Received: 28 May 2019

Revised: 23 January 2020

Accepted: 23 January 2020

DOI: 10.1111/jac.12394

OXIDATIVE STRESS

“il! Journal o Agrinomy and ?rop Science ! Wl L EY

i & 4

Phenol metabolism of two cultivars of durum wheat (Triticum
durum Desf.) as affected by ozone and flooding stress

Chong Chen??

| Songsong Chen®? | Rohit Kumar Jha'? | Lorenzo Cotrozzi®

Cristina Nali®* | Giacomo Lorenzini®* | Limin Ma'?

IState Key Laboratory of Pollution
Control and Resources Reuse, College of
Environmental Science and Engineering,
Tongji University, Shanghai, China

2Shanghai Institute of Pollution Control and
Ecological Security, Shanghai, China

3Department of Agriculture, Food and
Environment, University of Pisa, Pisa, Italy

4CIRSEC, Centre for Climate Change Impact,
University of Pisa, Pisa, Italy

Correspondence

Limin Ma, State Key Laboratory of Pollution
Control and Resources Reuse, College of
Environmental Science and Engineering,
Tongji University, Shanghai, 200092, China.
Email: Imma@tongji.edu.cn

Funding information

National Natural Science Foundation

of China, Grant/Award Number: No.
21377098; MOST Key Program of China,
Grant/Award Number: 2017YFC0505705
and 2017ZX07206-003

1 | INTRODUCTION

Abstract

To compare the phenolic responses under oxidative stressors, plants of two Italian
cultivars of durum wheat (Claudio and Mongibello) were (a) exposed to ozone (O,)
(80 ppb, 5 hr/day for 70 consecutive days), with the aim to investigate the changes of
phenolic compound contents in their leaves, or (b) flooded (seven consecutive days).
Plants showed O,-induced visible injury, but their photosynthetic performance was
not affected by the pollutant. Specifically, Claudio showed a higher O, tolerance than
Mongibello. The major value of the present study is undoubtedly the pioneering in-
vestigation of phenolic metabolism of durum wheat under O,. We identified 12 foliar
phenolic compounds in all leaf samples (i.e. controls, exposed to O, and flooded): ten
phenolic acids, a flavanol (catechin hydrate) and a phenolic aldehyde (syringaldehyde).
Overall, O, exposure resulted in accumulations of phenolic compounds, especially in
Claudio. These responses can be likely considered a fine-regulated repair process
that equipped Claudio stressed plants with an antioxidant system capable of scav-
enging oxidative stress. Different phenolic variations were found in flooded plants,
suggesting that phenolic response to environmental constraints is stress specific.
Our study confirms that investigations and characterization of specific phenolic pro-

files of crop cultivars under oxidative stress may be helpful in breeding programmes.
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syringaldehyde

inducing huge economic loss, as well as compromises ecosystem per-

formance and biodiversity. Since the 20th century, Europe, America,

Ozone (O,) in the near-surface atmosphere (i.e. the troposphere) is
an important and widespread air pollutant that can influence global
environmental change and many biological activities (The Royal
Society, 2008). Tropospheric O, is produced through a series of com-
plex photochemical reactions by a variety of precursors, such as ni-
trogen oxides (NO,) and volatile organic compounds (VOCs), under
light conditions (Krupa et al., 2001). Ozone can harm humans and
animals (Bhuiyan, Khan, Zaman, & Hishan, 2018; Nuvolone, Petri, &

Voller,2018), as well as plants. It reduces crop and forest productivity,

Japan and many other geographical areas have frequently experi-
enced serious O, pollution scenarios, making this problem become
an increasingly concern in the environmental science (Krupa et al,,
2001; Lefohn et al., 2018). More recently, strong evidence has been
provided that ambient O, pollution may be substantially reduc-
ing yields of important crops across China and other Asian regions
(Gaude et al., 2014; Wang, Manning, Feng, & Zhu, 2007).

Flooding caused by heavy or continuous rainfall in areas

with poorly drained soil is another serious environmental stress
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worldwide and is increasing in frequency due to changes in global cli-
mate (Garssen, Baattrup-Pedersen, Voesenek, Verhoeven, & Soons,
2015). Flooding with freshwater, although less harmful than water-
logging with saltwater, poses a multitude of constraints on growth,
survival and reproduction of many plants (Armstrong, Brandle, &
Jackson, 1994; Jackson & Colmer, 2005), since under hypoxic con-
ditions due to flooding, ATP production and energy transformation
through oxidative phosphorylation are impaired (Bailey-Serres, Lee,
& Brinton, 2012). Similarly to O, flooding significantly reduces the
growth and vyield of several crops (Komatsu, Hiraga, & Yanagawa,
2012; Li et al., 2018).

Ozone is a strong oxidant that enters the leaves through the
open stomata and in the apoplastic substomatal cavity reacts with
the water-soluble matrix of the cell wall to form a large amount of
reactive oxygen species (ROS), such as singlet oxygen (102), super-
oxide anion (O,"), hydroxyl radical (OH’) and hydrogen peroxide
(H,0,) (Sandermann, 1996). Excessive generation of ROS, especially
H,O,, has been also shown under hypoxia in flooded plants, a phe-
nomenon mainly related to mitochondria functioning (Mustroph,
2018; Shalygo, Domanskaya, Radyuk, Shcherbakov, & Dremuk,
2012; Yordanova & Popova, 2007). ROS are highly reactive mole-
cules because of unpaired electrons in their structure and react with
several biological macromolecules in cell, such as carbohydrates, nu-
cleic acids, lipids and proteins, altering their functions. Regulation
of redox state is critical for cell viability, activation, proliferation
and organ function (Heath, 1987; Sandermann, 1996; Sharma, Jha,
Dubey, & Pessarakli, 2012). Protection mechanisms against ROS in-
volving non-enzymatic and enzymatic antioxidant systems are thus
essential traits of both O,- and flooding-tolerant plants helping to
protect lipids and other macromolecules from oxidative damage
(Chernikova, Robinson, Lee, & Mulchi, 2000; Sandermann, Ernst,
Heller, & Langebartels, 1998; Shalygo et al., 2012).

Among non-enzymatic antioxidant systems, it has been reported
that phenolic compounds have a great efficacy (Cheynier, Comte,
Davies, Lattanzio, & Martens, 2013; Cotrozzi et al., 2018; Pellegrini
et al., 2018a, 2018b, 2019). Phenolic compounds are usually ar-
ranged in two groups—simple phenols (such as the cinnamic, p-cou-
maric, syringic and salicylic acids) and more complex molecules,
often containing aromatic rings linked together (Kulbat, 2016). The
aromatic 6-C ring of phenolic compounds is synthesized in the shi-
kimic acid pathway chiefly from the precursor amino acid phenylal-
anine, thanks to the action of phenylalanine ammonia-lyase (PAL),
an enzyme that since long has been demonstrated to play a crucial
role in differential response of plants to O, (Biagioni, Nali, Heimler, &
Lorenzini, 1998), although our knowledge on this topic is still scarce
and fragmentary. Differently, phenolic variations in flooded plants
have not been largely investigated.

Triticum durum Desf. (“durum wheat”) is a key member of the
genus Triticum; its gluten content is relatively high, so it is suitable
for macaroni, solid vermicelli and couscous (Sramkova, Gregova, &
Sturdik, 2009). Durum wheat is mainly cropped in the Mediterranean
basin, the Northern Plains between United States of America and

Canada, and within the desert areas of southwest of United States

and Northern Mexico, but is also widely cultivated in North Africa,
Turkey, Syria and other Asian countries (Kadkol & Sissons, 2016; Li
et al., 2018). In most of these areas, durum wheat have commonly to
cope with major climatic constraints, mainly elevated temperatures,
drought and high O, levels, but also flooding (this is expected to in-
crease in the near future). Most of available literature concerns O,
effects on common wheat (T. aestivum L.), although durum wheat is
also known to be both O, (Fangmeier, Brockerhoff, Griiters, & Jager,
1994; Ollerenshaw & Lyons, 1999; Picchi, Francini, Nali, & Lorenzini,
2006) and flooding sensitive (Burgos, Stamp, & Schmid, 2001;
Pampana, Masoni, & Arduini, 2016), even if somewhat contrasting
results have been reported based on genotypic differences in toler-
ance and on intensity and duration of the stress exposure (Gerosa et
al., 2014; Mustroph, 2018; Pampana et al., 2016).

Due to the long history of wheat breeding all over the world,
a huge number of cultivars have become available. These breeding
processes focused on high yield and food quality, often concomitant
with a loss of genetic diversity and stress resistance. However, plant
material capable of maintaining acceptable yield performances even
under severe conditions is needed to ensure the food security of mil-
lions of worldwide wheat consumers. Strategies to achieve this gen-
eral breeding goal include (a) screening of a wide range of cultivars
under a specific stress condition; (b) selection of tolerant cultivars;
and (c) improving our knowledge on the intimate mechanisms which
module the stress-cell interactions, with special regard to the set-up
of defence/detoxification reactions (Mustroph, 2018).

In the present work, two Italian cultivars of durum wheat were
cultured under controlled conditions and (a) exposed to O,, with the
aims to investigate the changes of phenolic compound monomers
content in their leaves, so to reveal their response and acclimation/
adaptation mechanism(s) under O, pollution; or (b) flooded, to better
understand the role of phenolic metabolism in the oxidative stress-
plant interaction, and to compare the phenolic responses under two

different oxidative stressors.

2 | MATERIALS AND METHODS
2.1 | Plant material and treatments

Seeds of durum wheat (T. durum Desf.) commercial cultivars Claudio
and Mongibello were sown in plastic pots (3.5-L, 1 plant pot’l) con-
taining a growing mix of mature manure:organic soil:peat (1:1:1 in
volume) and a slow-release N-P-K (15-11-13) fertilizer, at a dose
suggested by the supplier (ANPEL). Pots were then kept under
charcoal-filtered air in a greenhouse at the field-station of San Piero
a Grado of the Department of Agriculture, Food and Environment,
University of Pisa (Italy, UTMWGS84: E 608510 - N 4837241, 3 m
a.s.l.), until the stage of “first leaf unfolded/second leaves unfolded”
(BBCH-Code [BBCH-C] 11-12; 20-day-old seedlings), according to
Lancashire et al. (1991).

Two independent experiments were then performed to in-

vestigate the effects of O, and flooding on durum wheat, using a
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completely randomized design. Uniform-sized seedlings were dis-
tributed among four had hoc built perspex fumigation chambers (ca.
1 m® in volume; two chambers per treatment) and (a) exposed to
charcoal-filtered air (controls) or a target concentration of 80(+10)
ppb of O, (ca. 160 pg/m® at 20°C and 101.3 kPa, 5 hr/day, in the
form of a square wave between 10:00 and 15:00 hr) for 70 con-
secutive days; or (b) kept under charcoal-filtered air and flooded by
adding water (2-L pot™) above the soil surface to immerse seedlings
for seven consecutive days. Ozone was generated by a Fisher 500
air-cooled generator (Fisher America Inc.), supplied with pure oxy-
gen, and mixed with the inlet air entering the fumigation chambers;
its concentration in the fumigation chambers was continuously mon-
itored with a Serinus 10 analyser (Ecotech Acoem Group).

Throughout the whole experiment, plants were kept in a green-
house under 21 + 3°C of temperature, 65 + 7% of relative humid-
ity (RH), natural light/dark cycle, and well-watered to field capacity
(except for flooded plants). To avoid a “chamber” effect, chambers
used for charcoal-filtered air and O, exposure were switched every
3-4 days (also moving the plants they contained). For further details
of the fumigation facilities, see Cotrozzi et al. (2017).

Ecophysiological investigations and leaf (the third fully ex-
panded trifoliate leaves of stolons) collections for biochemical
analyses of control and O,-treated plants were performed at seven
(BBCH-C 13), 28 (BBCH-C 23-32), 50 (BBCH-C 59) and 70 (BBCH-C
65-69) days from the beginning of the exposure (FBE), when the
Accumulated exposure Over a Threshold of 40 ppb (AOT40, http://
www.emep.int/mscw/definitions.pdf) was 1,400, 5,600, 10,000 and
14,000 ppb h, respectively. Leaf sampling of flooded plants was per-
formed at 7 days FBE (BBCH-C 13). For each combination of cultivar,
treatment and time, completely expanded leaves were collected,
mixed, divided into aliquots, instantly frozen in liquid nitrogen and
stored at -80°C until biochemical analyses.

2.2 | Foliar visible symptoms

The onset of Og-induced foliar visible symptoms was daily checked.
Mature foliar symptoms were also quantified at the end of the ex-
posure as the percentage of necrotic area on the adaxial surface by
manually overlaying a transparent plastic grid (4 mm) and counting
the percentage of intersections covering injured areas with respect

to healthy ones (Pellegrini, Francini, Lorenzini, & Nali, 2011).

2.3 | Ecophysiological investigations

Ecophysiological investigations were performed between 11:00 and
13:00 (solar time; i.e. when maximum gas exchanges usually occur)
on one completely expanded leaf per plant. CO, assimilation rate
(A) was measured under light saturated conditions (photosynthetic
active radiation of about 800 pmol photons/m2 s, ambient Co,
concentration (ca. 390 pmol/mol) and 60% of RH, using an Infrared
Gas Analyzer (CIRAS-1; PP-Systems). Parameters of modulated

&

chlorophyll a fluorescence were measured with a PAM-2000 fluo-
rometer (Walz) after 40 min of dark adaptation. The maximal PSII
photochemical efficiency in the dark was calculated as F /F = (F, -
FO)/Fm, where Fjand F are minimum (recorded with a weak meas-
uring beam of 0.1 pmol photons/m? s™) and maximum (determined
with a saturating pulse of 8,000 pmol photons/m2 st for 1 s) fluores-
cence, respectively (Genty, Briantais, & Baker, 1989).

2.4 | Phenolic compounds

The extraction of phenolic compounds was performed according
to Sgarbi, Baroni Fornasiero, Lins, and Medeghini Bonatti (2003)
with some minor modifications. Samples (50 mg, fresh weight)
were homogenized and extracted with 10 ml of 85% (v/v) aque-
ous methanol for 24 hr at room temperature. After centrifugation
at 10,000 g for 10 min, the supernatant was evaporated to dryness
under reduced pressure. Residues were again dissolved in 2 ml of
85% aqueous methanol and then applied to a Sep-Pack RP-18 col-
umn (Merck KGaA), pre-conditioned with the extraction solvent.
The loaded cartridge was washed with 2 ml of the extraction sol-
vent and the residue used for the analysis by reverse-phase high-
performance liquid chromatography (HPLC; Varian HPLC System
[Varian Inc.], equipped with a UV-Vis variable wavelength detector
[Varian Inc., Star 9050, USA], two-pump system [Varian Inc., Star
9010, USA], valve with a 25-ul sample loop and a 150 mm x 4.6 mm
Alltima C18 column [Grace]) kept at 22°C. Elution was performed
with gradients of eluent A (water with 1% acetic acid, v/v) and elu-
ent B (methanol:acetonitrile:acetic acid, 95:5:1 in volume), at a flow
rate of 1.0 ml/min. Initial eluent conditions were 5% B and 95% A
and ran as isocratic for 2 min, followed by four linear gradients: (a)
increase to 25% B within 8 min, (b) increase to 40% B within 10 min,
(c) increase to 50% B within other 10 min, and (d) up to 100% B in
10 min once again, and then holding 5 min. After that, initial condi-
tions were reached within 5 min. The injected sample volume was
25 pl. Compounds were detected by UV absorbance at 280 nm. Peak
identifications and quantifications were performed with authentic
compounds used as external standards: benzoic acid (CAS: 65-85-
0), caffeic acid (CAS: 331-39-5), chlorogenic acid (CAS: 327-97-9),
p-coumaric acid (CAS: 4501-31-9), 3,4-dihydroxybenzoic acid (CAS:
99-50-3), ferulic acid (CAS: 537-98-4), gallic acid (CAS: 149-91-7),
sinapic acid (CAS: 530-59-6), syringic acid (CAS: 530-57-4), vanillic
acid (CAS: 121-34-6), catechin hydrate (CAS: 154-23-4), syringal-
dehyde (CAS: 134-96-3). All standards were from Sigma-Aldrich.

2.5 | Statistics

Normal distribution of data was preliminary analysed following the
Shapiro-Wilk test. The effects of cultivar (Cv), growth stage (Gs), O,
treatment (O;) and their interactions on ecophysiological traits and
phenolic compounds were tested by using a three-way analysis of
variance (ANOVA). The Tukey HSD test was used as the post hoc
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test. Relations among phenolic compounds from O, experiment
were evaluated using Pearsons's correlations. Only strong correla-
tions (-.6 = r = .6) are reported below. A discriminant analysis was
applied to the full set of phenolic data to select the compounds that
best discriminated among cultivars (Claudio and Mongibello), growth
stages (BBCH-C 13, BBCH-C 23-32, BBCH-C 59 and BBCH-C 65-
69) and O, treatments (0 and 80 ppb, 5 hr/day, 70 days). The effects
of Cv, flooding (F) and their interaction on phenolic compounds were
instead determined by a two-way ANOVA, followed by the post hoc
Tukey's HSD test. Effects with p < .05 were considered statistically
significant. Statistical analyses were performed in JMP 13.2 (SAS
Institute Inc., Cary, NC, USA).

3 | RESULTS
3.1 | Ozone

3.1.1 | Visible foliar injury and
ecophysiological traits

At the end of the fumigation, plants of both cultivars showed visible
foliar injury in form of a widespread chlorosis which developed in bi-
facial minute (1-2 mm @) ivory necrotic lesions scattered among the
leaf veins of completely expanded leaves. In Mongibello, the onset
of visible injury was at 5 days FBE (AOT40: 1,000 ppb h), whereas in
Claudio, it was at 12 days FBE (AOT40: 2,400 ppb h). The final per-
centage of leaf necrotic area was higher in Mongibello than Claudio
(p < .05, data not shown). No visible injury was detected in charcoal-
filtered controls.

Significant Cv x Gs x O interactions were found for both A and
F/F,, (@lthough Cv x Gs was not significant for both traits, as well as
Cv for Aand Cv x O, for F /F ; Table 1): O, only induced a concomi-
tant decrease of Aand F /F_ at 28 days FBE in Mongibello (-61 and
-5% in comparison with controls, respectively), which then recov-

ered at the following times of analysis (Figure 1).

3.1.2 | Phenolic variations induced by ozone

A total of 12 phenolic compounds were detected in the leaves of
both cultivars under all the environmental conditions (i.e. con-
trols, exposed to O,, and flooded; Tables 2 and 5). The interaction
Cv x Gs x O, was significant for all of them, except for sinapic acid.
The effects of the singular factors and their binary interactions were
also mostly significant, except for Cv, O, and Cv x Gs on 3,4-dihy-
droxybenzoic acid, O, and Cv x O, on sinapic acid and syringalde-
hyde, only Cv x Gs on ferulic acid, and only Cv x O, on p-coumaric
and syringic acids, as well as on catechin hydrate (Table 2).
Variations of phenolic compounds induced by O, are shown in
Figures 2-5. In Claudio, O, increased the levels of benzoic, chlo-
rogenic, p-coumaric and syringic acids only at 28 days FBE (ca. 3-,

4-, 2.5-, and 1-fold higher than controls, respectively; Figures 2a,

TABLE 1 p-values of three-way ANOVA for the effects of
cultivar (Cv; Claudio and Mongibello), growth stage (Gs; 7, 28, 50
and 70 days), ozone treatment (O,; 0 and 80 ppb, 5 hr/day) and
their interactions on CO, assimilation rate (A) and maximal PSII
photochemical efficiency in the dark (F /F, ) of wheat

df A F/F,
Cv 1 0.222 0.018
Gs 3 <0.001 <0.001
0, 1 <0.001 0.0231
Cv x Gs 3 0.118 0.127
Cvx 0, 1 0.003 0.801
Gs x O, 3 0.002 <0.001
Cv x Gs x O, 3 0.045 0.002

Note: Significant values (p < .05) are shown in bold.
Abbreviation: df, degrees of freedom.

e, 3a, 4c), of caffeic and ferulic acids at both 28 and 50 days FBE
(caffeic: +53% and ca. 4-fold, respectively, Figure 1c; ferulic: ca. 2-
and 5-fold, Figure 3e), and of 3,4-dihydrobenzoic and gallic acids, as
well as of catechin hydrate and syringaldehyde, only at 50 days FBE
(ca. 3-, 3.5-, 4-, and 3-fold, respectively; Figures 3c, 4a, 5a, c). At
7 days FBE, noteworthy, benzoic acid and syringaldehyde showed
higher values in controls of Claudio than in those of Mongibello (as
well as in their related O,-treated plants). No significant differences
between treatments were shown at the end of the exposure for
all these compounds. In Mongibello, O, only increased p-coumaric
acid at 28 days FBE (+28%, Figure 3b), ferulic acid at 28 and 70 days
FBE (+37% and more than 150-fold, respectively; actually, ferulic
acid in controls of Mongibello was severely higher than in those of
Claudio at 7 days FBE, to then constantly decrease throughout the
experiment; Figure 3f), and of catechin hydrate at 50 days FBE (ca.
12-fold; Figure 5b). Vanillic acid increased through time in control
plants of both cultivars, especially in Claudio, whereas O, limited
these raises keeping the levels lower than controls at 50 and 70 days
FBE in Claudio (-90 and -47%, respectively; Figure 3d), while only at
70 days FBE in Mongibello (-51%, Figure 4e). Sinapic acid increased
through time and significant differences between cultivars were ob-
served only at 70 days FBE when Claudio showed higher values than
Mongibello (treatments averaged); whereas significant differences
between treatments were observed only at 50 days FBE when O,-
treated plants showed higher values than controls (cultivars aver-
aged, data not shown).

3.1.3 | Correlations among phenolic compounds

Correlations among phenolic compounds are reported in Table 3. In
both Claudio and Mongibello, positive correlations were found for
p-coumaric acid with chlorogenic acid, ferulic acid with benzoic and
caffeic acids, gallic acid with 3,4-dihydroxybenzoic acid and syrin-
galdehyde, and between vanillic and sinapic acids. Negative corre-

lations were found between vanillic and syringic acids. In Claudio,
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FIGURE 1 CO, assimilation rate (A)
(a, b) and maximal PSIl photochemical
efficiency in the dark (F /F) (c, d) in
wheat cultivars Claudio (circle, left) and
Mongibello (square, right) exposed to

0 (open) or 80 (closed) ppb of ozone

(5 hr/day) at different growth stages

(7, 28, 50, 70 days). Data are shown

as mean * standard deviation (n = 3).
According to the three-way ANOVA and
the Tukey's HSD post hoc test, different
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TABLE 2 p-values of three-way ANOVA for the effects of cultivar (Cv; Claudio and Mongibello), growth stage (Gs; 7, 28, 50 and 70 days),
ozone treatment (O,; 0 and 80 ppb, 5 hr/day) and their interactions on phenolic compounds of wheat

Cv Gs o,

df 1 3 1
Benzoic acid <0.001 <0.001 <0.001
Caffeic acid <0.001 <0.001 <0.001
Chlorogenic acid 0.004 <0.001 0.002
p-coumaric acid <0.001 <0.001 <0.001
3,4-dihydrobenzoic acid 0.352 <0.001 0.259
Ferulic acid <0.001 <0.001 <0.001
Gallic acid <0.001 <0.001 <0.001
Sinapic acid <0.001 <0.001 0.250
Syringic acid <0.001 <0.001 0.021
Vanillic acid <0.001 <0.001 <0.001
Catechin hydrate <0.001 <0.001 <0.001
Syringaldehyde <0.001 <0.001 0.403

Note: Significant values (p < .05) are shown in bold.
Abbreviation: df, degrees of freedom.

p-coumaric acid was also positively related with caffeic and ferulic
acids. Ferulic acid was also positively related with chlorogenic acid, as
well as syringic acid with benzoic acid, catechin hydrate with 3,4-di-
hydroxybenzoic and gallic acids, and syringaldehyde with 3,4-di-
hydroxybenzoic acid. Negative correlations were found between
syringic and sinapic acids; and for syringaldehyde with chlorogenic
and vanillic acids. In Mongibello, chlorogenic acid was also positively
related with caffeic and 3,4-dihydroxybenzoic acids. 3,4-dihydroxy-
benzoic acid was also positively related with p-coumaric acid. More
negative correlations were also reported in Mongibello for sinapic

and vanillic acids: sinapic acid was negatively related with benzoic,

Cv x Gs Cvx0, Gsx 0, CvxGsx 0,
3 1 3 3
<0.001 0.013 <0.001 <0.001
<0.001 <0.001 <0.001 <0.001
<0.001 <0.001 <0.001 <0.001
<0.001 0.211 <0.001 0.010
0.918 <0.001 0.025 0.005
0.128 <0.001 <0.001 <0.001
<0.001 <0.001 0.043 <0.001
<0.001 0.726 <0.001 0.200
<0.001 0.537 0.020 <0.001
<0.001 <0.001 <0.001 <0.001
<0.001 0.222 <0.001 <0.001
<0.001 0.151 <0.001 <0.001

caffeic, chlorogenic and ferulic acids; vanillic acid was negatively re-
lated with caffeic, chlorogenic, p-coumaric, 3-4-dihydroxybenzoic,

ferulic and gallic acids.

3.1.4 | Canonical discriminant analysis

The canonical discriminant analysis gave 11 significant new ca-
nonical variables (CAN1-10: p < .001; CAN11: p < .01). Among
these CANSs, the first four accounted for 90.0% of the total variabil-
ity (Table 4), thus indicating that the multivariate structure of the
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FIGURE 2 Contents of benzoic (a, b),
caffeic (c, d) and chlorogenic (e, f) acids
in wheat cultivars Claudio (circle, left)
and Mongibello (square, right) exposed
to O (open) or 80 (closed) ppb of ozone
(5 hr/day) at different growth stages

(7, 28, 50, 70 days). Data are shown

as mean + standard deviation (n = 3).
According to the three-way ANOVA and
the Tukey HSD post hoc test, different

(b)

letters indicate significant differences
(p < .05). Vertical dashed line separates

S 4 o4
iS =N 123

Caffeic acid (mg g™’ DW)

S
o

(d) the cultivars

Chlorogenic acid (mg g‘l DW)
(=2}

Days

original variables (i.e. the 12 phenolic compounds detected) can be
well represented by CAN1-4. CAN1 and CAN2 together accounted
for the 65.1% of the total variability, and markedly separated the two
varieties. Across growth stages and O, treatments, Claudio showed
higher scores (only plants exposed for 70 days to O, showed nega-
tive scores for both CAN1 and CAN2), while Mongibello showed
lower scores (Figure 6a). The phenolic compounds which mostly
affected this discrimination were benzoic and syringic acids (posi-
tively related with CAN1), as well as p-coumaric and gallic acids
(negatively and positively related with CAN2, respectively), and
catechin hydrate and syringaldehyde (positively related with CAN2;
Table 4). CAN3 and CAN4 together accounted for the 24.9% of the
total variability, mostly separating plants sampled at the last growth
stages from those previously sampled (only Claudio plants sampled
after 28 days and exposed to O, were separated from the others, by
CAN4). Among plants sampled after 50 days, CAN3 discriminated
Claudio plants kept under filtered air from all the others, while CAN4
separated plants exposed to different O, levels. Among plants sam-
pled after 70 days, CAN3 separated the cultivars as well as the O,
treatments, while CAN4 separated only the varieties (Figure 6b).
CANS3 was negatively related with 3,4-dihydroxybenzoic acid, and

50 70

positively related with sinapic and vanillic acids. CAN4 was posi-

tively related with caffeic and chlorogenic acids (Table 4).

3.2 | Flooding
3.2.1 | Phenolic variations induced by flooding

Variations of phenolic compounds induced by flooding are shown
in Table 5. The interaction Cv x F was significant for caffeic, p-
coumaric, 3,4-dihydroxybenzoic, gallic, sinapic and syringic acids.
Caffeic and syringic acids were higher in controls of Claudio than in
those of Mongibello (+29% and ca. 5-fold, respectively), but flood-
ing increased caffeic acid only in cultivar Claudio (+32%, in com-
parison with controls) and syringic acid only in cultivar Mongibello
(7-fold). Oppositely, p-coumaric acid was higher in controls of
Mongibello than those of Claudio (ca. 2.5-fold) and was reduced
by flooding only in cultivar Mongibello (-60%, reaching Claudio's
levels). 3,4-dihydroxybenzoic, gallic and sinapic acids did not show
significant differences between controls of the two cultivars and

always increased under flooding. However, 3,4-dihydroxybenzoic
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FIGURE 3 Contents of p-coumaric (a, 2.0
b), 3,4-dihydroxybenzoic (c, d) and ferulic
(e, f) acids in wheat cultivars Claudio
(circle, left) and Mongibello (square, right)
exposed to O (open) or 80 (closed) ppb

of ozone (5 hr/day) at different growth
stages (7, 28, 50, 70 days). Data are shown
as mean * standard deviation (n = 3).
According to the three-way ANOVA and
the Tukey HSD post hoc test, different

p-coumaric acid (mg g~' DW)

(a) b (b)

bed

letters indicate significant differences

(p = .05). Vertical dashed line separates 05
the cultivars

0.4

3,4-dihydroxybenzoic acid (mg g_l DW)

(c) (d)

Ferulic acid (mg g_1 DW)

and gallic acids increased more in Claudio (ca. 3- and 2.5-fold, re-
spectively vs. +55 and + 36%), while sinapic acid increased more
in Mongibello (ca. 23-fold vs. ca. 5.5-fold). Chlorogenic and feru-
lic acids, as well as catechin hydrate, showed significant effects
for both the singular factors, Cv and F. Overall, chlorogenic and
ferulic acids were higher in Mongibello, and flooding increased
chlorogenic acid while decreased ferulic acid; catechin hydrate
was higher in cultivar Claudio and decreased under flooding. Only
a significant effect of Cv was observed for benzoic and syringic
acids, with higher values of both acids found in Claudio. No signifi-

cant effects were reported for vanillic acid.

4 | DISCUSSION

The global demands for various grains, including durum wheat,
are expected to increase substantially in the coming years, due
to the ever-growing human population's needs for food, feed and
fuel. Thus, providing consistent or increased durum grain to the
world market is one of the priorities for policymakers, research-
ers and farmers (Li et al., 2018). Abiotic stresses are one of the

major constraints to crop production and food security worldwide

Days Days

and the significant role that O, is expected to play in deteriorat-
ing the global crop production makes O, a hidden threat to global
food security (Ashmore, 2005; Tai, Val Martin, & Heald, 2014).
Therefore, emphasis should be given for a better understanding of
crop responses to O, for pragmatic implication for remedies and
management.

The degree to which plants develop visible injury is usually
used in many intra- and inter-species comparisons as an indicator
of their O, sensitivity (Cotrozzi et al., 2018). In agreement with
previous studies performed in controlled, semi-controlled and
field conditions (Gerosa et al., 2014; Monga et al., 2015; Picchi
et al.,, 2010; Picchi, Monga, Marzuoli, Gerosa, & Faoro, 2017;
Reichenauer, Goodman, Kostecki, & Soja, 1998), our results con-
firmed the O sensitivity of T. durum in terms of visible injury, given
the rapid and extensive development of necrotic areas observed.
Furthermore, based on the onset and diffusion of these manifesta-
tions, Claudio seemed to be less sensitive than Mongibello. Visible
cell death symptoms were likely associated with the presence of
extensive H,0, deposits, localized mainly on the guard cells and
epidermal cell walls of the peristomatal cells, and indicative of an
oxidative burst induced by O, according to previous histo-cyto-

chemical symptom validations by Picchi et al. (2010) and Monga
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FIGURE 4 Contents of gallic (a, b),
syringic (c, d) and vanillic (e, f) acids in
wheat cultivars Claudio (circle, left) and
Mongibello (square, right) exposed to

0 (open) or 80 (closed) ppb of ozone

(5 hr/day) at different growth stages

(7, 28, 50, 70 days). Data are shown

as mean + standard deviation (n = 3).
According to the three-way ANOVA and
the Tukey HSD post hoc test, different
letters indicate significant differences
(p < .05). Vertical dashed line separates
the cultivars

FIGURE 5 Contents of catechin
hydrate (a, b) and syringaldehyde (c, d)
in wheat cultivars Claudio (circle, left)
and Mongibello (square, right) exposed
to O (open) or 80 (closed) ppb of ozone
(5 hr/day) at different growth stages
(7,28, 50, 70 days). Data are shown

as mean + standard deviation (n = 3).
According to the three-way ANOVA and
the Tukey HSD post hoc test, different
letters indicate significant differences
(p < .05). Vertical dashed line separates
the cultivars
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TABLE 3 Pearson's correlation matrix describing relationships among phenolic compounds in wheat cultivars Claudio (lower triangular

part) and Mongibello (upper triangular part)

Ben Caf Chl p-cou 3,4-dih
Ben - 0.57 0.33 0.07 0.00
Caf 0.57 = 0.61 0.36 0.36
Chl 0.37 0.54 - 0.69 0.61
p-cou 0.47 0.68 0.91 - 0.71
3,4-dih 0.23 0.48 -0.24 -0.03 -
Fer 0.80 0.80 0.75 0.77 0.15
Gal -0.02 0.32 -0.37 -0.21 0.87
Sin -0.48 -0.11 0.48 0.28 -0.48
Syr 0.84 0.52 0.21 0.40 0.35
Van -0.59 -0.33 0.34 0.10 -0.56
Cat hyd -0.17 0.33 -0.32 -0.17 0.77
Syri 0.22 0.14 -0.61 -0.47 0.73

Fer Gal Sin Syr Van Cat hyd Syri
0.84 0.29 -0.69 0.37 -0.51 -0.08 0.17
0.67 0.54 -0.77 0.56 -0.74 0.06 0.52
0.44 0.46 -0.60 0.53 -0.75 -0.16 0.51
0.13 0.19 -0.30 0.45 -0.64 0.34 0.14
0.19 0.71 -0.40 0.38 -0.63 0.35 0.57

- 0.52 -0.90 0.27 -0.66 -0.22 0.47

-0.05 - -0.58 0.40 -0.60 0.24 0.89

-0.03 -0.39 - -0.31 0.76 -0.28 -0.53
0.59 0.08 -0.64 - -0.67 0.58 0.23

-0.25 -0.41 0.88 -0.66 - -0.33 -0.52

-0.10 0.96 -0.25 -0.10 -0.27 - 0.18

-0.06 0.72 -0.58 0.23 -0.62 0.57 -

Note: Significant correlations (p < .05) are italicized. Strong correlations (-0.6 > r > 0.6) are bolded.

Abbreviations: 3,4-dih, 3,4-dihydroxybenzoic acid; Ben, benzoic acid; Caf, caffeic acid; Cat hyd, catechin hydrate; Chl, chlorogenic acid; Fer, ferulic
acid; Gal, gallic acid; p-cou, p-coumaric acid; Sin, sinapic acid; Syr, syringic acid; Syri, syringaldehyde; Van, vanillic acid.

TABLE 4 Correlations between the first four canonicals (CAN)
and the original variables

CAN1 CAN2 CAN3 CAN4
Benzoic acid 0.74 -0.17 -0.37 0.29
Caffeic acid 040 0.17 -0.29 0.77
Chlorogenic acid 0.07 -0.46 0.05 0.75
p-coumaric acid -0.47 -0.65 -0.47 0.15
3,4-dihydroxybenzoic acid -0.04 0.39 -0.64 0.30
Ferulic acid 0.52 -0.53 -0.28 0.46
Gallic acid 0.11 074 -0.41 0.30
Sinapic acid -0.36 -0.01 0.80 0.43
Syringic acid 0.60 0.26 -0.27 0.27
Vanillic acid -0.19 0.09 0.92 0.20
Catechin hydrate -0.25 0.74 -0.38 0.35
Syringaldehyde 043 0.70 -0.28 0.10
Eigenvalue 180.8 114.4 76.4 36.7
Variance explained (%) 39.9 25.2 16.8 8.1
Cumulative variance (%) 39.9 65.1 81.9 90.0

Note: Strong correlations (-.6 > r 2 .6) are bolded. Discriminant analysis
was applied to the full set of phenolic data to select the compounds that
best discriminated among cultivars, growth stages and O, treatments.

et al. (2015) on several durum wheat cultivars exposed to elevated
O,. The accumulation of ROS as the common actual cause of cel-
lular and foliar damage induced by O, is largely known (Faoro &
Iriti, 2009).

Reactive oxygen species -induced alterations of clorenchyma,
usually expressed by chlorosis, yellowish spots, and necrosis, are
often associated to alterations of the photosynthetic performance
(Cotrozzi et al., 2018; Pellegrini et al., 2011). The lower O, tolerance

of Mongibello than Claudio deduced on the basis of visible symp-
toms was confirmed by ecophysiological investigations, since
reductions of both A and F /F_ ratio, the most widely used pho-
to-oxidative stress markers (Fenollosa & Munné-Bosch, 2018), were
only observed in Mongibello, at 28 days FBE. However, our study
shows a relative O tolerance of durum wheat in terms of photosyn-
thetic performance, since also Mongibello later recovered optimal A
and F /F_ values (i.e. similar to controls). This outcome indicates that
T. durum can be more O, tolerant than common wheat, according
with previous investigations. Reichenauer et al. (1998) found that A
and F /F_ values were negatively affected by chronic O, exposure
in two O, sensitive cultivars of T. aestivum, but not in the O, toler-
ant cv. Extradur of T. durum. Specifically, similarly to Mongibello in
the present study, Extradur was able to recover an optimal F /F_
ratio after an initial decrease. Herbinger et al. (2002) also did not
report any negative effects of O, on stomatal conductance and F,/
F,, of Extradur. Similarly, Gerosa et al. (2014) did not find any O,-
induced stomatal closure in other two T. durum cultivars, Virgilio (O3
sensitive) and Neodur (O, tolerant), and Monga et al. (2015) only
reported slight reductions of stomatal conductance in both O, sen-
sitive (Sculptur and Colombo) and O, tolerant cultivars (Pharaon,
Gallareta and Vitrén), and no F, /F  ratio decreases.

Overall, the works mentioned above show that (a) there is not a
regular correlation between O; symptoms severity and yield reduc-
tion, suggesting that these parameters cannot be always indicative
of O, sensitivity for wheat; and (b) the O, tolerance is not caused
by reduced O, uptake via the stomata and higher photosynthetic
performance, but due to a better ability of wheat cells to cope with
the Og-induced oxidative stress. The study by Feng, Wang, Pleijel,
Zhu, and Kobayashi (2016) on the effects of O, on photosynthesis of
five winter wheat cultivars with different sensitivity shows that the

differential response is linked to the level of antioxidant enzymes,
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FIGURE 6 Discrimination of cultivar (Claudio, black; Mongibello, red), growth stage (7 days, circle; 28 days, square; 50 days, triangle;

70 days, diamond) and ozone treatment (0 ppb, open; 80 ppb, 5 hr/day, closed) on the basis of canonical discriminant analysis. The first four
canonicals (CAN) are shown (CAN1-CAN2, a; CAN3-CAN4, b). Discriminant analysis was applied to the full set of phenolic data to select the
compounds that best discriminated among cultivars, growth stages and O, treatments

TABLE 5 Contents of phenolic compounds in wheat cvs Claudio and Mongibello submerged (flooding) or not-submerged (control)

Claudio Mongibello p
Cv F CvxF
Control Flooding Control Flooding (df: 1) (df: 1) (df: 1)
Ben 19.06 £ 0.09 19.55 +3.55 9.12+0.15 6.41+£0.94 <0.001 0.326 0.170
Caf 0.31+0.04b 041+0.01c 0.22+0.01a 0.17 £0.04 a <0.001 0.260 0.003
Chl 1.13+0.10 5.08 £ 0.94 416 +1.06 7.32+1.11 0.001 <0.001 0.466
p-cou 0.31+0.01a 0.38+0.04a 0.78 +0.03 b 0.31+0.06 a <0.001 <0.001 <0.001
3,4-dih 0.10+0.00a 0.32+0.03c¢c 0.11+0.00a 0.17+0.01b <0.001 <0.001 <0.001
Fer 2.21+£0.32 0.73+0.24 3.94+0.20 2.25+0.87 <0.001 <0.001 0.708
Gal 6.39+0.80a 15.57+0.31c 6.17£0.24 a 8.40+0.45b <0.001 <0.001 <0.001
Sin 0.61+0.13 a 3.30+1.40b 0.30+0.13a 6.82+1.39c 0.023 <0.001 0.010
Syr 0.39 £0.08 bc 0.13+0.01 ab 0.08 £0.03 a 0.56 +0.19 ¢ 0.319 0.107 <0.001
Van 0.03 £0.00 0.04 £0.01 0.04 +£0.01 0.05 £0.02 0.519 0.347 0.892
Cat hyd 3.07 +£0.88 1.34+0.15 2.02 £0.64 0.43 +£0.05 0.015 <0.001 0.843
Syri 2.62+0.26 2.55+0.38 0.95 +0.08 1.16 +0.24 <0.001 0.674 0.396

Note: Data are shown as mean + standard deviation. P-values of two-way ANOVA for the effects of cultivar (Cv), flooding (F) and their interactions on
phenolic compounds of wheat are shown. Significant values (p < .05) are shown in bold. According to the Tukey HSD post hoc test, different letters

indicate significant differences (p < .05).
Abbreviation: df, degrees of freedom. For abbreviations, see Table 3.

rather than stomatal conductance, and highlights the need for
breeding plant varieties higher in such enzymes. A similar conclusion
was reached by Picchi et al. (2017) who showed that the differen-
tial O4 sensitivity of the T. durum cultivars Colombo and Sculptur
was related to their regulations of ascorbate and glutathione, among
the main non-enzymatic antioxidants (Blokhina, Virolainen, &
Fagerstedt, 2003), these being a mechanism also reported for the
response to other abiotic stressors (Paradiso et al., 2008).

Phenolic compounds are plant secondary metabolites derived
from the phenylpropanoid pathway with flavonoids and phenolic
acids being the major groups found in cereals (Atanasova-Penichon,
Barreau, & Forget, 2016; Balmer, Flors, Glauser, & Mauch-Mani,

2013). Phenolic acids and flavonoids account for a substantial pro-
portion of total antioxidant activity in cereal leaves and grains, and
dietary intake of plant phenolics have been linked to a range of posi-
tive health impacts (Del Rio et al., 2013; Rempelos et al., 2018). Few
O, experiments have been conducted on the mechanisms of the
secondary metabolism of wheat cultivars, and little is known of the
role played by phenolic compounds in the ROS scavenging and anti-
oxidant mechanism (Fatima, Singh, Mukherjee, Agrawal, & Agrawal,
2018; Wang, Zhu, Zheng, & Liu, 2014; Yadav et al., 2019). More gen-
erally, also few studies have investigated the phenolic metabolism
of durum wheat, only focusing on grain contents (Brankovi¢ et al.,
2015; Di Loreto et al., 2018; Pasqualone et al., 2014; Shamloo et al.,
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2017), except for the work of Stagnari et al. (2017) where sprouts
and wheatgrass (about 5 and 12 cm shoot length, respectively) of
T. durum cultivar Creso were also assessed. Thus, the major value
of the present study is undoubtedly the pioneering investigation of
phenolic metabolism of durum wheat under O,.

We identified 12 phenolic compounds in the leaves of T. durum
cvs Claudio and Mongibello. Ten of these compounds were simple
phenolic acids. Phenolic acids are non-flavonoid polyphenolic com-
pounds, which can be further divided into two main types, benzoic
acid and cinnamic acid derivatives based on C1-Cé and C3-Cé back-
bones (Cheynier et al., 2013). We identified five compounds for each
type (benzoic acids: benzoic, 3-4-dihydroxybenzoic, gallic, syringic
and vanillic acids; cinnamic acids: caffeic, chlorogenic, p-coumaric,
ferulic and sinapic acids). The two remaining compounds belonged
to flavanols (catechin hydrate), a specific class of flavonoids, and
to phenolic aldehydes (syringaldehyde). Most of these compounds
were already identified in previous durum wheat investigations in
both grains and shoot tissues (Brankovic¢ et al., 2015; Di Loreto et
al., 2018; Pasqualone et al., 2014; Shamloo et al., 2017; Stagnari et
al., 2017).

Overall, O, exposure resulted in accumulations of phenolic com-
pounds, according with previous reports on common wheat (Fatima
et al.,, 2018; Wang et al., 2014; Yadav et al., 2019). This response
occurred at 28 and/or 50 days FBE but not at the last time of anal-
ysis (i.e. 70 days FBE), likely because plants at senescence (as con-
firmed by drops of the photosynthetic process of controls) were not
more able to activate this mechanism and/or promoted the alloca-
tion of resources to other processes. Only vanillic acid, which sim-
ilarly increased in senescing plants of both cultivars, was reduced
by O, (with a negative correlation with syringic acid). A substantial
induction of the phenolic metabolism under O, was observed in
Claudio, while it was less activated in Mongibello. Thus, the increase
of phenolic concentration can be likely considered a repair process
that equipped Claudio stressed plants with an antioxidant system
capable of scavenging ROS, limiting cell death and avoiding photo-
synthetic impairment (Cheynier et al., 2013).

Given the number of ways phenolics are able to act as antioxi-
dants, as well as their multiple functions in plants, the observed in-
ductions of specific compounds at specific times can be interpreted
as an orchestrated fine regulation adopted by plants to cope with
the chronic O,-induced oxidative stress (Cheynier et al., 2013). In
Claudio, most of the phenolic acids were triggered by O, already at
28 days FBE, with caffeic and ferulic acids remaining at higher levels
also at the following time of analysis. Only 3,4-dihydroxybenzoic and
gallic acids were later induced at 50 days FBE, similarly to catechin
hydrate and syringaldehyde. Interestingly, the flavanol syringalde-
hyde was the only compound showing very similar raises between
cultivars, since it increased at 50 days also in Mongibello (where only
slight increases of p-coumaric and ferulic acids were also observed).
This outcome may confirm the key role of flavonoids in ROS scav-
enging under chronic Og-induced oxidative stress (Cheynier et al.,
2013; Cotrozzi et al., 2018). These cultivar-specific fine regulations

of the phenolic metabolism adopted by plants to cope with O, stress
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trough time was confirmed by the several significant correlations
among compounds.

Phenolic profiles can be valuable chemical markers of specific
species and cultivars under variable environments (Cotrozzi et al.,
2018; Medina-Medrano et al., 2015). Interestingly, the canonical
discriminant analysis showed that benzoic, syringic, p-coumaric and
gallic acids, together with catechin hydrate and syringaldehyde had a
higher power in discriminating the cultivars, whereas 3,4-dihydroxy-
benzoic, sinapic and vanillic acids were the compounds that mostly
discriminated both the cultivars and the treatments in older plants,
at 50 and 70 days FBE. This outcome further suggests that investi-
gations and characterizations of specific phenolic profiles of crops
under oxidative stress may be helpful in breeding programmes.

Finally, the investigation of phenolic metabolism in flooded
plants is another innovative aspect of the present study. However,
we did not find similar responses among plants exposed to differ-
ent oxidative stresses (i.e. O, and flooding), as we instead expected.
Flooding only induced an accumulation of chlorogenic, 3,4-dihy-
droxybenzoic, gallic and sinapic acids in both the cultivars, with the
former increasing similarly in both the cultivars, the second and the
third increasing more in Claudio than in Mongibello, and the lat-
ter increasing more in Mongibello. Flooding-induced reductions of
some phenolic compounds were also observed: p-coumaric acid only
in Mongibello, while ferulic acid and catechin hydrate in both the
species. These responses were likely due to the short duration of
flooding more than to the activation of other adaptive systems (e.g.
aerenchyma, Dennis et al., 2000), as supported by the findings of
Pampana et al. (2016) who reported a reduction of grain yield of two
varieties (Claudio and Svevo) only when waterlogging was prolonged
for more than 20 days. Although O, and flooding are similarly able
to induce oxidative stress in plants (Mustroph, 2018; Sandermann,
1996), our data show that the phenolic response to these environ-
mental constraints is stress specific, with a higher activation induced
under O, than under flooding, another aspect to take into account

when breeding future cultivars.

5 | CONCLUSIONS

The most sustainable long-term strategy to alleviate the effects of
tropospheric O, on agricultural crops (and human health) would cer-
tainly be to reduce air pollution, but various emission scenarios suggest
that O, precursor levels may continue to rise in many parts of the world
in the coming decades, leading to regional hotspots of O, pollution.
Increased flooding frequency is also expected for the near future due
to changes in global climate. Therefore, adaptation of crop production
to rising levels of O, and flooding is a solution as a mid-term strategy
to avoid yield losses, and to ensure food security in those highly popu-
lated parts of the world (Biswas et al., 2009; Tai et al., 2014). According
to Frei (2015), this could be performed by shifting crop calendars to
avoid major episodes of high O, levels, but a modelling study sug-
gested that this measure had little effect on a global scale (Teixeira et

al., 2011). A second option would be to breed crops, which are better
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adapted to environmental constraints. The genotype by environment
interaction highlighted by the present study suggests that genotype
selection is of crucial importance (especially if exacerbated stress con-
ditions are forecasted). Our study also shows that investigations and
characterization of specific phenolic profiles of crop cultivars under
oxidative stress may be helpful in breeding programmes. Given the
different phenolic responses observed under O, and flooding, these
investigations should be performed for specific stressors, testing vari-

able intensities and durations of stress exposure.
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