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78371 Olomouc, Czech Republic

3 Faculty of Science, Palacky University, 17. listopadu 12, 77900 Olomouc, Czech Republic
* Correspondence: sanja.cavar@upol.cz or zeljkovic@vurv.cz

Abstract: Lettuce (Lactuca sativa L.) is one of the most consumed leafy green vegetables in the world,
and is a good source of important bioactive compounds. However, environmental stress factors,
such as salinity or drought, cause physiological and biochemical changes in plants and influence
the yields and levels of both primary and secondary metabolites, which drastically changes the
nutritional value and quality of the crop. In the present work, six typical Czech cultivars/landraces
of various lettuce morphotypes (Altenbursky, Dubacek, Kamenac, Jupiter, Prazan, and Robin) were
grown under driven conditions and then analyzed for the content of sugars, fatty acids, amino acids,
phenolics, and vitamins. Obtained data were subjected to compositional tables statistical analysis,
which provided not only information on general trends in the changes in their nutritional value but
also how these changes affected each particular variety. Overall, drought caused the largest relative
increase in phenolic compounds and some amino acids. Conversely, drought caused overall the
largest relative decrease in vitamin C, but also in fatty acids. In addition, salt stress caused a larger
decrease in many metabolites, especially the amino acid arginine, while fatty acids were only slightly
increased, together with vitamin E. In addition, the interpretation of data from statistical analysis
showed that varieties Prazan and Altenbursky had the least changes in their chemical composition
when subjected to drought stress. Again, var. Altenbursky showed the least variability in comparison
to other varieties when subjected to salt stress. These findings confirm the fact that landraces and old
cultivars do not change their chemical profiles significantly, as is the case for improved cultivars, and
they emphasize the need for their cultivation when raising the productivity of staple food crops.

Keywords: lettuce; salt stress; drought stress; nutritional value; compositional tables

1. Introduction

Due to the continuous climate changes and human impacts on the environment, abiotic
stress has become a key threat, not only to crop yields and quality. Drought and salt stress,
and temperature extremes, have developed into significant environmental limitations on
the productivity of crops all over the world [1]. Besides morphological changes, plants
grown under stress undergo many cellular and biochemical modifications, and many of
them affect the nutritional value and, therefore, the quality of the crop. Better knowledge of
plant responsiveness to abiotic stress in both traditional and modern breeding applications
will assist in enhancing stress tolerance [2–4].

Lettuce (Lactuca sativa L.) is one of the most commonly consumed fresh leafy veg-
etables [5,6], and also one of the main crops grown both indoors [7] and outdoors [8].
Although lettuce is low in nutritional value, this leafy green can provide considerable
amounts of health-beneficial secondary metabolites, mainly folate, carotenoids, and pheno-
lic compounds. Due to its easy cultivation, the nutritional value of lettuce can be enhanced

Agronomy 2023, 13, 398. https://doi.org/10.3390/agronomy13020398 https://www.mdpi.com/journal/agronomy

https://doi.org/10.3390/agronomy13020398
https://doi.org/10.3390/agronomy13020398
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com
https://orcid.org/0000-0002-8534-3146
https://orcid.org/0000-0001-8810-694X
https://orcid.org/0000-0002-7581-7686
https://doi.org/10.3390/agronomy13020398
https://www.mdpi.com/journal/agronomy
https://www.mdpi.com/article/10.3390/agronomy13020398?type=check_update&version=2


Agronomy 2023, 13, 398 2 of 16

by manipulating cultural practices, by the application of biostimulants, or even by pre-
harvest abiotic stress [9,10]. Gealieni et al. [9] found that short drought stress significantly
increases the levels of bounded phenolic compounds in lettuce, especially caffeic, caf-
taric, and chicoric acids. A matching report was also given by Paim et al. [11]. Moreover,
Šamec et al. [12] reported that selected leafy green vegetables of Brassica accumulate phe-
nolic compounds and glucosinolates when the plants are subjected to short-term salt stress.
Similar findings were shown for Amaranthus leafy vegetables, whether plants are subjected
to salt or drought stress [13–15], but these studies do not show which particular compound
accumulates, and which compounds appear in reduced levels. Phenolic compounds do not
only play an important role in plant defense against abiotic stressors [16], but they are also
beneficial to humans [17].

Although it is generally recommended that improving cultivation is the most im-
portant step to fill the gap between population growth and food production [3,18], some
studies are showing that traditional landraces can adapt to stress better than improved
cultivars. Landraces are known as a source of a wide variety of traits for enhancing crop
stress tolerance [8,19,20]. Landraces and old traditional cultivars arose from the beginning
of agriculture through the selection of wild ecotypes and by their growth in the domestic
region, thus representing broad genetic diversity. This is why they are heterogeneous
with variable phenology, having lower yields and less susceptibility to pathogens, but
are very often nutritionally superior compared to modern cultivars. As pointed out by
Dwivedi et al. [20], a systematic evaluation of landraces is urgently needed to identify
alleles for enhancing yields and adaptation to abiotic stress so as to raise the productivity
of staple food crops.

Therefore, this study aimed to investigate changes in the nutritional value of selected
varieties of lettuce, both landraces and improved cultivars, grown under normal (control)
and abiotic stress (drought and salt) conditions. The selection of varieties was based on
their different morphological characteristics, which were also described in this study. Plants
were grown under controlled conditions; each variety was stressed by 50% water deficiency
and 100 mM NaCl for a short preharvest period, and then analyzed for the content and
composition of soluble sugars, free amino acids, and phenolic compounds, as well as
for vitamins and fatty acids. As summarized in the paragraphs above, previous studies
regarding the influence of abiotic stress on leafy greens only showed general changes in
plant metabolic profiles. Here, we present changes in the total of 53 analytes that have a
significant impact on lettuce’s nutritional value. Due to the complexity of the produced
data, the compositional tables approach is used for their analysis. Compositional tables,
which can be regarded as a continous counterpart to contingency tables, enable us to
examine the relationships between two factors. Here, the relevant information consists of
ratios between different cells of such a table. This is the first time that this approach has
been used in plant science research.

2. Materials and Methods
2.1. Plant Material and Cultivation

A set of six varieties of lettuce (Lactuca sativa L.) from the Czech National Collection of
Lettuce Genetic Resources, maintained at the Department of Genetic Resources of Vegeta-
bles, Medicinal Plants and Special Crops of the Crop Research Institute, were used in this
study (Table 1). The individual varieties are of Czech origin and represent different lettuce
morphotypes, with one accession (ECN 09H5700047) being the landrace. The passport
data of accessions/varieties is documented in the Plant Genetic Resources Documentation
System of the Czech Republic (GRIN Czech Release 1.10.3) [21].
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Table 1. List of lettuce varieties used in this study.

ECN Variety Morphotype Status

09H5700021 Altenbursky butterhead for overwintering traditional cultivar
09H5700047 Kamenac butterhead landrace
09H5700712 Jupiter butterhead advanced/improved cultivar
09H5700835 Dubacek cutting advanced/improved cultivar
09H5700841 Prazan crisphead advanced/improved cultivar
09H5701144 Robin leaf red advanced/improved cultivar

The accessions were phenotyped for seventeen descriptors according to the descriptor
list for Lactuca sativa L. [22], including those for the young leaf (anthocyanin distribution,
anthocyanin pattern, shape of blade, division of blade, venation), outer adult leaf (color,
anthocyanin distribution, anthocyanin pattern, blistering), harvested part (size of the head
and/or rosette), leaf head (shape in vertical section, overlapping of leaves, firmness), and
stem length, including inflorescence, fruit seed coat color, bolting, and flowering .

The plant seeds were sown in perlite and, at the stage of the fully developed cotyledon
leaves, transplanted in a 160-cell standard tray with horticultural substrate Florcom (BB
Com Ltd., Letohrad). The plants were watered appropriately as needed, i.e., twice per week.
At the stage of 5–6 fully developed true leaves, the plantlets were transplanted into plastic
growing pots (diameter 9 cm), in which the gardening substrate Florcom was also used,
always in 5 repetitions from each accession. The plants were grown in a growth chamber
(Photon System Instruments, Drásov, Czech Republic), with the temperature at 14 ◦C at
night, 20 ◦C during the day, for 16 h a day, 8 h a night; illumination ca. 170 µmol/m2/s;
65% relative humidity.

After 7 days of acclimatization, the plants were subjected to abiotic stress. The control
samples of each accession were irrigated with 80 mL of water per pot, twice a week. Plants
subjected to salinity stress were watered once a week with 40 mL of 100 mM NaCl, and
once a week with 40 mL of water per pot. Plants subjected to drought stress were watered
with 40 mL of water per pot only once a week. Individual plant samples were collected
and immediately lyophilized after 14 days of abiotic stress (Christ Beta 1–8 LD plus, Martin
Christ Gefriertrocknungsanlagen GmbH, Germany) and then homogenized (Retsch MM400,
Haan, Germany). The material was stored at −20 ◦C until analysis.

2.2. Free Sugars

Simple sugars (saccharose, glucose, and fructose) were quantified according to the
slightly modified method of O’Donoghue et al. [23]. Briefly, around 20 mg of pulverized
material was sonicated for 10 min with 1 mL of distilled water. After 10 min centrifugation
at 14,500× g, the supernatant was collected and filtered through syringe filters of 0.22 µm
porosity into vials and injected into an LC system (Smartline Knauer, Germany) equipped
with an ELSD detector (Alltech 3300, USA). The sugars were separated on a Rezex RCM
monosaccharide Ca+2 (8%) column (300 mm × 7.8 mm, 8 µm) (Phenomenex, Czech
Republic), with Mili-Q water (Milipore Sigma, USA) used as the mobile phase, with a flow
rate of 0.6 mL/min, under isocratic conditions. The detection was performed by ELSD
under a nitrogen flow of 2 L/min and a detector temperature of 80 ◦C. The injection volume
was 10 µL of sample and the analysis time was 17 min. All measurements were performed
in three replicates.

2.3. Fatty Acids

The determination of fatty acids in lettuce varieties was performed according to
Carvalho and Malcata [24], with some modifications. Briefly, 50 mg of the sample was
extracted with 2 × 1 mL of CHCl3:MeOH (2:1). The mixture was sonicated for 10 min
and then centrifuged for 10 min at 14,500× g. The supernatant was collected and evap-
orated to dryness under a vacuum at 40 ◦C. Methylation of fatty acids was performed
with 1 M NaOMe/MeOH for 5 min at room temperature, and after the addition of 200 µL
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of saturated NaCl, fatty acid methyl esters (FAME) were extracted with 2 × 500 µL of
n-hexane. The solvent was evaporated under a vacuum and the residuum was dissolved
into 100 µL of n-hexane. The resulting FAMEs were analyzed via GC-MS using the Ag-
ilent system (GC 7890 A; MSD 5975C series II) on a fused silica HP-5MS UI column
(30 m × 0.25 mm × 0.25 mm) and carrier gas He (1.1 mL/min). The temperature was pro-
grammed at 120 ◦C for 3 min, 5 ◦C/min to 180 ◦C, then held for 10 min, 10 ◦C/min to
220 ◦C, and finally 2 ◦C/min to 250 ◦C and held for 5 min. The temperature of the injection
port and detector was 230 ◦C. Ionization was performed in EI mode (70 eV). Injection (2 µL)
was performed in split mode (9:1). Identification was performed by comparison of retention
times and mass spectra with the mixture of authentic standards (Supelco 37 Component
FAME Mix, Merck, Czechia). All measurements were performed in three replicates.

2.4. Free Amino Acids

The analysis of the free amino acids was performed according to the already published
protocol [25]. Briefly, pulverized plant material (3–5 mg) was mixed with 1 mL of 50%
EtOH and sonicated for 10 min. After centrifugation at 14,500× g, 200 µL of supernatant
was transferred into a new vial, evaporated to dryness at 40 ◦C under a vacuum, and then
re-dissolved into 50 µL of the mobile phase, consisting of 20 mM ammonium formate,
pH 3.0 (Component A), and 0.2% formic acid in ACN (Component B). UHPLC-MS/MS
analysis was performed using a Nexera X2 UHPLC system (Shimadzu Handels GmbH),
coupled with an MS-8050 device (Shimadzu Handels GmbH). Chromatographic separation
was performed on an Acquity UPLC BEH AMIDE column (50 × 2.1 mm; 1.7 µm).

2.5. Free Phenolic Compounds

The phenolic compounds were determined according to a previously published proto-
col [26]. Briefly, homogenized plant material (20 mg) was extracted with 2 × 1 mL of 80%
MeOH and sonicated for 10 min in an ultrasonic bath. After centrifugation at 14,500× g,
250 µL of supernatant was transferred into a new vial and evaporated to dryness at 40 ◦C
under a vacuum, and then re-dissolved into 25 µL of the mobile phase consisting of 15 mM
formic acid (pH 3; adjusted with NH4OH) and ACN. UHPLC-MS/MS analysis of free
phenolic acids and flavonoids was performed on the same instrument described above,
and chromatographic separation was performed on an Acquity UPLC BEH C18 column
(50 × 2.1 mm; 1.7 µm).

2.6. Vitamins

The same extracts prepared for the analysis of phenolic compounds were used for
the determination of vitamins, which was based on the slightly modified protocol of
Santos et al. [27]. Here, 200 µL of the extract was used for the analysis of water-soluble
vitamins (B1, B2, B3, B5, B6, B9, and C) and 400 µL for the analysis of lipophilic vitamins (A
and E). Hippuric acid was used as an internal standard for both groups of vitamins. The
extracts were evaporated in a vacuum at 40 ◦C until dryness and then re-dissolved in 25 µL
of the mobile phase containing 1 µM hippuric acid as an internal standard. Analysis of
both water- and fat-soluble vitamins was performed using a Nexera X2 UHPLC system
(Shimadzu Handels GmbH), coupled with an MS-8050 device (Shimadzu Handels GmbH).
Chromatographic separation was performed on an Acquity UPLC BEH C18 (50 × 2.1 mm,
1.7 µm). The column temperature was 40 ◦C. The mobile phase consisted of 15 mM formic
acid (pH 3; adjusted with NH4OH) (component A) and MeOH (component B). The flow
rate was 0.4 mL/min and the injection volume was 2 µL. Gradient elution for water-soluble
vitamins was carried out under the following conditions: 0 min 2% B, 3 min 15% B, 4 min
65% B, 4.5 min 65% B, 5 min 2% B, 8 min 2% B. Meanwhile, for the analysis of fat-soluble
vitamins, conditions were as follows: 0 min 40% B, 2 min 100% B, 4,5 min 100% B, 4,6 min
40% B, 7 min 40% B.
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2.7. Statistical Analysis

Statistical analysis was performed in RStudio (R Software version 4.1.0). First, the effect
of variety was assessed, focusing on the control data only. The data were log-transformed,
principal component analysis (PCA) was performed, and the respective biplot was con-
structed. The role of both factors (i.e., condition and variety) and their interaction was
examined via compositional tables [28,29]. Two separate analyses were conducted—one
for the problem drought vs. control condition and the second for the problem salt vs.
control condition. For each of the N = 53 variables, an individual compositional table
with I = 6 rows (corresponding to the 6 varieties) and J = 2 columns (corresponding to
the control and the given stress condition) was considered. Each of the combinations was
represented by the average of 3 replicates (computed via geometric mean). The relative
information conveyed in the tables was explored through so-called pivot coordinates for
the orthogonal decomposition of compositional tables to independence and interaction
tables. The coordinates of interest were visualized in boxplots and the results from PCA
performed in the considered coordinate systems were visualized in PCA biplots, computed
by generalizing ideas from [30]. More details about the compositional tables approach can
be found in the Supplementary Materials.

3. Results and Discussion
3.1. Morphology

Lettuce comes in a variety of colors, sizes, and shapes, and therefore they are grouped
into six main types based on the leaf shape, size, texture, head formation, and stem type [31],
i.e., crisphead lettuce, butterhead lettuce, romaine or cos lettuce, leaf or cutting lettuce,
stem or stalk lettuce, and Latin lettuce. Although there are different classification systems
proposed [5], due to the high genetic and morphological diversity among lettuce cultivars,
there is no standardized classification protocol, except for the minimum descriptors for
leafy vegetables including lettuce [31]. Therefore, we have used the more detailed and
complex Czech National Descriptors List for Lactuca sativa L. [32].

The accessions of L. sativa cover different morphotypes and varieties. The set in-
cluded butterhead, crisphead, cutting and leaf morphotypes, varieties with or without
anthocyanins, varieties for greenhouse and field cultivation, landraces, and advanced
varieties (Table 2). Variety Altenbursky represents a historical variety of butterhead lettuce
for overwintering. Heads are of medium size, with anthocyanin spots on the entire blade
surface. Kamenac is an old landrace that exhibits very hard (similar to stone) orbicular
heads with crispy small leaves. The other four accessions represent advanced varieties.
Dubacek and Robin belong to the so-called leaf lettuces (oak-leaf types), which do not
form a head, only having rosettes of leaves, which can be harvested gradually. Unlike
Dubacek, Robin contains anthocyanins distributed over the entire surface of the leaves.
Variety Jupiter, with medium orbicular heads and tender leaves, is suitable for growing as
a summer lettuce. Prazan is a morphotype of iceberg lettuce with medium-sized firm and
compact heads and crispy leaves [32].
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Table 2. Morphological and phenological traits of lettuce cultivars following the Descriptors List for
Lactuca sativa L. [32].

Crop Trait Phenotypical Expression of Crop Trait

Altenbursky Kamenac Jupiter Dubacek Prazan Robin

Young leaf

Anthocyanin distribution entire blade
surface absent absent absent absent entire blade

surface
Anthocyanin pattern diffused nd nd nd nd diffused

Shape of blade broad elliptic orbicular elliptic orbicular orbicular spathulate

Division of blade none none none pinnatipart
(<2/3) none pinnatipart

(<2/3)
Venation pinnate pinnate pinnate pinnate pinnate pinnate

Outer adult leaf

Colour green green green green green red and
green

Anthocyanin distribution entire blade
surface absent absent absent absent entire blade

surface
Anthocyanin pattern in spots nd nd nd nd in spots

Blistering moderate moderate slight none extensive slight

Size of head and/or rosette medium
(25–40 cm)

small
(<25 cm)

medium
(25–40 cm)

medium
(25–40 cm)

medium
(25–40 cm)

large
(>40 cm)

Leaf head

Shape in vertical section elliptic orbicular orbicular nd broad elliptic nd
Overlapping of leaves partial partial partial none partial none

Firmness medium high medium nd medium nd
Stem length including

inflorescence
medium

(50–80 cm)
medium

(50–80 cm)
medium

(50–80 cm)
medium

(50–80 cm)
high

(>80 cm)
high

(>80 cm)
Fruit seed coat color grey white brown grey white grey white grey white brown

Bolting (days after sowing) late (>70) late (>70) late (>70) late (>70) late (>70) late (>70)
Flowering (days

after sowing) late (>80) late (>80) late (>80) late (>80) late (>80) late (>80)

nd—not determined.

3.2. Nutritional Value of Lettuce

The content and composition of free sugars, fatty acids, free amino acids, free pheno-
lics, and vitamins in the six lettuce varieties investigated in this study are summarized in
Tables S1–S5 (Supplementary Materials). Although these species have different morpho-
logical characteristics (Table 2), they are also distinct in chemical composition, which is
closely related to their genetic background [5,7,18].

Figure 1 represents the total content of all classes of compounds analyzed in the six
lettuce varieties grown under control conditions. Levels of free sugars, including saccharose,
glucose, and fructose, were all similar in all investigated species (Figure 1A). Except for
var. Robin, all varieties contained higher levels of fructose than glucose (Table S1). Soluble
sugar content affects the sweetness of lettuce, which is one of the most important factors
for consumer demand and lettuce production [33,34].
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Figure 1. The total content of (A) free sugars, (B) free amino acids, (C) fatty acids, (D) free phenolics,
and (E) vitamins in six lettuce varieties grown under control conditions.

The concentrations of free amino acids significantly differed among the varieties
(Figure 1B), especially in the case of var. Prazan, which contained considerably higher
levels of alanine (ALA) than others (Table S2). On the contrary, the fatty acid profiles did
not notably differ between the examined lettuces (Figure 1C). The major fatty acid found
in all samples was α-linolenic acid, ranging from 44.15 ± 2.75 to 74.41 ± 16.05 µg/g DW,
followed by linoleic acid, ranging from 16.47 ± 3.54 to 30.05 ± 6.54 µg/g DW (Table S3).
These data are in agreement with those published before [35]. Considering phenolic
compounds, var. Robin, with red-colored leaves, contained the highest levels of these
beneficial secondary metabolites, while var. Dubacek contained the least (Figure 1D).
The major phenolic acid detected was chlorogenic acid, ranging from 3452.11 ± 356.04 to
9695.02 ± 339.77 µg/g DW, while quercetin was the major representative of flavonoids
(Table S4). In addition, the investigated lettuce varieties also varied in the concentrations of
vitamins (Figure 1E). Although vitamins B1, B2, B3, B5, B9, C, and E were detected in all
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samples, ascorbic acid (vitamin C) was the only one detected in significant levels, which
ranged from only 0.79 ± 0.11 to 59.89 ± 9.33 µg/g DW (Table S5), which is in accordance
with the literature data summarized by Kim et al. [5].

Further, the results of the principal component analysis (PCA) of 53 analytes detected
in the six lettuce varieties, including 3 sugars, 21 amino acids, 9 fatty acids, 11 phenolics,
and 9 vitamins, were presented as a PCA biplot (Figure 2). Here, 69.48% of the data
variability is explained by the first two principal components (41.15% by PC1 and 28.33%
by PC2). According to PCA, hydroxyproline (HPR) shows the highest variability across
the varieties, i.e., the highest values in varieties Prazan and Dubacek, and the lowest in
Altenbursky and Kamenac. Variety Robin has rather lower values of amino acids and
conversely higher values of fatty acids, and it differs the most from var. Jupiter. Moreover,
the results of this analysis reveal that varieties Altenbursky and Kamenac are chemically
the most similar varieties, proving the fact that comprehensive chemical analysis is an
important part of the description of plant genotypes. In conclusion, amino acids, but
also selected phenolic compounds, are presented as the main markers for the chemical
characterization of the investigated lettuce varieties. This fact was also confirmed in our
previous study on selected genotypes of medicinal and aromatic plants [36], where amino
acids and phenolics, together with terpenes, were confirmed as chemotaxonomic markers.
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3.3. Preharvest Abiotic Stress Changes the Nutritional Value of Lettuce

As presented in Figure 3, both salt and drought stress influenced the yields of all six
lettuce varieties, but in a different manner. The biomass of the investigated varieties did not
decrease significantly for the plants grown under salt stress, in comparison to the decreases
when plants were subjected to drought stress.
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Figure 3. Lettuce varieties immediately before harvest. From left to right: control, salt stress, drought
stress. (A) Altenbursky, (B) Kamenac, (C) Jupiter, (D) Dubacek, (E) Prazan, (F) Robin.

The previous study showed that salinity decreased the number of leaves significantly,
but not the leaf area and fresh weight of the lettuce [10]. In addition, Galieni et al. [9] claim
that drought decreases the yield of lettuce by up to 50%. Since the aim of this study was the
investigation of health-beneficial secondary metabolites’ profiles and their changes during
abiotic stress, here, we did not perform a detailed analysis of physiological traits, such
as biomass, leaf size, etc. Therefore, although preliminary, the presented findings are in
agreement with those found in the literature.

To study the impact of preharvest abiotic stress on selected lettuce varieties, we used
advanced statistical analysis, where, in total, 53 variables (analytes) were studied in six
varieties grown under control and two stress conditions. Barplots visualizing the log ratios
of levels of each class of investigated compounds are summarized in Figure 4. The greatest
changes were in the levels of vitamins, following the amino acid and phenolic compounds.
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in drought stress (D) and salt stress (S) to value in the control condition (C).

The same barplots visualizing the log ratios of levels for each particular analyte
are summarized in Supplementary Figures S1 (drought vs. control) and S2 (salt stress vs.
control). In addition, boxplots in Supplementary Figures S3 and S4 represent the dominance
of the average value of the given variable in a variety (across control and stress conditions)
concerning its average value in the remaining varieties (across control and stress conditions)
(coordinates zr(l)

1 ).
These coordinates are informative for assessing the behavior of the variety by itself.

Then, the coordinates zc
1 present the dominance of the average value of the given variable

in the stress condition (across all the varieties) concerning its average value in the control
condition (across all the varieties). These coordinates enable the identification of which
variables change the most under the stress condition; the variables with the lowest (highest,
respectively) value of zc

1 are the ones that are overall decreased (increased, respectively) the
most. Furthermore, Supplementary Figures S5 and S6 present the dominance of the value
of the ratio stress vs. control in the given variable in variety l concerning the average value
of these ratios across the remaining varieties. Crucial information from these coordinates
identifies which ratios of stress vs. control deviate the most compared to the other varieties.
They also help to determine which variety has overall relatively higher (or lower) ratios of
stress vs. control.

Overall, drought causes the greatest relative increase in phenolic compounds, mainly
flavonoid luteolin (LUT) and phenolic acid p-coumaric acid (COU), followed by selected
amino acids, such as proline (PRO) and tryptophan (TRP), and selected B-group vitamins
(Figure S3). Conversely, drought causes overall the largest relative decrease in vitamin C,
but also in fatty acids and selected amino acids, such as aspartate (ASP), glutamine (GLN),
etc. (Figure S3A). In addition, salt stress causes a larger decrease in many metabolites,
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especially amino acid arginine (ARG). On the other hand, fatty acids are only slightly
increased, together with vitamin E (Figure S4A). When each variety is analyzed separately
(Figures S3B and S4B), similar information as presented in Figure 2 is obtained. This
means that free amino acids, mainly hydroxyproline (HPR) and methionine (MET), but
also flavonoids quercetin (QUE) and luteolin (LUT), play the most important role in the
chemotaxonomical classification of lettuce varieties grown not only under control but also
under stress conditions. It should be emphasized that each variety responded differently to
the applied stress. Moreover, it can be concluded that the old variety Altenbursky showed
higher plasticity in its chemical profile, whether it was cultivated under controlled or stress
conditions. This variety, in contrast to other new, improved cultivars, did not notably
change the content and composition of nutritionally important metabolites. Similarly,
salt stress did not influence the chemical profile of landrace Kamenac, while drought
stress affected the composition more significantly. On the other hand, another variety,
Dubacek, showed the highest variations in general when grown under stress conditions
(Figures S1–S6).

Roberts and Mattoo [3] recently emphasized that plants synthesize small molecules
for protection against extreme environmental conditions. These compounds are called
osmoprotectants and their elevated levels correct the cytosolic imbalance caused by stress
exposure. Among others, several amino acids, such as glycine (GLY), PRO, ARG, and
glutamate (GLU), also act as osmoprotectants. The accumulation of PRO leads to the
improved synthesis of cells and their reduced degradation, while ARG was found to operate
as a compatible solute to enhance stress tolerance in leaves [1,4]. In addition, sucrose and
glucose, as soluble sugars, also serve as osmolytes to alleviate the negative effects of salt
stress and also enhance proline content [37]. They play dual functions in gene regulation,
as exemplified by the upregulation of growth-related genes and downregulation of stress-
related genes [38]. On contrary, increased levels of fructose are related to the biosynthesis
of phenolic compounds [39]. Here, changes in the levels (but also their ratios) of saccharose,
glucose, and fructose in stressed plants were observed, but they were not as significant as
those found for amino acids or phenolic compounds (Table S1, Figures S1 and S2), and they
were mainly decreased under stress conditions. In addition, Babaousmail et al. [10] also
observed a decrease in sugar content when lettuce plants were subjected to salt stress.

Furthermore, the lettuce varieties studied here had generally lower levels of fatty acids
when plants were subjected to drought stress but also accumulated in the plants subjected
to salt stress (Table S2, Figures S1 and S2). This could be explained by the fact that fatty
acids are one of the structural components of cell membranes, and also provide one of the
general defense systems against various biotic and abiotic stresses [4,40]. As a consequence,
their levels significantly vary depending on stress and its intensity.

An increase in phenolic compounds is a common response to abiotic stress in lettuce [9,11,40],
but the effect of stress can vary depending on the species or varieties studied, as well
as on the levels of stressors and the duration of the stress application [4,40–42]. The
presented findings are in agreement with those found in the literature. Drought initiated the
accumulation of phenolic compounds in all six lettuce cultivars (Table S4, Figures S1 and S2)
but this was not the case for salt stress. Varieties Dubacek and Robin showed a significant
increase in these secondary metabolites, but varieties Kamenac, Jupiter, and Prazan did not.
Moreover, the levels of phenolic compounds did not change significantly in the old variety
Altnebursky subjected to salt stress. Together with phenolics, vitamins C and E are known
as strong radical scavengers and, therefore, are involved in the subsequent downstream
stress signaling and responses in plants [43,44]. Their levels varied depending on both
stress and the lettuce variety. Nonetheless, it can be concluded that changes in the levels of
vitamins C and E correspond with changes in phenolic compounds, i.e., if there is a decrease
in phenolics, then there is an increase in vitamins. Regarding B-group vitamins, their levels
also varied depending on the variety and applied stress. Generally, the accumulation of
this group of vitamins was observed in both stresses, with higher concentrations in the
plants that suffered drought stress (Figures S3 and S4). Nonetheless, there was no trend
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observed, because the concentrations of some of the members of this group increased, and
the others decreased. Hanson et al. [45] point out that B vitamins are prone to destruction
under stress conditions, since they are metabolic precursors of essential cofactors. These
authors concluded that even plants, although they can produce vitamins, might suffer from
vitamin B deficiency. However, a study published later indicated that the biosynthesis of
vitamin B1 is upregulated in abiotic stress [46], while Huang et al. [47] showed that the
levels of vitamin B6 and its vitamers vary during stress application, i.e., they return to
normal levels after a certain time.

Nevertheless, the PCA analysis of data transformed into coordinates, as described above
(Figure 5), summarized all the information presented in Supplementary Figures S1–S6. The
PCA biplots of variables from drought vs. control (Figure 5A) and salt vs. control (Figure 5C)
were created from the independence tables, and those described in Figure 5B,D from the
ainteraction tables for drought vs. control and salt vs. control, respectively. As can be
observed from Figure 5A, the variables that are characterized by a high relative increase
under drought stress (left located) are roughly those that have higher values in variety
Jupiter (arrow representing drought is closest to the arrow representing Jupiter) and lower
in variety Robin (arrow pointing in the opposite direction). On the contrary, as can be seen
in Figure 5C, the variables that are characterized by a high relative increase under salt
stress (left located) are roughly those that have higher values in Robin (arrow representing
salt is closest to the arrow representing Robin) and lower in Jupiter (arrow pointing in
the opposite direction). Regarding the PCA biplot of the interaction table for drought
stress (Figure 5B), 61.78% of the data variability is explained by the first two principal
components (37.52% by PC1 and 24.26% by PC2). Here, varieties Kamenac and Dubaček
show the greatest deviations from the general trend concerning condition changes (the
longest arrows), and Prazan and Altenbursky show the smallest (the shortest arrows).
Among the variables that vary the most between the varieties in terms of the effect of
drought stress are vitamin C and flavonoids quercetin (QUE) and luteolin (LUT), as well as
amino acids LYS, ALA, and PRO (the most outlying points).

Next, 73.06% of the data variability is explained by the first two principal components
(45.75% by PC1 and 27.31% by PC2) in the PCA biplot of the interaction table for salt stress
(Figure 5D). Here, variety Altenbursky shows the smallest deviations from the general
trend concerning condition changes (the shortest arrow). Among the variables that vary
the most between the varieties in terms of the effect of salt stress are amino acids (ARG,
SER, ASP, HIS, ASN, PRO, ORN, GLU). Dubaček and Pražan are affected by salt stress
the most dissimilarly (arrows pointing in the opposite directions, i.e., the variables with
relatively high ratios of salt vs. control in Dubaček tend to have relatively low ratios of salt
vs. control in Pražan). The same can be observed for varieties Jupiter and Robin.
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4. Conclusions

This study aimed to investigate the changes in the nutritional value of six Czech
varieties of lettuce (Altenbursky, Dubacek, Kamenac, Jupiter, Prazan, and Robin) when
plants were grown under control and stress conditions. Results show that drought causes
the largest relative increase in phenolic compounds, followed by some amino acids and
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selected B-group vitamins, while there was overall the largest relative decrease in vitamin C,
but also in fatty acids. Salt stress causes a larger decrease in the amino acid arginine. On
the other hand, fatty acids are only slightly increased, together with vitamin E. In addition,
the interpretation of data from statistical analysis showed that the old variety Altenbursky
had the least changes in its chemical profile when subjected to drought and stress, while
salt stress also did not significantly affect the chemical composition of landrace Kamenac.
These findings emphasize the need for the cultivation of landraces and old varieties to raise
the productivity of staple food crops.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/agronomy13020398/s1. Compositional tables approach—supplement.
Table S1: Free sugar content (mg/g DW) in investigated lettuce varieties grown under normal and
stress conditions; Table S2: Free amino acid content (µg/g DW) in investigated lettuce varieties grown
under normal and stress conditions; Table S3: Fatty acid content (µg/g DW) in investigated lettuce
varieties grown under normal and stress conditions; Table S4: Free phenolic compound content (µg/g
DW) in investigated lettuce varieties grown under normal and stress conditions; Table S5: Vitamin
content (µg/g DW) in investigated lettuce varieties grown under normal and stress conditions;
Figure S1: Barplots visualizing the log ratios of value in drought stress to value in control condition
for each of the variables, separately for each of the varieties; Figure S2: Barplots visualizing the log
ratios of value in salt stress to value in control condition for each of the variables, separately for each
of the varieties; Figure S3: Boxplot of (A) coordinate z_1ˆc and (B) coordinates z_1ˆ(r(l)) for the case of
drought vs. control; Figure S4: Boxplot of (A) coordinate z_1ˆc and (B) coordinates z_1ˆ(r(l)) for the
case of salt stress vs. control; Figure S5: Boxplot of coordinate z_1ˆ(cOR(l)) for the case of drought vs.
control; Figure S6: Boxplot of (A) coordinate z_1ˆ(cOR(l)) for the case of salt stress vs. control.
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