activity,
which also diminishes the supply of photosynthates and plant biomass production [28].
According to Saddiq et al. [29], salt stress has an adverse impact on photosynthesis by
destroying chlorophyll pigments and inhibiting PSII activity; accordingly, in this study, the
results showed that the efficiency of PSII was negatively affected at the highest salinity
level (200 mM NaCl; Figure 1d). In fact, the measurement of chlorophyll fluorescence is an
excellent indicator to quantify salt-induced destruction in the photosynthetic apparatus [30].
The excessive exposure of plants to salinity increases the production of ROS, which destroys
thylakoid membranes and chlorophyll pigments, leading to the decreased activity of
PSII [29].

Lettuce is an important vegetable source of phytonutrients with health-promoting
properties, such as different phenolic compounds [31]. In this study, a total of six phenolic
compounds were registered and quantified in red lettuce leaves based on their UV-visible
and MS/MS spectra (Table 1 and Figure 3), corresponding to the hydroxycinnamic acid
derivatives, 5-caffeoylquinic acid (peak 1), caffeoylquinic acid isomer (peak 2), and chicoric
acid (peak 6); two flavonols, quercetin-3-glucoronide (peak 4) and quercetin-hexoside
(peak 5); and one anthocyanin, cyanidin-malonylhexoside (peak 3). Similar results were
shown by Santander et al. [9] in Grand Rapids and Lollo Bionda lettuce cultivars. On
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the other hand, Llorach et al. [31] determined ten phenolic compounds in two red let-
tuce cultivars (red oak leaf and Lollo Rosso), highlighting chlorogenic acid, chicoric acid,
quercetin-3-glucuronide, and luteolin-7-glucuronide, among others. Furthermore, the
authors registered the presence of anthocyanins in the lettuce leaves, but they did not
determine the type of anthocyanin. In the same way, the most abundant compounds
quantified in our study were 5-caffeoylquinic acid, chicoric acid, and quercetin-hexoside,
while caffeoylquinic acid isomer, cyanidin-malonylhexoside, and quercetin-3-glucoronide
were detected in lower amounts (Figure 2). Our data are in agreement with those reported
by El-Nakhel et al. [32], who found the presence of four phenolic compounds in the red
lettuce cultivar Salanova, with chicoric and chlorogenic acids being the most abundant.

Table 1. Identification of phenolic compounds from red lettuce leaves by HPLC-DAD-ESI-MS/MS at
60 days after sowing.

Peak tR (min) Identity Assignment £ Max (nm) M)+ M-H)~ Product Ions (m/z)
1 5.9 5-caffeoylquinic acid 325 - 353.6 190.6
2 11.0 Caffeoylquinic acid isomer 328 - 353.1 190.7
3 13.1 Cyanidin-malonylhexoside 517 535.3 - 449.0; 287.0
4 14.6 Quercetin-3-glucoronide 353 - 477.4 300.7
5 15.5 Quercetin-hexoside 353 - 463.0 300.7
6 16.1 Chicoric acid 330 - 473.7 310.7;178.8
Identifications according to Figure 2.
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Figure 3. HPLC-DAD chromatogram (360 and 520 nm) of phenolic compounds as flavonols, phenolic
acids (a) and anthocyanins (b) in lettuce leaves growing under saline conditions. Identifications are
according to Table 1.

The exposure to moderate and severe saline stress significantly increased the total
phenolic concentrations in the red lettuce leaves compared to the control plants (0 mM
NaCl), being higher at 15 days than at 7 days after the application of salinity (Figure 4). In
accordance with our results, Mahmoudi et al. [33], found an increase in the total phenolic
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concentration in romaine lettuces when growing for 12 days under 100 mM NaCl saline
stress. In the same way, many studies reported an increase in nutritional and bioactive
compounds for hydroponically grown leafy greens (Cichorium spinosum L. and Lactuca
sativa L.), triggered by mild-to-moderate NaCl concentrations in irrigation water [34-37].
In detail, the highest significant values of 5-caffeoylquinic acid and caffeoylquinic acid
isomer were recorded in red lettuce plants subjected to severe stress 15 days after the
application of salinity (150 to 200 mM NacCl), with values ranging from 10.8 to 13.8 and
from 1.15 to 1.61 pg g~ ! FW, respectively (Figure 5a,b). Similarly, quercetin-3-glucuronide
reached its highest concentration at severe stress (100 and 150 mM NaCl), with values of
1.3 and 1.4 pug g~! FW, respectively (Figure 5d). By contrast, at 15 days after the appli-
cation of salt, there were no significant differences in quercetin-hexoside concentrations
between the control and all the salinity treatments (Figure 5e). However, at 7 days after the
application of salt, the plants subjected to severe stress (150 and 200 mM NaCl) showed
higher concentration compared to the control and the plants subjected to moderate stress
(50 mM NaCl). Here, chicoric acid reached its highest concentrations at 100 and 200 mM
NaCl (severe stress), ranging from 4.33 to 6.67 ug g~ ! FW at 7 days after the application
of salinity, and from 9.75 to 13.4 pug g~! FW at 15 days after the application of salinity,
respectively (Figure 5f). Our results are in agreement with previous reports by Santander
etal. [9], who registered an increase in hydroxycinnamic acid (chicoric acid, 5-caffeoylquinic
acid and caffeoylquinic acid isomer) and flavonols (quercetin-hexoside and quercetin-3-
glucoronide) concentrations in lettuce cultivar Lollo Bionda subjected to 40 mM NaClL
Neocleous et al. [38], showed that a salinity eustress at a dose of 5 to 20 mM NaCl increased
the health-beneficial compounds (flavonoids and total phenolics) in two lettuce cultivars
(green cv. “Paris Island” and red cv. “Sanguine”). Furthermore, Borgognone et al. [39],
found that antioxidant metabolites, such as phenols, luteolin, cynarine, and chlorogenic
acid, in leaves of artichoke and cardoon, were substantially enhanced when subjected
to irrigation with a 40 mM NaCl solution. The increase in the phenolic compounds in
vegetable crops is considered of high nutraceutical importance and a high consumption of
foods rich in antioxidant compounds has a beneficial effect on human health [40-42].
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Figure 4. Total phenolic concentration in red lettuce plants (Lactuca sativa Lollo Rosso cv. ‘CARMOLI’)
growing at different saline concentrations in a hydroponic system. T1: total phenols after 7 days of
NaCl application. T2: total phenols after 15 days of NaCl application. GAE: gallic acids equivalents.
Different letters indicate significant differences (p < 0.05), according to the Tukey multiple range test
(p < 0.05) following ANOVA. Data are expressed as mean =+ SE, nn = 6.
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Figure 5. Concentration of 5-caffeoylquinic acid (a), caffeoylquinic acid isomer (b), cyanidin-
malonylhexoside (c), quercetin-3-glucoronide (d), quercetin-hexoside (e), and chicoric acid (f) in red
lettuce plants (Lactuca sativa Lollo Rosso cv. “CARMOLI *) growing at different saline concentrations
in a hydroponic system. T1: concentrations after 7 days of NaCl application. T2: concentrations after
15 days of NaCl application. Different letters indicate significant differences (p < 0.05), according to
the Tukey multiple range test (p < 0.05) following ANOVA. Data are expressed as mean + SE, n = 6.

Anthocyanins are a class of water-soluble phenolic compounds with strong antioxidant
activity [43]. These play an important role in human health by preventing neuronal and
cardiovascular diseases, reducing diabetes risk, and exhibiting anti-cancer activity [44]. The
accumulation of anthocyanins in lettuce is responsible for the red color of the leaves and
the amount of accumulation determines the intensity and degree of redness [45]. In this
study, cyanidin-malonylhexoside was the main anthocyanin identified in the Lollo Rosso
lettuce leaves. The MS data of anthocyanin identified in our study are similar to the MS
data of the major anthocyanin (cyanidin 3-(6”-malonoyl)glucoside) found in red lettuce
by Wu and Prior [45]. In addition, cyanidin 3-(6”-malonoyl)glucoside has potent radical
scavenging activity [46]. In our study, cyanidin-malonylhexoside levels were significantly
increased under moderate and severe stress, with values ranging from 1.38 to 1.74 ug g~
FW at 15 days after the application of salinity (Figure 5c). Similar results were found by
Sakamoto et al. [47], who reported that red lettuce plants cv. mother-red reached higher
anthocyanin values when irrigated with saline water.
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Plants subjected to saline stress produce an increase in the production of ROS, generat-
ing oxidative stress [9]. Due to the significant antioxidant activity of phenolic compounds,
the increase in their levels in plants growing under salinity is related to the ROS-scavenging
mechanisms of plants [48]. In this sense, DPPH activity is a key trait associated with
the antioxidant potential of the phenolic compounds present in vegetable foods [49]. In
our study, the DPPH radical scavenging potential was significantly increased by salinity
7 days after its application (Figure 6). At this point, the greatest scavenging potential was
recorded in lettuce plants subjected to severe saline stress (200 mM NaCl), with values
1.69- and 1.66-fold higher than those of the control plants and plants subjected to moderate
saline stress (50 mM NaCl), respectively. In this regard, several studies have shown an
increment of DPPH antioxidant activity when phenolic concentration and total flavonoid
concentration increase [46,50]. By contrast, at 15 days after salinity application, the DPPH
scavenging potential reached its highest value in the lettuce plants subjected to moderate
saline stress (11.8 umol g~! FW; 50 mM NaCl). However, the DPPH scavenging potential
significantly diminished when the plants grown under severe saline stress, with values of
8.4 and 7.9 umol g~! FW at 150 and 200 mM NaCl, respectively (Figure 6), even though the
total phenol concentrations were increased (Figure 4). Moreover, cyanidins are the most
potent scavengers of DPPH radicals in red lettuce, showing significantly higher radical-
quenching activity than in green lettuces, making red lettuce a food with higher nutritional
value, since its consumption can minimize oxidative-stress-related diseases [46].
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Figure 6. Antioxidant activity (DPPH) in red lettuce plants (Lactuca sativa Lollo Rosso cv. ‘CARMOLI’)
growing at different saline concentrations in a hydroponic system. T1: total phenols after 7 days
of NaCl application. T2: total phenols after 15 days of NaCl application. Different letters indicate
significant differences (p < 0.05), according to the Tukey multiple range test (p < 0.05) following
ANOVA. Data are expressed as mean + SE, n = 6.

The principal components (PC) analysis evidenced the formation of two highly inde-
pendent groups, in accordance with the distribution of the experimental variables in the
two PCs. In detail, PC1 explained 63.5% and PC2 13.8% of the total experimental variance
(Figure 7). PC1 was positively influenced by the 5-caffeoylquinic acid, caffeoylquinic acid
isomer, cyanidin-malonylhexoside, quercetin-3-glucoronide, quercetin-hexoside, chicoric
acid, and total phenols concentrations determined at 7 and 15 days after salt application,
as well as DPPH antioxidant activity determined at 7 days after salt application. Further-
more, PC1 was negatively related to shoot and root biomass production, the efficiency of
photosystem II (®PSII), and the DPPH antioxidant activity determined at 15 days after
salt application. To a lesser extent, PC2 was positively influenced by quercetin-hexoside,
chicoric acid, 5-caffeoylquinic acid, and total phenol concentrations (Figure 7a). The
PC analysis, together with the cluster analysis, differentiated three well-defined groups
(Figure 7b). The first group corresponded with the control plants and the plants subjected
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to 50 mM NaCl; the second group included the plants subjected to 100 mM NaCl; and the
third group corresponded with the plants subjected to 150 and 200 mM NaCl. The loading
plot, and consequently, cluster analysis, showed that biomass production was strongly
correlated with ®PSII, and that both were strongly correlated with the DPPH antioxidant
activity determined at 15 days after salt application. These results suggest that phenolic
compounds may have had the strongest effect, measured as DPPH radical scavenging
between 50 and 100 mM NaCl, on decreasing antioxidant activity under severe saline stress
(150 and 200 mM NaCl). The third group included the plants subjected to 150 and 200 mM
NaCl and represented the plants that reached higher phenolic concentration. However, this
group also showed the lowest DPPH antioxidant activity at 15 days after the application of
salinity and, consequently, a lower ®PSII and diminished biomass production.
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Figure 7. (a) Principal component loading plot (PCA) of biomass production, efficiency of photosys-
tem II (PPSII), phenolic compounds, and DPPH antioxidant activity of red lettuce plants (Lactuca
sativa Lollo Rosso cv. ‘CARMOLI’) growing at different saline concentrations in a hydroponic system
(0, 50, 100, 150, and 200 mM NaCl). 5CQA: 5-caffeoylquinic acid; QH: quercetin-hexoside; CA:
chicoric acid; CMH: cyanidin-malonylhexoside; Q3G: quercetin-3-glucoronide; CQAi: caffeoylquinic
acid isomer. T1: sampled after 7 days of NaCl application. T2: sampled after 15 days of NaCl
application. The mean value was used in each situation. Percentage values in parentheses indicate
the variation explained by each PC. (b) Cluster analysis for the experiment. The circles comprise
individuals with similar characteristics according to the analysis and should be considered as a visual

aid for discrimination of groups.

4. Conclusions

The application of different eustress techniques, such as mild and moderate saline
stress, should be useful to the enhancement of the nutritional and functional attributes
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of vegetables without compromising yield. In this regard, our study showed that the
application of moderate salt stress (50 mM NaCl) application fifteen days in red lettuce
grown in a hydroponic system induced the stimulation of the biosynthesis of polyphenols
and flavonoids, and improved antioxidant activity while increasing DPPH scavenging
capacity without significantly affecting the growth and biomass production of lettuce
plants (Lactuca sativa Lollo Rosso cv. ‘CARMOLI’). Conversely, when severe salt stress
(150-200 mM NaCl) was applied, a similar increase in phenolic compound levels was
produced, but concomitantly with a decrease in the biomass production. In this way, the
high levels of nutritionally valuable antioxidant substances and the significantly higher
radical scavenging activity in red lettuce give it greater nutritional value. Finally, the
principal challenges for future research in vegetables crops are the application of eustressors
during specific phenological stages, the study of the type of salt source and concentrations
to be applied, and a consideration of the use of different unconventional water resources,
such as saline water or wastewater, to produce moderate and controlled saline stress in
agriculture crops, as well as researching the increase in their bioactive compounds.
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