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Figure 12. Superposition of the best docking placement of quercetin (magenta) and amlodipine (grey)
in site I of HSA (a) and a detailed view (b); always in the proximity of Trp214 (black).

 

Figure 13. Detailed view on hydrogen bonds between (a) AML and Lys199 or (b) Q and Ser192, Lys199

and Arg222, respectively, in HSA.

3. Discussion

Our results demonstrate for the first time, to the best of our knowledge, the binding interactions
between quercetin and amlodipine on human serum albumin. From the results shown above it can be
concluded that both drugs bind to the same primary binding site localized inside the Sudlow’s Site 1
on HSA and there exist a competitive interaction between them. Quercetin is binding with the higher
affinity and is able to displace amlodipine from its binding site. Amlodipine binds with the lower
affinity and if the binding site is already occupied by quercetin, it binds with the same affinity to the
secondary binding site inside the same hydrophobic pocket of Sudlow’s Site 1. The displacement of
amlodipine by quercetin may elevate the concentration of the unbound amlodipine in the serum which
might cause fluctuations in patient’s blood pressure or elevated risk of adverse side effects. However,
more studies, particularly in vivo monitoring of the free plasma levels of drugs, should be performed
to evaluate the magnitude and severity of this interaction.

These results help further the knowledge of binding interactions and are helpful for understanding
the interactions between plant compounds and drugs. In concurrence with other studies mentioned in
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this work, the plant compound–drug interactions are known to cause adverse side effects and therefore
should be treated with similar caution as any other drug–drug interaction.

4. Materials and Methods

4.1. Materials

Human serum albumin (recombinant, expressed in rice), amlodipine besylate (pharmaceutical
secondary standard), quercetin (≥95%, HPLC), and dimethylsulfoxide (DMSO; ≥99.5% (GC) plant
cell culture tested) were purchased from Sigma-Aldrich. Phosphate buffer (50 mM, pH 7.4) was
prepared from Na2HPO4 × 12 H2O and NaH2PO4 × 2 H2O (p.a., Centralchem, Slovakia). The HSA
stock solutions were prepared by dissolving an appropriate amount in phosphate buffer. AML stock
solutions were prepared by mixing an appropriate amount of the substance with phosphate buffer and
then heating the mixture to approx. 60 ◦C until completely dissolved. Quercetin stock solutions were
prepared by dissolving the substance in DMSO and then diluting in phosphate buffer to the required
concentration. DMSO concentration in final mixtures did not exceed 1% (v/v). Milli-Q water was used
for all the measurements.

4.2. Methods

4.2.1. Fluorescence Measurements

Fluorescence spectra were measured in triplicates on a FluoroMax 4 spectrofluorimeter (Horiba
Jobin Yvon Scientific, Edison, NJ, USA), equipped with a 1.0 cm path length quartz cell. The slit widths
for the excitation and emission were 3.0 nm for all measurements. The temperatures used for the
measurements were 298.15 K, 303.15 K, and 310.15 K, respectively. Samples were incubated for 2 min.
Buffer background was subtracted from the raw spectra. Fluorescence intensities were corrected for
the absorption of excitation light and reabsorption of emitted light to decrease the inner filter using the
following relationship [30]:

Fcor = Fobs × 10(Aex+Aem)/2

where Fcor and Fobs are the corrected and observed fluorescence intensities, respectively. Aex and Aem

are the absorbance values at excitation and emission wavelengths, respectively.

4.2.2. Binding Constant Analysis

Fluorescence spectral data after correction were used to calculate the dissociation constant (KD)
and Gibbs free energy (ΔG) for all studied systems. The 10 nm wide section around the fluorescence
maximum was selected and the fluorescence intensity values were added up to minimize the influence
of signal noise.

For evaluation and logarithmic plot fitting we used DynaFit software (DynaFit 4; BioKin, Ltd.:
Watertown, MA, USA, 2015) using a custom-written script.

4.2.3. UV Absorption Measurements

UV absorption spectra were performed on Infinite M200 Tecan (Männedorf, Switzerland) using
Sarstedt TC Plate 96 Well, Standard, F. The temperature was 310.15 K. Plates were incubated for 2 min.
Buffer background was subtracted from the raw spectra.

4.2.4. Circular Dichroism (CD) Measurements

The isothermal wavelength scan studies of HSA in the absence or the presence of Q and/or AML
were carried out in triplicates using a Chirascan CD spectrophotometer equipped with a Peltier type
temperature controller (Applied Photophysics Ltd., Leatherhead, UK). The instrument was flushed
with nitrogen with a flow rate of 5 L per minute, the path length was 1 mm, spectral bandwidth was
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set to 1 nm, the scan time per point to 5 s, and the temperature was set to 310.15 K. Buffer background
was subtracted from the raw spectra.

For the far-ultraviolet (far-UV) CD spectra (200–260 nm) the HSA concentration was 1 μM. For the
near-UV CD (250–340 nm) spectra an HSA concentration of 15 μM was used. Six molar ratios of
ligands to protein (L/P) (0, 0.5, 1, 2, 3, and 4) were investigated for both binary and ternary systems.

The far-UV spectral data were used to calculate the α-helix percentage using the following
equation [31].

α helix % =
−MRE208 nm − MREβ-sheets

−MREα-helix − MREβ-sheets
× 100

where MRE208 nm is the mean residue ellipticity value of the sample at the excitation wavelength of
208 nm, MREα-helix is the standardized value for a protein with 100% content of α-helixes and is equal
to 33,000, and MREβ-sheets is the standardized value for a protein with 100% content of β-sheets and is
equal to 4000.

The near-UV spectral data were evaluated by an empiric method described by Zsila et al. [26,32]
The spectra were brought down to a common baseline by subtracting the spectrum of pure HSA.

4.2.5. FT-IR

For this method, purified lyophilized crystallic samples were prepared. The concentrations of
HSA and ligands for the FT-IR spectra analyses were 10 μM and 80 μM, respectively. The solutions
were mixed and incubated for 15 min, then filtered through 30 kDa ultracentrifugation filters Amicon®

Ultra 0.5 mL using Hettich Universal 320 laboratory centrifuge. The filtrate was freeze-dried and used
as a FT-IR sample.

ATR-FT-IR spectra of all samples were recorded on a Nicolet 6700 FTIR spectrometer. All spectra
were taken on a germanium crystal with a resolution of 4 cm−1 and using 32 scans at 298 K. The number,
position and width of component bands were estimated by performing a Fourier self-deconvolution to
the protein infrared amide I band after subtraction of the free HSA spectrum from the sample ones
using Omnic 9 software (Thermo Fisher Scientific Inc.: Waltham, MA, USA). The featureless original
HSA spectrum between 2200 and 1800 cm−1 was the subtraction criterion.

4.2.6. Docking Study

Human serum albumin structure from the Protein Data Bank (PDB ID: 1E78A) was used for
calculations. Quercetin and amlodipine structures were created in ChemSketch software (ChemSketch,
version 12.01, Advanced Chemistry Development, Inc., Toronto, ON, Canada) and converted from
a *.mol file format to a *.pdb one by OpenBabel 2.3.2 and used without any optimization. To be
in line with conditions in fluorescence and CD experiments (pH = 7.4) a corresponding protonized
amlodipine molecule (based on ACD/ADME Suite version 5, Build 1339 prediction; Advanced
Chemistry Development, Inc.: Toronto, ON, Canada) was used for docking. A PatchDock web server
(http://bioinfo3d.cs.tau.ac.il/PatchDock/index.html) was used to dock (complex type: protein–small
ligand, clustering RMSD = 4.0). Best 10 docking solutions were evaluated for both ligands. Molecular
graphics images were produced using the UCSF Chimera 1.13 package (Resource for Biocomputing,
Visualization, and Informatics at the University of California, San Francisco, CA, USA). Hydrogen
bonds were calculated using this package using relax constraints of 0.4 Å and 20.0 degrees, respectively.

Author Contributions: Fluorescence, UV absorption, CD experiments, and their evaluation, Z.V.; Fluorescence
supervision, L.H.; CD spectroscopy supervision, P.G.F.; FT-IR and molecular docking and their evaluation, M.N.;
FT-IR Supervision, J.V.; Writing—Original Draft Preparation, Z.V.; Writing—Review and Editing, M.N., L.H.,
P.G.F., and J.L.T.-H.; Project Administration, M.N. and P.M.; Funding Acquisition, Z.V., M.N. and P.M.
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Abstract: The phytohormone salicylic acid (SA) is a secondary metabolite that regulates plant growth,
development and responses to stress. However, the role of SA in the biosynthesis of flavonoids
(a large class of secondary metabolites) in tea (Camellia sinensis L.) remains largely unknown. Here,
we show that exogenous methyl salicylate (MeSA, the methyl ester of SA) increased flavonoid
concentration in tea leaves in a dose-dependent manner. While a moderate concentration of MeSA
(1 mM) resulted in the highest increase in flavonoid concentration, a high concentration of MeSA
(5 mM) decreased flavonoid concentration in tea leaves. A time-course of flavonoid concentration
following 1 mM MeSA application showed that flavonoid concentration peaked at 2 days after
treatment and then gradually declined, reaching a concentration lower than that of control after
6 days. Consistent with the time course of flavonoid concentration, MeSA enhanced the activity of
phenylalanine ammonia-lyase (PAL, a key enzyme for the biosynthesis of flavonoids) as early as 12 h
after the treatment, which peaked after 1 day and then gradually declined upto 6 days. qRT-PCR
analysis of the genes involved in flavonoid biosynthesis revealed that exogenous MeSA upregulated
the expression of genes such as CsPAL, CsC4H, Cs4CL, CsCHS, CsCHI, CsF3H, CsDFR, CsANS and
CsUFGT in tea leaves. These results suggest a role for MeSA in modulating the flavonoid biosynthesis
in green tea leaves, which might have potential implications in manipulating the tea quality and
stress tolerance in tea plants.

Keywords: salicylic acid; flavonoids; phenylpropanoid pathway; phenylalanine ammonia-lyase
(PAL); tea quality

1. Introduction

Tea is the most popular non-alcoholic beverage consumed across the seven continents [1].
However, tea cultivation is mostly confined to Asia and Africa [2]. Green tea, which is produced
from the young shoots of Camellia sinensis (L.) Kuntze has a range of human health benefits, such as
anti-cancer, anti-inflammatory, anti-allergic and anti-obesity effects [3,4]. Flavonoids are the major
antioxidative constituents in tea leaves that function against cancer, cardiovascular disease, diabetes,
obesity and metabolic syndrome [5,6]. Flavan-3-ol type flavonoids, i.e., catechin compounds, impart
the characteristic astringency and bitterness to green tea infusions [7,8]. Catechins act as precursors of
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theaflavins and thearubigins that are developed during black tea processing [2]. Therefore, flavonoids
are considered as an important group of constituents that largely determine the quality of tea.

In plants, flavonoids biosynthesis occurs in the endoplasmic reticulum, from where they are
transported to different cellular compartments for specific functions [9,10]. Flavonoids are a large
and diverse group of secondary metabolites that are synthesized through a specific branch of
phenylpropanoid pathway [11,12]. Phenylalanine is the initial substrate of this pathway, which
is deaminated by the catalysis of phenylalanine ammonia-lyase (PAL), the first and a rate-limiting
enzyme that regulates overall carbon flux into phenylpropanoid metabolism due to its unique metabolic
position [13]. Stress conditions trigger flavonoid biosynthesis, possibly to scavenge overproduced
reactive oxygen species (ROS) [14]. In addition to the ability of flavonoids to scavenge ROS, role of
flavonoids as “signaling molecules” or “developmental regulators” have been revealed in plants [15].
Some flavonoids interact with hormone signaling and regulate plant organ development [16].

Plant hormones are important endogenous signal molecules that regulate a plethora of metabolic
processes and responses to stress [17]. Studies on the effect of plant hormones on flavonoid
concentration in tea revealed a largely hormone-specific response [11]. For example, exogenous
gibberellins (GA3) and abscisic acid (ABA) decrease flavonoid concentration [13,18], whereas
brassnosteroid application enhances endogenous flavonoid levels in tea leaves [7,8]. Salicylic acid (SA)
is an important plant hormone that primarily functions in the immune response [19]. Nonetheless,
roles of SA in plant growth, development and stress tolerance have also been revealed. Like flavonoids,
SA is also synthesized from phenylalanine via cinnamic acid [20]. Since both SA and flavonoids
are phenylpropanoid derivatives and have antioxidant capacity, SA application affects flavonoid
biosynthesis [20]. Nevertheless, the effect of methyl salicylate (MeSA, the methyl ester of SA) on
flavonoid biosynthesis in tea is largely unknown. In the present study, we show that exogenous MeSA
could increase flavonoid concentration in tea leaves, which is associated with the MeSA-induced
enhanced activity of PAL and transcriptional upregulation of genes involved in flavonoid biosynthesis.
Our results suggest that MeSA has a significant stimulatory effect on flavonoid biosynthetic pathway
which could be exploited to manipulate tea quality and stress tolerance.

2. Results

2.1. MeSA Increases Flavonoid Content in a Concentration-Dependent Manner

To assess whether exogenous MeSA could alter flavonoid levels in tea leaves, we analyzed the
flavonoid concentration after application of different concentrations of MeSA. The results showed
that moderate concentrations of MeSA (0.5–1 mM) increased flavonoid concentrations in tea leaves,
reaching the highest value with 1 mM MeSA (27.78% compared to control). However, higher
concentrations of MeSA either had no effect or negatively influenced flavonoid concentration in
tea leaves (Figure 1). A time course of flavonoid concentrations after 1 mM MeSA treatment showed
that flavonoid concentration began to rise after MeSA application, reaching the maximum level at
2 days post-treatment. For instance, flavonoid concentration increased by 30.64% and 29.91% after
1 and 2 days post treatment with MeSA, respectively as compared with that of control. Afterward,
flavonoid concentrations gradually decreased.

After 6 days, the level of flavonoids in MeSA-treated leaves decreased by 29.69% compared
with that of control (Figure 2). We also analyzed the total and individual catechin concentrations
at 2 days post treatment with 1 mM MeSA. The results showed that MeSA treatment significantly
increased the total catechin concentration in tea leaves which was attributed to significant increases
in (−)-epigallocatechin-3-gallate (EGCG), epicatechins gallate (ECG) and (−)-epigallocatechin (EGC).
However, (−)-catechin (C) and epicatechins (EC) concentrations were not altered by MeSA treatment
(Supplementary Figure S1).
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Figure 1. Effect of different concentrations of methyl salicylate (MeSA) on flavonoid concentrations in
tea leaves. Tea bushes were sprayed with different concentrations of MeSA (0, 0.5, 1, 2 and 5 mM) and
samples were harvested after 1 day for the biochemical analysis. The data of flavonoid concentrations
were expressed as the mean values ± SD, n = 6. Mean denoted by the different letters indicate significant
differences between the treatments (p < 0.05).

Figure 2. Time course of flavonoid concentration as influenced by exogenous methyl salicylate (MeSA)
as foliar spray. Leaf samples were harvested at indicated time-points following foliar spray with 1 mM
MeSA. The data of flavonoid concentrations were expressed as the mean values ± SD, n = 6.

2.2. Changes in PAL Activity after MeSA Application

Next, we analyzed the activity of PAL, the first enzyme of the phenylpropanoid pathway.
Consistent with the time-course of flavonoid concentration, the PAL activity increased gradually
after MeSA treatment, which peaked at 1 day after MeSA treatment (Figure 3). More precisely, the PAL
activity increased by 66.58% compared with that of control at 1 day after MeSA treatment. Then the
PAL activity in MeSA-treated leaves declined, but remained 36.70% and 23.90% higher than that of
control at 2 and 4 days post treatment, respectively, before reaching the level close to the control at
6 days post treatment (Figure 3). Although the PAL activity was differentially regulated by exogenous
MeSA at different time points, total soluble protein concentration was not remarkably affected by
MeSA in tea leaves (Supplementary Figure S2).
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Figure 3. Time course of the phenylalanine ammonia-lyase (PAL) activity as influenced by exogenous
methyl salicylate (MeSA). Tea bushes were sprayed with 1 mM MeSA. The data of PAL activity were
expressed as the mean values ± SD, n = 6.

2.3. MeSA Modulates Transcript Levels of Flavonoid Biosynthetic Genes

To clarify whether the MeSA-induced changes in flavonoid concentration were attributed to
concomitant changes in flavonoids biosynthesis, we analyzed the transcript levels of nine key genes
involved in flavonoid biosynthetic pathway (Figure 4a), such as PHENYLALANINE AMMONIA-LYASE
(PAL), CINNAMATE 4-HYDROXYLASE (C4H), p-COUMARATE:COA LIGASE (4CL), CHALCONE
SYNTHASE (CHS), CHALCONE ISOMERASE (CHI), FLAVANONE 3-HYDROXYLASE (F3H),
DIHYDROFLAVONOL 4-REDUCTASE (DFR), ANTHOCYANIDIN SYNTHASE (ANS) and UDP-
GLUCOSE FLAVONOID 3-O-GLUCOSYL TRANSFERASE (UFGT).

Figure 4. Effect of methyl salicylate on flavonoid biosynthetic pathway in tea leaves. (a) Nine key
genes involved in flavonoid biosynthesis are marked in bold letters in italic. Adopted and redrawn
from Li et al. [12]. (b) the expression of flavonoid biosynthetic genes in tea leaves. Transcript levels of
the genes were analyzed by qRT-PCR using gene-specific primer pairs (Supplementary Table S1) and
expressed as fold change relative to the control. Tea bushes were sprayed with 1 mM methyl salicylate
(MeSA) and samples were harvested after 1 day for qRT-PCR assay. The data are mean of 3 biological
replicates. Bars denoted by the different letters indicate significant differences between different
expression levels of flavonoid biosynthetic genes (p < 0.05). PHENYLALANINE AMMONIA-LYASE
(PAL), CINNAMATE 4-HYDROXYLASE (C4H), p-COUMARATE:COA LIGASE (4CL), CHALCONE
SYNTHASE (CHS), CHALCONE ISOMERASE (CHI), FLAVANONE 3-HYDROXYLASE (F3H),
DIHYDROFLAVONOL 4-REDUCTASE (DFR), ANTHOCYANIDIN SYNTHASE (ANS) and UDP-
GLUCOSE FLAVONOID 3-O-GLUCOSYL TRANSFERASE (UFGT).
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qRT-PCR analysis showed that exogenous MeSA caused approximately 3-fold increase in
transcript levels of CsPAL which was more or less consistent with the activity of PAL (Figure 3
or Figure 4b). Similarly, MeSA treatment increased the transcript levels of the rest of the genes, such
as CsC4H (2.4-fold), Cs4CL (1.5-fold), CsCHS (2.1-fold), CsCHI (2.6-fold), CsF3H (1.3-fold), CsDFR
(1.2-fold), CsANS (3.2-fold) and CsUFGT (1.8-fold) compared to that of control. These findings suggest
that exogenous MeSA differentially regulates transcription of different genes in flavonoid biosynthetic
pathway to increase flavonoid concentrations in tea leaves.

3. Discussion

Flavonoids are the key secondary metabolites that contribute to the value of plant products
from agronomic, industrial, and nutritional points of view [11]. Particularly, in case of green tea,
flavonoids impact not only the tea taste (astringency) but also the health benefits and economic
value [21]. Different hormone signaling pathways differentially regulate flavonoid biosynthesis,
which is highly species-specific [8,11,13,18,22]. The role of methyl salycilate (MeSA) in flavonoid
biosynthesis in tea leaves remained largely unknown. Here we found that an optimal dose of MeSA
could increase flavonoid concentration in tea leaves (Figure 1). Time course analysis revealed that
MeSA-induced enhancement in flavonoid concentration peaked after 1–2 days, which was consistent
with the increased activity of PAL in tea leaves (Figures 2 and 3). Gene expression analysis relating to
flavonoid biosynthesis suggested that exogenously applied MeSA stimulated transcriptional machinery
causing differential upregulation in the respective transcripts (Figure 4). Therefore, MeSA application
at 1 day prior to harvesting may potentially increase flavonoid concentrations in green tea.

Flavonoids are low molecular weight antioxidants that serve as major defense compounds against
abiotic and biotic stressors in plants [11,15,20,23]. It is believed that flavonoids play a major role
in scavenging ROS when antioxidant enzymes are depleted under stress [9,23]. In the presence of
light, SA treatment significantly increases flavonoid content in Ginkgo biloba leaves [24], which is in
agreement with the current study (Figure 1). Similarly, MeJA increases flavonoid accumulation in citrus
leaves in the first 12 h after treatment [25], which is slightly different from our observation, possibly
due to the differences in elicitors and plant species. Furthermore, we found that exogenous MeSA
rapidly and transiently increased PAL activity in tea leaves, which was consistent with the concentrations
of flavonoids (Figures 2 and 3). PAL is the key enzyme in the first step of the phenylpropanoid pathway
which regulates biosynthesis of thousands of phenylpropanoids [18]. PAL links the secondary metabolism
to primary metabolism and maintains the metabolic flow of carbon into the phenylpropanoid pathway
in plants [13]. In the present study, exogenous MeSA increased both the activity and transcription of
PAL gene (CsPAL) in tea leaves (Figures 3 and 4). MeSA-induced promotion in PAL activity perhaps
stimulated subsequent reactions in phenylpropanoid pathway, leading to an enhanced production
of phenylpropanoid derivatives including flavonoids (Figures 1–3). Our results are consistent with a
previous report that showed that root application of SA in hydroponics increases PAL activity and
specific flavonoid content in wheat leaves [20].

In the flavonoid biosynthesis pathway, CHS, CHI and F3H are termed as early biosynthetic
genes, whereas downstream genes such as DFR, ANS and UFGT are named late biosynthetic
genes [11,26]. In the current study, exogenous MeSA upregulated the transcript levels of both early
and late biosynthetic genes in tea leaves (Figure 4). Different hormones differentially modulate the
expression of flavonoid biosynthesis genes [8,11,22,26]. For instance, ABA and GA3 down-regulate
CsPAL, CsC4H, CsF3H and CsANR expression, leading to a decreased catechin content in tea
leaves [13,18]. However, exogenous brassinosteroids increase CsPAL expression with concomitant
increase in flavonoid concentration in tea leaves [7,8]. In Vitis vinifera, PAL expression reaches the
peak at 3 h post-elicitation with MeJA, which gradually declines returning to the basal levels at 48 h
post-treatment in the presence of light [26]. Consistent with this, jasmonic acid and brassinosteroids
also enhance transcript levels of late biosynthetic genes and myeloblastosis (MYB) transcription factor
in Arabidopsis seedlings [22]. Notably, at transcriptional levels, flavonoid biosynthesis is regulated by
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the MYB transcription factors [11], in which SA can induce MYBs to regulate specific phenylpropanoid
(capsaicinoid) biosynthesis [27]. Therefore, such regulatory mechanism in response to exogenous MeSA
might also function in tea leaves, however, this interpretation demands further in-depth investigation
in current direction.

To sum up, in the current study, we found that: (1) a moderate dose of exogenous MeSA (1 mM)
increased flavonoid concentration, but a high dose of MeSA (5 mM) showed an opposite effect, (2) 1 mM
MeSA appeared to be the best concentration to simulate endogenous flavonoid accumulation in tea
leaves, (3) MeSA-induced increase in flavonoid concentration was maximized after 1–2 day followed
by gradual decline over time, (4) MeSA-induced increase in flavonoid concentration was associated
with the simultaneous increase in the activity of PAL and transcription of early and late biosynthetic
genes in flavonoid biosynthetic pathway. These results suggest that 1–2 day prior application of
MeSA can be an effective method to manipulate flavonoid concentration in tea leaves. Moreover,
MeSA-induced flavonoid biosynthesis may enhance plant tolerance to biotic and/or abiotic stressors.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

In the current experiment, “Longjing 43” tea (Camellia sinensis L.) cultivar was used as plant
materials and the study was conducted at tea garden of the Tea Research Institute, Chinese Academy
of Agricultural Sciences, Hangzhou, China. Foliar portion of tea bushes was sprayed with a series of
freshly prepared methyl salicylate (MeSA) solutions (0.5, 1, 2 and 5 mM). Each treatment comprises
4 replicates, while each replicate represents an area of 10 m2 consisting of 20 tea bushes.

4.2. Determination of Flavonoid Concentration

For the determination of flavonoid concentration, leaf samples were extracted in 70% ethanol
(v/v) at 100 ◦C, and the concentration of total flavonoids was measured in the aqueous extract
following AlCl3 method as described previously [28]. Absorbance at 510 nm was recorded for the
determination and rutin was used as the standard. Total and individual catechin concentrations in tea
leaves were determined with a Waters 590 HPLC system (Waters Corp., Milford, MA, USA) equipped
with a Thermo ScientificTM HypersilTM ODS-2 C18 column (5 μm particle size, 4.6 mm × 250 mm,
Thermo Fisher Scientific Inc., Waltham, MA, USA) at 280 nm as previously described [12].

4.3. Assay of Phenylalanine Ammonia-Lyase (PAL) Enzyme Activity

A tea sample (0.3 g) was homogenized in 3 mL 50 mM potassium phosphate buffer (pH 8.8,
containing 2 mM EDTA, 2% PVPP, and 0.1% mercaptoethanol). The resulting homogenate was
centrifuged at 15,000 rpm for 20 min at 4 ◦C and the crude enzyme extract was obtained as the
supernatant. L-phenylalanine was used as substrate to assay the PAL activity based on the yield of
cinnamic acid. The change in absorbance at 290 nm was monitored to determine the PAL activity as
described previously [29].

4.4. Total RNA Extraction and Gene Expression Analysis

For gene expression analysis, tea leaf samples were collected at 1 day after MeSA treatment
and immediately frozen into liquid nitrogen and kept at −80 ◦C until RNA isolation. Total RNA
was extracted using an RNA extraction kit (Tiangen Biotech, Beijing, China) and reverse transcribed
using a ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan) following the manufacturer’s instructions.
Gene-specific primers were designed based on their cDNA sequences (Supplementary Table S1).
Quantitative real-time PCR (qRT-PCR) was performed on the ABI 7500 Real-Time PCR system
(Applied Biosystems, Foster City, CA, USA) using SYBR Green PCR Master Mix (Takara, Shiga,
Japan). The qRT-PCR cycling conditions were as follows: 95 ◦C for 30 s, and 40 cycles of 95 ◦C for 5 s

134



Molecules 2019, 24, 362

and 60 ◦C for 34 s. Relative gene expression was calculated according to previously described method
using CsPTB as the internal reference gene [30].

4.5. Statistical Analysis

The data were statistically analyzed using SAS 8.1 software package (SAS Institute Inc., Cary, NC,
USA). Differences between treatments means were separated by the Tukey’ test at a significance level
of p < 0.05.

Supplementary Materials: The following is available online. Table S1: Primers used for qRT-PCR assays in tea
leaves, Figure S1: Total and individual catechins concentrations in tea leaves as influenced by exogenous methyl
salicylate as foliar spray, Figure S2: Time course of total soluble protein concentrations as influenced by exogenous
methyl salicylate.
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Abstract: Salicylic acid (SA) is a very simple phenolic compound (a C7H6O3 compound composed of
an aromatic ring, one carboxylic and a hydroxyl group) and this simplicity contrasts with its high
versatility and the involvement of SA in several plant processes either in optimal conditions or in
plants facing environmental cues, including heavy metal (HM) stress. Nowadays, a huge body of
evidence has unveiled that SA plays a pivotal role as plant growth regulator and influences intra- and
inter-plant communication attributable to its methyl ester form, methyl salicylate, which is highly
volatile. Under stress, including HM stress, SA interacts with other plant hormones (e.g., auxins,
abscisic acid, gibberellin) and promotes the stimulation of antioxidant compounds and enzymes
thereby alerting HM-treated plants and helping in counteracting HM stress. The present literature
survey reviews recent literature concerning the roles of SA in plants suffering from HM stress with
the aim of providing a comprehensive picture about SA and HM, in order to orientate the direction of
future research on this topic.

Keywords: metal toxicity; ortho-hydroxybenzoic acid; plant hormone; metal pollution; polyphenols;
signaling compound

1. Introduction

Salicylic acid (SA) (from Latin Salix, willow tree), also known as ortho-hydroxybenzoic acid, is a
phenolic derivative widely distributed in the plant kingdom and is known as a regulator of several
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Molecules 2020, 25, 540

physiological and biochemical processes such as thermogenesis, plant signaling or plant defense,
and response to biotic and abiotic stress [1,2].

From a chemical point of view, SA belongs to a large group of plant phenolics, and SA can be
isolated in plants in both free and conjugated form. In particular, the conjugated form proceeds from
the methylation, hydroxylation, and/or glucosylation of the aromatic ring [3,4].

Salicin, one of the natural SA derivatives, was first isolated from the bark of the willow tree (Salix
sp.) by Johan Büchner in 1828 [5,6]. Successively, it was discovered that almost all the willow trees
including Salix alba, S. purpurea, S. fragilis, and S. daphnoides were particularly rich in this natural
compound, in which the concentration in plants significantly fluctuates during the different seasons
(highest content during spring and summer, lowest content during autumn and winter [7]) reaching
values of 3 mg/g of fresh biomass in plants of S. laponum [8]. The first scientist who was able to identify
this natural compound in species different from Salix sp. was the Italian chemist Raffaele Piria in the
late 1838, who obtained SA in both flower and buds of the European species Spiraea ulmaria successively
renamed as Filipendula ulmaria (L.) Maxim. The discovery that this molecule was not exclusive to
the Salix genus has opened the door to the study of its biosynthesis, as well as its biochemical and
physiological role in plants and in 1899 the Bayer Company formulated a new drug known today as
aspirin [9].

Concerning the biosynthesis of SA, it is known to be produced through the shikimate pathway
by two metabolic routes (Figure 1). In the first discovered route, also known as phenylalanine
route, occuring in the cytoplasm of the cell, the enzyme phenylalanine ammonia lyase (PAL)
converts phenylalanine (Phe) to trans-cinnamic acid (t-CA), which gets oxidized to benzoic acid
(BA). Subsequently, the enzyme benzoic-acid-2-hydroxylase (BA2H) catalyzes the hydroxylation of BA
aromatic ring and leads to SA formation. The enzymatic conversion of BA into SA by BA2H requires
the presence of hydrogen peroxide (H2O2) [10–12].

The first evidences for the first route were given by Ellis and Amrchein [13], who observed that
feeding Gaultheria procumbens plants with labeled 14C-benzoic acid or 14C-cinnamic acid resulted in
the production of labeled SA. Successively, Yalpani et al. [14] and Silverman et al. [15], working on rice
and tobacco, proposed that the side chain of trans-cinnamic acid is decarboxylated to generate BA.
Then, BA is hydroxylated at the C2 position forming SA. Anyway, recent results indicated that benzoyl
glucose, a conjugated form of BA, is more likely to be the direct precursor of SA [12,14].

The second route is called isochorismate (IC) pathway and occurs in the chloroplast [16–18].
In plants, chorismate is transformed to isochorismate and then to SA, a reaction which is catalyzed by
two enzymes isochorismate synthase (ICS) and isochorismate pyruvate lyase (IPL). Recent studies
carried on Arabidopsis thaliana demonstrated that the ~90% of defense-related SA is produced from
isochorismate generated by the plastid-localized isochorismate synthase1, whereas ~10% is derived
from the cytosolic PAL pathway [1,17].

From the physiological point of view, it is known that SA plays a pivotal role in the regulation
of plant growth, development, in defense from biotic and abiotic stress, and in plant immune
responses [4,19–23].

For several years, SA was believed to be just one of the several phenolic compounds synthetized
by plants with relatively low importance [5,16]. In 1974, after more than a hundred of years from
its discovery, it was provided the first evidence that SA could play a role as plant hormone, when
Clealand and Ajami [24] observed that SA was a mobile signaling molecule localized in the phloem
inducing flowering in different plant species.

However, the final evidence that SA was a plant hormone was only provided several years later
by Raskin et al. [25], who described its role during the thermogenesis in Sauromatum guttatum.

From that moment, an exponential increase of manuscripts focused on SA (acting alone or in
concert with other plant hormones) as a plant growth regulator, signaling molecule, as well as plant
elicitor protecting plants from biotic and abiotic stress, was observed [22,23,26–31].
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Recently, it has also been demonstrated that SA could play a pivotal role in protecting plants from
environmental stress, including heavy metals (HM). In fact, several recent manuscripts reported
that SA can alleviate HM toxicity influencing both their uptake and/or accumulation in plant
organs [32–38], as well as scavenging of reactive oxygen species (ROS) and/or decreasing their
accumulation and/or enhancing the antioxidant defense system [39–42], protecting membrane
stability and integrity [43], interacting with plant hormones [44], upregulating heme oxygenase [45],
and improving the performance of the photosynthetic machinery [42,46,47].

Focusing on these aspects, the present review provides a comprehensive assemblage concerning
SA roles in plant defense from HM stress, with the aim to provide a clear view of SA and HM to
orientate the direction of future research on this topic.

Figure 1. Metabolic pathways involved in the biosynthesis of salicylic acid (SA). Plants use two
pathways for SA production, the phenylalanine ammonia-lyase (PAL) (which is divided into two
sub-pathways, benzoic acid, and o-coumaric acid) and the isochorismate. In both routes, shikimate
serves as a precursor.
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2. HM Stress and Its Impacts on Plants

Metals and metalloids with atomic density more than 6 g cm−3 are defined as (HM).
Both, essential elements, micronutrients that are required in low concentration (e.g., Cu, Cr, Co,
and Zn), and nonessential metals such as Pb, Cd, Hg, are incorporated in this group [48,49].
Increased concentration of both essential and nonessential elements is phytotoxic to flora and
fauna [50,51]. Heavy metal contamination has become a serious environmental problem worldwide.
The increased industrialization, injudicious population growth, and urbanization releases HM that
compromise soil and water and pose harms to living biota due to their biomagnification through the
food chain [52]. Natural activities such as eruption of volcano and erosion of rocks have contribute in
increasing the release of toxic elements to the environment; however, increased human activities such
as mining, painting, and refining have enhanced their concentration in the biosphere [53–55].

Soil pollution by HM poses serious concerns to the biotic and abiotic components of the
ecosystem [56]. The increased amount of HM in soil leads to greater uptake by plants that can
reduce plant growth, biomass, photosynthesis, crop yield, and quality in plant [57]. From a biological
point of view, the top soil is the most active zone of soil that accumulates a large amount of toxic metals
that poses serious concern to the environment [49,58,59].

The increased level of HM accumulation in plant organs negatively affects the cell metabolism in
plants [60]. The different physiological activities in plants such as protein metabolism, photosynthesis,
respiration, and morphogenesis are naturally affected by a high concentration of toxic compounds,
such as HM [53,54,61,62]. For instance, Rascio et al. [63] documented a decreased root growth and
altered morphogenesis in rice seedlings upon treatment with Cd. Many plant species such as Brassica
napus, Helianthus annuus, Thalaspi caerulescens, Vigna radiata showed inhibition in photosynthesis in
response to Cd treatment [64–68]. Recently, Tandon and Srivastava [69] investigated the Pb effect on
the morphology and metabolism of Sesamum indicum and found that the increasing concentration
of metal affected the growth of the plant. Further, the plant showed severe symptoms of chlorosis,
necrosis and reduced chlorophyll, and protein content at higher doses of Pb [69].

The major outcome of metal toxicity is the peaked production of ROS due to impairment of
photosynthetic process by HM [70]. ROS such as hydroxyl, superoxide, and hydrogen peroxide are
produced as by-product during electron transport in photosynthesis and respiration pathways [71].
Under physiological conditions, ROS play a multitude of signaling roles in plants, as well as in other
organisms and they take part in a finely-tuned and well-orchestrated regulatory network [72,73].
ROS are indeed integrated into a complex regulatory system in plants which encompasses ROS, plant
hormones (e.g., ethylene (ET) and abscisic acid (ABA)), signaling molecules (e.g., salicylic acid (SA) and
jasmonic acid (JA)), and secondary messengers (e.g., Ca2+) [74,75]. However, when ROS production
exceeds the physiological levels, their accumulation can lead to oxidative stress in the cells, that cause
lipids peroxidation, macromolecular degradation, membrane disruption, DNA breakage, and ion
leakage in plants [70,74,75]. For instance, Kaur et al. [76] explored Pb-induced ultrastructural changes
in roots of wheat and concluded that Pb inhibited root growth, caused ROS generation, and disrupted
mitochondrial and nuclear integrity in the tested plant.

The enhanced generation of ROS in the plant cell is controlled by a complex network of
antioxidant machinery that maintains ROS homeostasis in the cell [77]. Plants have a finely-tuned
and well-orchestrated defense system that includes enzymatic antioxidants such as catalase (CAT),
superoxide dismutase (SOD), ascorbate peroxidase (APX), glutathione peroxidase (GPX) and
glutathione reductase (GR), and nonenzymatic antioxidants such as ascorbic acid, glutathione, alkaloids,
phenol compounds, and α-tocopherol for scavenging excessive ROS [49,61]. Moreover, phytohormones
such as auxins, gibberellins, cytokinins, abscisic acid, ethylene, brassinosteroids, jasmonic acid, and SA
take part in the defensive mechanism of plants against HM stress.
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3. Physiological Roles of SA in Plants Under HM Stress

Concerning the physiological role in plants, SA is known to play a pivotal role in regulating plant
morphology, development, flowering, and stomatal closure [78,79]. SA also affects seedling germination,
cell growth, and nodulation in legumes [80]. Khan et al. [81] reported increased leaf area and dry weight
production in corn and soybean in response to SA. Furthermore, Hussein et al. [82] reported pot studies
that documented improved growth, leaf number, dry biomass, and stem diameter in wheat plants when
leaves were sprayed with SA. The rate of transpiration and stomatal index of plants increased in response
to supplementation of SA [81]. The pigment concentration in wheat seeds significantly enhanced upon
exposure to a low concentration (10−5 M) of SA. However, foliar application of SA reduced transpiration
rate in test plants, Phaseolus vulgaris and Commelina communis which might be due to the SA-evoked
stomatal closure [83–87]. Moreover, SA has been reported to increase the shelf life of cut flowers of rose
and defer senescence by controlling water level in rose plants [86].

Plant growth regulators or phytohormones especially, gibberellins, auxin, cytokinins, ethylene,
brassinosteroids, and also SA play a key role in providing HM tolerance in plants [83]. SA, a phenolic
plant hormone, regulates photosynthesis, respiration, and antioxidant defense mechanism in plants
under different abiotic stress such as high temperature, salinity, and HM [78,88,89]. SA pretreatment
provides protection from various metals such as Pb, Hg, Cd, in different plants [90–92].

Supplementation of SA in combination with plant growth promoting bacteria reduces Cr-induced
oxidative damage in maize by enhancing activities of antioxidant and nonantioxidant enzymes [93,94].
Earlier, Song et al. [95] reported SA mediated enhancement in the activities of CAT and SOD enzymes
in barley leaves under Zn, Cu, and Mn stress. Further, carbohydrate metabolism in Cr-treated maize
plants improved upon exposure to SA [94]. Alleviation of Cd toxicity was reported in mustard plants
in response to exogenous treatment of SA [93]. Recently, SA treatment mitigated Cd stress in Brassica
juncea plants and enhanced growth and photosynthesis in plants. Moreover, supplementation of SA
reduced reactive oxygen species levels by strengthening the antioxidant defense system in plants
and provides stability to the plant membrane [96]. The exogenous application of SA upregulates the
antioxidant system, improves growth and yield, and results in lowering of oxidative damage under Pb
stress in B. campestris [97].

A schematization of the protective role exerted by SA in HM-stressed plants is reported in Figure 2,
whereas a literature survey on the effect of different HM on plant metabolism is reported in Table 1.

Figure 2. Schematization of the protective role exerted by SA in HM-stressed plants. HM: Heavy
metals; ROS: Reactive oxygen species; SA: Salicylic acid.
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3.1. Effect of SA to Photosynthesis in Plants Subjected to HM Stress

The different stressful conditions encountered by plants affect multiple physiological and
biochemical mechanisms in plants. Among these, photosynthesis is usually one of the most
affected mechanisms by HM (see a schematization of the effect of HM on chloroplast in Figure 2).
HM accumulated in various organs of plants and affect the synthesis of photosynthetic pigments,
including carotenoids and chlorophylls [53,54]. HM also alter the chloroplast membrane structure
and affect electron transport, thus impairing light-dependent reactions of photosynthesis [120].
Moreover, it was found that the negative effect of HM on PSI and PSII depends on exposure time
and concentrations [121,122]. Experiments performed by Khan et al. [123] indicated that PSII is more
sensitive to HM stress compared to PSI, however, at high concentrations the activity of PSI resulted
inhibited as well. Photosynthesis inhibition caused by HM is also attributable to the impairment of
stomatal conductance and transpiration rate [124].

Plants are equipped with multiple mechanisms to preserve the photosynthetic machinery from
HM-promoted damages. SA is a major photosynthesis regulator which influences chlorophyll
content, stomatal conductivity, and photosynthesis-related enzyme activities in plants [125].
It enhances photosynthetic efficiency and improves photosynthetic apparatus under HM stress [34].
Exogenous application of SA (500 μM) enhanced chlorophyll concentration, CO2 fixation, and activities
of phosphoenolpyruvate carboxylase and RuBISCO in Triticum aestivum under Cd toxicity [126].
Further, gas exchange parameters and carbonic anhydrase improved in B. juncea under Ni [120] and
Mn [127] stress after the exposure to 10 μM SA. SA treatment enhanced Chla, Chlb, and carotenoid
content in barley plants under Pb stress by increasing antioxidant activity in the plants which might
be due to blockage of Ca channels that help in translocation of Pb in roots [60]. Recently, Guo et
al. [38] studied the role of SA in Cd alleviation and accumulation in tomato plants. The exogenous
exposure of SA also increased pigment content and photosynthetic performance in tomato plants [38].
The consistently observed protective role of SA to the photosynthetic apparatus might be due to
increased detoxification of ROS species exerted by SA or by the activation of antioxidant apparatus
promoted by SA [125].

3.2. Regulation Mechanism of ROS and Enzymatic Antioxidants Promoted by SA Acid under HM Stress

The generation of ROS is one the first response in plants under HM stress. ROS production is either
directly due to Haber-Weiss reaction or it is indirectly because of interference in the antioxidant defense
system or electron transport chain [128]. ROS (H2O2; hydrogen peroxide, OH·; hydroxyl radical,
and O2

−·; superoxide radical) are very harmful to plants since they lead to oxidative degeneration of
cell membranes and large macromolecules [129]. Plants possess a powerful antioxidant apparatus to
counteract oxidative stress, which includes different enzymes (SOD, CAT, APX, GR) and nonenzymatic
antioxidants (e.g., glutathione, ascorbic acid, phenolics, carotenoids) that scavenge and detoxify ROS
over-production in plants [130].

Lipid peroxidation is the first oxidative injury in plants due to HM stress and SA have been shown
to provide stability against HM-induced oxidative damage by increasing antioxidant machinery in
plants [125]. Parashar et al. [127] and Zhang et al. [131] observed the reduction in lipid peroxidation,
electrolyte leakage, and superoxide ion in Mn- and Cd-treated B. juncea and Cucumis melo upon
addition of SA. Few experiments suggest that SA can promote free radical scavenging of HM-promoted
ROS by regulating antioxidant enzymes and expression of some proteins and molecules such as
OsWRKY45 as reported in rice by Chao et al. [132] that lowers H2O2 accumulation in plants. This helps
in maintaining the balance between ROS generation and membrane integrity, thereby preventing
membrane disruption [133]. Recently, Lu et al. [98] and Gu et al. [99] documented activation of
antioxidant enzymes including SOD, APX, and other peroxidases in Lemna minor and Nymphaea
tetragona upon supplementation of SA in plants subjected to Cd stress, which were helpful in conferring
Cd tolerance in plants.
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3.3. Regulation of Osmolytes and Polyphenols by SA under HM Stress

Plants have evolved various mechanisms to counteract HM-triggered ROS production.
Different antioxidant metabolites such as proline, glycine betaine, polyamines, sugars, and polyphenols
are all involved in maintaining the ROS balance in plants under stressful conditions, including excess of
HM. Below, the intimal connections between SA and other antioxidant compounds are described with
the attempt to provide a clear and exhaustive picture about the SA-promoted regulation of antioxidant
molecules in plants exposed to HM.

3.3.1. Proline

Proline acts as a free radical scavenger, osmo-protectant, and stabilizer of cellular
structures [130,134]. The synthesis of proline occurs from glutamate, which is converted to
glutamate-semialdehyde, and then spontaneously to pyrroline-5-carboxylate (P5C) with the help
of P5C synthase enzyme. Later, the enzyme P5C reductase aids in the reduction of P5C to proline.
The stimulation of proline levels under HM stress was observed, for example, in Olea europaea [135]
and Phoenix dactylifera [136]. However, this is not clear whether the accumulation was attributable to
enhanced production of enzymes responsible for proline synthesis, the decrease in enzymes related to
its oxidation or both. SA is involved in enhancing proline level under HM toxicity [96]. Parashar et
al. [127] reported that SA ameliorated the Mn stress through enhanced accumulation of proline
in Brassica juncea which might be due to the increased activity of enzymes responsible for proline
synthesis [137]. Enhanced proline content also maintains water balance in plants to contrast stressful
conditions leading to osmotic stress [138] a condition which can occur when plants reduce the stomatal
conductance in order to reduce HM uptake. Further, Chen and Dickman [139] proposed that proline is
a powerful ROS scavenger and a pivotal component of protein pathway in plants, besides serving as an
osmoprotectant [140]. Zanganeh et al. [141] observed however that SA pre-treatment decreased proline
accumulation in Zea mays under Pb stress that was supported by the findings of Mostafa et al. [142] in
rice plants. Therefore, the pattern of proline (activation/decrement) can be species- or metal-specific
and also dependent on the dose of HM experienced by the plant species.

3.3.2. Glycine Betaine

Glycine betaine (GB) is a quaternary level ammonium compound found in higher plants under
stress conditions and it acts as osmoprotectant or compatible solutes in plants [143], in which it
accumulates at cytosolic level. GB is involved in providing protection against drought, salinity [93],
drought [143], and HM stress, as well [144]. Exogenous application of GB is very effective in providing
tolerance from HM stress [94,145]. The role of SA in regulating the accumulation of GB in plants under
metal stress is still unknown. However, few studies reported that exogenous treatment of GB together
with SA can help in alleviating HM toxicity [145]. Recently, Aldesuquy et al. [146] opined that GB and
SA regulates osmotic pressure and concentration of osmolytes in plants that maintain osmotic balance
and helps in ameliorating the adverse effect of drought stress in wheat, thereby suggesting a possible
cooperation. It was also reported that the SA induced the rise in GB level which helped the growth of
Rauwolfia serpentina plants grown under Na excess [147].

3.3.3. Sugars

The term sugars, collectively used for disaccharides (sucrose, trehalose) and fructans,
are water-soluble carbohydrates involved in plant stress tolerance. Sucrose, an important product
of photosynthesis, is required for growth, development, storage, and signaling in plants [148,149].
Carbohydrates are building blocks of plants that provide energy and act as a signaling molecule
during transcriptional, post-transcriptional processes [150]. Accumulation of soluble sugars has been
observed in plants under stressful conditions which indicate their role as osmoprotectant and in
maintaining cellular balance in plants [151,152]. The exogenous addition of SA enhanced the amount of
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polysaccharides and sugars in plants and helped in improving their growth [153]. El-tayeb et al. [154]
observed that SA provided Cu tolerance in Helianthus annuus. The authors reported an increasing
level of soluble sugars in plants treated with SA that protects the photosynthetic pigments from Cu
toxicity [154]. Similarly, 0.01 M SA enhanced growth and sugar accumulation in tomato plants and
provided stress avoidance and tolerance against Na toxicity [155].

3.3.4. Polyamines

Polyamines (PAs) are water-soluble molecules that play an important role in regulating
morphological, developmental, and stress responses in plants [156]. PA have the potential to scavenge
HM-triggered ROS [157] and regulate plant defense response to HM toxicity [156,158]. Under stressful
conditions, PA operate as signaling compounds and control ion homeostasis and ion transportation in
plants, thus actively participating in stress tolerance [159,160]. Many reports suggest that SA treatment
influence PA content in plants [131,161]. Recently, Tajti et al. [162] studied the role of putrescine and
spermidine on wheat under Cd stress and also reported increased levels of SA in those plants; however,
the exact mechanism involved in SA-mediated HM stress tolerance and the relationship between PA
and SA in plants are still unknown.

3.3.5. Polyphenols

Phenolics are one of the largest groups of secondary metabolites which include a plethora of
compounds with simple aromatic rings to very complex molecules, such as tannins and lignans.
They originate from phenylalanine by the activity of PAL. Many reports have demonstrated
that enhanced production of phenolic compounds under HM stress can protect from oxidative
damage [163,164]. The accumulation of phenolics is principally driven by increased expression
of enzymes responsible for phenylpropanoid biosynthesis such as phenylalanine ammonia-lyase,
chalcone synthase, shikimate dehydrogenase, cinnamyl alcohol dehydrogenase, and polyphenol
oxidase [165,166]. Many studies have documented the role of phytohormones in enhancing the level
of some classes of polyphenols, such as anthocyanins [167,168]. Dong et al. [169] reported increased
concentrations of phenolics, such as caffeic acid due to exogenous treatment by SA. Similarly, peaked
activity of PAL was observed in Matricaria chamomilla plants under Ni and Cd stress with the application
of SA [170].

3.4. Regulation of Cell Signaling by SA under HM Stress

The HM stress tolerance induced by SA is supportive for its role in stress signaling. The mechanism
of tolerance not only depends on the concentration and mode of application of SA but also on the
overall status of plants [171]. Abiotic stress not only affects growth and development of plants,
but also regulates DNA replication machinery. SA application upregulates the topoisomerase gene
and chloroplast elongation factor that help in plant adaptation under stressful conditions [172,173].
Moreover, SA is known to induce expression of TLC1, a long terminal repeated retrotransposon family
in vivo [171]. This family is transcriptionally activated during stressful conditions and its expression
by SA suggests their role in SA-mediated signaling pathways [171]. Another mechanism adopted by
SA in regulating HM stress plant response is the increased activity of enzymes involved in AsA-GSH
pathway [174]. Both AsA and GSH are active redox compounds that maintain cellular redox balance in
plants [175]. SA supplementation also increased SOD and POD level in Cannabis sativa and improved
Cd-tolerance [34] which might be related to increased concentration of Ca2+ (a second messenger) and
H2O2, that eventually promote the activity of antioxidant enzymes which reduce cellular ROS level in
plants [176,177].

3.5. Crosstalk of SA with Other Plant Growth Regulators

SA regulates different plant responses both under optimal and stressful conditions through the
crosstalk with other plant growth regulators or plant hormones [81,178]. The interaction of SA with
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other hormones such as auxin [179], cytokinin [180], gibberellins [181], abscisic acid [182], ethylene [178],
and brassinosteroids [87] has been studied under optimum and stressful environments. The possible
outcome of interaction of SA with hormones can be either synergistic or antagonistic under stressful
conditions. Recently, Tamás et al. [44] studied the SA regulated alleviation of Cd-stress by restriction of
Cd-induced auxin-mediated ROS production in barley roots. The authors suggest that SA treatment
reversed indole-3-acetic acid (IAA)-induced stress responses in plants suggesting a role of SA in IAA
signaling pathway. Similarly, Agtuca et al. [183] reported an opposite role of IAA and SA in roots of
maize. The exogenous application of IAA enhanced lateral growth by depriving primary root growth,
while SA increased total root biomass [183].

Exposure to various environmental stresses, such as HM, can enhance ethylene production
and induce oxidative stress in plants [175]. The increased ethylene production is due to peaked
expression of ethylene-related biosynthetic genes or expression of ethylene-responsive genes [184].
Exogenous SA was reported to mitigate Cd stress in wheat [174] by increasing GSH content that
resulted in metal detoxification and scavenging ROS induced by HM-triggered ethylene production.
SA supplementation promoted increased ABA level in wheat seedlings under Cd stress that was
attributed to a de novo ABA biosynthesis [185]. Further, endogenous ABA controlled SA-mediated
alteration of the concentration of dehydrin proteins under HM stress that demonstrate protective
mechanism of SA in wheat plants [185].

Under abiotic stress conditions, crosstalk between SA and jasmonates play a crucial role in
regulation of plant growth [186]. Generally, SA and jasmonic acid (JA) signaling pathways work in an
antagonistic manner [187]. The Mitogen-activated protein kinase (MAPK) signaling pathway mediates
the antagonistic action between SA and JA cell signaling [188]. However, nonantagonistic interaction
between SA and JA are also reported, but an exact mechanism is still unclear and it needs further
studies [186]. For example, in maize plants Cu stress induced the biosynthesis of SA, which further
induced JA priming and JA induced volatile organic compounds [189,190].

4. Conclusions

Heavy metal stress has been accepted as one of the major threats for plants growing in contaminated
areas. In order to deal with the harmful effects of heavy metals, plants have developed several molecular,
metabolic, and physiological processes which allow them to avoid stressful factors or cope with them.

Several researches highlighted that SA, when used at low doses, plays a pivotal role in both
alleviating and reducing heavy metal stress in plants. An increase in the endogenous level, as well as
exogenous application of this plant hormone has been demonstrated to be helpful for plants either in
optimal or in stress conditions. In fact, this ubiquitous plant hormone is involved in the regulation of
several metabolic processes in plants, regulating the ex novo biosynthesis of secondary metabolites
and osmoprotectants involved in the protection from oxidative stress, thereby increasing the activity of
ROS scavenger enzymes and/or acting as antioxidants. However, at high concentrations SA can also
act as a negative plant growth regulator [171,191,192].

The scientific literature cited in the present review highlights the important role played by SA in
protecting plants from heavy metal stress. However, most of the researches available on this topic
are mainly focused on the role played by this molecule after an exogenous application, while very
few researches, because of the complexity of the cascade effects generated, have unveiled the defense
mechanisms triggered by its endogenous stimulation in response to heavy metals. Therefore, there
are still several questions which need further investigation. For example, it would be extremely
interesting to disentangle the complexity of SA signaling in response to heavy metals, as well as to
unveil if exogenous application of SA might directly or indirectly enhance endogenous SA levels.
In the meantime, more genomic, transcriptomic, proteomic, and metabolomics studies are necessary
to detect SA responsive genes, proteins, and metabolites altered by heavy metal stress. In addition,
it is necessary that a molecular dissection deeply understands the crosstalk between SA with other
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phytohormones and/or metabolites and the feedback processes involved in controlling the endogenous
levels of SA in response to heavy metal stress.
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Abstract: Phenolic compounds are an important class of plant secondary metabolites which
play crucial physiological roles throughout the plant life cycle. Phenolics are produced under
optimal and suboptimal conditions in plants and play key roles in developmental processes like cell
division, hormonal regulation, photosynthetic activity, nutrient mineralization, and reproduction.
Plants exhibit increased synthesis of polyphenols such as phenolic acids and flavonoids under abiotic
stress conditions, which help the plant to cope with environmental constraints. Phenylpropanoid
biosynthetic pathway is activated under abiotic stress conditions (drought, heavy metal, salinity,
high/low temperature, and ultraviolet radiations) resulting in accumulation of various phenolic
compounds which, among other roles, have the potential to scavenge harmful reactive oxygen species.
Deepening the research focuses on the phenolic responses to abiotic stress is of great interest for the
scientific community. In the present article, we discuss the biochemical and molecular mechanisms
related to the activation of phenylpropanoid metabolism and we describe phenolic-mediated stress
tolerance in plants. An attempt has been made to provide updated and brand-new information about
the response of phenolics under a challenging environment.

Keywords: abiotic stress; anthocyanin; antioxidant; flavonoid; phenolic acid; polyphenol

1. Introduction

Plants face a plethora of biotic and abiotic stresses during their entire life which have negative
impact on their growth, development, and productivity [1–3]. Biotic factors include insect pests, fungi,
and weeds whereas abiotic stresses include salinity, drought, heavy metals, pesticides, ultraviolet (UV)
radiation, as well as heat and cold stress [3–18]. The amplitude of these abiotic stresses has increased
severely in recent years principally due to anthropogenic activities [7,19]. Plants, being sessile,
are persistently exposed to these factors and require a set of effective mechanisms which can be
activated under unfavorable circumstances to sustain their life cycle [20]. According to some reports,
the projection of these stresses contributes significantly and affects the growth and productivity
by reducing crop yield and overall crop production by 70% and 50%, respectively [21,22]. Thus,
it is imperative to reduce the crop productivity losses by improving crop performance through
various approaches, including application of plant bio-stimulant products as well as stimulation
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of plant secondary metabolism [11,23,24]. Plants need to endure different abiotic stresses and
polyphenols accumulate in response to these stresses helping plants to acclimatize to unfavorable
environments [25,26]. Hence, the concentration of phenols in plant tissue is a good indicator to predict
the extent of abiotic stress tolerance in plants which varies greatly in different plant species under an
array of external factors.

Phenolic compounds influence the plant growth and development, including seed germination,
biomass accumulation, and improved plant metabolism [27–30]. In this regard, we summarized
different studies showing a broad spectrum of different effects of abiotic stresses and discussed how
endogenous phenol levels can help in mitigating abiotic stress in plants. Moreover, physiological and
molecular mechanisms connected to the phenylpropanoid pathway underlying abiotic stress tolerance
have extensively discussed. At the end, we explained phenol-mediated stress tolerance and suggestions
have been made to further escalate the extent of deep mechanistic studies.

2. Biosynthetic Pathway of Polyphenols in Plants

Phenolics are known to be the largest groups of secondary metabolites in plants varying from
simpler aromatic rings to more complex ones, such as lignins. These compounds originated from
phenylalanine therefore are also called as phenylpropanoids. Polyphenols are characterized by the
presence of large multiples of phenol structural units. The number and characteristics of these phenol
structures underlie the unique physical, chemical, and biological properties of particular members
of each class. Phenols are indeed divided into several groups such as phenolic acids, flavonoids,
stilbenes, and lignans with peculiar properties. Plant phenolics are synthesized biogenetically through a
shikimate/phenylpropanoid pathway, whereas a mevalonate pathway generates terpenoids. Both these
secondary pathways produce a wide array of monomeric and polymeric structures encompassing a
comprehensive array of physiological and biochemical roles in plants. The term “secondary metabolites”
refers to the metabolites or phytochemicals synthesized through secondary metabolism. During the
biosynthesis of phenolic compounds, erythrose 4-phosphate is combined with phosphoenolpyruvate
(PEP) to form phenylalanine. Then phenylalanine ammonia lyase (PAL) catalyzes the conversion
of phenylalanine to trans-cinnamic acid. Several other phenolic compound such as flavonoids,
coumarins, hydrolysable tannins, monolignols, lignans, and lignins are formed through this pathway,
formally known as the phenylpropanoid pathway (see complete details in [26,31–33]).

3. Physiological Roles of Phenolics in Plants

Phenolics are widely distributed and are involved in key metabolic and physiological process
in plants [34,35]. Phenolics influence different physiological processes related to growth and
development in plants including seed germination, cell division, and synthesis of photosynthetic
pigments [36]. Phenolic compounds have been exploited for several application including
bioremediation, allelochemical, promotion of plant growth, and antioxidants as food additives [37].
In plants, phenolic accumulation is usually a consistent feature of plants under stress, which represents a
defensive mechanism to cope with multiple abiotic stresses [31]. Plant phenolics play an important role
in several physiological processes to improve the tolerance and adaptability of plants under suboptimal
conditions [38–40]. In particular, a large number of secondary metabolites having antioxidant properties
belong to this group [41] which can ameliorate plant performance under stress conditions.

Plants interact with their living environment through secondary metabolites. Polyphenols are,
for example, involved in signal transduction from the root to the shoot and also help in nutrient
mobilization. The roots exudates contain phenolic compounds which alter the physiochemical
properties of the rhizosphere. Soil microbes transform phenolics into compounds which help in
N mineralization and humus formation [42]. Furthermore, phenolics improve nutrient uptake
through chelation of metallic ions, enhanced active absorption sites, and soil porosity with accelerated
mobilization of elements like calcium (Ca), magnesium (Mg), potassium (K), zinc (Zn), iron (Fe),
and manganese (Mn) [43]. Recently, Rehman, et al. [44] found that Zn application and plant growth
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promoting rhizobacteria (PGPRs) treatment enhanced the contents of phenolics and organic acids
(pyruvic acid, tartaric acid, citric acid, malonic acid, malic acid, succinic acid, oxaloacetic acid,
oxalic acid, and methyl malonic acid) in root exudates of wheat, which helped in nutrient mobilization
of Zn, N, and Ca and their uptake [44,45]. Phenolic compounds also help in N fixation in legumes.
Legumes release several secondary metabolites from roots, principally flavonoid compounds (flavanols
and iso-flavonoids) which play crucial role in Nod factors synthesis and in the production of infection
tube during nodulation, given that they inhibits auxin transport and facilitate cell division [46].

Plant phenolics, as physiological regulator or chemical messenger, inhibit the IAA catabolism
(dihydroxy B-ring flavonoids) or limit the IAA synthesis (monohydroxy B-ring flavonoids) [47].
Flavonoids play a key role in the development of functional pollen. For instance, addition of a very
small dose of flavonol aglycones kaempferol or quercetin restored the fertility in mature pollen during
pollination [48,49]. Some phenolic compounds (trans-cinnamic acid, coumarin, p-hydroxybenzoic
acid, and benzoic acid) might be potentially phytotoxic if accumulated in high quantity and can
inhibit germination and seedling growth [50] due to the disruption of cellular enzyme functioning and
impairment of cell division. For instance, some phenolic compounds inhibit the prolyl aminopeptidase
and phosphatase enzyme involved in seed germination in legumes [51]. Conversely, high phenolic
acid contents have been reported to exert positive effects in seed germinating. In a recent study,
Chen et al. [52] found a substantial increase in free (1042%), bound (120%), and total phenolic acid content
(741%) in canary grass during germination. The spruce bark extract containing polyphenols stimulated
the germination rate in Lycopersicon esculentum while inhibited root elongation [53]. Phenolics reduced
the thickness and increased the seed tegument porosity which help in water imbibition and boost
the germination rate [54]. Polyphenolic extracts of spruce bark intensified the photosynthetic activity
and biosynthesis of assimilatory pigment (chlorophyll a and b) in maize and sunflower [55,56].
Phenolics reduced the energy required for ion transfer by modifying the structure of thylakoids and
mitochondrial membranes [57]. As antioxidants, phenolic compounds participate in the scavenging
of reactive oxygen species (ROS), catalyzing oxygenation reactions through formation of metallic
complexes, and inhibiting the activities of oxidizing enzymes [58].

In conclusion, polyphenols are produced under optimal and (with higher levels) in suboptimal
conditions in plants and play crucial role in the development encompassing signal transduction,
cell division, hormonal regulation, photosynthetic activity regulation, germination, and reproduction
rate. Plants exhibiting increased synthesis of polyphenols under abiotic stresses usually show a better
adaptability to limiting environments.

4. Abiotic Stresses and Their Toxic Effects on Plants

In recent times, producing more food and preventing crop losses to meet the demands of
ever-increasing human populations has gained unprecedented importance. Nevertheless, a large
proportion of arable land face abiotic stresses (drought, salinity, cold, heat, heavy metal toxicity,
UV radiation, etc.) which are expected to increase due to climate change and the incidence of these
environmental stresses are further fueled by anthropogenic activities. These abiotic stresses cause
alteration in physiological and biochemical processes of plants which results in diminished plant growth
and poor yield [59]. These stresses bring rapid changes in cellular redox homeostasis with excessive
reactive oxygen species (ROS) generation which eventually damage cell organelles and interfere in
ROS-promoted signaling pathways [60]. Contrary to over production of ROS, a physiological redox
state hampers normal cell functions and affects the plant immune system, suggesting that a threshold
level of ROS is necessary for normal plant functioning (Figure 1; Farooq, et al. [61]). Increased ROS
generation under abiotic stresses enhanced itself exponentially the production of ROS [62], which result
in peroxidation and destabilization of cellular membranes. Recently Rehman, et al. [63] observed that
heat stress and Zn deficiency cause reductions in growth (shoot and root biomass, and root length),
and consequently impeded nutrient uptake, enhanced lipid peroxidation and impaired photosynthetic
performance. In plants, ROS is produced from 1–2% of total O2 consumed in high active cell organelles
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like chloroplasts, mitochondria, and peroxisomes (Figure 1; [64]). The most common ROS are singlet
oxygen (1O2), superoxide radicle (O2

•–), hydrogen peroxide (H2O2), and hydroxyl radicle (•OH) [65].
Abiotic stresses disturb the balance between ROS generation and scavenge and accelerate ROS

propagation which damages vital macromolecules (nucleic acids, proteins, carbohydrates, and lipids)
and eventually leads to cell death. ROS-induced protein damage is caused by oxidation of amino acid
residues (e.g., cysteine) for disulphide bond formation, oxidation of arginine, lysine, and threonine
residues resulting in irreversible carbonylation in side chains and oxidation of methionine residue
to form methionine sulphoxide [66]. ROS production also limits CO2 fixation in chloroplasts which
are the main site for ROS generation in green plants [67]. ROS reacts with chlorophyll during
photosynthesis and forms the chlorophyll triplet state which can rapidly generate (1O2), thus causing
damage to photosynthetic complexes (principally PSII) and perturbing the molecular reaction of
the photosynthetic pathway [68]. Apart from the chloroplast, the mitochondria also increase ROS
production under abiotic stress which influences plant cellular processes [24]. In mitochondria, ~1–5%
of O2 consumed leads to H2O2 formation which is subsequently transformed in •OH during the Fenton
reaction [69]. Furthermore, intensive respiratory/photorespiratory metabolism demands high electron
input leading to escalated ROS production which results in protein oxidation [61]. Peroxisomes are also
major sites for ROS production, particularly H2O2, and have two- and 50-fold higher concentration
of H2O2 than chloroplasts and mitochondria, respectively [70]. This H2O2 is involved in stress
induced oxidative damage given that it can freely pass lipid membranes. Under the physiological
level, different antioxidant defense mechanism detoxify ROS. However, over production of ROS can
overwhelm the defense system, resulting in oxidative stress, cell damage, and cell death (Figure 1) [71].

 

Figure 1. Schematization of signal transmission and transduction in plant cells. Abbreviation: ABA,
abscisic acid; APX, ascorbate peroxidase; HSF, redox-sensitive transcription factor; JA, jasmonic acid;
MAPK, mitogen-activated protein kinase; NADP, oxidized nicotinamide adenine dinucleotide;
NADPH, reduced nicotinamide adenine dinucleotide; NPR1, redox-sensitive transcription factor;
OXI1, serine/threonine kinase; PA, phosphatidic acid; PLC/PLD, phospholipases class C and D; POX,
peroxidase; ROS, reactive oxygen species; SA, salicylic acid; SOD, superoxide dismutase.

5. Response and Role of Endogenous Phenolics in Plants against Abiotic Stress

In response to abiotic stresses, biosynthesis of secondary metabolites, including polyphenols,
is usually increased in plants. Phenolics confer indeed higher tolerance to plants against various stress
conditions like heavy metals, salinity, drought, temperature, pesticides, and UV radiations [33,72–77].
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Plants growing under stressful environments have the ability to biosynthesize more phenolic
compounds in comparison to plants growing under normal conditions [78]. These compounds
have antioxidative properties and are capable of scavenging free radicals, resulting in reduction
of cell membrane peroxidation [79], hence protecting plant cells from ill effects of oxidative stress.
Biosynthesis of phenolics under stressful environments is regulated by the altered activities of various
key enzymes of phenolic biosynthetic pathways like PAL and CHS (chalcone synthase). Enhanced
performance of enzymes is also accompanied by the up-regulation of the transcript levels of genes
encoding key biosynthetic enzymes like PAL, C4H (cinnamate 4-hydroxylase), 4CL (4-coumarate:
CoA ligase), CHS, CHI (chalcone isomerase), F3H (flavanone3-hydroxylase), F3′H (flavonoid
3′-hydroxylase), F3′5′H (flavonoid 3′5′-hydroxylase), DFR (dihydroflavonol 4-reductase), FLS (flavonol
synthase), IFS (isoflavone synthase), IFR (isoflavone reductase), and UFGT (UDP flavonoid
glycosyltransferase) [74,80–86]. The responses of phenolic compounds under different abiotic stresses
have been discussed in individual sections mentioned below.

5.1. Heavy Metal

Metal stress causes oxidative stress to plants by triggering the generation of harmful ROSs and
ultimately cause toxicity and retarded growth [11,87,88]. However, enhanced biosynthesis of phenolics
in plants under metal stress helps in protecting plants from oxidative stress [72,89,90]. Flavonoids can
enhance the metal chelation process which helps in reducing the levels of harmful hydroxyl radical in
plant cells [91,92] and this fits well with the observation that the levels of flavonoids in plants have
found to be enhanced by metal excess [90,93]. Under metal toxicity, accumulation of specific flavonoids
which are involved in aiding to the plant’s defense mechanism is also enhanced including anthocyanins
and flavonols [72,94–96]. Accumulation of phenolic compounds is due to the up-regulation of the
biosynthesis of phenylpropanoid enzymes including phenylalanine ammonia-lyase, chalcone synthase,
shikimate dehydrogenase, cinnamyl alcohol dehydrogenase, and polyphenol oxidase [95,97], which in
turn, is dependent on the modulation of transcript levels of genes encoding biosynthetic enzymes
under metal stress [72,85]. Flavonoids are also known for their scavenging capability of H2O2 and are
considered to play a crucial role in the phenolic/ascorbate-peroxidase cycle [98,99].

Shikimate dehydrogenase (SKDH) and glucose-6-phosphate dehydrogenase (G6PDH) are two
important enzymes which catalyze the biological reaction required for the production of important
precursors of phenylpropanoid pathways [100]. Another enzyme cinnamyl alcohol dehydrogenase
(CADH) catalyzes biochemical reactions which produce precursors required for synthesis of lignin [101].
Heavy metals stimulate phenylpropanoid the biosynthetic pathway in plants by up-regulating the
activities of key biosynthetic enzymes like PAL, SKDH, G6PDH, and CADH [101]. Additionally,
polyphenol oxidase (PPO) helps during the process of ROS scavenging, and enhancing a plant’s
resistance to abiotic stress conditions like heavy metals [100–102]. Table 1 summarizes the impact of
metal stress on phenolic composition of plants.

Table 1. Summary table describing the impact of heavy metal stress on the endogenous levels of
various phenolic compounds in plants.

Plant Species
Heavy
Metal

Response of Endogenous Phenolics and Related Parameters Reference

Brassica juncea

Cu
Increase in contents of total phenols, anthocyanins and other
phenolic compounds like catechin, caffeic acid, coumaric acid,

kaempferol.
[103]

Cr
Increase in total contents of phenols, flavonoids and

anthocyanins, accompanied by enhanced expressions of PAL
and CHS.

[72]

Cr Increase in anthocyanins accompanied by up-regulation of
CHS gene. [93]
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Table 1. Cont.

Cd Increase in the contents of total flavonoids and anthocyanins. [90]

Cd Increase in total contents of flavonoids and anthocyanins,
accompanied by enhanced expressions of PAL and CHS. [104]

Cd Increase in total contents of phenols, polyphenols, flavonoids
and anthocyanins. [105]

Pb
Increase in total contents of phenols, flavonoids and

anthocyanins, accompanied by enhanced expressions of PAL
and CHS.

[106]

Pb Increase in total contents of phenols, polyphenols, flavonoids
and anthocyanins. [89]

Fagopyrum
esculentum Al Increase in total phenolic, flavonoid and anthocyanin contents.

Increase in the activity of PAL enzyme. [77]

Kandelia obovata Cd and Zn

Enhanced levels of total phenolics accompanied by increased
activities of phenol metabolic enzymes like shikimate
dehydrogenase, cinnamyl alcohol dehydrogenase and

polyphenol oxidase.

[97]

Prosopis farcta Pb

Increase in total contents of phenols accompanied by
enhanced activity of PAL enzyme.

Contents of other phenolic compounds were also increased
including ferulic acid, cinnamic acid, caffeic acid, daidzein,

vitexin, resveratrol, myricetin, quercetin, kaempferol,
naringinine, luteolin and diosmin.

[95]

Vitis vinifera Cu
Enhanced transcript levels of various genes encoding enzymes
involved in biosynthesis of phenolics (PAL, C4H, CHS, F3H,

DFR) and down-regulation of UFGT and ANR.
[85]

Withania
somnifera Cd Increase in total contents of flavonoids and phenolics [101]

Zea mays Cu, Pb, Cd Increase in the contents of total phenols and some
polyphenols like chlorogenic and vanillic acid. [96]

PAL (phenylalanine ammonia lyase); CHS (chalcone synthase); CHI (chalcone isomerase); C4H (cinnamate
4-hydroxylase); 4CL (4-coumarate: CoA ligase); F3H (flavanone3-hydroxylase); UFGT (UDP flavonoid
glycosyltransferase); IFS (isoflavone synthase); DFR (dihydroflavonol 4-reductase).

5.2. Drought

Phenolic accumulation is very crucial to counteract the negative impacts of drought stress in
plants [33]. Transcriptomic and metabolomic studies carried out on Arabidopsis plants confirmed that
enhanced flavonoid accumulation under drought stress is very helpful to provide resistance [107].
Biosynthesis and accumulation of flavonols were also stimulated in plants under water deficit conditions
accompanied by enhanced resistance against drought stress [108,109]. Drought stress also regulated
the biosynthetic pathways of phenolic acids and flavonoids, leading to enhanced accumulation of these
compounds [82,110,111] which acted as antioxidants and prevented plants from adverse effects of
water deficit conditions [112]. For example, contents of flavonoids like kaempferol and quercetin were
enhanced in tomato plants accompanied by enhanced drought tolerance [113]. Flavonoid accumulation
in cytoplasm can efficiently detoxify harmful H2O2 molecules generated as a result of drought stress
and, at the end oxidation of flavonoids is followed by ascorbic acid mediated re-conversion of flavonoids
into primary metabolites [114]. The main reason for this drought-induced accumulation of phenolic
compounds is the modulation of phenylpropanoid biosynthetic pathway. Drought regulates many key
genes encoding main enzymes of phenylpropanoid pathway, which results in stimulated biosynthesis
of phenolic compounds. The impact of drought stress on accumulation of phenolics and related
processes has been summarized in Table 2.
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Table 2. Summary table describing the impact of drought stress on the endogenous levels of various
phenolic compounds in plants.

Plant Species Response of Endogenous Phenolics and Related Parameters Reference

Achillea spp.

Increase in the contents of chlorogenic acid, caffeic acid, rutin,
luteolin-7-O-glycoside, 1,3-dicaffeoylquinic acid, luteolin, apigenin and

kaempferol under 21 days exposure of drought.
Enhanced transcript levels of PAL, CHS, CHI, F3H, F3′H, F3′5′H and FLS.

[82]

Increase in contents of total phenols and flavonoids. [115]

Brassica napus
Increase in contents of total phenols, flavonoid and flavonol.

Increase in PAL enzyme activity accompanied by enhanced expression of
PAL.

[110]

Chrysanthemum
morifolium

Increase in contents of total phenolics, anthocyanins, chlorogenic acid,
luteolin, rutin, ferulic acid, apigenin and quercetin.

Enhanced expression of PAL, CHI, and F3H, particularly in cultivar Taraneh.
[116]

Cucumis sativus Up-regulation of phenolic metabolites including vanillic acid and
4-hydroxycinnamic acid. [111]

Fragaria ananassa Enhanced transcript levels of PAL, C4H, 4CL, DFR, ANS, FLS and UFGT. [81]

Lactuca sativa Increase in the contents of phenolic compounds such as caftaric acid and
rutin. [117]

Larrea spp. Increase in the contents of polyphenols including flavonoids,
proanthocyanidins and flavonols. [118]

Lotus japonicus
Increase in the contents of kaempferol and quercetine.

Up-regulation of the expression of PAL, C4H, 4CL, CHS, CHI, DFR, IFS and
IFR

[119]

Nicotiana tabacum Increase in PAL enzyme activity and lignin content. [120]

Ocimum spp. Increase in content of total phenols [121]

Thymus vulgaris Increase in the contents of total flavonoids and polyphenols. [122]

Triticum aestivum

Increase in content of total phenols [123]

Increase in the total contents of phenolics, flavonoids and anthocyanins.
Enhanced expression of genes like CHS, CHI, F3H, FNS, FLS, DFR and ANS. [84]

Vitis vinifera

Increase in the contents of polyphenols including 4-coumaric acid, caffeic
acid, ferulic acid, cis-resveratrol-3-O-glucoside,

trans-resveratrol-3-O-glucoside, catechin, epicatechin, caftaric acid,
epicatechin gallate, kaempferol-3-O-glucoside, cyanidin-3-O-glucoside,

quercetin-3-O-glucoside and quercetin-3-O glucuronide.

[124]

Increase in anthocyanin content accompanied by up-regulation of
associated biosynthetic genes like UFGT, CHS and F3H. [125]

PAL (phenylalanine ammonia lyase); CHS (chalcone synthase); CHI (chalcone isomerase); C4H (cinnamate
4-hydroxylase); 4CL (4-coumarate: CoA ligase); F3H (flavanone3-hydroxylase); F3′H (flavonoid 3′-hydroxylase);
F3′5′H (flavonoid 3′5′-hydroxylase); FLS (flavonol synthase); FNS (flavone synthase) UFGT (UDP flavonoid
glycosyltransferase); IFS (isoflavone synthase); IFR (isoflavone reductase); DFR (dihydroflavonol 4-reductase); ANS
(anthocyanidin synthase).

5.3. Salinity

Salt stress results in generation of ROS like superoxide anions, hydrogen peroxide, and hydroxyl
ions [126,127] and require activation of well-orchestrated and finely-tuned plants antioxidant system
to contrast ROS propagation [128,129]. Phenolic compounds have powerful antioxidant properties
and help in scavenging of harmful ROS in plants under salt stress [130–132]. Moreover, in response to
salt stress, phenylpropanoid biosynthetic pathway gets stimulated and results in production of various
phenolic compounds which have strong antioxidative potential [131,133,134].

Some genes like VvbHLH1 are involved in the enhanced production of flavonoids by regulating
the genes of the biosynthetic pathways and confer salt tolerance to plants [135,136]. In tobacco plants,
NtCHS1 plays a crucial role in the biosynthesis of flavonoids under salt stress, where accumulation
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directly favors the scavenging of ROS [130]. Flavone biosynthesis also was enhanced under saline
conditions and in Glycine max, it was observed that salinity up-regulates the expression of flavone
synthase genes, GmFNSII-1 and GmFNSII-2 [137]. Some phenolic acids also accumulate in plants
under saline conditions including caffeic acid, caftaric acid, cinnamylmalic acid, gallic acid, ferulic acid,
and vanillic acid [131,138–140]. Biosynthesis of anthocyanins also was promoted in plants growing
under saline conditions [141,142]. A detailed explanation about the effect of salt stress on phenolic
composition has been provided in Table 3.

Table 3. Summary table describing the impact of salt stress on the endogenous levels of various
phenolic compounds in plants.

Plant Species Response of Endogenous Phenolics and Related Parameters Reference

Amaranthus tricolor

Increase in contents of total phenolics, hydroxybenzoic acids
(gallic acid, vanilic acid, syringic acid, p-hydroxybenzoic acid,
ellagic acid), hydroxycinnamic acids (caffeic acid, chlorogenic
acid, p-coumaric acid, m-coumaric acid, ferulic acid, sinapic

acid, trans-cinnamic acid) and flavonoids (iso-quercetin,
hyperoside, rutin)

[140]

Asparagus aethiopicus Increase in the levels of phenolics like robinin, rutin, apigein,
chlorogenic acid and caffeic acid. [134]

Carthamus tinctorius Increase in contents of total phenols and flavonoids. [136]

Chenopodium quinoa Increase in total polyphenol and flavonoid contents. [143]

Cynara cardunculus

Increase in contents of phenolic compounds like
luteolin-O-glucoside, apigenin 6-c-glucoside 8-c-arabinoside,

gallocatechin, leucocyanidin and quercitrin.
Decrease in contents of compounds like apigenin, chrysin,

genistein, daidzein and ferulic acid

[144]

Fragaria ananassa Enhanced transcript levels of PAL, C4H, F3H, DFR and FLS. [81]

Hordeum vulgare Increase of total phenolic contents. [145]

Mentha piperita Increase of total phenolic contents. [146]

Ocimum basilicum
Increase in the contents of various phenolic compounds like

caffeic acis, caftaric acid, cinnamyl malic acid, feruloyl tartaric
acid, quercetin-rutinoside and rosmarinic acid.

[139]

Olea europaea
Increase in contents of total phenolics, kaempf erol and

quercetin.
Regulation of transcript levels of PAL, C4H, 4CL, CHS and CHI.

[133]

Salvia mirzayanii Increase of total phenolic contents. [132]

Salvia mirzayanii and Salvia
acrosiphon

Increase in total phenolic content and PAL activity
accompanied by enhanced expression of PAL. [147]

Solanum lycopersicon Increase in total caffeoylquinic acid content [129]

Solanum villosum
Increase in total phenolic, caffeic acid, and quercetin

3-β-D-glucoside contents.
Up-regulation of the expression of PAL and FLS

[138]

Thymus spp.

Increase in the contents of various phenolic compounds like
caffeic acid, gallic acid, trans-2-hydroxycinnamic acid,

cinnamic acid, rosmarinic acid, rutin, syringic acid, vanillic
acid, apigenin, quercitrin, naringenin and luteolin.

[131]

Triticum aestivum Increase in contents of total phenols [123]

PAL (phenylalanine ammonia lyase); CHS (chalcone synthase); CHI (chalcone isomerase); C4H (cinnamate
4-hydroxylase); 4CL (4-coumarate: CoA ligase); F3H (flavanone3-hydroxylase); FLS (flavonol synthase);
DFR (dihydroflavonol 4-reductase).
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5.4. UV Light

Exposure of UV-B radiations to plants causes damage to their protein structure, causes harmful
mutations to DNA and generates harmful ROS. To counteract the negative effects of UV-B exposure,
endogenous phenolics accumulated in plant cells and protect cell components by making a shield
under epidermal layer. They further reduce DNA damage by preventing dimerization of thymine
along with reducing photo-damage of important enzymes like NAD/NADP [33,148]. Moreover,
flavonoids also act as light screens due to their capability of absorbing both visible (anthocyanins)
and UV radiations (anthocyanins and colorless flavonoids), hence protecting plants from these
harmful radiations [26,149]. This fact was supported by various researchers who observed enhanced
biosynthesis of flavonoids in plants under UV radiations, accompanied by enhanced UV absorption
and plant tolerance to these radiations [98,150] and powerful antioxidant capacity [151]. Moreover, it is
also well known that plants growing at high altitude accumulate more phenolics like flavonoids than
plants of a temperate region. This enhanced flavonoid accumulation under high light/UV exposure
is because of stimulated flavonoid biosynthetic pathways and their corresponding gene transcript
levels [33,83,152,153]. The key genes which are up-regulated in plants upon UV exposure include:
CHS (chalcone synthase); CHI (chalcone isomerase); FLS (flavonol synthase); DFR (dihydroflavonol
4-reductase); FHT (flavanone 3β-hydroxylase), FGT (flavonoid glycosyltransferases); and PAL
(phenylalanine ammonia lyase) [154,155]. It is also believed that UV light also utilizes jasmonate
dependent/independent pathways to stimulate the biosynthesis of phenols in plants [156]. Additionally,
abscisic acid (ABA) is also known to modulate the phenolic biosynthetic pathway in presence of UV
light [157]. Table 4 provides a brief summary about impact of UV exposure on the endogenous phenolic
composition of plants.

Table 4. Summary table describing the impact of UV light exposure on the endogenous levels of various
phenolic compounds in plants.

Plant Species Response of Endogenous Phenolics and Related Parameters Reference

Arbutus unedo Increase in contents of phenolic compounds like theogallin,
avicularin and juglanin. [158]

Brassica oleracea Increase in contents of gallic acid and sinapic acid. [159]

Caryopteris mongolica Increase in contents of flavonoids and anthocyanidins, accompanied
by PAL and CHI activity. [160]

Cuminum cyminum Increase in contents of total phenolics and anthocyanins,
accompanied by enhanced gene expression of DAHP and PAL. [153]

Fragaria x ananassa

Increase in contents of kaempferol, ellagic acid and, glucoside
derivative of cyaniding, pelargonidin and quercetin.

Up-regulation of key genes involved in flavonoid pathway
including CHS, CHI, FHT, DFR, FLS and FGT.

[155]

Kalanchoe pinnata Increase in contents of total flavonoids and quercitrin. [161]

Lactuca sativa

Increase in contents of total phenolics, flavonoids and anthocyanins.
Contents of phenolic acids were also increased including rosmarinic

acid, vanillic acid, p-anisic acid, methoxycinnamic acid and
chlorogenic acid.

[162]

Increase in total anthocyanin and phenolic contents. This is
accompanied by enhanced activity of PAL enzyme and

up-regulation of PAL expression.
[163]

Ribes nigrum Increase in contents of flavonols, anthocyanins, hydroxycinnamic
and hydroxybenzoic acids. [164]

Solanum lycopersicum Increase in total phenolic content [165]

167



Molecules 2019, 24, 2452

Table 4. Cont.

Triticum aestivum

After 3 days of UV exposure, increase in contents of total phenolics,
ferulic acid, p-coumaric acid and vanillic acid, whereas no change in
the contents of p-hydroxybenzoic acid, syringic acid and sinapic acid.

Alterations in the transcript levels of PAL, C4H, 4CL, and COMT

[83]

Triticum aestivum Increase in contents of free, bound and total phenolics accompanied
by enhanced PAL activity. [166]

Vigna radiata Increase in total flavonoid and phenol content, accompanied by
enhanced activities of PAL and CHI enzymes. [154]

Vitis vinifera Increase in contents of astilbin, quercetin and kaempferol. [167]

Increase in contents of phenolic compounds like cyaniding,
petunidin, peonidin, malvidin, quercetin, myricetin, kaempferol,

procyanidin, gallic acid, protocatechuic acid and vanillic acid.
[157]

CHS (chalcone synthase); CHI (chalcone isomerase); FLS (flavonol synthase); DFR (dihydroflavonol 4-reductase);
FHT (flavanone 3β hydroxylase), FGT (flavonoid glycosyltransferases) PAL (phenylalanine ammonia lyase);
C4H (cinnamate 4-hydroxylase); 4CL (4-coumarate: CoA ligase); cinnamylalcohol dehydrogenase (CAD);
COMT (caffeic acid O-methyltransferase); DAPH (deoxyribonino heptulosinate 7-phosphate synthase).

5.5. Other Abiotic Factors

Other abiotic factors like temperature, nanoparticles, and pesticides also stimulate the endogenous
phenolic biosynthesis in plants and help in providing resistance against phytotoxic effects of these
abiotic stresses [74,80,153,168–171]. Phenolic biosynthetic pathways also get activated in plants
growing under pesticide stress conditions. This leads to more accumulation of phenolic compounds in
plants, which confer resistance to survive against pesticide toxicity [73,170]. This stimulated phenolic
biosynthesis is due to the activation of key biosynthetic enzymes and up-regulation of key genes of
phenylpropanoid branch, including PAL and CHS [74,80]. Increased accumulation of anthocyanins
in plant leaves promote by application of insecticides also helps in recovery of plant photosynthetic
efficiency [172]. Similarly, under temperature stress (both heat and chilling), plants synthesize more
phenolic compounds such as anthocyanins, flavonoids, flavonols, and phenolic acids, which ultimately
protect plant cells [75,129,168,169,173]. In Festuca trachyphylla plants growing under heat stress,
enhancement in the phenolic compounds was noticed including 4-hydroxybenzoic acid, benzoic acid,
caffeic acid, coumaric acid, cinnamic acid, gallic acid, homovanillic acid, ferulic acid, salicylic acid,
and vanillic acid [76]. The increased accumulation of these phenolic compounds is accompanied by
enhanced tolerance of F. trachyphylla plants against high temperature [76]. In carrot, phenolics like
coumaric acid, caffeic acid, and anthocyanins are suggested to prevent heat induced oxidative damage
by enhancing their accumulation [174]. Some phenolics like salicylic acid also act as stimulant for
phenol biosynthesis in plants under high temperature stress. This leads to enhanced accumulation
of phenolic compounds which further help in detoxification of ROS and providing heat resistance
to plants [175]. Under chilling stress, phenolic compounds like suberin or lignin start accumulating
in plant cell walls which helps in enhancing resistance against chilling stress [176]. This enhanced
thickness of cell wall due to phenolic accumulation is beneficial for prevention of chilling injury
and cell collapse under cold stress [33]. Stimulated phenolic biosynthesis under low temperature
stress is due to the enhanced expression of PAL, CAD (cinnamylalcohol dehydrogenase), and HCT
(hydroxycinnamoyl transferase), and increased phenolic levels play crucial role in protection plants
against chilling stress [86]. This fact is further supported by the research carried out on peach under
chilling stress by Gao et al. [177]. These researchers suggested that 24-epibrassinolide stimulated
biosynthesis of phenolics is involved in reduction of heat generated oxidative stress by helping to
scavenge of ROS. Table 5 provides a detailed overview about how different abiotic factors affect
phenolic metabolism in plants.
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Table 5. Summary table describing the impact of various abiotic factors on the endogenous levels of
various phenolic compounds in plants.

Plant Species Abiotic Factor
Response of Endogenous Phenolics and Related

Parameters
Reference

Brassica juncea

Insecticide Increase in total phenol and polyphenol contents. [73]

Insecticide
Increase in total phenol, polyphenol and anthocyanin

contents accompanied by enhanced expression of
PAL and CHS.

[74]

Insecticide Increase in total phenol and anthocyanin contents. [178]

Insecticide
Increase in total phenol and anthocyanin contents
accompanied by enhanced expression of PAL and

CHS.
[80]

Dracocephalum
kotschyi Silicon dioxide NP

Increase in total phenol, total flavonoid, rosmarinic
acid and xantomicrol contents, accompanied by

up-regulation of the gene expression of PAL and RAS.
[179]

Festuca
trachyphylla Heat

Increase in the contents of phenolic compounds like
4-hydroxybenzoic acid, benzoic acid, caffeic acid,

coumaric acid, cinnamic acid, gallic acid,
homovanillic acid, ferulic acid, salicylic acid and

vanillic acid.

[76]

Lens culinaris Heat
Enhanced levels of total phenolics and flavonoids.
Increase in the contents of gallic acid, salicylic acid,

chlorogenic acid, ferulic acid and naringenin,
[168]

Nicotiana
tabacum Chilling

Alteration in the contents of various metabolites of
phenylalanine metabolic pathway.

Enhanced expression of PAL, HCT and CAD.
[86]

Nicotiana
langsdorffii Heat

Increase in the contents of total polyphenols and
individual contents of p-coumaric acid, chlorogenic
acid, cryptochlorogenic acid, neochlorogenic acid

and ferulic acid.

[75]

Oryza sativa Insecticide Increase in the contents of phenylalanine,
p-hydroxybenzoic acid and ferulic acid [170]

Prunus persica Chilling

Increase in the activities of enzymes like PAL, C4H,
4CL and CHI.

Increase in the contents of phenolic compounds like
protocatechuic acid, catechin, cholorogenic acid,

neocholorogenic acid, quercetin-3- rutinoside,
quercetin-3-glucoside, kaempferol-3- rutinoside

[169]

Solanum
lycopersicon

Heat Increase in total flavonol content [129]

Silver NP Increase in total phenolic content. [180]

Solanum
tuberosum Zinc NP Increase in contents of total phenolics and

anthocyanins. [181]

Vigna angularis Heat Increase in the contents of anthocyanins and
flavonoids. [173]

Vitis vinifera Titanium NP Increase in contents of total phenolics, caftaric acid,
quercetin derivatives and kaempferol derivatives. [171]

Withania
somnifera Copper NP Increase in contents of total phenolics and flavonoids. [182]

PAL (phenylalanine ammonia lyase); CHS (chalcone synthase); CHI (chalcone isomerase); C4H (cinnamate
4-hydroxylase); 4CL (4-coumarate: CoA ligase); cinnamylalcohol dehydrogenase (CAD); HCT (hydroxycinnamoyl
transferase); COMT (caffeic acid O-methyltransferase); DAPH (deoxyribonino heptulosinate 7-phosphate synthase),
RAS (rosmarinic acid synthase); NP (nanoparticles).
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6. Conclusions

Phenylpropanoid pathway is likely the most studied pathway of secondary metabolism in
planta. In plants growing under challenging environments, accumulation of phenolic compounds
usually parallels enhanced plant tolerance as summarized in Figure 2. Abiotic stresses also activate
the cell signaling process, resulting in transcriptional up-regulation of phenylpropanoid pathway.
The increase in plant’s resistance is correlated with the multiple function of polyphenols in plants,
principally consisting in their ROS scavenging ability and/or the capacity of some polyphenol classes
to protect the plant from excessive light such as UV (flavonoids) and visible light (anthocyanins).
In addition, polyphenols might play other key ecological roles under abiotic stress, acting for example
as infochemicals for other plants. Aside from the huge body of papers on the matter, further research is
needed to deepen, for example, the role of specialized polyphenols as a response to certain abiotic stresses
and to describe the intimal mechanisms which shift from primary metabolism to the up-regulation of
phenylpropanoid pathway, which is as a cross response to several environmental stressors.

Figure 2. Diagrammatic explanation for response and role of phenolic compounds in plants
growing under abiotic stress conditions. ROS (reactive oxygen species); PAL (phenylalanine
ammonia lyase); CHS (chalcone synthase); CHI (chalcone isomerase); C4H (cinnamate 4-hydroxylase);
4CL (4-coumarate: CoA ligase); F3H (flavanone3-hydroxylase); F3′H(flavonoid 3′-hydroxylase);
F3′5′H(flavonoid 3′5′-hydroxylase); FLS (flavonol synthase); FNS (flavone synthase) UFGT
(UDP flavonoid glycosyltransferase); IFS (isoflavone synthase); IFR (isoflavone reductase);
DFR (dihydroflavonol 4-reductase); ANS (anthocyanidin synthase).
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