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Abstract: Recent studies in the agronomic field indicate that the exogenous application of polyphenols
can provide tolerance against various stresses in plants. However, the molecular processes underlying
stress mitigation remain unclear, and little is known about the impact of exogenously applied
phenolics, especially in combination with salinity. In this work, the impacts of exogenously applied
chlorogenic acid (CA), hesperidin (HES), and their combination (HES + CA) have been investigated
in lettuce (Lactuca sativa L.) through untargeted metabolomics to evaluate mitigation effects against
salinity. Growth parameters, physiological measurements, leaf relative water content, and osmotic
potential as well as gas exchange parameters were also measured. As expected, salinity produced
a significant decline in the physiological and biochemical parameters of lettuce. However, the
treatments with exogenous phenolics, particularly HES and HES + CA, allowed lettuce to cope with
salt stress condition. Interestingly, the treatments triggered a broad metabolic reprogramming that
involved secondary metabolism and small molecules such as electron carriers, enzyme cofactors, and
vitamins. Under salinity conditions, CA and HES + CA distinctively elicited secondary metabolism,
nitrogen-containing compounds, osmoprotectants, and polyamines.

Keywords: metabolomics; salinity; plant stress; redox imbalance; stress alleviator

1. Introduction

With the continuous expansion of the population, the importance of development
studies on natural resources and agriculture is increasing day by day, while global warming
and environmental pollution lead to the limitation of agricultural activities [1]. Exposure
to abiotic stresses, including salinity, heat, drought, flooding, and heavy metal toxicity,
prevents plants from reaching their full growth potential and reduces many crops’ yield [2].
Soil and water salinity is currently one of the major problems, and it is affecting more than
nearly 20% of the world’s irrigated land at different levels [3]. Most of the adverse effects
of salinity are due to the increase and accumulation of Na+ and Cl− ions in plants, which is
called ionic stress. The interaction of these ions with critical metabolic processes causes irre-
versible changes such as pigment degradation, disruption of enzyme and protein structures,
and photosynthesis inhibition. In addition, osmotic stress caused by these ions disrupts the
balance of water and nutrient uptake in the roots, causing loss of cellular homeostasis [4].
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Osmotic stress triggers damage to the membranes of mitochondria and chloroplasts, dis-
rupting photosynthesis and energy production processes. Indeed, some authors reported
that the regulation of chlorophyll biosynthesis in plants depends on the type of stress
applied, producing important consequences on the growth and reduction of biomass [5–7].
To overcome salinity-mediated growth reduction, plants activate tolerance mechanisms
such as antioxidant systems, osmolyte accumulation, and the compartmentalization of
toxic ions [8]. Many studies have previously shown that the production and accumulation
of reactive oxygen species (ROS) such as superoxide (O2

−), hydrogen peroxide (H2O2),
and singlet oxygen are parallel with exposure time and density in plants exposed to salt
stress. Accumulated ROSs cause damages to membrane integrity by initiating the lipid
peroxidation process [9]. Plants have developed enzymatic and non-enzymatic antioxidant
systems to protect them from the destructive effects of oxidative stress [10].

Recent studies in the agronomic field focus on more sustainable alternatives that
can be used against abiotic stresses and yield loss in plants. Studies have also shown
that polyphenols provide tolerance to the plant against various stresses by exogenous
application [11–13]. These biologically active molecules can play different metabolic
roles according to their structural differences and are an essential part of plants’ stress
response [14]. For example, vanillic acid application to tomato seedlings under salinity
improved chlorophyll synthesis and plant growth by reducing osmotic and oxidative
stress [15]. Similarly, Mekawy et al. [16] showed that apigenin treatment enhances tolerance
to salinity stress by supporting the antioxidant system in rice plants. These polyphenols
with high ROS scavenging capacity as hydrogen donors provide defense against abiotic
stress in plants by supporting the antioxidant system [14].

Plant polyphenols show a large chemical diversity, to include phenolic acids, stil-
benoids, flavonoids, and lignans, synthesized through the phenylpropanoid pathway [17].
Chlorogenic acid (CA), a phenolic acid, and hesperidin (HES) from the group of flavonoids
are bioactive molecules whose health-promoting, antimicrobial, and antiviral properties
have been shown in many studies [18,19]. Nonetheless, CA also participates in the devel-
opment and growth of plants [20]. Mei et al. [21] showed that exogenous CA reversed
membrane damage and lipid oxidation and induced the transcription of genes related to
antioxidant capacity, including peroxidase, catalase, and polyphenol oxidase. The reports
about the antioxidant properties of HES have been mainly focused on animals [22,23]. In
planta, [12] demonstrated that HES accumulation increased in Cyclopia subternata callus
under UV light. However, there are no further data on the impacts of exogenously applied
HES on plant biochemistry in response to stress. Based on previous information, the
application of these flavonoids to plants may provide protective effects against stressors.
Moreover, plants exposed to combined CA and HES can provide complementary and syn-
ergic effects. Indeed, our previous work [24] showed that CA, HES, and their combination
modulated the functional traits of lettuce in a distinctive manner.

Lettuce (Lactuca sativa L.), categorized as relatively salt-sensitive, showed impaired
germination, membrane permeability, redox balance, and photosynthetic performance
under salinity [25–27]. Therefore, this crop represents a good model to study the effects of
salinity. Most of the previous studies focused on growth, photosynthetic capacity, nutri-
tional parameters, and crop quality in stress-treated lettuce plants [28–31]. Based on our
previous information on the ability of phenolics to modulate the functional traits in lettuce,
the present work aimed at investigating the effect of CA, HES, and their combination on
lettuce under salt stress conditions, compared to non-stressed lettuce plants. To this object,
a combination of physiological measurements and untargeted metabolomics has been used
to unravel lettuce changes at the biochemical level, with a focus on stress mitigation effects.

2. Results
2.1. Plant Growth and Ecophysiological Changes

Lettuce shoot fresh and dry weight were not significantly affected by salinity or
phenolics (either alone or in combination) (Supplementary Materials Figure S1). However,
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the plant relative water content (RWC) significantly decreased in NaCl-treated plants
compared to the control plants (Figure 1A). Interestingly, this detrimental effect was not
observed when exogenous HES and HES + CA (p < 0.05) were applied under salinity.
However, a slight enhancement of RWC was observed for CA treatment (Figure 1A),
whereas the exogenous application of phenolics did not affect RWC in non-stressed plants.
On the other hand, leaf osmotic potential (Ψπ) was significantly affected by salinity, with
an increase of 27%, compared to the non-stressed control (Figure 1B). The treatment with
exogenous phenolics did not present differences compared to both the control and the
NaCl treatment, suggesting a non-significant mitigation for this parameter.
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effect of salt stress on gas exchange parameters. Indeed, regarding the stomatal limitation 
rate (Ls), salinity stress reduced Ls by about 34% compared to the control. At the same 
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ters (i.e., 205 mol m−2 s−1 and 3.38 mmol H2O m−2 s−1, respectively), particularly under stress 
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The same trend was observed for carbon assimilation rate (An), which was highly 
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Figure 1. (A) Relative water content (RWC) and (B) leaf osmotic potential (Ψπ) of lettuce after 10 days of treatments, the
values are expressed as mean percentage ± standard deviation of four independent replicates. The lettuce plants were
treated with: control no treated (C), 100 µM hesperidin (HES), 50 µM chlorogenic acid (CA), 100 µM HES + 50 µM CA.
Treatments were performed under both salt (40 mM NaCl) and non-salt (0 mM NaCl) stress. The statistical significance
has been tested by a one-way ANOVA test with Tukey post-test multiple comparisons (p-value < 0.05), and significant
differences between treatments are indicated by lowercase letters above each bar.

The leaf gas exchange parameters, such as intercellular CO2 concentration (Ci), carbon
assimilation rate (An), transpiration rate (E), stomatal limitation rate (Ls), and stomatal
conductance (gs) were also investigated. Leaf gas exchange was negatively affected by salt
stress (p-value < 0.05; Figure 2A–E). Nevertheless, as in the case of RWC, the exogenous
application of HES or HES combined with CA effectively mitigated the negative effect
of salt stress on gas exchange parameters. Indeed, regarding the stomatal limitation rate
(Ls), salinity stress reduced Ls by about 34% compared to the control. At the same time,
both HES and CA were able to recover the Ls rate into a physiological state (Figure 2D).
Similarly, the stomatal conductance (gs) and transpiration rate (E) of lettuces subjected to
stress were significantly affected by the treatments. In this case, phenolics were able to
enhance both gs and E values by two-fold compared to both stressed and non-stressed
controls. Interestingly, HES-treated lettuces strongly enhanced gs and E parameters (i.e.,
205 mol m−2 s−1 and 3.38 mmol H2O m−2 s−1, respectively), particularly under stress
conditions (Figure 2B,E).

The same trend was observed for carbon assimilation rate (An), which was highly
affected by salinity (An < 8 µmol m−2 s−1). The treatments with exogenous phenolics led to
a significant increase in An (16–17 µmol m−2 s−1), revealing a higher capacity to assimilate
C than control plants (13–15 µmol m−2 s−1), as shown in Figure 2C. On the other hand, the
intracellular CO2 concentration (Ci) decreased by about 25% in NaCl-treated plants, and
only HES-treated lettuce presented a significant recovery of Ci (Figure 2A).
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2.2. Metabolomics

An untargeted metabolomics approach was adopted to investigate the differences in
metabolic responses of lettuces exposed to salt stress treated with HES, CA, and HES + CA.
This approach allowed us to putatively annotate more than 3700 compounds, and the
comprehensive list of annotations is provided in the supplementary material together
with individual abundances and composite mass spectra. The unsupervised hierarchical
cluster analysis (HCA), made from a fold-change heatmap built on values normalized
by the median, was carried out to group different treatments according to their similar-
ity/dissimilarity in metabolic profiles (Figure 3A). The HCA produced two main clusters;
the first cluster included treatments with CA and HES + CA grown under salinity, while the
second cluster was in turn composed of two different sub-clusters, i.e., controlled salinity
and non-salinity, and treatments with CA, HES, and HES + CA under non-salinity and HES
under salinity. The clustering results suggest that lettuces treated with CA and HES + CA
grown under salinity showed a similar metabolic profile and that treatments with both CA
and HES (alone and combined) under non-stressed conditions display distinctive metabolic
profiles closer to the controls.

Molecules 2021, 26, x FOR PEER REVIEW 5 of 17 
 

 

2.2. Metabolomics 
An untargeted metabolomics approach was adopted to investigate the differences in 

metabolic responses of lettuces exposed to salt stress treated with HES, CA, and HES + 
CA. This approach allowed us to putatively annotate more than 3700 compounds, and the 
comprehensive list of annotations is provided in the supplementary material together 
with individual abundances and composite mass spectra. The unsupervised hierarchical 
cluster analysis (HCA), made from a fold-change heatmap built on values normalized by 
the median, was carried out to group different treatments according to their similarity/dis-
similarity in metabolic profiles (Figure 3A). The HCA produced two main clusters; the 
first cluster included treatments with CA and HES + CA grown under salinity, while the 
second cluster was in turn composed of two different sub-clusters, i.e., controlled salinity 
and non-salinity, and treatments with CA, HES, and HES + CA under non-salinity and 
HES under salinity. The clustering results suggest that lettuces treated with CA and HES 
+ CA grown under salinity showed a similar metabolic profile and that treatments with 
both CA and HES (alone and combined) under non-stressed conditions display distinctive 
metabolic profiles closer to the controls. 

 

Figure 3. Cont.



Molecules 2021, 26, 6291 6 of 17Molecules 2021, 26, x FOR PEER REVIEW 6 of 17 
 

 

 

Figure 3. (A) Unsupervised hierarchical cluster analysis (HCA) obtained from fold-change values and (B) Orthogonal 
projection to latent structures discriminant analysis (OPLS-DA) supervised modeling of lettuce metabolome after 10 days 
of treatments. The lettuce vegetables were treated with: control no treated, 100 μM hesperidin (HES), 50 μM chlorogenic 
acid (CA), 100 μM HES + 50 μM CA (Mix). Treatments were performed both under salt (40 mM NaCl) and no-salt (0 mM 
NaCl) stress. *: mathematical multiplication. 

After that, a supervised OPLS discriminant multivariate analysis was made to model 
metabolomic signatures and confirm the output obtained by the unsupervised model (Fig-
ure 3B). The goodness of prediction and goodness of fit parameters of the model were Q2Y 
= 0.773 and R2Y = 0.986, respectively. In addition, the model was cross-validated (p-value 
= 2.82 × 10−8), inspected for outliers (by Hotelling’s Test), and model overfitting (by per-
mutation testing; n = 100) (Figure S2). The model parameters suggest the high robustness 
and accuracy of the model. Regarding the output, the OPLS score plot confirmed patterns 
from HCA, and different clusters obtained are grouped (Figure 3B). Specifically, the first 
component of the model t[1] discriminates the CL1 from the CL2, confirming a distinctive 
metabolic profile of lettuces treated with CA and HES + CA under salinity stress. The 
second component t[2] showed the ability to clarify the differences within the CL2. Com-
pared to HCA, the OPLS model suggests that the HES-treated lettuce grown under salin-
ity stress had results closer to the controls than the other treatments. Overall, the HES + 
CA treatment showed a different behavior depending on the presence or absence of stress. 
Indeed, in the presence of salinity stress, the metabolic profile was similar to that found 
with the CA treatment, while in the absence of stress, it is similar to the profile obtained 
from treatment with HES. 

Finally, 47 VIP markers were selected (by setting the VIP score threshold to >1.3; Sup-
plementary Tables), representing the compounds with the highest discrimination poten-
tial. Overall, these VIP compounds were involved in secondary metabolism, including 
several cofactors, and fatty acid and lipid biosynthesis. Among secondary metabolites, the 
most discriminant VIP compounds were alkaloids, phenylpropanoids, terpenoids, and 
sesquiterpenes. Moreover, compounds related to chlorophyll, phytohormones, and poly-
amines biosynthesis have also been detected. 

  

Figure 3. (A) Unsupervised hierarchical cluster analysis (HCA) obtained from fold-change values and (B) Orthogonal
projection to latent structures discriminant analysis (OPLS-DA) supervised modeling of lettuce metabolome after 10 days of
treatments. The lettuce vegetables were treated with: control no treated, 100 µM hesperidin (HES), 50 µM chlorogenic acid
(CA), 100 µM HES + 50 µM CA (Mix). Treatments were performed both under salt (40 mM NaCl) and no-salt (0 mM NaCl)
stress. *: mathematical multiplication.

After that, a supervised OPLS discriminant multivariate analysis was made to model
metabolomic signatures and confirm the output obtained by the unsupervised model
(Figure 3B). The goodness of prediction and goodness of fit parameters of the model were
Q2Y = 0.773 and R2Y = 0.986, respectively. In addition, the model was cross-validated
(p-value = 2.82 × 10−8), inspected for outliers (by Hotelling’s Test), and model overfitting
(by permutation testing; n = 100) (Figure S2). The model parameters suggest the high
robustness and accuracy of the model. Regarding the output, the OPLS score plot confirmed
patterns from HCA, and different clusters obtained are grouped (Figure 3B). Specifically,
the first component of the model t[1] discriminates the CL1 from the CL2, confirming a
distinctive metabolic profile of lettuces treated with CA and HES + CA under salinity stress.
The second component t[2] showed the ability to clarify the differences within the CL2.
Compared to HCA, the OPLS model suggests that the HES-treated lettuce grown under
salinity stress had results closer to the controls than the other treatments. Overall, the HES
+ CA treatment showed a different behavior depending on the presence or absence of stress.
Indeed, in the presence of salinity stress, the metabolic profile was similar to that found
with the CA treatment, while in the absence of stress, it is similar to the profile obtained
from treatment with HES.

Finally, 47 VIP markers were selected (by setting the VIP score threshold to >1.3; Sup-
plementary Tables), representing the compounds with the highest discrimination potential.
Overall, these VIP compounds were involved in secondary metabolism, including several
cofactors, and fatty acid and lipid biosynthesis. Among secondary metabolites, the most
discriminant VIP compounds were alkaloids, phenylpropanoids, terpenoids, and sesquiter-
penes. Moreover, compounds related to chlorophyll, phytohormones, and polyamines
biosynthesis have also been detected.

2.2.1. Effect of the Treatments on Plant Metabolomic Profiles under Non-Stress Conditions

The effect of CA and HES treatments on lettuce grown under non-stress conditions
was investigated to unravel the modulation of metabolism after its application. As sug-
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gested by multivariate statistics, the exogenous application of phenolics largely modified
the metabolic profile of lettuce plants, with 256 metabolites significantly affected by the
treatment, compared to control. These distinctive compounds were interpreted using
the online tool Omic Dashboard from PlantCyc. A complete list of compounds passing
ANOVA and FC is provided in the Supplementary Tables. The output of the Omic Dash-
board is reported in Figure 4A, and the summary table of pathways involved in response
to different treatments is provided in Table 1.
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Figure 4. Biosynthesis pathways carried out from lettuce vegetables after 10-day treatments with 100 µM hesperidin (HES),
50 µM chlorogenic acid (CA), and 100 µM HES + 50 µM CA (Mix), grown under non-stressed condition (A) and salt-stressed
condition (B). The dataset used to carry out the metabolomic analysis was produced through UHPLC-ESI/QTOF-MS
and followed by a selection of compounds that pass ANOVA and FC analysis (p-value < 0.05, fold-change > 1.3), and
differential metabolites were loaded into the PlantCyc Pathway Tool (https://www.plantcyc.org/, accessed on 1 July 2021).
The abbreviated subcategory names on the x-axis correspond to: AA: amino acids; Nucleo: nucleosides and nucleotides;
FA/Lipids: fatty acids and lipids; Amines: amines and polyamines; Carbo: carbohydrates; Cofactors: cofactors, prosthetic
groups, electron carriers, and vitamins; Cell-Struct: Cell structures; Syn: Synthesis.

https://www.plantcyc.org/
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Table 1. Summary of different pathways activated in lettuce treated with 100 µM hesperidin, 50 µM chlorogenic acid,
100 µM HES + 50 µM CA. For each pathway highlighted under the different treatments, the number of compounds involved,
average Log fold-change value (LogFC), and sum LogFC are provided. The LogFC values refer to a pairwise comparison
between each treatment vs. control non-treated.

Chlorogenic Acid Hesperidin Chlorogenic Acid + Hesperidin

N◦ of
Compounds

Average
LogFC

Sum
LogFC

N◦ of
Compounds

Average
LogFC

Sum
LogFC

N◦ of
Compounds

Average
LogFC

Sum
LogFC

Amino acid 8 3.25 25.97 8 −4.68 −37.45 8 −1.21 −9.71

Nucleosides and
Nucleotides 6 4.69 28.14 6 −0.54 −3.21 5 0.21 1.24

Fatty acid and
Lipid 15 0.91 13.69 15 0.29 4.29 16 0.36 5.72

Amines and
Polyamines 4 0.09 0.36 4 −4.13 −16.5 4 0.80 3.18

Carbohydrates 6 0.51 3.05 7 −3.54 −24.81 7 −1.66 −11.64

Secondary
Metabolites 113 1.51 170.39 113 0.00 0.5 113 0.73 82.39

Cofactors,
Electron Carriers 18 −0.23 −4.11 18 2.87 51.67 18 3.13 56.42

Hormones 5 0.01 0.04 5 −0.59 −2.95 5 −5.48 −27.38

Cell structures 8 0.28 2.21 8 2.06 16.47 9 2.13 19.15

Other
biosynthesis 14 −0.85 −11.87 14 −1.93 −27.06 14 −0.21 −2.96

Overall, the different treatments produced a relevant stimulation of secondary metabolism
in lettuces, with 113 significant compounds involved in this pathway, followed by cofac-
tors, carriers, and vitamins biosynthesis, and fatty acid and lipid biosynthesis (Table 1).
However, the sole presence of CA or HES implied a distinct metabolic response compared
to the control and compared to the combined treatment, suggesting that the combined
application triggered a distinguished plant response from the individual treatment. Lettuce
treated with CA and HES + CA resulted in an up-accumulation of secondary metabo-
lites by 170.39 and 82.39 cumulative LogFC value, respectively (Figure 4A and Table 1),
while the treatment with HES did not show a clear trend of accumulation compared
to the control. In particular, all the treatments broadly elicited terpenes, phytoalexins,
and nitrogen-containing secondary metabolites. Interestingly, also phenylpropanoids
derivatives (hydroxyflavones, isoflavones, and coumarins) were up-accumulated after CA
treatment (Supplementary Figure S3A).

However, although HES and HES + CA application resulted in a general down-
accumulation of phenylpropanoids, a remarkable accumulation of flavonoids (hydrox-
yflavones, flavonols, and anthocyanins), lignans, and coumarins could be observed. The
biosynthesis of cofactors, electron carriers, and vitamins that participate in a variety of
enzyme reactions were accumulated after HES and HES + CA application. Among others,
intermediates involved in folate and flavin biosynthesis, and pheophorbide, increased.
Regarding the fatty acid and lipid biosynthesis pathway, the exogenous application of
phenolics produced an up-accumulation of 13.67, 4.29, and 5.72 sum LogFC values for CA,
HES, and HES + CA, respectively (Table 1). The classes of lipids involved were sterols,
phospholipids, and fatty acids. Interestingly, all three treatments positively modulated
the choline-related pathway. Polyamines, in particular, compounds related to spermine
and spermidine, were also elicited by the treatments. Finally, the precursor of proline,
1-pyrroline-5-carboxylate, was strongly accumulated in CA- and HES + CA-treated plants.

2.2.2. Effect of the Treatments on Metabolomic Profiles under Stress Conditions

Once the effect of exogenous phenolic was determined, the differential plant re-
sponse to the exogenous application of phenolics under stress conditions was investigated
on lettuces using the same method previously described for lettuces treated under non-
stressed conditions. The combined ANOVA and FC analysis resulted in 429 discriminant
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metabolites, suggesting a higher effect of phenolic compounds under adverse conditions
(Supplementary Tables). This differential modulation of plant response by the exogenous
phenolics under stress conditions, suggested by the multivariate statistics, was confirmed
by ANOVA and FC, since most of the compounds found as discriminant were found in
the aggregated presence of salt and phenolics (Figure 4B). The summary table of pathways
involved in plant response to different treatments is reported in Table 2.

Table 2. Summary of different pathways activated on lettuce vegetables treated with 100 µM hesperidin, 50 µM chlorogenic
acid, 100 µM HES + 50 µM CA and grown under 40 mM of sodium chloride (NaCl). For each pathway highlighted under
different treatments, the number of compounds involved, average Log fold-change value (LogFC), and sum LogFC are
provided. The LogFC values refer to a pairwise comparison between each treatment vs. control non-treated.

Salt Chlorogenic Acid Hesperidin Chlorogenic Acid + Hesperidin

N◦of Com-
pounds

Average
FC

Sum
FC

N◦ of Com-
pounds

Average
FC

Sum
FC

N◦of Com-
pounds

Average
FC

Sum
FC

N◦of Com-
pounds

Average
FC

Sum
FC

Amino acid 8 0.60 4.76 8 2.83 22.64 8 1.88 15.04 8 7.73 61.87

Nucleosides and
Nucleotides 10 5.90 58.95 9 0.10 0.90 9 −2.45 −22.01 10 3.74 37.37

Fatty acid and
Lipid 20 0.15 3.00 20 −1.09 −21.82 20 1.23 24.50 20 −1.54 −30.81

Amines and
Polyamines 2 9.10 18.20 2 1.42 2.84 2 −8.57 −17.13 2 10.57 21.13

Carbohydrates 8 2.18 17.45 8 −0.27 −2.18 8 −0.84 −6.68 8 4.41 35.24

Secondary
Metabolites 186 0.81 151.33 185 0.59 109.57 177 0.41 72.95 185 2.88 533.05

Cofactors.
Electron
Carriers

14 3.36 47.02 14 3.21 44.89 14 −1.06 −14.89 14 8.29 116.00

Hormones 11 2.08 22.88 11 0.61 6.66 11 1.94 23.31 11 3.28 36.07

Cell structures 13 0.65 8.46 12 −2.58 −30.98 13 0.60 7.81 13 −5.09 −66.14

Other
biosynthesis 17 1.54 26.20 17 4.17 70.94 16 0.49 7.78 17 5.15 87.54

In particular, 40 mM NaCl triggered the plant defense response with a positive modu-
lation of plant secondary metabolism (Table 2). Together with the previously mentioned
increase in cofactors, electron carriers, vitamins, and polyamines, the synthesis of macro-
molecules such as cell structure components, fatty acids, and lipids was also observed
(Figure 4B). The multivariate analysis suggests the greater effect of the combined treatment
(HES + CA), indicating a synergistic effect. In detail, the combined treatment with HES
and CA induced a significant accumulation of secondary metabolites (Table 2) compared
to the control. The treatment with CA showed a similar trend of metabolite accumulation;
its metabolic profile recovered more than that of the salinity-treated control sample. At the
same time, the HES application resulted in metabolomic signatures comparable to control
plants, differently from other treatments. The main pathways elicited by this treatment
involved terpenoids, nitrogen- and sulfur-containing compounds, phenylpropanoids, and
phytoalexins. These rises were even more evident for HES + CA treatment. Concerning
phenylpropanoid, an accumulation of precursors required for their biosynthesis, such as
phenolic malonylglucosides and L-phenylalanine, was observed. In addition, the results
pointed out a marked modulation of glucosinolates by all phenolic treatments under stress
conditions (Supplementary Figure S4). Moreover, an up-accumulation of electron carriers,
enzyme cofactors, and vitamins after CA and HES + CA treatments could be recorded,
whereas an opposite trend was observed in samples treated with HES.

On the other hand, stress-related hormones were confirmed to be modulated by NaCl
as well as by the exogenous application of phenolics. 7′-hydroxyabscisate was strongly
accumulated in HES- and HES + CA-treated plants under non-stress conditions and in CA-
and HES + CA-treated plants under stress conditions. Jasmonates were also modulated
mainly in the presence of HES, regardless of the presence of the stress or not. However,
brassinosteroids accumulation was promoted in the presence of NaCl and reverted back
by phenolics.
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Finally, osmolytes were also involved in plant response to phenolics under salin-
ity. Pyrroline-5-carboxylate, hydroxy-5-oxoproline, and oxo-L-proline (all proline-related
metabolites) were strongly accumulated in plants treated mainly with CA and HES + CA,
while betaine aldehyde was accumulated in NaCl- and HES + CA-treated plants.

3. Discussion

Abiotic stresses, including UV radiation, heat, cold, salinity, drought, and heavy
metals, dramatically impact plant development by affecting several biochemical and physi-
ological processes such as photosynthesis, hormonal signaling, and antioxidant systems,
including the generation and homeostasis of reactive oxygen species (ROS), leading to a
cellular chemical imbalance [32]. In this sense, several studies reported that polyphenols
provide tolerance to the plant against various stresses by exogenous application [11–13].
However, little is known about the biochemical mechanisms implied in the plant response
to the application of exogenous phenolics. In this study, we investigated the effect of two
phenolic compounds, HES and CA, exogenously applied on the ecophysiological parame-
ters and on the metabolic profiles of lettuces exposed to moderate salt stress (40 mM NaCl)
to unravel the plant response triggered by these phenolics, either alone or in combination.

Regarding the physiological parameters, the damage produced by salinity was con-
firmed at the level of stomatal capacity and stomatal conductance (Figure 2D,E). However,
both CA and HES and their combination (HES + CA) mitigated the negative effect of salt
stress (RWC, E, An, Ls, and gs). No differences were observed regarding biomass, not even
under stress conditions, which is probably due to the moderate stress applied (40 mM NaCl
for 10 days). RWC is a realistic measure of plant water status consequently to a condition
of stress. This parameter indicates the capacity of the plant to transport water from the
soil to atmosphere. The osmotic potential is a mechanism activated by cells to conserve
hydration when subjected to stress such as salinity, and interestingly, the treatments with
phenolics allowed recovering the physiological statement of both relative water content
and leaf osmotic potential. In this regard, when plants are subjected to salinity, stom-
atal guard cells limit stomatal conductance to reduce the transpiration rate, consequently
impairing the photosynthesis and gas exchange parameters [33] (Figure 2). Indeed, the
photosynthesis system is reported as one of the first physiological processes affected by
saline stress, and Qin et al. [8] reported a direct correlation between the amelioration of gas
exchange parameters, affected by salinity, and the recovery of photosynthesis activity, after
the exogenous application of acetylcholine (ACh). The authors confirmed that salt stress
produced a reduction in chlorophyll biosynthetic intermediates, i.e., protoporphyrin-IX,
Mg-photoporphyrin-IX, and protochlorophyllide, which were significantly enhanced in the
presence of ACh. The stomatal closure is the first and imminent response to salinity stress,
and it is usually related to a low leaf osmotic potential (Figure 1B) [34] as well as carbon
assimilation and accumulation (Figure 2A,C). Lettuce treated with HES and (in particular)
with HES + CA resulted in adjusting the carbon assimilation and the stomatal biochemical
variation to control conditions. This is in line with previous studies, which revealed that
applying phenolic compounds such as luteolin [35] or catechin [36] alleviates the negative
effects of abiotic stress. Multivariate statistics and pathway analysis on metabolomics data
confirmed that the application of exogenous phenolics shaped the lettuce metabolome al-
though diversely in the presence or absence of stress. Interestingly, although all exogenous
phenolics alleviated the negative effect of salt stress, the metabolomics analysis revealed
a distinct mechanism of action once applied to the plants. Although CA and HES + CA
showed the most distinct metabolomic profiles, HES-related modulation of metabolism
seems to be effective in mitigating NaCl stress.

Mei et al. [21] reported the protective role of CA against abiotic stress, in particular
to the herbicide methyl viologen, in apple leaves. These authors suggested that CA
reduced the degree of damage by improving the antioxidant capacity of leaves and thus
the ability to deal with oxidative stress. It is known that CA is a direct scavenger of H2O2,
even though these authors also observed an increased activity of antioxidant enzymes in
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leaves, including POD, CAT, and PPO (Mei et al., 2020). In this line, Wang et al. (2014)
reported that exogenous CA applied to apple fruits provoked an increase in the activity
of phenylalanine ammonia lyase (PAL) and cinnamate-4-hydrolase (C4H) and a decrease
in polyphenol oxidase (PPO) and peroxidase (POD) [21]. The accumulation of phenolics
following exogenous application of CA is also in agreement with our previous results [24].
Our current findings strengthen the ability of CA and, to a lesser extent, HES + CA to
enhance the accumulation of phenylpropanoids.

Nevertheless, the strong and broad modulation of metabolism triggered by CA sug-
gests an intricate network of responses that is not limited to phenolics. It is noteworthy
that phytohormone regulation was involved, with NaCl-treated plants presenting a strong
accumulation of 7′-hydroxyabscisate, the degradation product of abscisic acid (ABA), after
the addition of CA and HES + CA. A similar accumulation was also observed for HES
under non-stress conditions, suggesting that ABA was involved in the response exogenous
phenolics irrespective from the salinity level. ABA is a phytohormone involved in abiotic
stress signaling [37], improving stomatal resistance to control transpiration and CO2 up-
take [38], and it can protect against oxidative damage by modulating the expression of
antioxidants-related genes [39]. Moreover, it has been reported that ABA can enhance plant
defense by increasing the secondary metabolism in plant systems [37].

Moreover, CA and HES + CA increased 2-hydroxy-5-oxoproline and 5-oxo-L-proline
under salt-stress and pyrroline-5-carboxylate in the presence of the combined treatment
(HES + CA). Proline is a key osmolyte that usually accumulates in response to adverse con-
ditions, and it has several roles in stress adaptation, recovery, and signaling [40]. It is known
that ABA modulates proline synthesis both on transcriptional and post-transcriptional
levels [41]. The accumulation of proline under plant stress conditions is repressed by brassi-
nosteroids [40]. Considering that brassinosteroids were mainly accumulated in salt-treated
plants and, to a lesser extent in HES-treated plants, this may explain the fact that proline
osmoprotection was a response characteristic for CA and HES + CA but not for salt and
HES treatment.

In addition to ABA, several signal molecules have been found modulated after the
addition of phenolics. Pheophorbide, an intermediate of chlorophyll degradation, has been
recently proposed as a chloroplast metabolic status signaling molecule that is linked to
jasmonic acid signaling [42]. Both pheophorbide and several JA-related compounds were
modulated in our work, revealing a very intricate plant response. In this sense, differential
responses in JAs were found between CA, HES + CA, and HES. HES strongly elicited
methyl jasmonate in non-stressed plants and 3-oxo-2-(cis-2′-pentenyl)-cyclopentane-1-(E-
octa-2-enoyl)-CoA in stressed-plants, which is a condition leading to the accumulation of
secondary metabolites [43].

All three phenolic treatments seemed to positively modulate glucosinolate biosyn-
thesis [44], especially the accumulation of the aliphatic glucosinolate glucomalcommin.
Previous studies determined that glucosinolates are involved in the plant response to
salt stress alleviating the symptoms and maintaining plant growth [45]. In particular,
Martínez-Ballesta et al. [46] investigated the interaction between aliphatic glucosinolates
and plant water balance under salt stress in Arabidopsis. Although little is known about
the implication of glucosinolates in abiotic stress, especially in salt stress, these authors
suggested that glucosinolates are involved in the plant response to salinity and connect
this protective effect to the modulation of the aquaporins. It has been reported that sinigrin
exogenously applied to Brassica oleracea increased movement through the symplastic water
pathway and aquaporin content [46]. Moreover, the function of glucosinolates in plants
seems to be more complex than expected. For instance, Chen et al. [47] showed that the
suppression of aliphatic glucosinolates implies a disorder in proteins and metabolites
involved in photosynthesis, oxidative stress, and hormone metabolism. This contributes to
explaining why CA, HES, and the combined treatment (HES + CA) were able to maintain
the water balance in plants, mitigating the negative effect of NaCl even though they pro-
vided distinct metabolic modulations. Noteworthy, glucosinolates are regulated by both
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ABA and JA [48]. The increase in brassinosteroids in NaCl-treated plants might explain the
modulation of osmolytes such as betaine aldehyde and polyamines [49] in NaCl-treated
plants, which are considered to provide physiological protection to proteins and other cell
membranes against various oxidative stress [50].

4. Materials and Method
4.1. Plant Material and Experimental Design

Lactuca sativa L. Yedikule M.5701 seeds were obtained from the Arzuman Seed Com-
pany (Karatay, Turkey). All plants were grown in hydroponic culture and optimum
conditions management (16/8 h light/dark regime at 24 ◦C, 70% relative humidity and
350 µmol m−2 s−1 photosynthetic photon flux density) for 21 days (d). In the preliminary
experiment, the levels of CA were treated as 25, 50, and 100 µM based on the previous stud-
ies reported by Mei et al. [21] and Liao et al. [51] during 10 d. Due to there being no study
about exogenously treated HES to plants, 25, 50, 100, 150, and 200 µM HES were applied
for 10 d. All treatments were applied to plants by adding to the half-strength Hoagland
solution, and the solutions were replaced by fresh half-strength Hoagland solution, twice a
week. After 10 days of treatments, it was determined that the appropriate CA and HES
concentrations were 50 and 100 µM due to the absence of seedlings that can be analyzed
in other concentrations. For the stress treatment, NaCl-induced salt stress was chosen
depending on the study of Shin et al. [31] and Moncada et al. [52]. The experiment design
and plant growth conditions are detailed and presented in Figure 5.
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4.2. Determination of Growth, Water Content, and Osmotic Potential

The leaf growth (RGR) and relative water content (RWC) were measured accord-
ing to the methods given by Hunt et al. [53] and Smart and Bingham [54], respectively.
Leaf osmotic potential (Ψπ) was determined [55]. The experiments were repeated thrice
independently, and each data point was the mean of six replicates.

4.3. Determination of Gas Exchange Parameters

Stomatal conductance (gs), carbon assimilation rate (A), transpiration rate (E), and
intercellular CO2 concentration (Ci) were calculated with a portable gas exchange system
(LCpro+; ADC, Hoddesdon, UK). The stomatal limitation value (Ls) was measured accord-
ing to the formulae suggested by Ma et al. [56]. The experiments were repeated thrice
independently, and each data point was the mean of five replicates.

4.4. Untargeted Metabolomics Analysis

Samples were extracted using 1.0 g of freeze-dried lettuce in 20 mL of 80% aqueous
methanol with 0.1% formic acid (Merck KGaA, Darmstadt, Germany), using a Polytron® PT
1200 E (Kinematica AG, Switzerland) homogenizer [24]. The extracts were centrifuged at
8000× g for 15 min, and untargeted metabolomics analysis was carried out using an Agilent
ultra-high-pressure liquid chromatography coupled to a quadrupole-time-of-flight mass
spectrometer (UHPLC-QTOF-MS; Agilent Technologies, Stevens Creek Blvd, Santa Clara,
CA, USA), as previously reported [57]. In brief, chromatographic separation was carried out
using an Agilent InfinityLab Poroshell 120 pentafluorophenyl (PFP) column (2.1 × 100 mm,
1.9 µm) (Santa Clara, CA, USA) and a binary mixture of water and acetonitrile acidified
with 0.1% (v/v) formic acid as mobile phase (LC-MS grade, VWR, Milan, Italy). The mass
spectrometer was operated in positive polarity and full-scan mode (100–1000 m/z) with a
nominal resolution at 30,000 FWHM. The sequence injection was randomized, and Quality
Control samples (QCs), made by pooling an aliquot of extract from each sample, were
injected at the beginning of the sequence and every 6 sample injections. The Agilent
software Profinder B.07 (Santa Clara, CA, USA) was used to align and annotate the raw
metabolomic features according to the ‘find-by-formula’ algorithm, using the combination
of monoisotopic accurate mass and the entire isotopic pattern, against the PlantCyc 12.6
database [58]. The approach adopted allowed a Level 2 of compound identification [59].
Compounds annotated in at least 75% of replicates within at least one treatment were
retained for subsequent analysis.

4.5. Statistical Analysis

One-way analysis of the variance (ANOVA), followed by Tukey’s multiple compar-
isons (p-value < 0.05) of different physiological measurements, was carried out by using
GraphPad Prism 9 (GraphPad Software, Inc., San Diego, CA, USA). Chemometric interpre-
tation of metabolite profiles was performed using a Mass Profiler Professional B.12.06 from
Agilent (Santa Clara, CA, USA), together with data transformation and normalization as re-
ported in our previous work [60,61]. The unsupervised hierarchical cluster analysis (HCA)
was carried out based on fold-change values. After that, supervised orthogonal projections
to latent structures discriminant analysis (OPLS-DA) multivariate statistics analysis was
carried out in SIMCA 16 (Umetrics, Malmo, Sweden). Therein, model fitness parameters
(goodness of fit: R2Y; goodness of prediction: Q2Y; cross-validation: CV-ANOVA, p < 0.01)
were determined. Permutation test (n = 200) and Hotelling’s T2 (95% and 99% confidence
limit for the suspect and strong outliers, respectively) were also applied to validate and to
investigate outliers, respectively. Then, the variable importance in projection (VIP > 1.3)
approach was used to identify discriminant metabolites.

Finally, the compounds that were statistically significant (p-value < 0.05 and FC ≥ 1.3)
were uploaded into the Omic Viewer Pathway Tool of PlantCyc (Stanford, CA, USA) to
identify the pathways and processes affected by treatments [62].
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5. Conclusions

In a framework of sustainable agriculture, the ability of some natural compounds
to mitigate abiotic stress is receiving large interest in the scientific community, with the
aim of ensuring agricultural productivity under limiting conditions. With this regard,
here, we investigated the ability of exogenous phenolics to mitigate salinity stress in
lettuce. Our data indicate that different phenolics (chlorogenic acid, a phenolic acid, or
hesperidin, a flavonoid) were able to mitigate physiological markers of plant stress, such as
relative water content, osmotic potential, transpiration, and carbon assimilation rate. At the
molecular level, chlorogenic acid imposed the broader metabolomic reprogramming, even
though hesperidin showed interesting stress-mitigation peculiar traits. It is noteworthy
that the response of lettuce to these different exogenous phenolics was broader than a
mere oxidative stress mitigation, to involve phytohormones, osmolytes, and secondary
metabolites such as glucosinolates. Moreover, our findings indicate that different phenolics
provide distinct responses in lettuce, thus indicating peculiar effects likely related to the
chemical diversity existing among the phenolic compounds.

Supplementary Materials: The following are available online, Figure S1: Morphological measure-
ments, Figure S2: OPLS-DA validation models, Figure S3: Secondary metabolism pathways, Figure S4:
Glucosinolates biosynthesis pathway, Table S1: Dataset, Table S2: Statistically significant metabolites
of lettuces grown under 0 mM NaCl, Table S3: Statistically significant metabolites of lettuces grown
under 40 mM NaCl, Table S4: VIP markers.
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