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A B S T R A C T   

Secondary metabolites play a pivotal role in defense mechanisms, especially in plant-environment interactions. 
However, there are still difficulties in ascertaining the metabolic effect of their production due to individual and/ 
or combined stress, given the variety of simultaneous and interconnected effects of multiple stresses to metabolic 
processes in plants. Here, two pomegranate cultivars (Wonderful and Parfianka) were subjected to moderate 
levels of salt (i.e., 100 mM NaCl for 35 consecutive days) and sequentially exposed to a realistic O3 concentration 
(i.e., 100 ppb for 5 h) to evaluate how NaCl treatment and/or O3 fumigation alter the leaf polyphenolic 
composition, and what is the role of metabolites and enzymes involved in the phenylpropanoid pathway during 
sequential abiotic stresses. Wonderful leaves responded to NaCl or O3 treatments through the production/ 
accumulation of cinnamic acid derivatives (more than 3-fold higher than controls) and by exhibiting chemical 
composition plasticity against oxidative stress. The unchanged concentrations of benzoic acid derivatives indi-
cate that treated Wonderful leaves could diversify the components of polyphenolic compounds and induce the 
biosynthesis of the components available (e.g., ellagitannins and punicalagin). During sequential abiotic stresses, 
Wonderful leaves needed few cellular adjustments to maintain oxidative stress under control (especially during 
the recovery time). On the other hand, Parfianka leaves had phenolics/polyphenolics amount (at constitutive 
level) suitable to face out the environmental changes (occurring singly or sequentially) so that no rearrangement 
of metabolites and enzymes involved in the phenylpropanoid pathway was required. Consequently, it is possible 
to conclude that Parfianka is more salt- and O3-tolerant than Wonderful.   

1. Introduction 

Due to their sessile entities, plants have evolved various mechanisms 
at different levels for accommodating changes arising in their fluctu-
ating growth conditions to cope with adverse environments (Chen et al., 
2022). In particular, plants make use of constitutive and induced defense 
systems by orchestrating the production/consumption of antioxidants 
and phytohormones to regulate their basal metabolism, avoid or tolerate 
stress effects, and ensure survival (Isah, 2019). Secondary metabolites 
play a pivotal role in defense mechanisms, especially in 
plant-environment interactions (Srivastava et al., 2021). However, there 
are still difficulties in ascertaining the metabolic effects of their pro-
duction under individual and/or combined stress, given the variety of 
simultaneous and interconnected effects of multiple stresses to meta-
bolic processes in plants (Selmar and Kleinwächter, 2013). Plant 

responses to single-stress factors are already subject to complex regu-
latory mechanisms, which can be highly influenced and further intri-
cated by environmental conditions and additional stress factors 
commonly co-occurring in the field (Sukuzi et al., 2014). How plants 
regulate and prioritize their adaptive response when subjected to mul-
tiple stresses is largely unknown. Evidence suggests that under com-
bined stresses plants exhibit tailored physiological, biochemical and 
molecular responses, in addition to several cross responses as part of 
their stress tolerance strategy (Ramegowda and Senthil-Kumar, 2015). 

Among the major abiotic stress factors, salinity may be considered a 
multi-component stress due to the involvement of several metabolic 
pathways and cellular adaptation (Cabot et al., 2014). Salinity usually 
occurs simultaneously with other stresses, including ozone (O3) insult, 
which represents the major air pollutant in the Mediterranean basin, 
negatively affecting many biological activities in living organisms 

* Corresponding author at: Department of Agriculture, Food and Environment, University of Pisa, Via del Borghetto 80, I-56124 Pisa, Italy. 
E-mail address: cristina.nali@unipi.it (C. Nali).  

Contents lists available at ScienceDirect 

Environmental and Experimental Botany 

journal homepage: www.elsevier.com/locate/envexpbot 

https://doi.org/10.1016/j.envexpbot.2023.105249 
Received 2 August 2022; Received in revised form 14 January 2023; Accepted 31 January 2023   

mailto:cristina.nali@unipi.it
www.sciencedirect.com/science/journal/00988472
https://www.elsevier.com/locate/envexpbot
https://doi.org/10.1016/j.envexpbot.2023.105249
https://doi.org/10.1016/j.envexpbot.2023.105249
https://doi.org/10.1016/j.envexpbot.2023.105249


Environmental and Experimental Botany 208 (2023) 105249

2

(Sillmann et al., 2021). Plants can respond to salinity or long- and 
short-term O3 exposure by synthesizing and/or accumulating different 
classes/components of secondary metabolites, which are more species 
specific than primary metabolites and are associated with plant pro-
tection due to their multiple functions [e.g., reactive oxygen species 
(ROS) scavengers, structural polymers (i.e., lignin; Richet et al., 2012), 
attractants and UV screeners (i.e., flavonoids), signalling (i.e., salicylic 
acid), and defense response (e.g., phytoalexins); Assaf et al. (2022)]. 
Recent experimental works studied the association of phenolic com-
pounds and antioxidant activity in plants subjected to salt or O3 stress, 
reporting that elevated levels of polyphenolics, flavonoids and/or an-
thocyanins could be involved in stress tolerance (Ashraf and Ali, 2010; 
Jolivet et al., 2016; Abdel-Farid et al., 2020; Sarri et al., 2021). These 
compounds were also proposed as stress sensors (Assaf et al., 2022). 
Some studies also focused on the combined effects of salinity and O3, 
where stressors were supplied simultaneously and for a long time (Guidi 
et al., 2017; Natali et al., 2018). However, there is little available in-
formation on how salinity and O3 (applied singularly, simultaneously or 
sequentially) influence polyphenolic composition at quanti-qualitative 
level. Plant species can respond to the environmental stimuli through 
diversifying the components and inducing the biosynthesis of the com-
ponents available (Kulak et al., 2020). Their success depends not only 
upon the enormous numbers of different metabolites synthesized by 
different taxa, but also on the multifunctionality of each “specialized 
metabolite” depending on the type and the intensity of environmental 
inputs, cultivar/provenance and the plant developmental stage 
(Cotrozzi et al., 2018; Calzone et al., 2021a, 2021b). Consequently, 
analysis of cellular and metabolic rearrangements provides com-
plementing evidence to describe the role(s) of secondary metabolites in 
the adaptation/acclimation of plants to harsh environmental conditions, 
such as the complex interactions between salinity and O3. 

A plant species that has shown a good tolerance to abiotic stresses is 
Punica granatum L. (pomegranate, Punicaceae family). Native to the 
Middle East and Mediterranean areas, and now naturalized in many 
other regions worldwide, it is still evaluated as a minor crop, but the 
demand in pomegranate fruits is rapidly increasing, especially because 
of their large content of bioactive compounds, most of which are phe-
nylpropanoids. Similarly to other plants (e.g., wheat, rice, bean, maize; 
Feng et al., 2016; Fatima et al., 2019: Farroq et al., 2021), the degree of 
salt- and O3-tolerance in pomegranate is a cultivar-dependent feature. 
Indeed, in previous papers focused on the physiological, biochemical 
and molecular responses of the widely grown cultivars Wonderful and 
Parfianka to salinity and O3 (applied singularly), we reported a differ-
ential salt and O3 tolerance, this being moderate for Wonderful and 
elevated for Parfianka (Calzone et al., 2020a, 2021a; b). Thus, there are 
still many open questions about whether and how the antioxidant 
strategy adopted by pomegranate cultivars under salinity may affect 
their potential capability to avoid O3 stress and/or tolerate O3-induced 
effects (e.g., by altering polyphenolic composition at quanti-qualitative 
level). 

The aim of the present study was to characterize the role of metab-
olites and enzymes involved in the phenylpropanoid pathway in 
Wonderful and Parfianka plants subjected to moderate levels of salt (i.e., 
100 mM NaCl for 35 consecutive days) and sequentially exposed to 
realistic O3 concentrations (i.e., 100 ppb for 5 h). Specifically, we hy-
pothesized the following questions: (i) How much NaCl treatment and/ 
or O3 fumigation alter polyphenolic composition of Wonderful and 
Parfianka leaves?, and (ii) Are metabolic responses markedly stress- and 
cultivar-specific? We postulated that differences in cellular and meta-
bolic rearrangement of phenylpropanoids and stress-tolerance between 
cultivars could occur under singular and sequential stress conditions. 

2. Materials and methods 

2.1. Plant material and experimental design 

On April 2019, three-year-old pomegranate plants of commercial 
cultivars Wonderful and Parfianka were selected for uniformity of height 
(ca. 1 m), transplanted into 5-L plastic pots containing sandy soil, and 
maintained well-watered under standard agronomic conditions. After 
one month (i.e., May 2019) and one week of gradual salt acclimation 
(Calzone et al., 2020a), 48 plants per cultivar were subjected to two 
salinity treatments for 35 days by daily applications of 200 mL of 0 (EC 
= 0.05 mS/cm; controls) and 100 mM NaCl solutions (EC = 8.36 
mS/cm). At the end of the NaCl treatment, plants were maintained 
well-watered with deionized water, and transferred into four green-
house fumigation chambers and exposed to O3 (100 ppb for 5 h from 
10:00–15:00) or ventilated charcoal-filtered air (<5 ppb of O3; two 
chambers per O3 treatment). The O3 exposure was performed with a 
Fisher 500 air-cooled O3 generator (Fisher America Inc., Houston, TX, 
USA), according to Cotrozzi et al. (2018), and all plants were kept under 
charcoal-filtered air under after the O3 exposure. 

At 5 and 24 h from the end of NaCl treatment (i.e., re-watering 
period) or from the beginning of O3 exposure (FBE; i.e., at the end of 
O3 exposure and at recovery, respectively), two leaf samples (each from 
younger and older mature leaves) were collected per three plants per 
cultivar/salt/O3 treatment combination, instantly frozen in liquid ni-
trogen, and stored at − 80 ◦C until biochemical analyses. 

2.2. Determination of phenylpropanoid contents 

Products of phenylpropanoid pathway were assessed according to 
Jakopic et al. (2011), with minor modifications. Leaf raw material (30 
mg fresh weight) was homogenized in 500 μL of 100% methanol and 
incubated in a water bath for 30 min at room temperature. After 
centrifugation (12,000 g for 10 min at room temperature), the super-
natant was filtered through 0.2 µm filters Minisart® SRT 15. High Per-
formance Liquid Chromatography (HPLC; P680 Pump, UVD 170 U 
UV–VIS detector, Dionex, Sunnyvale, CA, USA) separation was per-
formed with a reverse-phase Acclaim 120 C18 column (5 µm particle 
size, 4.6 mm internal diameter × 150 mm length) mounted in a Dionex 
TCC-100 column oven (Thermo Scientific, Waltham, MA, USA) at 30 ◦C. 
Setting the flow rate at 1 mL min-1, phenylpropanoids were eluted as 
follows: 100% solvent A [water/methanol/acetic acid, 75:20:5 (v/v/v)] 
for 1 min, a 30 min linear gradient to 100% solvent B (water/-
methanol/acetic acid, 50:45:5 (v/v/v)], a 5 min linear gradient to 100% 
solvent A, and finally 5 min 100% solvent A. Phenylpropanoid com-
pounds were detected at 254, 280 and 348 nm. Compound concentra-
tions were quantified using equations developed linearly relating peak 
areas with known amounts of pure standards injected into the HPLC 
system. Chromatographic data were processed and recorded by Chro-
meleon Chromatography Management System software, version 
6.60–2004 (Thermo Scientific). Phenylpropanoid metabolites are also 
grouped on the basis of their chemical structures and presented as cin-
namic acid derivatives (total amount of caffeic, ferulic and 
trans-cinnamic acids), benzoic acid derivatives (total amount of gallic 
and ellagic acids), and ellagitannins [total amount of punicalin (α + β) 
and punicalagin (α + β)]. 

2.3. Determination of enzymes involved in the phenylpropanoid 
metabolism 

The activity of shikimate dehydrogenase (SKDH; EC 1.1.1.25) was 
determined according to Diaz et al. (1994), with minor modifications. 
Leaf raw material (50 mg fresh weight) was extracted with 1 mL po-
tassium phosphate buffer (0.1 M; pH 7.4) containing dithiotreitol (DTT; 
0.5 mM), L-cysteine (2 mM), EDTA (2 mM) and 2-mercaptoethanol (8 
mM). After centrifugation (19,000 g for 20 min at 4 ◦C), the supernatant 
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was directly used in the enzyme assays. The reaction mixture containing 
50 μL of enzymatic extract, 100 μL of shikimic acid (40 mM) and 100 μL 
of NADP+ (20 mM) in 750 μL of Tris-HCl (0.1 M; pH 9) was incubated at 
25 ◦C. The reduction of NADP (due to the oxidation of shikimic acid to 
dehydroshikimic acid) was followed at 340 nm for 5 min by using a 
spectrophotometer (UV-1900, Shimadzu, Kyoto, Japan). 

The activity of phenylalanine ammonia-lyase (PAL; EC 4.3.1.5) was 
determined in terms of trans-cinnamic acid production according to 
Mitchell et al. (1994), with minor modifications. Leaf raw material (50 
mg fresh weight) was extracted with 1 mL of potassium phosphate buffer 
(0.1 M; pH 8) containing EDTA (2 mM), 2-mercaptoethanol (1.4 mM) 
and 1% PVPP (w/v). Particulate material was removed by centrifugation 
(19,000 g for 8 min at 4 ◦C), and the supernatants were used directly in 
the enzyme assays. The reaction mixture containing 100 μL of enzymatic 

extract, 900 μL of L-phenylalanine (100 mM in Tris-HCl 100 mM, pH 8) 
was incubated at 37 ◦C. After 2 h, 50 μL of HCl (6 N) were added to stop 
the reaction. Absorbance of the final product was measured at 290 nm 
with the same spectrophotometer reported above. The activity of PAL 
was determined using the molar extinction coefficient for 
trans-cinnamic acid (9.63 mM-1 cm-1). 

The activity of cinnamyl alcohol dehydrogenase (CAD; 1.1.1.195) 
was determined according to Mitchell et al. (1994), with minor modi-
fications. Leaf raw material (50 mg fresh weight) was extracted with 1 
mL of monobasic sodium phosphate buffer (0.1 M; pH 7.3) containing 
DTT (100 mM) and 2-mercaptoethanol (40 mM). Particulate material 
was removed by centrifugation (19,000 g for 8 min at 4 ◦C), and the 
supernatants were used directly in the enzyme assays. The reaction 
mixture containing 100 μL of enzymatic extract, 400 μL of coniferyl 

Fig. 1. Box and whiskers representation of the content of ellagitannins (A, B), cinnamic acid derivatives (C, D) and benzoic acid derivatives (E, F) in Wonderful and 
Parfianka leaves subjected to salt treatment (NaCl, 100 mM for 35 consecutive days) and ozone fumigation (O3, 100 ppb for 5 h) applied alone or sequentially (NaCl 
+ O3). Measurements were carried out at 5 and 24 h (white and grey coloured bars, respectively) after the re-watering and/or from the beginning of O3 exposure. For 
each boxplot, median, 25th-75th percentiles (boxes), non-outlier minimum and maximum (whiskers) are reported. Different letters indicate significant differences 
among experimental groups (P ≤ 0.05, Tukey’s post-hoc test, N = 6). Abbreviation: FW, fresh weight. 
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alcohol (0.5 mM) and 50 μL of NADP+ was incubated at 30 ◦C. The 
formation of coniferaldehyde was monitored at 400 nm for 30 min at 
30 ◦C by using the same spectrophotometer reported above. 

Protein concentrations were determined with the same spectropho-
tometer reported above using bovine serum albumin as standard 
(Bradford, 1976). 

2.4. Statistical analysis 

Data distribution was preliminary tested by the Shapiro-Wilk test. 
The effects of cultivar, NaCl, O3, time and their interactions on leaf 
parameters were mostly investigated by using a four-way analysis of 
variance (ANOVA). However, as the values of all tested enzymes, cate-
chins and ferulic acid were not normally distributed, a Kruskall-Wallis 
test was used to determine significant differences of these parameters 
among experimental groups. The Tukey’s honestly significant difference 
(HSD) and Dunn’s multiple comparison post-hoc tests were used for 
normally and not normally distributed parameters, respectively. Statis-
tically significant effects were considered for P ≤ 0.05. Statistical ana-
lyses were run in JMP 13.2.0 (SAS Institute Inc., Cary, NC, USA). 

3. Results 

3.1. Phenylpropanoid profiles 

Ten phenolic compounds were identified in P. granatum leaves: five 
of these compounds were simple phenolic acids (i.e., non-flavonoid 
phenolic compounds), which can be further divided into two main 
types, cinnamic and benzoic acid derivatives. Specifically, three 
hydroxycinnamic acids (caffeic, ferulic and trans-cinnamic acids), and 
two hydroxybenzoic acids (ellagic and gallic acids) were identified. The 
five remaining compounds belonged to flavones (apigenin), flavonols 
(quercetin), flavanols (catechins) and ellagitannins (punicalin α + β and 
punicalagin α + β). A significant “cultivar × NaCl × O3 × time” inter-
action was reported for caffeic, trans-cinnamic and gallic acids, and 
punicalagin, as well as for the fractions of cinnamic and benzoic acid 
derivatives, and ellagitannins. Kruskall-Wallis test also showed signifi-
cant differences for PAL and CAD activities (P ≤ 0.01), but Dunn’s 
multiple comparison test showed significant difference among means 
only in terms of CAD activity (Table 2). 

Significant differences were observed in the phenylpropanoid pro-
files between controls of the two cultivars at the beginning of the 
experiment. Specifically, Parfianka leaves exhibited higher concentra-
tions than Wonderful ones, especially in terms of ellagitannins (2-fold;  
Fig. 1A-B) and ferulic, gallic and ellagic acids (more than 2-fold, Tables 1 
and 2). In both untreated cultivars, highest concentrations were detec-
ted for gallic acid, which reached around 70% of the total amount of 
phenolic acids. No visible symptoms due to NaCl treatment and/or O3 
exposure were observed throughout the whole experiment. 

3.2. Effects of NaCl treatment 

In Wonderful leaves, NaCl treatment induced a marked accumulation 
of ellagitannins after 24 h of re-watering (2-fold higher than untreated 
ones) and a concomitant increase of punicalagin levels (about 2-fold 
higher; Tables 1 and 2). No significant differences were observed after 
5 h of re-watering (Fig. 1 A). A production of cinnamic acid derivatives 
was observed at the end of NaCl treatment, reaching a maximum after 
5 h of re-watering (Fig. 1 C). A concomitant rise of trans-cinnamic acid 
was observed (Table 2). No significant differences were reported after 
the end of NaCl treatment in terms of benzoic acid derivatives (Fig. 1E). 
PAL and SKDH activities revealed no significant differences between 
salt-treated and untreated plants after the end of NaCl treatment 
(independently of sampling times; Fig. 2A and Table S1). Conversely, 
the activity of CAD slightly decreased after 5 h of re-watering (− 45%) 
and strongly increased at 24 h after the end of NaCl treatment (about 2- 
fold higher; Fig. 2 C). 

In Parfianka leaves, NaCl treatment did not alter the content of 
ellagitannin and cinnamic acid derivatives (Fig. 1B-D). A decrease of 
benzoic acid derivatives level was observed after 5 h of re-watering 
(− 25% compared to untreated ones; Fig. 1 F), even if no significant 
differences were observed in terms of individual benzoic acids (i.e., 
gallic and ellagic acids; Tables 1 and 2). A production of punicalagin was 
reported at 5 h (+14%; Tables 1 and 2). PAL and SKDH activities 
revealed no significant differences between salt-treated and untreated 
plants throughout the whole experiment (Fig. 2B and Table S1). 
Conversely, the activity of CAD significantly increased at 5 h (+65%; 
Fig. 2D). 

Although the interaction “cultivar × NaCl × O3 × time” was not 
significant for punicalin and ellagic acid, statistical differences were 
observed for the interactions “cultivar × NaCl × O3” [Parfianka leaves 
responded to both treatments by reducing the content of punicalin 
(− 15% compared with controls), whereas no significant differences 
were observed in Wonderful] and “NaCl × O3” [NaCl treatment stimu-
lated the synthesis of ellagic acid (+79%)] (Table S1). 

Table 1 
Content of punicalagin and of caffeic, trans-cinnamic and gallic acids (μg g-1 

fresh weight) in Wonderful and Parfianka control leaves or subjected to salt 
(NaCl, 100 mM for 35 consecutive days) treatment and ozone (O3, 100 ppb for 5 
h) applied alone or sequentially (NaCl + O3). Measurements were carried out at 
5 and 24 h after the re-watering and/or from the beginning of O3 exposure. All 
data are reported as mean ± standard deviation (N = 6). Different letters indi-
cate significant differences among treatments according to Tukey’s post-hoc test 
(P ≤ 0.05).   

Punicalagin Caffeic acid Trans- 
cinnamic acid 

Gallic acid 

Wonderful 
5 h 

Control 0.077 ±
0.024a 

0.135 ±
0.090ab 

0549 ± 0314a 2.516 ±
1.400ab 

NaCl 0.134 ±
0.034b-e 

0.279 ±
0.050a-d 

0794 ±
0294a-d 

3.760 ±
2.544ab 

O3 0.180 ±
0.024d-g 

0.142 ±
0.013ab 

1070 ±
0382b-e 

4.345 ±
0.044bc 

NaCl +
O3 

0.234 ±
0.045fg 

0.253 ±
0.055b-d 

1254 ±
0197de 

6.981 ±
2.006c 

24 h 
Control 0.062 ±

0.029ab 
0.100 ±
0.015a 

0636 ±
0269ab 

3.679 ±
1.700ab 

NaCl 0.151 ±
0.027c-e 

0.825 ±
0.122d 

1279 ± 0159c- 
e 

4.431 ±
0.431bc 

O3 0.154 ±
0.019c-e 

0.209 ±
0.072b-d 

1399 ± 0232e 3.717 ±
1.850bc 

NaCl +
O3 

0.134 ±
0.018c-d 

0.194 ±
0.088a-d 

1026 ±
0187a-e 

3.998 ±
1.312bc 

Parfianka 
5 h 

Control 0.168 ±
0.010c-f 

0.205 ±
0.043a-d 

1061 ±
0117a-e 

5.266 ±
0.758bc 

NaCl 0.246 ±
0.044g 

0.172 ±
0.053a-d 

0893 ±
0235a-e 

3.498 ±
1.803a-c 

O3 0.175 ±
0.033c-f 

0.276 ±
0.057cd 

1210 ± 0291c- 
e 

4.869 ±
0.641bc 

NaCl +
O3 

0.195 ±
0.032e-g 

0.181 ±
0.048a-d 

0825 ±
0100a-d 

2.256 ±
2.457a 

24 h 
Control 0.111 ±

0.052a-c 
0.165 ±
0.097a-d 

0733 ±
0356a-c 

5.871 ±
0.335a-c 

NaCl 0.164 ±
0.055c-f 

0.140 ±
0.057a-d 

0713 ±
0230a-c 

3.503 ±
1.284a-c 

O3 0.126 ±
0.025b-d 

0.164 ±
0.040a-d 

1039 ±
0217b-e 

4.562 ±
0.843bc 

NaCl +
O3 

0.135 ±
0.037b-e 

0.155 ±
0.086a-c 

1103 ±
0294b-e 

3.931 ±
1.252a-c  
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3.3. Effects of ozone fumigation 

In Wonderful leaves, O3 fumigation induced a marked accumulation 

of ellagitannins at 5 and 24 h FBE (2-fold higher than untreated ones; 
Fig. 1 A), and a concomitant increase of punicalagin levels was observed 
(about 2-fold higher; Tables 1 and 2). A production of cinnamic acid 

Table 2 
Content of punicalin, ferulic acid, ellagic acid, catechins, quercitin and apigenin (μg g-1 fresh weight, FW) in Wonderful and Parfianka leaves subjected to salt (NaCl, 
100 mM for 35 consecutive days) treatment and ozone (O3, 100 ppb for 5 h) applied alone or sequentially (NaCl + O3). Measurements were carried out at 5 and 24 h 
after the re-watering and/or from the beginning of O3 exposure. All data are reported as mean ± standard deviation (N = 6).   

Punicalin Ferulic acid Ellagic acid Catechins Quercitin Apigenin 

Wonderful 
5 h 

Ctrl 0.011 ± 0.002 0.199 ± 0.160 0.404 ± 0.450 0.236 ± 0.182 0.136 ± 0.088 0.143 ± 0.089 
NaCl 0.023 ± 0.001 0.973 ± 0.949 1.170 ± 1.082 0.378 ± 0.257 0.241 ± 0.074 0.227 ± 0.072 
O3 0.022 ± 0.003 0.611 ± 0.136 1.070 ± 0.143 0.396 ± 0.046 0.193 ± 0.126 0.248 ± 0.015 
NaCl + O3 0.030 ± 0.016 0.654 ± 0.220 1.044 ± 0.246 0.373 ± 0.103 0.290 ± 0.051 0.126 ± 0.085 

24 h 
Ctrl 0.028 ± 0.009 0.219 ± 0.040 0.636 ± 0.269 0.173 ± 0.101 0.115 ± 0.039 0.202 ± 0.079 
NaCl 0.034 ± 0.010 0.783 ± 0.270 1.279 ± 0.159 0.457 ± 0.127 0.248 ± 0.108 0.224 ± 0.118 
O3 0.035 ± 0.017 0.726 ± 0.297 1.399 ± 0.232 0.363 ± 0.093 0.247 ± 0.034 0.268 ± 0.076 
NaCl + O3 0.027 ± 0.006 0.537 ± 0.159 0.888 ± 0.333 0.366 ± 0.076 0.248 ± 0.049 0.239 ± 0.042 

Parfianka 
5 h 

Ctrl 0.045 ± 0.022 0.825 ± 0.315 1.521 ± 0.244 0.498 ± 0.122 2.091 ± 0.475 6.788 ± 1.001 
NaCl 0.031 ± 0.020 0.940 ± 0.437 1.584 ± 0.605 0.342 ± 0.145 2.778 ± 0.771 6.401 ± 0.974 
O3 0.025 ± 0.009 1.292 ± 0.423 1.532 ± 0.334 0.358 ± 0.078 2.006 ± 0.725 5.082 ± 2.408 
NaCl + O3 0.024 ± 0.008 0.862 ± 0.146 1.319 ± 0.337 0.312 ± 0.108 1.868 ± 0.294 3.575 ± 2.794 

24 h 
Ctrl 0.030 ± 0.014 0.838 ± 0.151 0.870 ± 0.463 0.410 ± 0.270 1.736 ± 0.604 6.741 ± 0.798 
NaCl 0.041 ± 0.017 0.712 ± 0.168 1.681 ± 0.082 0.160 ± 0.148 1.623 ± 0.561 5.647 ± 1.061 
O3 0.034 ± 0.011 0.419 ± 0.305 1.085 ± 0.218 0.337 ± 0.100 1.565 ± 0.455 5.183 ± 1.366 
NaCl + O3 0.031 ± 0.007 0.628 ± 0.261 1.169 ± 0.351 0.380 ± 0.110 1.886 ± 0.641 5.100 ± 1.603  

Fig. 2. Box and whiskers representation of the activity of phenylalanine ammonia-lyase (PAL; A, B) and cinnamyl alcohol dehydrogenase (CAD; C, D) in Wonderful 
(left) and Parfianka (right) control leaves or subjected to salt treatment (NaCl, 100 mM for 35 consecutive days) and ozone fumigation (O3, 100 ppb for 5 h) applied 
alone or sequentially (NaCl + O3). Measurements were carried out at 5 and 24 h (white and grey coloured bars, respectively) after the re-watering and/or from the 
beginning of O3 exposure. For each boxplot, median, 25th-75th percentiles (boxes), non-outlier minimum and maximum (whiskers) are reported. Different letters 
indicate significant differences among experimental groups (P ≤ 0.05, Dunn’s multiple comparison post-hoc test, N = 6). 
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derivatives (trans-cinnamic and ferulic acids; Tables 1 and 2) was 
recorded throughout the whole experiment (Fig. 1 C). No significant 
differences were observed in terms of benzoic acid derivatives (Fig. 1E) 
and individual benzoic acids (i.e., gallic and ellagic acids; Table 2). 
SKDH activity revealed no significant differences between O3-treated 
and untreated plants throughout the whole experiment (Fig. 3). 
Conversely, the activities of PAL and CAD markedly increased at 5 and 
24 h (9-fold higher and +20%, respectively; Fig. 2A-C). 

In Parfianka leaves, O3 fumigation did not alter the metabolites/ 
enzymes involved in the phenylpropanoid pathway (Figs. 1 and 2, Ta-
bles 1 and 2). 

Although the interaction “cultivar × NaCl × O3 × time” was not 
significant for apigenin and no significant differences were reported for 
catechins and SKDH activity, some differences were observed if “time” 
was not considered: Wonderful and Parfianka leaves responded to 
treatments by increasing (3-fold higher) and reducing the content of 
catechin (− 45% compared with controls), respectively, O3 fumigation 
stimulated the synthesis of apigenin (+31%) and Parfianka leaves 
response to O3 treatment by increasing the activity of SKDH (about 2- 
fold higher; Fig. 3). 

3.4. Effects of NaCl and ozone sequential treatment 

In Wonderful leaves, double-stress treatments induced a marked 
accumulation of ellagitannins over time (more than 2-fold higher than 
untreated ones; Fig. 1A), as wells as a concomitant increase of punica-
lagin levels (about 2-fold higher; Table 2). A production of cinnamic acid 
derivatives was recorded at 5 h (about 2-fold higher; Fig. 1C). A 
concomitant rise of trans-cinnamic acid was observed (more that 2-fold 
higher; Table 2). No significant differences were observed in terms of 
ellagitannins and cinnamic acid derivatives in Wonderful leaves during 
the recovery time. An increase of gallic acid level was observed at 5 h 
FBE (about 2-fold higher; Table 2), even if no significant differences 
were observed in terms of benzoic acid derivatives (Fig. 1E). PAL and 
SKDH activities revealed no significant differences between NaCl + O3- 
treated and untreated plants (controls) at 5 and 24 h FBE (Fig. 2A and 
S2). Conversely, the activity of CAD significantly decreased at 5 h 
(− 48%; Fig. 2C). 

In Parfianka leaves, no differences were observed under sequential 
stress in terms of ellagitannins and cinnamic acid derivatives. A signif-
icant reduction of benzoic acid derivatives and gallic acid levels was 
documented at 5 h (− 60 and − 57%; Fig. 1F and Table 2). 

Although the interaction “cultivar × NaCl × O3 × time” was not 
significant for punicalin, and quercetin, statistical differences were 

observed for the interaction “cultivar × NaCl × O3” [Parfianka leaves 
responded to treatments by reducing the content of punicalin (− 33% 
compared with controls, independently to the sampling time)] and 
“NaCl × O3” [both treatments stimulated the synthesis of quercetin 
(+34%), regardless of cultivar] (Table S1). 

4. Discussion 

It is known that the degree of cellular oxidative damage in plants 
subjected to stressful conditions is regulated by their ability to produce 
antioxidant agents. Therefore, stress tolerance seems to be favoured by 
the increase in plant antioxidant levels to detoxify the ROS produced 
under these conditions (Noctor and Foyer, 1998). However, there is little 
available information about whether single or multiple stresses influ-
ence polyphenolic composition at quanti-qualitative level. 

4.1. NaCl treatment 

The effect of NaCl treatment on leaf concentrations of measured 
secondary metabolites varied between cultivars. Wonderful leaves 
coped with NaCl through the production/accumulation of cinnamic acid 
derivatives and by exhibiting chemical composition plasticity against 
salinity (Sarri et al., 2021). Conversely, the unchanged concentrations of 
benzoic acid derivatives indicate that salt-treated Wonderful leaves 
could diversify the components of polyphenolic compounds and induce 
the biosynthesis of the available components (Kulak et al., 2020). Gallic 
acid (the major component of pomegranate leaves) together with ellagic 
acid is a substituent of polyphenolic biomolecules (called hydrolysable 
tannins; Šamec et al., 2021). These compounds are hydrolysed by weak 
acids and can be divided into gallotannins (which provide sugar and 
gallic acid), and ellagitannins (which yield ellagic acid after hydrolysis). 
The observed increase of individual polyphenolics (e.g., punicalagin), 
and the concomitant changes in ellagitannins content suggest that these 
metabolites may enhance antioxidant activities in salt-treated Wonder-
ful leaves by detoxifying the ROS produced under these conditions 
(Calzone et al., 2020b). It is worth to pointing out that NaCl treatment 
significantly improved the levels of phenolic acids/polyphenolics during 
the recovery time (as reported above), and concomitantly increased the 
activity of CAD (enzyme involved in the last steps of monolignols syn-
thesis pathway, which play a pivotal role in lignin synthesis; Mitchell 
et al., 1994). All the information collected tends to underline that 
Wonderful leaves react to NaCl by enhancing the synthesis of cinnamyl 
alcohols, and the degree of lignification to provide mechanical support 
to cell walls (Oliveira et al., 2020). In fact, besides their antioxidant 

Fig. 3. Box and whiskers representation of the shikimate dehydrogenase (SKDH) activity in Wonderful (A) and Parfianka (B) control leaves or subjected to salt (NaCl, 
100 mM for 35 consecutive days) treatment and ozone (O3, 100 ppb for 5 h) applied alone or sequentially (NaCl + O3). Measurements were carried out at 5 and 24 h 
(white and grey coloured bars, respectively) after the re-watering and/or from the beginning of O3 exposure. For each boxplot, median, 25th-75th percentiles (boxes), 
non-outlier minimum and maximum (whiskers) are reported (N = 6). 
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capacity, a strong correlation was observed in root lignification and cell 
wall solidification in vascular and xylem tissues subjected to salt stress 
(Chun et al., 2019). This could be beneficial to provide protection 
against further oxidative injury, thus they have a positive role in salt 
tolerance (Gupta and De, 2017). However, sufficient evidence is still 
lacking, so further studies are needed to investigate this possibility. 

In Parfianka leaves, NaCl treatment did not induce a rearrangement 
of metabolites and enzymes involved in the phenylpropanoid pathway. 
Few quanti-qualitative changes in phenolic/polyphenolic contents were 
reported over time suggesting that NaCl treatment induced only struc-
tural changes in terms of gallic and ellagic acids. It is possible to spec-
ulate that these compounds may work as primary oxidants (as free- 
radical scavengers) or “secondary” antioxidants (e.g., indirect 
pathway; ̌Samec et al., 2021) in order to alleviate the excess of excitation 
pressure or provide antioxidative protection to chloroplasts, respec-
tively (Natali et al., 2018). 

4.2. Ozone fumigation 

Likewise to salt treatment, the effect of O3 fumigation on leaf con-
centrations of measured secondary metabolites varied between culti-
vars. Wonderful leaves responded to O3 through the production/ 
accumulation of cinnamic acid derivatives by exhibiting chemical 
composition plasticity against oxidative stress. The significant induction 
of trans-cinnamic acid observed at the end of O3 treatment and even 
more at recovery suggested that the leaves previously experiencing a 
single pulse of O3 activated distinct pathways with specific functions 
likely to cope with potential future stress episodes (Zhao et al., 2005). 
Conversely, the unchanged concentrations of benzoic acid derivatives 
indicate that O3-treated Wonderful leaves can diversify the components 
of polyphenolic compounds by inducing the biosynthesis of the com-
ponents available to regulate the cellular redox state (Kulak et al., 2020), 

as previously reported by Calzone et al. (2021b). In addition, O3 induced 
an activation of some enzymes involved in phenolic metabolism indi-
cating the role of the specialized metabolism in plant defense under O3 
pressure, as well as the possible fine regulation of this mechanism 
through time (Cotrozzi et al., 2018; Döring et al., 2020). 

In Parfianka leaves, O3 fumigation did not give rise to the same ef-
fects induced in Wonferful ones (e.g., partial rearrangement of phenyl-
propanoid pathways) by documenting that the constitutive biochemical 
features of Parfianka cultivar were enough to explain its superior ability 
to counteract short-term O3 treatment. 

4.3. Salt and ozone sequential treatment 

Likewise to single stress, the effect of salt and O3 sequential treat-
ment on leaf concentrations of measured secondary metabolites varied 
between cultivars. Wonderful leaves responded to multiple stresses 
through the production/accumulation of cinnamic acid derivatives by 
exhibiting chemical composition plasticity against NaCl and O3 treat-
ments. Interestingly, accumulations of cinnamic acid derivatives dis-
appeared at recovery time suggesting that Wonderful leaves finally lost 
their ability or interest in investing in this response strategy (Marchica 
et al., 2021). The unchanged concentrations of benzoic acid derivatives 
throughout the whole experiment indicate that multiple-stressed 
Wonderful leaves could diversify the components of polyphenolic 
compounds in order to regulate ROS levels (Kulak et al., 2020). It is 
worth pointing out that the partial rearrangement of phenylpropanoids 
was accompanied by a decrease of CAD activity. All the information 
collected tends to underline that Wonderful leaves react to salt and O3 
sequential treatment by reducing the turnover of phenolic acids and 
polyphenolics (e.g., lignins) at the end of O3 fumigation (Arab et al., 
2022). In addition, when stresses were individually applied, Wonderful 
leaves showed variations of metabolites involved in the 

Fig. 4. Heat maps of enzymatic and non-enzymatic antioxidant compounds in Wonderful and Parfianka leaves subjected to salt (NaCl, 100 mM for 35 consecutive 
days) treatment and ozone (O3, 100 ppb for 5 h) applied alone or sequentially (NaCl + O3). Enzymatic activities and phytochemicals intensities (at 5 and 24 h after 
the re-watering and/or from the beginning of O3 exposure) were log10 transformed and are displayed as colours ranging from dark blue to yellow. Abbreviations: 
CAD, cinnamyl alcohol dehydrogenase; PAL, phenylalanine ammonia-lyase; SKDH, shikimate dehydrogenase. 
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phenylpropanoid pathways both at the end of O3-fumigation and re-
covery. Conversely, when applied sequentially, most of the arrange-
ments/responses were only observed at the end of O3-fumigation. 
Coolen et al. (2016), studying Arabidopsis thaliana plants response to 
abiotic sequential stress, hypothesized that the first stress may influence 
the timing of the response to the second ones. 

In Parfianka leaves, NaCl and O3 sequential treatment did not induce 
a rearrangement of phenylpropanoid pathways. We only observed a 
consumption of benzoic acid derivatives at the end of O3 treatment. No 
other quanti-qualitative changes in phenolic/polyphenolic contents 
were reported over time suggesting that multiple stresses could induce 
transient structural changes in terms of gallic acid. The decrease of the 
main component of Parfianka leaves could be related to its consumption 
by the cell to counteract the accumulation of ROS, thus representing an 
important defense mechanism against the increased oxidative meta-
bolism induced by NaCl and O3 sequential treatments (Pellegrini et al., 
2019). 

5. Conclusions 

Significant differences of secondary metabolites (in terms of classes/ 
types/components) were detected between the constitutive levels of 
Wonderful and Parfianka untreated plants. This feature could be crucial 
in sustaining cultivar response under single- or double-stress conditions. 
When NaCl and O3 were applied sequentially, they induced different 
responses in the two pomegranate cultivars than when they were 
applied individually (Fig. 4). This divergence was due to a different 
perception of the stress, i.e., as a new one and not as a combination of 
two different stress factors. Although oxidative stress was not estimated 
in plants subjected to the sequential stress, the observed transient 
rearrangements of phenylpropanoids could be attributed to a negative 
effect induced by the combination of the two stresses. Under sequential 
double-stress conditions, Wonderful leaves needed less adjustments 
(with respect to single-stress ones) in the antioxidant system compo-
nents to maintain oxidative stress under control (especially at recovery). 
On the other hand, Parfianka leaves had phenolics/polyphenolics 
amount (at constitutive level) suitable to face out the environmental 
changes (single or sequentially), so no rearrangement of phenyl-
propanoids was required. According to our results, Parkianka leaves 
seem to be more salt- and O3-tolerant than Wonderful. 
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