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Abstract: Plants develop a plethora of defense strategies during their acclimation and interactions
with various environmental stresses. Secondary metabolites play a pivotal role in the processes
during stress acclimation, therefore deciphering their relevant responses exchange the interpretation
of the underlying molecular mechanisms that may contribute to improved adaptability and efficacy.
In the current study, tomato plants were exposed to short-term cold stress (5 °C for 16 h) or inoculated
(20 d) with either Cucumber Mosaic Virus (CMV) or Potato Virus Y (PVY). Responses were recorded
via the assessments of leaf total phenolic (TP) content, total flavonoid (TF) levels, and phenylalanine
ammonia-lyase (PAL) enzyme activity. The transcription of the gene families regulating the core
phenylpropanoid biosynthetic pathway (PBP) at an early (PAL, cinnamic acid 4-hydroxylase, 4-
coumarate-CoA ligase) or late (chalcone synthase and flavonol synthase) stage was also evaluated.
The results showed that cold stress stimulated an increase in TP and TF contents, while PAL enzyme
activity was also elevated compared to viral infection. Besides genes transcription of the enzymes
involved in the core PBP was mostly induced by cold stress, whereas transcription of the genes
regulating flavonoid biosynthesis was mainly triggered by viral infection. In conclusion, abiotic and
biotic stressors induced differential regulation of the core PBP and flavonoid biosynthetic metabolism.
Taking the above into consideration, our results highlight the complexity of tomato responses to
diverse stimuli allowing for better elucidation of stress tolerance mechanisms at this crop.

Keywords: Cucumber Mosaic Virus; flavonoids; biotic stress; abiotic stress; phenolics; phenylalanine
ammonia-lyase; Potato Virus Y; Solanum lycopersicum

Highlights

e Phenolic, flavonoid contents, and PAL enzyme activity were elevated after biotic and
abiotic stresses.

e  Phenolic moieties were generally more enhanced by cold stress as compared to viral
infection.

e  The transcription of most genes encoding for enzymes regulating both the core PBP
and flavonoid synthesis was affected by biotic and abiotic stresses.

e  The former was mainly triggered by cold stress, whereas the latter by viral infection.
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1. Introduction

In planta, L-phenylalanine serves as the biosynthesis precursor of a range of secondary
metabolites, which are centrally involved in fundamental physiological and developmental
processes. These metabolites are regulated by complex biosynthetic routes via the phenyl-
propanoid biosynthetic pathway (PBP; [1]). Regardless of their structural differences and
physiological roles, all PBP products share the first three conversion steps (termed general
PBP), which are mediated by three enzymes (Figure 1). Phenylalanine ammonia-lyase
enzyme (PAL; EC 4.3.1.24) is at the interface between primary and secondary metabolism.
It is the initial and rate limiting PBP step that converts L-phenylalanine to cinnamic acid.
Cinnamic acid is then converted to p-coumaric acid by cinnamic acid 4-hydroxylases activ-
ity (C4H; EC:1.14.14.91). By employing p-Coumaric acid as substrate, 4-coumarate-CoA
ligases (4CL; EC 6.2.1.12) (Supplementary Figure S1) not only generate p-Coumaric CoA
thioesters but also intervene in later metabolic pathway reactions by providing activated
thioester substrates. In this way, 4CL orchestrates the metabolic shifting towards the
production of caffeic, sinapic, and ferulic acids. Therefore, 4CL controls the carbon flux
towards diverse PBP products, including flavonoids, polyphenols, lignin, coumarin, and
suberin [2-5]. Besides 4CL, p-Coumaric acid is the substrate in one of the salicylic acid
biosynthetic routes, which is critical in orchestrating stress-induced responses [6].
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Figure 1. General phenylpropanoid biosynthetic pathway (consisting of phenylalanine-ammonia lyase (PAL), cinnamic
acid 4-hydroxylase (C4H), and 4-coumarate-CoA ligase (4CL) enzymes) preceding flavonoid biosynthesis (mediated via
chalcone synthase (CHS) and flavonol synthase (FLS) enzymes).

At a later stage, the production of an array of flavonoid substrates with variable pheno-
lic structures is mainly regulated by chalcone synthases (CHS; EC 2.3.1.74) (Supplementary
Figure 52) and flavonol synthases (FLS; EC 1.14.11.23) [7] (Figure 1). Flavonoids are the
largest class of phenylpropanoids spanning to more than 8000 known molecules [8]. This
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chemical class shares a similar C4-C3-Cg backbone, while relevant bioactive properties
mainly depend on specific secondary structural differences [7,9]. In plants, flavonols occur
as aglycones, glycosides, or methylated derivatives. They exhibit strong antiviral activity
and are commonly used in medicine (reviewed in Zakaryan et al. [10]).

It is well known that the phenylpropanoid biosynthetic pathway is a cross response
to several environmental perturbations (reviewed in Samec et al. [11]), and is generally
upregulated under either abiotic or biotic stress. In plants facing adverse conditions,
the accumulation of phenolic compounds through activation of this pathway has been
generally associated with enhanced stress tolerance [12-14]. The induced resistance has
been related to the wide range of polyphenol functions, principally consisting of reactive
oxygen species (ROS) scavenging ability (thus oxidative stress alleviation) and strong
antimicrobial activity. In addition, polyphenols serve other key roles. For instance, they act
as signaling molecules controlling systemic physiological responses for the alleviation of
the stress-induced metabolic deregulation [15-20].

Apart from the large amount of accumulated evidence, further research is required to
investigate the expression of genes encoding for the regulatory enzymes of the phenolics
pathways, in relation to stresses of differential nature (i.e., abiotic or biotic). Thus, the aim
of this work was to estimate the magnitude of the effects caused by cold stress versus viral
infection on total phenolic (TP) level, total flavonoid (TF) content, and PAL enzyme activity
in tomatoes. Tomato is an economically important horticultural crop that is widespread
globally and faces a plethora of diverse stresses during cultivation. Alongside, a meticulous
transcription analysis across isoforms of gene families coding for PAL, C4H, and 4CL (PBP
metabolism) as well as for CHS, and FLS (flavonoid /flavonol biosynthesis) was conducted.
Such comparisons are insightful regarding the mechanisms that govern stress alleviation
responses, and thus can contribute to the deciphering of stress tolerance interplay. This
study further highlights that the nature and the magnitude of secondary metabolism upreg-
ulation depends on the type of stress. Taking this diverse upregulation into consideration
is of high importance for engineering stress tolerance in horticultural crops.

2. Materials and Methods
2.1. Plant Material and Growing Conditions

In this study, a tomato F1 hybrid (“Elpida”), which is widely cultivated in Greece, was
employed. It is rather insensitive to temperature drops, without documented tolerance
in CMV and PVY viruses. Rooted plantlets were transferred to 1.16 L pots containing a
mixture of peat and perlite (9:1, v/v; Meegaa substrates BV, Rotterdam, The Netherlands),
supplemented at the beginning of cultivation with 2.5 g chemical fertilizer (N: 4; P;Os:
14; K,O: 8 + micronutrients) per pot. Plants were cultivated in a walk-in climate chamber
(Ixwxh=30m x 25m x 2.2 m). The air temperature was set to 25 °C, and relative
air humidity to 50%. The light level was set at 200 umol m~2 s~! photosynthetic photon
flux density at the top of the plant canopy for 12 h per day. Potting-media moisture was
maintained by regular watering.

Plants at the same developmental stage and with uniform architecture were selected
for applying the treatments. At 23 d of cultivation, one set of plants was mechanically
inoculated (procedure described below) with CMV, and another set with PVY. The re-
maining plants were mock-inoculated using phosphate buffer. Plants were cultivated for
another 20 d under the same conditions (described above). At that time, plants were at
the vegetative phase (thus before anthesis). Then, one set of CMV-infected plants (1), one
set of PVY-infected plants (2), and one set of mock-inoculated plants (3) were exposed to
5 °C for 16 h under darkness (cold stress treatment) as described in [21]. The first two
treatments represent combined biotic and abiotic stress, which occurred in sequence. The
third treatment represents abiotic stress (Supplementary File Figure S3).

The next day (i.e., 44 d of cultivation, and 21 d post inoculation), sampling was
performed. At that time, treatments did not alter plant phenotype. Namely, plants were
free of viral infection or cold stress visible symptoms, while above-ground plant biomass,
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stem length (from the root-shoot junction to the apical meristem), and leaf photosynthetic
pigment (chlorophyll, carotenoids) content was not significantly affected by the treatments
(Supplementary Tables S1-53).

Young, fully expanded leaves were sampled. Herbal material was collected, flash-
frozen in liquid nitrogen, and immediately transferred to a freezer (—80 °C) for storage.

2.2. Mechanical Inoculation of CMV and PVY

As live virus reference strains, leaves sampled from infected plants were employed.
For CMYV, the infected plant was Nicotiana benthamiana Domin, while for PVY (necrotic
strain group N) it was a naturally infected potato plant (Solanum tuberosum L.). The N.
benthamiana plant was tested for the presence of Tomato Spotted Wilt Virus (TSWV) [22] and
the infected potato plant was also tested for the presence of TSWV, CMV [23], Potato Virus
X (PVX detection kits; Boehringer, Mannheim, Germany) and viruses belonging to the
genus Tobamovirus [24], and none of these viruses were detected.

For the inoculate preparation, leaf tissues were squashed in phosphate buffer (pH 7.0),
and then mechanically inoculated onto carborundum-dusted leaves of tomato plants,
at the time stated above. For negative control, leaves were treated with carborundum-
dusted /phosphate buffer solution. For each plant individually, the successful infection
was verified by a reverse-transcription polymerase chain reaction (RT-PCR) by using
appropriate primers [23,25].

2.3. TP Content, TF Content, and PAL Enzyme Activity

The assays of TP, TP, and PAL activity were performed as recently reported in
Tsaniklidis et al. [21]. The extraction for both TP and TF was performed by homoge-
nizing frozen leaves with 80% acetone (v/v) in deionized water (3 mL g_1 tissue) with
mortar and pestle. The homogenate was transferred in Eppendorf tubes, placed in a cold
super-sonic bath under darkness (3 min), and then centrifuged (6500 g for 5 min). The su-
pernatant was removed and stored. The extraction process (as stated above) was repeated
three times. The combined extracts were used for both TP and TF analyses after complete
evaporation in an oven (35 °C for 48 h) and re-dissolving in 1.5 mL distilled water.

Leaf TP concentration was estimated using the Folin—-Ciocalteu colorimetric method [26]
with minor modifications, as indicated below. Briefly, 0.2 mL of the diluted extract with
distilled water (1:2) was added into a tube containing 0.2 mL Folin—Ciocalteu reagent
(Sigma-Aldrich, Saint Lewis, MI, USA) and 2.6 mL deionized water. After stirring, the
tube was stored at room temperature (25 °C for 6 min) in darkness. Then, 2 mL Nay,COs3
(7%, w/v) were added to the mixture and the absorbance was measured at 750 nm using a
spectrophotometer (Mapada UV-1800; Shanghai. Mapada Instruments Co., Ltd., Shanghai,
China), after incubation at room temperature (25 °C for 90 min) in darkness. The results
were expressed as gallic acid equivalents on a fresh weight basis.

Leaf TF content was assayed using the aluminum chloride colorimetric method [27].
Rutin was used as a standard to create the calibration curve. One milliliter of leaf extract
was mixed with 0.2 mL of 10% (w/v) AICl3 (Merck, Darmstadt, Germany) solution in water,
0.2 mL 1 M potassium acetate, and 5.6 mL water. The mixture was incubated at room
temperature (25 °C for 45 min), followed by the measurement of absorbance at 415 nm
using a spectrophotometer against a blank.

PAL activity was performed as described in Assis et al. [28]. Crude enzymes were
extracted from 1 g of frozen powdered tissue in 5 mL of 100 mM potassium phosphate
buffer (pH 7.8), containing 0.1 g polyvinylpolypyrrolidone (PVP) and after vigorous vortex.
For PAL enzyme activity, the extract (200 uL) was added to 2 mL of 0.01 M borate buffer
(pH 8.7) and 1 mL of 0.02 M L-phenylalanine (Sigma-Aldrich, Saint Lewis, MI, USA)
dissolved in 0.01 M borate buffer (pH 8.7). Absorbance (290 nm) was measured using a
spectrophotometer at 0, 30, and 60 min following incubation at room temperature (25 °C).
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2.4. RNA Extraction and Real-Time PCR

Total RNAs were extracted from leaf tissue by using the method described in Maliogka
et al. [29]. Briefly, tissue was grounded (1/10, w/v) in a “lysis buffer” (8§ M GuHCl, 25 mM
EDTA, 1% Sarcosyl, 2% Triton X-100, 25 mM sodium citrate, 0.2 M sodium acetate, pH
adjusted to 5.2 with acetic acid). The lysate was incubated (65 °C for 10 min) and then
centrifuged (16,000 g for 10 min). Then, 500 pL of the supernatant were transferred to a
new tube and 625 ul of absolute ethanol was added (to obtain 55.5% final concentration).
Then, the mixture flowed through a silica column (FT-2.0 Filter-Tube Spin-Column System,
G. Kisker GbR, Steinfurt, Germany) by centrifugation (1500 g for 10 min). The column was
washed once with 700 uL “wash buffer 1” (4 M GuHCl, 25 mM Tris—-HCI pH 6.6, and 60%
ethanol) and twice (700 and 400 pL, respectively) with “wash buffer 2” (2 mM Tris-HCl pH
7.0, 20 mM NaCl, and 80% ethanol) by centrifugation (8000 g for 1 min). RNA was finally
recovered in 70 pL of preheated (80 °C) nuclease-free elution buffer (10 mM Tris-HC],
pH 8.0). Afterward, the total RN A was treated with DN Aase I (Thermo Fisher Scientific,
Waltham, MA, USA), and inactivation of DNAse was performed with heating (74 °C).
The absence of genomic DNA was verified with qPCR using primers of the housekeeping
gene UBQ. The UBQ gene was used as a reference, while the negative control for each
treatment was used for calibration and calculations. The gene expression patterns were
validated using the expression of Solanum Lycopersicon Actin gene. cDNA synthesis was
performed with the Superscript Il cDNA synthesis kit (Thermo Fisher Scientific, Waltham,
MA, USA) according to the manufacturer’s instructions. The resulting first-strand cDNA
was normalized for the expression using UBQ primers (Supplementary Table 54). qPCR
experiments were performed with the use of the PowerUp™ SYBR® Green Master Mix
(Thermo Fisher Scientific, Waltham, MA, USA) with a QuantStudio 3 Real-Time PCR
System (Thermo Fisher Scientific, Waltham, MA, USA). The relative quantification of gene
expression was performed as described in Tsaniklidis et al. [21]. For all samples, qPCR
reactions were performed in triplicate.

2.5. Phylogenetic Analysis of 4CL and CHS Proteins

The phylogenetic analysis of the 4CL and CHS proteins was performed using the
online software tools provided by the Laboratory of Information technology and Micro-
electronics of Montpellier (www.phylogeny.fr, accessed on 14 June 2021) [30].

2.6. Statistical Analysis

The experimental design consisted of three separate biological replicates (across all
measurements), which were created after the virus detection at individual plants by ran-
dom pooling of five plants per treatment. Each biological replicate (five bulked plants) was
analyzed three times (nine total replicates), while gPCR was repeated twice (six total repli-
cates). The statistical significance across treatments was inferred employing a parametric
One-Way Analysis of variance (ANOVA) and the ‘ggpubr’ Package as implemented in the R
Studio Version 1.1.463/R 3.6.1. Tests for normality are provided in Supplementary File S1.

3. Results
3.1. TP Content, TF Content, and PAL Enzyme Activity

Cold stress or viral infection (CMV or PVY) stimulated an increase in leaf TP level, TF
content, and PAL enzyme activity (Figure 2). This increase was more prominent in plants
exposed to cold stress, as compared to the virus-infected plants (Figure 2).

Combined biotic (CMV or PVY) and abiotic (cold) stress induced an increase in leaf TP
and TF levels similar to abiotic stress alone (Supplementary File S2). Instead, PAL activity
was not significantly affected by combined biotic and abiotic stress (Supplementary File 52).
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Figure 2. Phenylalanine ammonia-lyase (PAL) enzyme activity (A), total phenolic level (B), and total flavonoid content
(C) of tomato leaves (cv. Elpida) following plant exposure to cold stress (5 °C for 16 h) or inoculation (20 d) with either
cucumber mosaic virus (CMV) or potato virus Y (PVY). Control and cold-stressed plants were mock-inoculated. Significant
differences were determined by one-way ANOVA comparisons (p < 5%). Signif. codes: ns: non-significant; 0.05: *; 0.01: **;
0.001: ***; 0: ****,

3.2. Transcription of the Genes Regulating the General PBP Pathway (PAL, C4H, 4CL)

The core PBP biosynthetic activity is mainly mediated by three enzymes (PAL, C4H,
and 4CL). The transcription of genes encoding for these three enzymes was evaluated.
Upon cold stress or viral infection (CMV or PVY), the genes coding for both PAL and C4H
were generally upregulated (Figure 3). This increase was consistently more prominent
following exposure to cold stress, as compared to viral infection (Figure 3).
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Figure 3. Transcription of the genes encoding for phenylalanine ammonia-lyase (PAL) (A), and cinnamic acid 4-hydroxylase
(C4H1, C4H2) (B and C, respectively) enzymes of tomato leaves (cv. Elpida) following plant exposure to cold stress (5 °C
for 16 h) or inoculation (20 d) with either cucumber mosaic virus (CMV) or potato virus Y (PVY). Significant differences were
determined by one-way ANOVA comparisons (p < 5%). Signif. codes: ns: non-significant; 0.05: *; 0.01: **; 0.001: ***; 0: ****,

Combined biotic (CMV or PVY) and abiotic (cold) stress stimulated C4H gene coding
in a fashion similar to cold stress alone (Supplementary File S2). For PAL genes, instead,
this trend was evident for CMV but not for PVY (Supplementary File S2).

Cold stress or viral infection (CMV or PVY) generally increased the transcription in the
majority of the isoforms encoding for 4CL (Figure 4). In most cases, the noted up-regulation
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was more pronounced following exposure to cold stress, as compared to viral infection
(Figure 4). Nonetheless, distinctive discrepancies were apparent in the transcription of
different isoforms. The response to a stimulus of identical nature (i.e., the two-virus species)
was also occasionally differential.
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Figure 4. Transcription of the genes encoding for 4-coumarate-CoA ligase (4CL) isoenzymes ((A): 4CL1, (B): 4CL2a,
(C): 4CL2b, (D): 4CL2c, (E): 4CL2d, (F): 4CL2e, (G): 4CL5, (H): 4CL6, (I): 4CL7, (J): 4CL9a, (K): 4CL9Db, (L): 4CL9c) of tomato
leaves (cv. Elpida) following plant exposure to cold stress (5 °C for 16 h) or inoculation (20 d) with either cucumber mosaic
virus (CMV) or potato virus Y (PVY). Significant differences were determined by one-way ANOVA comparisons (p < 5%).
Signif. codes: ns: non—significant; 0.05: *; 0.01: **; 0.001: ***; Q: ****,
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Combined biotic (CMV or PVY) and abiotic (cold) stress triggered 4CL gene coding
(Supplementary File S2). In this case, the noted upregulation was generally similar to the
one induced by biotic stress alone (Supplementary File S2).

3.3. Transcription of the Genes Coding for the Enzymes Primarily Regulating Flavonoid Synthesis
(CHS, FLS)

Following the core PBP, flavonoid synthesis is mainly mediated by CHS and FLS
(Figure 1). The transcription of the genes encoding for these two enzymes was assessed.
Cold stress or viral infection (CMV or PVY) largely stimulated the transcription of most
genes encoding for CHS (Figure 5). In contrast to the transcription pattern of the PBP,
the noted up-regulation was more pronounced following viral infection, as compared
to exposure to cold stress (Figure 5). This sizeable shift in upregulation suggests that
flavonoids are critical in virus-induced host responses.
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Figure 5. Transcription of the genes encoding for chalcone synthase (CHS) isoenzymes ((A): CHSI, (B): CHS2, (C): CHSB,
(D): CHSJA, (E): CHSJB of tomato leaves (cv. Elpida) following plant exposure to cold stress (5 °C for 16 h) or inoculation
(20 d) with either cucumber mosaic virus (CMV) or potato virus Y (PVY). Significant differences were determined by one-way
ANOVA comparisons (p < 5%). Signif. codes: ns: non-significant; 0.05: *; 0.01: **; 0.001: ***; 0: ****,

Notably, combined biotic (CMV or PVY) and abiotic (cold) stress increased CHS1 gene
transcription more than the one noted under single biotic stress (Supplementary File S2).

Cold stress or viral infection (CMV or PVY) initiated strong transcription in two (out
of three) genes encoding for FLS (Figure 6). This triggering was more extended following
viral infection (at least in the FLS1 isoform), as compared to cold stress exposure (Figure 6).
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Figure 6. Transcription of the genes encoding for flavonol synthase (FLS) isoenzymes of tomato leaves (cv. Elpida) (A): FLS1,
(B): FLS2, (C): FLS3) following plant exposure to cold stress (5 °C for 16 h) or inoculation (20 d) with either cucumber mosaic
virus (CMV) or potato virus Y (PVY). Significant differences were determined by one-way ANOVA comparisons (p < 5%).
Signif. codes: ns: non-significant; 0.05: *; 0.01: **; 0.001: ***; 0: ****,

Combined biotic (CMV or PVY) and abiotic (cold) stress stimulated FLS1 gene tran-
scription similarly to single biotic stress (Supplementary File S2).

4. Discussion

In agricultural environments, plants cope with multiple stresses, either sequential or
simultaneously, which not only limit growth and productivity but also trigger (metabolic
and transcriptional) reprogramming aiming to achieve homeostasis [31,32]. In plants,
the phenylpropanoid biosynthetic pathway has been suggested to be vital for adaptation
to the ever-changing, often stressful, environments [31]. The primary role of flavonoid
biosynthesis was believed to be the protection against UV light, since such moieties can
readily absorb it with great efficiency [33]. However, recent evidence revealed secondary
flavonoid localization sites (including mesophyll, chloroplasts, vacuoles, and nucleus; [34]),
and in this way rendering them as candidate molecules for protection of specific organelles
against oxidative damage [35]. Notably, flavonoids also exhibit strong antimicrobial activity
against pathogens, including viruses [33,36]. This activity is proposed to be attributed to
either binding to the capsid proteins or direct inhibition of the viral polymerases, thus
obstructing the viral infection [37].

Data of this study indicate that cold stress generally upregulated the transcription of
most genes related to the core PBP, as well as genes participating in the flavonoid biosynthe-
sis (Figures 3-6), which led to a corresponding increase in TP content, TF content, and PAL
enzyme activity (Figure 2). In agreement, a substantial increase in TP and TF levels of Oci-
mum basilicum L. leaves subjected to cold stress (4 °C for 12 h), and a corresponding increase
in PAL enzyme activity and C4H gene expression has been reported [38]. Similarly, cold
stress (10 °C for 24 h) led to the induction of the CHS transcription in maize [39]. Moreover,
low temperature (10 °C for 24 h) greatly induced several genes encoding for 4CL isoen-
zymes that catalyze the conversion of 4-coumaric acid, caffeic acid, and ferulic acid to their
corresponding CoA esters. Hence, it can be deduced that channeling the metabolic flow to-
wards the production of multiple phenylpropanoid metabolites from structural molecules
(e.g., lignin) to metabolites with strong antioxidant activity contributes to the plasticity
of the metabolic pathway in the ever-changing environmental stimuli [12,13,40-42]. In
tomatoes, cold stress (4 °C for 24 h) significantly increased transcription of 4CL genes [43],
while the 4CL2 isoenzyme was recently associated with increased flavonoid production
and antioxidant activity [44]. Recently, cold stress has also been associated with increased
flavonoid accumulation, though a rather weak affinity between the metabolite and gene
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expression was noted. This suggests that important post-translational events influence the
flavonoid biosynthesis, or the produced metabolites can be readily transposed [45]. The
present report is in line with the stimulatory effect of cold stress on the phenylpropanoid
biosynthetic pathway as well as the flavonoid biosynthesis.

Notably, applying combined biotic (CMV or PVY viral infection) and abiotic (cold)
stress revealed a rather complementary effect on metabolite accumulation, PAL activity,
and PBP key gene expression (Supplementary File S2). An exception to this trend was the
PAL transcription, exhibiting a priming-like effect. However, the reduced PAL transcription
of the cold stressed-PVY infected plants did not result in reduced metabolite accumula-
tion, indicating the complexity of the multi-level (transcriptional and post-transcriptional)
regulation of PBP (Supplementary File S2). The observed regulation patterns owing to
combined biotic and abiotic stress were different than those of polyamine biosynthesis and
metabolism, where the regulation of some genes indicated the existence of a priming-like
mechanism [21].

Moreover, our data also underline that viral infection (CMV or PVY) can also generally
upregulate the transcription of most of the genes of the core PBP/flavonoid biosynthesis
routes (Figures 3-6). Influence at a transcriptional level was significantly associated with
a respective increase in TP content, TF levels, and PAL enzyme activity in comparison
to the control (Figure 2). A similar trend of core PBP regulation has recently been noted
in PVY infected potato leaves, while upregulation was associated with increased lignin
synthesis [46]. Similarly, CMV viral infection stimulated the transcription of flavonoid
related genes in Luffa cylindrical L. [47]. In agreement, substantial regulation of PAL gene
expression and of genes associated with flavonoid biosynthesis was induced by Tomato
Mosaic Virus (ToMV) infection in tomato leaves [48]. While in grapevines, Gutha et al. [49]
revealed strong induction of PAL and CHS, as well as a significant increase in the flavonol
accumulation in leaves infected with Grapevine Leafroll-associated Virus-3 (GLRaV-3) and
exhibiting symptoms of grapevine leafroll disease (GLRD). Our study indicates, for the first
time that the genes encoding for the flavonoid and flavonol biosynthesis clade enzymes
(CHS, FLS) were favorably upregulated compared to genes/isoforms encoding for the core
PBP enzymes (PAL, C4H, 4CL). These findings imply a possible role of flavonoids in the
physiological responses against viral pathogens. Similar conclusions were recorded by Sade
et al. [50] where an upregulation in the transcription of CHS and FLS genes was associated
with a higher tolerance against the Tomato Yellow Leaf Curl Virus (TYLCV) viral infection

It was also evident that the effect of cold stress (abiotic) and viral infection (biotic)
stresses on the regulation of different PBP clades fluctuates greatly. The former stressor
mostly upregulated the transcription of the core PBP (especially for PAL, C4H, and 4CL2
multi gene family), whereas the latter increased the transcription of flavonoid biosynthesis
(CHS and FLS genes) (Figures 3-6). In agreement, viral infections are reported to produce
a less profound imprint on the cellular metabolism as compared to cold stress [19,51].
We postulate that the recorded differences in the TP and TF accumulation, owing to the
stimulation of the core PBP (indicated by the increased transcription of PAL, C4H, and
several 4CL genes along with the increased PAL enzyme activity), results in an increased
flow towards the production of antioxidant and protective metabolites such as flavonoids,
even with a more constrained stimulation of the gene transcription of the flavonoid as-
sociated genes. The differential physiological reaction between cold stress (abiotic) and
viral infection (biotic) stresses is rather analogous to the effects of the chronic (and milder)
versus acute stresses (reviewed by Niinemets [52]). While chronic stress results in more
constrained effects on the plant metabolism and precise responses, acute stress causes a
rapid and more severe response.

The cold stress-induced transcriptional stimulation of several genes involved in
flavonoid biosynthesis and flavonol (CHS1, CHS2b, CHS]Ja, and FLS2) (Figures 5 and 6) in
combination with a more substantial increase in TF content as compared to viral infection
suggesting that multiple parameters are involved in the respective regulation. These pa-
rameters can be (1) the duration of the stress, (2) the core PBP mobilization level (thus
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increased substrate availability for flavonoid biosynthesis), (3) the differential response of
the genes encoding for various flavonoid biosynthesis isoenzymes, and (4) the regulation by
post-translational modification of various key enzymes, that may act synergistically under
unfavorable conditions for the timing and the magnitude of the stimulation of flavonoid
biosynthesis.

5. Conclusions

In conclusion, we postulate that both cold stress and viral infection (CMV or PVY)
activate the PBP, though they induce a differential effect on the regulation of the different
clades/isoforms. The former upregulates mostly genes involved in core PBP (PAL, C4H,
4CL), and led to increased TP and TF contents. The latter mostly affected the transcription
of genes encoding for flavonoid biosynthesis enzymes (CHS, FLS), underlining their dual
role as both antioxidants and anti-viral agents. Considering these differential responses
our data provide novel insights into tomato stress tolerance which is highly important for
providing the context for future breeding programs.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/horticulturae7110448 /s1, Table S1. Above ground biomass. Table S2. Stem length. Table S3.
Chlorophyll content. Table S4. Specific primers sequences of genes used for qPCR. File S1. Tests for
normality. File S2. Total phenolic content, total flavonoid content, phenylalanine ammonia-lyase
(PAL) activity, and expression levels of genes coding for enzymes participating in the phenyl-
propanoid biosynthetic pathway of tomato leaves (cv. Elpida) following plant exposure to cold stress
(5 °C for 16 h; abiotic stress), inoculation (20 d) with either cucumber mosaic virus (CMV) or potato virus
Y (PVY) (biotic stress), as well as inoculation with either CMV or PVY and then exposure to cold stress
(combined biotic and abiotic stress). Significant differences were determined by one-way ANOVA
comparisons (p < 5%). Bars represent means (=SEM) of three biological replications. Figure S1.
Phylogenetic analysis of tomato 4-coumarate-CoA ligase (4CL) proteins using the online tools of
phylogeny.fr. Figure S2. Phylogenetic analysis of tomato chalcone synthase (CHS) proteins using the
online tools of phylogeny.fr. Figure S3. Time-bar with the treatments of this experiment.
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CHS chalcone synthase

CMV cucumber mosaic virus

C4H cinnamic acid 4-hydroxylase
FLS flavonol synthase

GLRaV-3  grapevine leafroll-associated virus 3
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GLRD  grapevine leafroll disease

PAL phenylalanine ammonia-lyase

PBP phenylpropanoid biosynthetic pathway

pPvy potato virus Y

ROS reactive oxygen species

RT-PCR  reverse-transcription polymerase chain reaction
TF total flavonoid

ToMV tomato mosaic virus

TP total phenolic

TSWV  tomato spotted wilt virus
TYLCV  tomato yellow leaf curl virus

4CL 4-coumarate-CoA ligase
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