
Summary Increasing global background concentrations of
tropospheric ozone (O3) are expected to affect both crops and
forest ecosystems negatively. The phytotoxic effects of O3 are
mainly associated with the O3-induced production of reactive
oxygen species (ROS) in excess of the ability of the plant to
maintain ROS below the tolerance threshold. It is the balance
between O3 uptake and cellular antioxidant potential that deter-
mines O3 effects on vegetation. The greater sensitivity to ambi-
ent O3 exposure (60 nl l–1 O3, 15 days, 5 h a day) of poplar clone
Eridano (Populus deltoides × maximowiczii) compared with
clone I-214 (P. × euramericana) was reflected in a lower
photosynthetic efficiency, higher stomatal conductance and
hydrogen peroxide (H2O2) accumulation and more pro-
nounced leaf tissue membrane injury in Eridano than in I-214.
We checked if the differences in clonal responses to O3 fumiga-
tion were related to differing capacities for antioxidant defense
and phenylpropanoid metabolism and found that the increases
in foliar ascorbate and phenolic concentrations and phenyl-
propanoid metabolism in Eridano were insufficient to counter-
act H2O2 accumulation and the consequent oxidative stress.
This was probably because the higher influx of O3 into Eridano
leaves compared with I-214 leaves resulted in a lower potential
detoxification capacity per unit of O3 influx.

Keywords: antioxidant potential, ascorbate, Eridano, gluta-
thione, hydrogen peroxide, I-214, ozone, phenylpropanoid me-
tabolism.

Introduction

Ground-level ozone (O3) is one of the most ubiquitous and
damaging air pollutants affecting vegetation (Ashmore 2005).
Since the late 1980s, international agreements have reduced
peak ozone concentrations in many urbanized regions of the
world, but there is evidence of an increase in global back-
ground tropospheric concentrations (Bytnerowicz et al. 2007),
which is expected to negatively impact vegetation. In contrast

to the sudden increase in O3 concentration, typical of sin-
gle-pulse experiments, in nature O3 concentration peaks at
least once a day over a period of several weeks. Acute expo-
sure to high O3 concentrations for a short time generally leads
to a hypersensitive response similar to that elicited by the in-
compatible plant–pathogen interaction (Sandermann et al.
1998, Diara et al. 2005, Kangasjärvi et al. 2005). Long-term
exposure to relatively low O3 concentrations causes reductions
in photosynthesis and growth, and an acceleration of leaf se-
nescence (Matyssek and Sandermann 2003, Paoletti and
Grulke 2005, Gielen et al. 2007).

Inside the leaf, O3 phytotoxicity is mainly due to the genera-
tion of reactive oxygen species (ROS), including free radicals
such as superoxide anion (O2

–. ) and hydroxyl radical (OH –. ),
and peroxides such as hydrogen peroxide (H2O2)
(Kangasjärvi et al. 2005). Although O2

–. and H2O2 are among
the less reactive ROS, they are as dangerous as the more reac-
tive species because they can diffuse into any cell compart-
ment. Oxidative damage is believed to occur when ROS pro-
duction exceeds the plant’s ability to maintain the ROS con-
centration below a tolerance threshold (Matyssek and
Sandermann 2003). To counteract excess ROS concentrations,
plants have evolved efficient enzymatic and non-enzymatic
antioxidant mechanisms (Dixon and Paiva 1995, Noctor and
Foyer 1998).

Among the antioxidant metabolites, ascorbate (AsA) is rec-
ognized for its ability to scavenge significant amounts of
O3-induced ROS in the leaf apoplast (Ranieri et al. 2000a,
Conklin and Barth 2004); however, the relationship between
the O3 sensitivity of a plant and its apoplastic AsA concentra-
tion remains controversial (Ranieri et al. 1999, Conklin and
Barth 2004, D’Haese et al. 2005). Van Hove et al. (2001) dem-
onstrated that apoplastic AsA concentrations were insufficient
to protect poplar leaves against damage by ambient O3 concen-
trations (maximum concentrations of 50–60 nl l–1), and that
apoplastic AsA was replenished quickly with AsA from the
mesophyll cells, where the antioxidant concentrations were
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10–30 times higher than in the apoplast. Low apoplastic AsA
concentrations were also reported by Moldau et al. (1997) and
Plöchl et al. (2000). The role of AsA as an antioxidant is
strictly dependent on the cell’s ability to maintain it in a re-
duced state. This usually occurs through oxidation of reduced
glutathione (GSH) in the so called Halliwell–Asada cycle,
which operates in cytosol, chloroplasts, mitochondria and
peroxisomes (Jiménez et al. 1997, Noctor and Foyer 1998).
Although glutathione has many functions in plants, including
a role in signal transduction (Noctor 2006), it is known mainly
as a central component of the antioxidant defense system in
most aerobic organisms, including plants.

Phenolic compounds have many functions among which are
to serve as lignin precursors and oxygen radical scavengers
(Grace 2005). Antioxidant properties have been attributed to
phenolic compounds because the electron reduction potential
of the phenolic radical is lower than the electron reduction po-
tential of oxygen radicals, and also because phenoxyl radicals
are generally less reactive than oxygen radicals (Rice-Evans et
al. 1997, Grace and Logan 2000, Grace 2005). Exposure to O3

generally stimulates phenylpropanoid metabolism (Cabané et
al. 2004).

There is a growing consensus that exposure indices, such as
AOT40, are insufficient to predict the effects of O3 on vegeta-
tion and that flux- or uptake-based approaches are needed to
account for the physiologically effective O3 dose absorbed by
a plant (Matyssek et al. 2007). Cell fate in an O3-polluted envi-
ronment depends on exposure, uptake and biological re-
sponses (Reich 1987), so a meaningful tool to estimate plant
susceptibility to O3 should take into account both O3 flux
through stomata and cellular biochemical defenses (Wieser et
al. 2002, Tausz et al. 2007).

We analyzed some of the main defense mechanisms in-
volved in the O3 response in an O3-tolerant poplar clone
(I-214) and an O3-sensitive clone (Eridano) exposed to O3 at a
concentration typical of ambient air in urbanized areas (60 nl
l–1 O3, 15 days, 5 h a day). Specifically, we measured the con-
centrations and redox states of ascorbate and glutathione and
the activities and gene expression levels of some related en-
zymes. We tested whether the foliar concentrations of
phenolics and several enzymes of the phenylpropanoid
biosynthetic pathway were differentially affected by O3 in the
selected clones. Hydrogen peroxide accumulation and
changes in leaf gas exchange parameters and chlorophyll a flu-
orescence were assessed as indices of ongoing O3-induced
stress. To evaluate whether clonal differences in O3 sensitivity
were related to differences in potential antioxidant capacity
relative to O3 influx rather than to changes in antioxidant con-
centrations, we assessed the concentrations of ascorbate,
glutathione and phenolic compounds relative to stomatal O3

flux.

Materials and methods

Plant material and ozone fumigation

Cuttings of two poplar clones (P. × euramericana clone I-214,
O3-tolerant, and Populus deltoides × maximowiczii clone

Eridano, O3-sensitive) were planted in 4-l plastic pots filled
with 1:1 (v/v) commercial soil:expanded clay mix and grown
for 2 months (spring 2005) outdoors under a shade net (mean
daylight 500–600 µmol CO2 m–2 s–1) at Pisa, Italy (43°43′ N,
10°23′ E).

Uniform plants (about 50 cm high) with 10 fully expanded
leaves were randomly selected and assigned to a control group
or an O3-fumigation group. Plants were adapted to the growth
chamber (0.48 m3) conditions for 48 h at a day/night tempera-
ture of 20/17 °C, relative humidity (RH) of 60–85% and a
14-h photoperiod at a photosynthetic photon flux (PPF) at
plant height of 530 µmol m–2 s–1 from incandescent lamps.
Plants (three per clone) in the O3-treatment group were then
fumigated for 15 days with 60 nl l–1 O3 (5 h a day, from 0800 to
1300 h), and plants (three per clone) in the control group were
supplied with charcoal-filtered air under the same conditions.
Ozone was generated by passing pure oxygen through a Fisher
500 air-cooled generator (Fisher Labor und Verfahren-
stechnik, Meckenheim, Germany) and the O3 concentration of
the fumigation chamber was continuously monitored with a
UV analyzer (Model 8810, Monitor Labs, San Diego, CA).
During O3 fumigation and the administration of charcoal-fil-
tered air, the temperature in the growth chambers was main-
tained at 20 ± 1°C, RH at 85 ± 5% and PPF at plant height was
530 µmol m–2 s–1. A second set of cuttings transplanted
2 weeks after the first was used to replicate the fumigation ex-
periment, which was carried out by interchanging the control
and fumigation chambers.

Each analysis was made on a fully expanded young leaf
(2nd to 6th leaf from the apex), or on a pooled sample of leaves
from the same plant (for assays of enzymatic activities and
RNA isolation), collected from three individual plants of each
clone and treatment. Leaves were homogenized in liquid nitro-
gen, divided into aliquots and stored at –80 °C until analyzed,
unless specified otherwise. Freshly excised leaves were used
to determine fresh mass and area measured with a scanner and
image analysis software (SCION IMAGE, release 4.0.2, Scion
Corporation, MD). Dry mass was measured after drying leaf
samples for 72 h at 80 °C. Specific leaf area (SLA) was deter-
mined as one-side leaf area (m2) per leaf DM (kg).

Gas exchange and chlorophyll fluorescence

Measurements were carried out at the end of the 15-day O3 ex-
posure period on 2–3 leaves per plant (4th to 6th leaf from the
apex) at 1200–1400 h. Photosynthesis at saturating photosyn-
thetic active radiation (PAR) (Amax, µmol CO2 m–2 s–1), inter-
nal CO2 concentration (Ci, ppm), transpiration (T, mmol H2O
m–2 s–1), and stomatal conductance to water vapor (gs, mmol
H2O m–2 s–1) were measured with an open infrared gas-ex-
change system (CIRAS-1 PP-Systems, Herts, U.K.), equipped
with a Parkinson broadleaf chamber. The system controlled
leaf temperature (20 °C), leaf-to-air vapor pressure difference
(2.0 ± 0.2 kPa), saturating PAR (1500 µmol m–2 s–1) and CO2

concentration (360 µl l–1). Instantaneous water-use efficiency,
WUE (mmol CO2 mol–1 H2O), was calculated as A/T.

Concurrent with gas exchange measurements, chlorophyll a
fluorescence of photosystem II (PSII) was measured on the
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adaxial surface of interveinal leaf regions with a fluorometer
(Handy PEA, Hansatech Instruments., Norfolk, U.K.). Before
measurements, leaves were dark-adapted for 40 min. In the
dark-adapted state, initial fluorescence (Fo, when all PSII re-
action centers were open) was measured. After Fo determina-
tion, maximum fluorescence (Fm, when all PSII reaction cen-
ters were closed) was measured by applying a 1-s saturating
actinic light pulse (3000 µmol m–2 s–1). Maximum quantum
yield for electron transport by open PSII centers (photochemi-
cal efficiency) was calculated as Fv/Fm = (Fm – Fo)/Fm

(Schreiber and Bilger 1987).

Cell viability measurement

Cell viability was assessed by Evans Blue dye, which is ex-
cluded from cells with intact membranes. Three fresh leaves
per plant were vacuum infiltrated for 1 h with 0.25% Evans
Blue solution, rinsed with distilled water to remove excess dye
and photographed (Castagna et al. 2007).

Histochemical detection of hydrogen peroxide

Hydrogen peroxide accumulation was visualized by staining
with 3,3′-diaminobenzidine (DAB) which reacts with H2O2 to
form a red-brown complex. Three fresh leaves per plant were
vacuum infiltrated (–65 kPa, three cycles of 1 min each) with
0.1% DAB in 10 mM MES pH 6.5. After a 45-min incubation
in ambient laboratory light, leaves were destained with 96%
ethanol at 40 °C and stored in 50% ethanol (Castagna et al.
2007).

Determination of H2O2

Leaf tissue was frozen in liquid nitrogen and ground. Then
200 µl of 20 mM potassium-phosphate buffer, pH = 6.5, was
added to 30 mg of ground frozen tissue. After centrifugation,
25 µl of the supernatant was used to measure foliar H2O2 pro-
duction following reaction with 10-acetyl-3,7-dihydrophen-
oxazine (Amplex Red reagent) to produce the red-fluorescent
oxidation product resofurin (excitation/emission = 530/
590 nm) (Mohanty et al. 1997). We used the Amplex Red Hy-
drogen Peroxide/Peroxidase Assay Kit (Molecular Probes),
according to Shin et al. (2005) and the manufacturer’s recom-
mendations. The assay has a detection limit of 50 nM H2O2.
Values were expressed as µmol H2O2 mg–1 fresh mass by refer-
ence to an H2O2 standard curve.

Determination of AsA and DHA leaf concentration

Leaf samples frozen in liquid nitrogen were extracted in 5%
metaphosphoric acid (1:2 w/v) and centrifuged at 24,000 g for
20 min at 4 °C. After neutralization with 1.5 M KOH, an
aliquot of supernatant was added to 10% (w/v) trichloracetic
acid (TCA) and 5 M NaOH. The mixture was centrifuged at
12,000 g for 2 min, and 150 mM phosphate buffer (pH 7.4)
was added to the supernatant. The total amount of ascorbate
acid (AsA) plus dehydroascorbate (DHA) (AsA + DHA) in
each sample was quantified as described by Ranieri et al.
(2000a). Values were expressed as µmol AsA g–1 FM by refer-
ence to a standard curve of AsA (Sigma).

Determination of reduced and oxidized glutathione

Leaf samples frozen in liquid nitrogen were extracted in 5%
(w/v) TCA containing 5% insoluble polyvinylpolypyrro-
lidone (PVPP) and centrifuged at 14,000 g for 15 min at
4 °C. Total reduced glutathione (GSH) + oxidized glutathione
(GSSG) in the supernatant were determined spectrophotomet-
rically by an enzymatic recycling procedure in which GSH is
sequentially oxidized by 5,5′-dithiobis-(2-nitrobenzoic acid)
(DTNB, i.e., Ellman’s reagent) and reduced by NADPH in the
presence of glutathione reductase, as described by Di Baccio
et al. (2004). 5-Thio-2-nitrobenzoic acid formation was moni-
tored at 412 nm for 1 min at 25 °C. Total glutathione was cal-
culated from a standard curve in which GSH equivalents were
plotted against the rate of change in absorbance at 412 nm. Ox-
idized glutathione was determined after derivatization of GSH
by 2-vinylpyridine by reference to a GSSG standard curve.
Reduced glutathione was determined by subtracting GSSG, as
GSH equivalents, from the total glutathione concentration.
Values were expressed as nmol GSH g–1 FM.

Calculation of the potentially available amount of
antioxidants per unit of stomatal O3 flux

The potentially available leaf antioxidant concentration per
unit of O3 flux was calculated for each plant as: AA = A F/ ,O3

where AA represents the available amount of the antioxidant
per unit of O3 flux, A is antioxidant concentration expressed on
a leaf area basis, and FO3

(nmol m–2 s–1) is stomatal O3 flux
(Wieser et al. 2002, Tausz et al. 2007). We calculated FO 3

as:
FO3

= O ga O( )
3

, where gO3
is stomatal conductance of water va-

por multiplied by 0.613 and Oa is ambient O3 concentration (nl
l–1). Because internal leaf O3 concentration approaches zero
(Laisk et al. 1989) and the mesophyll resistance to O3 is typi-
cally small (cf. Runeckles 1992), we ignored internal leaf O3

concentration when calculating O3 flux.

Enzyme extraction and activity

Ascorbate peroxidase (APX, E.C. 1.11.1.11) was extracted
from leaf samples frozen in liquid nitrogen by homogenizing
with 10% (w/w) PVPP in 100 mM Tricine-KOH buffer
(pH 8.0), 20 mM MgCl2, 50 mM KCl, 10 mM EDTA, 50 mM
Na ascorbate, 0.1% (v/v) Triton X-100, 1 mM dithiothreitol
(DTT), and 0.50 mM phenylmethylsulfonyl fluoride (PMSF).
After centrifugation at 12,000 g for 30 min at 4 °C, the
supernatant was dialyzed against diluted extraction buffer. The
APX activity was determined from the decrease in absorbance
at 290 nm resulting from the oxidation of ascorbic acid during
the first 30 s of the reaction (Diara et al. 2005), and expressed
as µmol of ascorbic acid oxidized mg–1 protein min–1. To dis-
criminate between APX and POD activities, 50 mM
p-chloromercuribenzoate, known to inactivate APX, was
added to the enzymatic reaction mixture (Diara et al. 2005).

Glutathione reductase (GR, E.C. 1.6.4.2) was extracted by
homogenizing 200-mg aliquots of frozen leaf powder with
1.5 ml of 0.1 M phosphate buffer (KH2PO4/K2HPO4) contain-
ing 5 mM ascorbate, 0.5% (v/v) Triton X-100 (pH 7.8) and
100 mg of PVPP. After centrifugation at 14,000 g for 20 min at
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4 °C, the supernatant was collected and immediately assayed.
The GR activity was determined by following the GSSG-de-
pendent NADPH oxidation at 340 nm for 10 min at 25 °C, as
described by Di Baccio et al. (2005), and expressed as µmol of
GSSG reduced mg–1 protein min–1.

Shikimate dehydrogenase (SKDH, E.C. 1.1.1.25) was ex-
tracted from freshly collected leaf samples by grinding in liq-
uid nitrogen with 50% (w/w) PVPP in 0.1 M K-phosphate
buffer (pH 7.4), 0.5 mM DTT, 2 mM L-cysteine, 2 mM EDTA
and 8 mM 2-mercaptoethanol. After centrifugation at 19,000 g
for 20 min at 4 °C, the supernatant was collected and immedi-
ately assayed for SKDH activity by following the reduction in
NADP+ at 340 nm for 5 min, as described by Cabané et al.
(2004). Activity was expressed as µmol of NADPH oxidized
mg–1 protein min–1.

L-Phenylalanine ammonium lyase (PAL, E.C. 4.3.1.5) was
extracted by grinding fresh leaves in liquid nitrogen with 10%
(w/w) PVPP followed by homogenization in 50 mM borate
buffer (pH 8.5) containing 5 mM 2-mercaptoethanol and cen-
trifuging at 20,000 g for 20 min at 4 °C. Enzymatic activity
was determined by measuring the production of trans-cin-
namic acid at 290 nm, as described by Cabané et al. (2004).
Activity was expressed as µmol of trans-cinnamic acid pro-
duced mg–1 protein h–1.

Cinnamyl alcohol dehydrogenase (CAD, E.C. 1.1.1.195)
was extracted by grinding freshly collected leaf samples in liq-
uid nitrogen with 10% (w/w) PVPP in 0.1 M K-phosphate
buffer (pH 7.4), 0.5 mM DTT, 2 mM EDTA and 8 mM
2-mercaptoethanol and centrifuging at 19,000 g for 20 min at
4 °C. The CAD activity was measured by following the oxida-
tion of coniferyl alcohol to its corresponding aldehyde at
400 nm for 5 min at 30 °C, as described by Babar Ali et al.
(2005). The activity was expressed as µmol of coniferyl-
aldehyde mg–1 protein h–1.

Soluble protein concentration in leaf extracts was deter-
mined by the protein-dye binding method of Bradford (1976),
with bovine serum albumine (BSA) as standard.

RNA isolation, reverse transcription and real-time PCR

Total RNA isolation from poplar leaves and reverse transcrip-
tion were performed as described by Di Baccio et al. (2005).
Real-time PCR was performed on an ABI 7300 Real-Time
PCR System (Applied Biosystems, Foster City, CA) with the
Applied Biosystems Custom TaqMan® gene expression
small-scale assay, according to the manufacturer’s protocol.
Each reaction was performed on 5 µl of 1:25 (w/v) dilution of
the first cDNA strands, in a total reaction of 20 µl. β-Tubulin

was used as the housekeeping gene. Fluorescent reporter mol-
ecules and specific primers (Table 1) for each gene analyzed
(GRchl, GRcyt and γ-ECS plus β-tubulin) were designed and
made by Applied Biosystems. Thermal cycling conditions
were: incubation at 95 °C for 10 min to activate the Taq Gold
DNA polymerase, followed by 40 cycles of 15 s at 95 °C and
1 min at 60 °C. For each gene analyzed, real-time-PCR prod-
ucts were quantified by generating standard curves at known
concentrations, where fluorescence signal intensities (corre-
sponding to cDNA concentrations) were plotted versus Ct
(threshold cycle) values on a log scale. The correlation coeffi-
cient ranged from 0.95 to 0.99. The efficiency of the primer
sets was evaluated by performing real-time PCR on several di-
lutions of a mix of the different first strands. All determina-
tions were made in quadruplicate wells using the same 96-well
plate for the three target genes plus the housekeeping gene for
all clone × O3 combinations. The results were normalized to
the constitutive β-tubulin gene expression level and expressed
as log10(ng mRNA).

Determination of total phenol concentration and antioxidant
activity

Phenols were extracted from 400 mg of fresh leaf tissues
(pooled from three leaves per plant) by homogenization in
2.5 ml of 70% methanol for 2 h. The mixture was centrifuged
twice for 5 min at 2000 g and the supernatant used for the
Folin-Ciocalteau assay (modified from Singleton and Rossi
1965). A 30-µl aliquot of each sample was mixed with
0.150 ml of 2 N Folin-Ciocalteau reagent (Sigma Chemical
Co.), 0.60 ml of 10% Na2CO3 and 2.22 ml of distilled water in
a 3.0 ml final volume reaction. After a 3-h incubation at room
temperature in the darkness, absorbance at 750 nm was mea-
sured. Gallic acid (GA) was used to prepare a standard curve,
and assay results were expressed as mg of GA equivalents per
g of leaf fresh mass.

Antioxidant activity of leaf phenolic extracts was measured
as Trolox (6-hydroxy-2,5,7,8-tetramethychroman-2-carbo-
xylic acid) equivalent antioxidant capacity (TEAC), as de-
scribed by by Re et al. (1999). The assay is based on the ability
of putative antioxidants to reduce 2,2′-azinobis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) radical cations
(ABTS ⋅+ ). Radical production was maximal after 6 h and sta-
ble for up to 2 days. The percentage inhibition of ABTS ⋅+
absorbance by the leaf phenolic extract was recorded at
734 nm and antioxidant activity was calculated by reference to
a Trolox standard curve and expressed as µmol Trolox per g of
fresh mass.
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Table 1. Primer sets for real-time PCR analyses. Abbreviations: γ-ECS, glutamylcysteine synthetase; GRchl, chloroplastic glutathione reductase;
and GRcyt, cytoplasmic glutathione reductase.

Enzyme Forward primer Reverse primer

γγ-ECS 5′-GCTGGCCTTGCTTTGCA-3′ 5′-CATCAGTGAAAGGTGAGTTTGCA-3′
GRchl 5′-CGATGTTCATGTATTCATAAGGCAGAAA-3′ 5′-TCCTCTTAGAGACATCTGTTCTGCAA-3′
GRcyt 5′-GTTGGGAAGTGAACGAGAAAGTG-3′ 5′-CCCAGCATTAGATAGTAACCTCTTGTAAATT-3′
β-Tubulin 5′-TAAATCCGGTCACCGATTTC-3′ 5′-TCCATGCTCAGCGCAAAC-3′
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Statistical analysis

The experiment was a completely randomized block design
with six replicates (3 plants per clone × 2 fumigation experi-
ments, n = 6 for each clone). The effects of clone (I-214 and
Eridano), O3 treatments (charcoal-filtered air and ozone
fumigation) and the interaction between clones and O3 treat-
ments (clone × O3) were evaluated by two-way analysis of
variance (ANOVA). For measurements of enzymatic activities
and RNA isolation, several young leaves from the same plant
were pooled and each extraction and assay was repeated four
times with different plants. Data shown in tables and figures
are means ± SE for each clone × O3 treatment combination.
The significance level was set at P = 0.05. Separation of means
was performed by Tukey’s test at the 0.05 significance level.

Results

Visible injury and cell viability

At the end of the 15-day O3 fumigation there was no visible in-
jury to young fully expanded leaves (2nd to 6th leaf from the
apex) of either clone. Mature leaves of Eridano displayed
small necrotic lesions, and the oldest leaves of I-214 under-
went premature detachment, suggesting accelerated senes-
cence (data not shown). Ozone exposure caused a greater in-
crease in the area stained with Evans Blue dye in young leaves
of Eridano than in young leaves of I-214, indicating greater
membrane injury in Eridano (Figure 1).

Leaf traits, gas exchange and chlorophyll a fluorescence

No differences in foliar fresh mass/dry mass ratio (FM/DM)
or specific leaf area (SLA) were observed between clones or
between treatments (Table 2). Mean leaf area (2nd to 6th leaf
from the apex) was higher in Eridano than in I-214, but the O3

treatment had no effect on leaf area in either clone. Photosyn-
thesis at saturating PAR (Amax), gs, T, Ci and WUE were influ-
enced by clone, O3 exposure and their interaction (Table 2). In
I-214, O3 exposure did not significantly affect gas exchange
parameters. In Eridano, Amax decreased 39% in response to O3

treatment, whereas gs, T and Ci increased by 50, 54 and 20%,
respectively, compared with control values. Although WUE
was similar in control and O3-treated I-214 plants, O3 reduced
WUE by 63% in Eridano plants (Table 2). The PSII photo-
chemical efficiency (Fv/Fm ) was higher in Eridano than in
I-214, and was reduced by O3 in both clones (Table 2).

Hydrogen peroxide

In situ reaction with DAB revealed H2O2 accumulation in
O3-treated leaves of Eridano, whereas only a few red-brown
spots were present in I-214 leaves exposed to O3 (Figure 2A).
Quantification of H2O2 with the fluorescent probe Amplex
Red confirmed these results and revealed that O3 fumigation
caused a 10-fold increase in H2O2 concentration in Eridano
leaves compared with control leaves, whereas H2O2 concentra-
tion in I-214 leaves was unaffected by O3 treatment (Fig-
ure 2B).

Antioxidant metabolites and enzymes

Foliar AsA concentration was significantly affected by both
clone and O3 treatment and their interaction (Table 3). In
Eridano, AsA concentration increased 21% in response to O3

treatment, whereas there was no significant change in I-214.
Total ascorbate (AsA + DHA) concentration was higher in
Eridano than in I-214 and increased with O3 exposure inde-
pendently of clone. Dehydroascorbate (DHA) concentration
was unaffected by any factor, whereas the ascorbate redox
state (AsA/(AsA + DHA)) was dependent on clone, being gen-
erally higher in Eridano than in I-214 (Table 3).

Total ascorbate peroxidase (APX) activity depended on
clone and O3 and their interaction (Table 3). Ascorbate
peroxidase (APX) activity in control leaves was higher in
Eridano than in I-214. Ozone fumigation reversed the clonal
pattern of APX activity, resulting in a 53% increase in I-214
and a 26% decrease in Eridano (Table 3).

Reduced (GSH) and total (GSH + GSSG) glutathione con-
centrations were unaffected by O3 treatment, but they differed
significantly between clones (Table 4). The constitutive con-
centrations of the reduced and total forms of glutathione were
3.1- and 2.4-fold higher, respectively, in I-214 than in Eridano.
Neither clone nor O3 treatment affected GSSG concentrations.
Because of clonal differences in GSH and GSH + GSSG con-
centrations, the redox state of glutathione (GSH/(GSH +
GSSG)) was affected by clone, but not by O3 and there was no
clone × O3 interaction (Table 4). Glutathione reductase (GR)
activity was also significantly influenced by genotypic differ-
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Figure 1. Integrity of cell plasma membranes. determined by the Ev-
ans Blue staining method, in hybrid poplar clones I-214 (A, B) and
Eridano (C, D) exposed for 15 days (5 h a day, from 0800 to 1300 h) to
charcoal-filtered air (A, C) or 60 nl l–1 O3 (B, D). Heavy staining is in-
dicative of damaged cell membranes.
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ences, constitutive activity being 79% higher in I-214 than in
Eridano, but in both clones it was unaffected by O3 treatment
and there was no clone × O3 interaction (Table 4).

Expression levels of GR and γ-ECS

Transcript levels of all the genes analyzed (Figure 3) were af-
fected by clone. Transcripts of the chloroplastic and cytosolic
GR isoforms (GRchl and GRcyt, respectively) were generally 4
and 2.5 times higher in I-214 than in Eridano, respectively, in-
dependently of O3 treatment. Ozone fumigation increased
GRcyt transcript levels in I-214 leaves by 30% compared with
the control value, resulting in an about 3-fold higher expres-
sion level compared with O3-treated leaves of Eridano. Ex-
pression of GRcyt was influenced by the interaction of clone
and O3 treatment (Figure 3). Transcript of γ-glutamylcysteine
synthetase (γ-ECS) were about twice as abundant in I-214 than
in Eridano, but in both clones they were unaffected by O3 ex-
posure (Figure 3).

Leaf total phenol concentration and antioxidant activity

Foliar total phenolic concentrations were significantly influ-
enced by clone and O3 treatments as well as by their interac-
tion (Table 5). The constitutive foliar total phenolic concentra-
tion was 50% higher in Eridano than in I-214. Ozone fumiga-
tion caused a 90% increase in foliar total phenolic concentra-
tion in Eridano compared with a 68% increase in I-214
(Table 5). The antioxidant activities of foliar phenolic extracts,
measured as the ability of phenolics to scavenge pre-formed
ABTS+ radicals, were similar in control plants of both clones.
Following O3 exposure, both clones exhibited an increase in
antioxidant ability relative to controls, although the increase
was significantly higher in Eridano than in I-214 (64 versus
18%) (Table 5).

Enzymes involved in phenylpropanoid pathway

In response to O3 treatment, shikimate dehydrogenase
(SKDH) activity increased by 36 and 62% in I-214 and
Eridano, respectively (Figure 4A). The effects of clone, O3
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Table 2. Effects of O3 treatment on leaf fresh mass/dry mass ratio, mean leaf area, specific leaf area, gas exchange and chlorophyll a fluorescence
in leaves (2nd to 6th leaf from the apex) of the hybrid poplar clones I-214 and Eridano after exposure for 15 days (5 h a day, from 0800 to 1300 h) to
charcoal-filtered air or 60 nl l–1 O3. Abbreviations: FM, fresh mass; DM, dry mass; LA, leaf area; SLA, specific leaf area; Amax, photosynthesis at
saturating light; gs, stomatal conductance; T, transpiration; Ci, internal CO2 concentration; WUE, instantaneous water-use efficiency; Fv/Fm, max-
imum quantum yield for electron transport by open PSII centers. Values are means ± SE for each clone and O3 treatment combination (n = 6). Data
were analyzed by two-way ANOVA to evaluate the clone (clone) and ozone treatment (O3) effects and their interaction (clone × O3). Where the
clone × O3 interaction was significant, different letters indicate statistically different means following Tukey’s test (P = 0.05).

Parameter Clone P

I-214 Eridano Clone O3 Clone × O3

C O3 C O3

FM/DM ratio 3.96 ± 0.17 4.00 ± 0.10 4.14 ± 0.20 4.27 ± 0.03 0.151 0.571 0.757
LA (cm2 leaf –1) 11.94 ± 1.67 9.64 ± 1.93 19.47 ± 3.21 20.16 ± 2.74 0.006 0.754 0.561
SLA (cm2 g–1 DM) 54.9 ± 2.4 51.7 ± 4.6 57.2 ± 9.0 56.9 ± 2.7 0.538 0.777 0.813
Amax (µmol CO2 m–2 s–1) 5.40 ± 0.42 b 4.87 ± 0.44 b 7.74 ± 0.72 a 4.70 ± 0.47 b 0.049 0.002 0.025
gs (mmol H2O m–2 s–1) 120.00 ± 7.15 c 129.14 ± 11.82 bc 187.29 ± 25.74 b 280.14 ± 12.97 a < 0.001 0.004 0.015
T (mmol H2O m–2 s–1) 1.43 ± 0.09 c 1.42 ± 0.19 c 2.12 ± 0.21 b 3.27 ± 0.21 a < 0.001 0.002 0.002
Ci (ppm) 274.14 ± 3.00 b 280.86 ± 6.41 b 266.00 ± 8.51 b 319.00 ± 3.66 a 0.017 < 0.001 0.001
WUE (mmol CO2 mol–1 H2O) 3.58 ± 0.15 a 3.92 ± 0.45 a 3.97 ± 0.33 a 1.47 ± 0.12 b 0.002 0.001 < 0.001
Fv/Fm 0.833 ± 0.002 0.826 ± 0.003 0.843 ± 0.002 0.827 ± 0.004 0.027 < 0.001 0.114

Figure 2. Histochemical localization of O3-induced H2O2 accumula-
tion by DAB staining (A) and H2O2 quantification with the fluores-
cent probe Amplex Red (B) in leaves of hybrid poplar clones I-214
and Eridano exposed for 15 days (5 h a day, from 0800 to 1300 h) to
charcoal-filtered air (open bar) or 60 nl l–1 O3 (filled bar). Values are
means ± SE for each clone and O3 treatment combination (n = 6). Data
were analyzed by two-way ANOVA to evaluate the clone (clone) and
ozone treatment (O3) effects and their interaction (clone × O3). Where
the clone × O3 interaction was significant, different letters indicate
statistically different means following Tukey’s test (P = 0.05).
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treatment and their interaction were significant for phenyl-
alanine ammonia-lyase (PAL) and cinnamyl alcohol dehy-
drogenase (CAD) activities (Figures 4B and 4C). In I-214
leaves PAL activity, which was constitutively higher in
Eridano than in I-214, was enhanced ninefold by O3 fumiga-
tion compared with the control value, whereas O3 had no effect
on PAL activity in Eridano (Figure 4B). Similarly, CAD activ-
ity was constitutively higher in Eridano than in I-214, and
showed 2.6- and 1.9-fold increases in response to O3 in I-214
and Eridano, respectively (Figure 4C).

Potential antioxidant availability per unit of stomatal O3 flux

Calculation of the potentially available amount of antioxidants
per unit of stomatal O3 flux in control and O3-treated plants al-
lowed us to estimate whether the clones differed in constitutive
detoxification ability per O3 flux and how much the presence
of ozone affected this capacity. Although the clones did not
differ in constitutive AAAsA, they reacted differently to the
presence of O3. In I-214, this index remained unchanged fol-
lowing O3 exposure, whereas in Eridano it decreased signifi-
cantly by 32% (Table 6). Thus, although the absolute concen-

tration of reduced ascorbate in O3-treated Eridano leaves was
63% higher than in O3-treated I-214 leaves (Table 3), the con-
centration was 33% lower in Eridano than in I-214 when nor-
malized by stomatal O3 flux (AAAsA) (Table 6).

The constitutive GSH concentration was 210% higher in
I-214 than in Eridano (Table 3) and, when corrected by
stomatal O3 flux (AAGSH), the GSH antioxidant capacity of
I-214 was more than four times higher than in Eridano (Ta-
ble 6). Moreover, although both clones displayed a significant
decrease in AAGSH following O3 exposure, the decrease was
more pronounced in Eridano than in I-214 (–31 versus –15%),
resulting in AAGSH being five times higher in I-214 than in
Eridano at the end of the 15-day O3 treatment (Table 6).

Potentially available phenols per unit of stomatal O3 flux
(AAPHE) was similar in control leaves of I-214 and Eridano
(Table 6). However, following O3 exposure, AAPHE signifi-
cantly increased by 64% in I-214, whereas it was unchanged in
Eridano. Thus, despite the 70% greater absolute phenolic con-
centration measured in O3-fumigated leaves of Eridano com-
pared with O3-fumigated leaves of I-214 (Table 5), AAPHE was
32% lower in Eridano leaves than in I-214 leaves (Table 6).
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Table 3. Ascorbate (AsA), dehydroascorbate (DHA), total (AsA + DHA) ascorbate concentrations (µmol g–1 FM), the ratio of oxidized to total
ascorbate (AsA/(AsA + DHA)) and ascorbate peroxidase (APX) activity (µmol AsA mg–1 protein min–1) in leaves (2nd to 6th leaf from the apex)
of the hybrid poplar clones I-214 and Eridano exposed for 15 days (5 h a day, from 0800 to 1300 h) to charcoal-filtered air or 60 nl l–1 O3. Values
are means ± SE for each clone and O3 treatment combination (n = 6). Data were analyzed by two-way ANOVA to evaluate the clone effect (clone),
the ozone treatment effect (O3) and the interaction of these factors (clone × O3). Where the clone × O3 interaction was significant, different letters
indicate statistically different means following Tukey’s test (P = 0.05).

Parameter Clone P

I-214 Eridano Clone O3 Clone × O3

C O3 C O3

AsA 3.40 ± 0.25 c 3.56 ± 0.15 c 4.80 ± 0.06 b 5.80 ± 0.09 a < 0.001 0.002 0.016
DHA 0.79 ± 0.23 1.16 ± 0.18 0.77 ± 0.18 0.73 ± 0.24 0.287 0.426 0.331
AsA + DHA 4.19 ± 0.42 4.73 ± 0.12 5.57 ± 0.14 6.53 ± 0.21 < 0.001 0.009 0.410
AsA/(AsA + DHA) 0.82 ± 0.03 0.76 ± 0.03 0.86 ± 0.03 0.89 ± 0.03 0.015 0.564 0.174
APX 0.53 ± 0.004 c 0.81 ± 0.02 a 0.68 ± 0.01 b 0.51 ± 0.03 c < 0.001 0.006 < 0.001

Table 4. Reduced (GSH), oxidized (GSSG) and total (GSH + GSSG) glutathione concentrations (nmol g–1 FM), the ratio of oxidized to total
glutathione ratio (GSH/(GSH + GSSG)) and glutathione reductase (GR) activity (µmol GSH mg–1 protein min–1) in leaves (2nd to 6th leaf from
the apex) of the hybrid poplar clones I-214 and Eridano exposed for 15 days (5 h a day, from 0800 to 1300 h) to charcoal-filtered air or 60 nl l–1 O3.
Values are means ± SE for each clone and O3 treatment combination (n = 6). Data were analyzed independently by two-way ANOVA to evaluate
the clone effect (clone), the ozone treatment effect (O3) and the interaction of these factors (clone × O3).

Parameter Clone P

I-214 Eridano Clone O3 Clone × O3

C O3 C O3

GSH 169.25 ± 27.52 151.40 ± 21.25 54.63 ± 5.60 56.03 ± 3.54 < 0.001 0.655 0.602
GSSG 35.29 ± 7.20 39.39 ± 1.07 29.51 ± 1.60 37.99 ± 1.33 0.371 0.135 0.579
GSH + GSSG 204.53 ± 29.38 190.79 ± 20.20 84.15 ± 7.13 94.02 ± 4.59 < 0.001 0.918 0.537
GSH/(GSH + GSSG) 0.83 ± 0.03 0.79 ± 0.03 0.65 ± 0.01 0.60 ± 0.01 < 0.001 0.076 0.738
GR 0.034 ± 0.002 0.033 ± 0.003 0.019 ± 0.002 0.015 ± 0.002 < 0.001 0.223 0.428
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Discussion

Moderate O3 exposure generally produces little or no visible
injury in plants but results in biochemical and physiological
changes that lead to reduced growth (Matyssek and
Sandermann 2003, Paoletti and Grulke 2005). In accordance
with this behavior, neither the I-214 nor the Eridano poplar
clone, which are known to differ in the degree of visible injury
caused by acute O3 exposure (Ranieri et al. 1999, 2000b, Diara
et al. 2005), developed leaf lesions at the end of the 15-day O3

exposure, with the exception of some of the oldest leaves of
Eridano, which exhibited small necrotic lesions (data not
shown). Despite the absence of visible symptoms, young

leaves of Eridano suffered pronounced membrane injury, as
revealed by the many areas stained blue with Evans Blue dye,
indicative of ongoing oxidative stress (Figure 1).

Leaf FM/DM ratio, mean leaf area and SLA were unaf-
fected by the O3 treatment. Although mean leaf area was
higher in Eridano than in I-214, when expressed per unit dry
mass there was no difference between clones. The differential
O3 sensitivity of the clones was apparent in the marked de-
crease in Amax observed in O3-fumigated plants of Eridano (Ta-
ble 2). Previous studies have demonstrated that the photosyn-
thetic apparatus of Eridano is more sensitive to O3 than that of
I-214, as indicated by greater decreases in photosynthetic elec-
tron transport rate and pigment concentration, as well as by
major alterations in protein–pigment complexes of both
photosystems in Eridano (Ranieri et al. 2001). These findings
and the observation of an O3-induced increase in intercellular
CO2 concentration are indicative of reduced carboxylation ef-
ficiency by the Calvin cycle enzymes resulting in decreased
photosynthesis in Eridano. Stomatal closure was not responsi-
ble for the observed decrease in Amax because gs increased fol-
lowing O3 exposure (Table 2). The higher O3 influx due to in-
creased gs must have increased the oxidative load on the photo-
synthetic machinery. An uncoupling between A and gs has
been reported in plants exposed to O3 (Matyssek et al. 1991,
Paoletti et al. 2007) and has been attributed to loss of stomatal
control. As a consequence of increased gs, transpiration in-
creased in O3-treated Eridano (Table 2) (Paoletti and Grulke
2005).

A higher gs implies a higher flux of O3 to the intercellular
space (Sandermann and Matyssek 2004), which may account
for the observed impairments in CO2 fixation and the decrease
in Amax. A reduction in carbon fixation is a common response
of plants to O3 (Pell et al. 1992, Fares et al. 2006). The altered
photosynthetic process observed accords with the decrease in
WUE in Eridano exposed to O3 (Table 2). Increased transpira-
tion in O3-treated Eridano also decreased WUE, suggesting
that O3 has negative effects on the water balance of this
O3-sensitive clone (Paoletti and Grulke 2005).

Chlorophyll a fluorescence measurements showed that the
efficiency of excitation capture of PSII of dark-adapted leaves
(Fv/Fm) was negatively affected by O3 treatment, with a slight
effect on PSII photochemistry (Table 2). One-way ANOVA

1768 DI BACCIO, CASTAGNA, PAOLETTI, SEBASTIANI AND RANIERI

TREE PHYSIOLOGY VOLUME 28, 2008

Figure 3. Expression of GRchl (open bar), GRcyt (gray bar) and γ-ECS
(black bar) mRNAs in leaves of hybrid poplar clones I-214 and
Eridano exposed for 15 days (5 h a day, from 0800 to 1300 h) to char-
coal-filtered air or 60 nl l–1 O3. Values are means ± SE for each clone
and O3 treatment combination (n = 4). Gene expression was analyzed
by real-time RT-PCR and the results were standardized to the consti-
tutive -tubulin gene expression level. Data were analyzed by
two-way ANOVA to evaluate the clone (clone) and ozone treatment
(O3) effects and their interaction (clone × O3).Where the clone × O3

interaction was significant, different letters indicate statistically dif-
ferent means following Tukey’s test (P = 0.05). Abbreviations:
γ-ECS, glutamylcysteine synthetase; GRchl, chloroplastic glutathi-
one reductase; and GRcyt, cytoplasmic glutathione reductase.

Table 5. Leaf total phenolic concentration, expressed as mg of gallic acid (GA) equivalents per g fresh mass, and Trolox equivalent antioxidant ac-
tivity (TEAC) of foliar phenolic extracts (2nd to 6th leaf from the apex), expressed as µmol Trolox per g of fresh mass, in hybrid poplar clones
I-214 and Eridano exposed for 15 days (5 h a day, from 0800 to 1300 h) to charcoal-filtered air or 60 nl l–1 O3. Values are means ± SE for each
clone-O3 treatment combination (n = 6). Data were analyzed by two-way ANOVA to evaluate the clone (clone), and ozone treatment (O3) effects
and their interaction (clone × O3). Where the clone × O3 interaction was significant, different letters indicate statistically different means following
Tukey’s test (P = 0.05).

Parameter Clone P

I-214 Eridano Clone O3 Clone × O3

C O3 C O3

Total phenolics (mg g–1 FM) 5.57 ± 0.48 c 9.35 ± 0.21 b 8.37 ± 0.44 b 15.90 ± 0.47 a < 0.001 < 0.001 0.002
TEAC (µmol g–1 FM) 17.12 ± 0.67 c 20.14 ± 0.65 b 16.09 ± 0.52 c 26.37 ± 1.06 a < 0.001 < 0.001 0.003
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applied to I-214 and Eridano separately revealed that Fv/Fm

was reduced by O3 exposure in both clones, but more so in
Eridano than in I-214 (data not shown). A decrease in Fv/Fm,
which is considered a measure of photoinhibition, has fre-
quently been observed as a consequence of O3 exposure
(Loreto et al. 2004, Gielen et al. 2007, Paoletti et al. 2007).

Ozone phytotoxicity is believed to be due to ROS produc-
tion following the breakdown of O3 in the apoplast as well as
by endogenous, active, self-propagating ROS generation or
possibly because cellular ROS scavenging capacity is over-
whelmed, or because of a combination of these factors
(Matyssek and Sandermann 2003). Both DAB-staining and
use of the specific fluorescent probe Amplex Red confirmed
that O3 caused greater H2O2-dependent oxidative stress in
Eridano leaves than in I-214 leaves (Figure 2). Eridano is
known to accumulate greater quantities of H2O2 than I-214 fol-
lowing a single pulse exposure to 150 ppb of O3 (Diara et al.
2005). Accumulation of H2O2 is often observed in short- and
long-term experiments with high O3 concentrations, where an
increase in H2O2 mediates some plant responses to O3, such as
protein phosphorylation, enzyme activation, gene expression,
programmed cell death (PCD), and membrane denaturation
with accumulation of lipid peroxidation end products such as
MDA (Neill et al. 2002, Vranová et al. 2002, Diara et al. 2005,
Loreto et al. 2004, Kangasjärvi et al. 2005). In our study, the
marked overproduction of H2O2 observed in Eridano leaves at
the end of the 15-days O3-exposure was associated with oxida-
tive stress, as demonstrated by pronounced membrane injury
(Figure 1). However, the transient fluctuations in H2O2 con-
centrations during the O3 exposure may have a signaling func-
tion.

The role of H2O2 as a signal elicitor or regulator molecule is
unclear (Neill et al. 2002, Kangasjärvi et al. 2005). Reactive
oxygen species, and H2O2 in particular, are not specific signal
molecules, because they are not sensed through a direct
receptor–ligand interaction, although changes in their concen-
trations may alter the redox balance of the cell, thus modifying
activity of transcription factors, second messengers, enzymes
involved in biochemical pathways, and redox sensitive mole-
cules such as glutathione and ascorbate (Vranová et al. 2002,
Kangasjärvi et al. 2005, Noctor 2006). For these reasons the
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Figure 4. Shikimate dehydrogenase (SKDH, µmol NADP+ reduced
mg–1 protein min–1; A), phenylalanine ammonia-lyase (PAL, µmol
trans-cinnamic acid produced mg–1 protein h–1; B) and cinnamyl al-
cohol dehydrogenase (CAD, µmol coniferylaldehyde mg–1 protein
h–1; C) activities in leaves of hybrid poplar clones I-214 and Eridano
exposed for 15 days (5 h a day, from 0800 to 1300 h) to charcoal-fil-
tered air (open bar) or 60 nl l–1 O3 (filled bar). Values are means ± SE
for each clone and O3 treatment combination (n = 6). Data were ana-
lyzed by two-way ANOVA to evaluate the clone (clone) and ozone
treatment (O3) effects and their interaction (clone × O3). The signifi-
cance of the P-value is shown. Where the clone × O3 interaction was
significant, different letters indicate statistically different means fol-
lowing Tukey’s test (P = 0.05).

Table 6. Potentially available amount per unit of stomatal O3 flux of reduced glutathione (AAGSH, nmol GSH nmol–1 s O3
–1), total phenolics

(AAPHE, mg phenolics nmol–1 s O3
–1) and reduced ascorbate (AAAsA, µmol ASC nmol–1 s O3

–1) in leaves of the hybrid poplar clones I-214 and
Eridano exposed for 15 days (5 h a day, from 0800 to 1300 h) to charcoal-filtered air or 60 nl l–1 O3.Values, which were calculated for each plant by
dividing the mean antioxidant concentration on a leaf area basis by the stomatal O3 flux, are means ± SE (n = 3). Data were analyzed by two-way
ANOVA to evaluate the clone (clone) and ozone treatment (O3) effects and their interaction (clone × O3). Where the clone × O3 interaction was
significant, different letters indicate statistically different means following Tukey’s test (P = 0.05).

Parameter Clone P

I-214 Eridano Clone O3 Clone × O3

C O3 C O3

AAAsA 71.4 ± 1.5 a 71.9 ± 5.1 a 70.1 ± 1.5 a 47.9 ± 1.6 b 0.012 0.026 0.021
AAGSH 3164.0 ± 59 a 2701.1 ± 177.7 b 768.4 ± 26.3 c 532.9 ± 36.5 d < 0.001 < 0.001 0.029
AAPHE 116.1 ± 1.6 b 190.9 ± 18.0 a 124.7 ± 5.8 b 129.4 ± 1.1 b 0.024 0.003 0.006
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higher foliar H2O2 concentration in I-214 than in Eridano (Fig-
ure 2B) suggests that I-214 is more tolerant to alterations in
cell redox balance induced by excess of ROS in the form of
peroxides.

Because H2O2 is generated from various sources, plants
have evolved efficient enzymatic and non-enzymatic antioxi-
dant systems. Among them, APX plays a role in H2O2 reduc-
tion. Although constitutive APX activity was higher in
Eridano than in I-214, APX activity in Eridano was inhibited
by the O3 treatment (Table 3), thus it contributed little to the
H2O2 scavenging process in O3-treated Eridano plants. Con-
versely, in I-214, there was a significant stimulation of APX
activity following O3 exposure that may explain, in part, the
lower accumulation of H2O2 detected in this clone (Fig-
ure 2B).

Ascorbate may be an important determinant of O3 tolerance,
although contradictory data have been reported (Conklin and
Barth 2004, D’Haese et al. 2005 and references therein). Pre-
viously, we reported a lack of correlation between ascorbate
concentrations and O3 sensitivity in I-214 and Eridano treated
with a single pulse of 150 ppb O3 and established that
extracellular ascorbate diminished O3 flux to the leaf interior
by only 4% in I-214 and 10% in Eridano (Ranieri et al. 1999).
Because apoplastic ascorbate is quickly oxidized and the
maintenance of high antioxidant activity depends on an
intracellular supply of reduced ascorbate, in the present exper-
iment we measured whole-cell ascorbate concentration to test
whether this parameter correlated more closely with the differ-
ence in O3 sensitivity between I-214 and Eridano. We found an
increase in reduced ascorbate in Eridano leaves exposed to O3

(Table 3) suggesting an active response of this clone to oxida-
tive stress. It is therefore evident that a higher ascorbate con-
centration alone is insufficient to explain O3 tolerance. Be-
cause the O3 effect results from the combination of O3 uptake
and the ability of cells to scavenge O3-derived ROS, we nor-
malized the antioxidant concentration per unit of O3 flux to
leaves, as suggested by Wieser et al. (2002), to estimate the po-
tential detoxification capacity. We found that I-214 and
Eridano were similar in their constitutive ascorbate-dependent
detoxification capacity per unit of O3 influx (Table 6). How-
ever, following exposure, although the absolute concentration
of reduced ascorbate was higher in Eridano leaves than in
I-214 leaves (Table 3), the amount of ascorbate per unit of O3

uptake was 33% lower in O3-treated Eridano leaves than in
O3-treated I-214 leaves (Table 6). This means that, although
Eridano increased its antioxidant capacity measured by the
amount of reduced ascorbate, its response to O3 influx was less
effective than that of I-214. Thus, antioxidant concentration
per unit of O3 flux to leaves better reflected the differences in
foliar H2O2 accumulation than absolute AsA concentration
(Figure 2).

In both clones, the glutathione pool was unaffected by O3

exposure (Table 4); however, there was a clonal difference in
the pool size and redox state of glutathione, suggesting a
higher antioxidant potential in I-214 leaves than in Eridano
leaves. Clonal differences in GSH-dependent detoxificant
capacity were further amplified when GSH concentration was

normalized per unit of stomatal O3 flux (Table 6). Although O3

treatment had no effect on the absolute foliar GSH concentra-
tion in either clone (Table 4), GSH concentration was reduced
by 14.6% in I-214 leaves and by 30.6% in Eridano leaves when
related to stomatal O3 flux (AAGSH) (Table 6). In addition, the
GSSG/GSH ratio, an indicator of general cellular redox bal-
ance, was more than twice as high in Eridano than in I-214,
and increased 25.5% in response to the O3 treatment (data not
shown). These results indicate a greater sensitivity to oxidative
stress in Eridano than in I-214.

The major factors controlling glutathione synthesis in plants
are cysteine availability and γ-ECS activity (Noctor 2006). In
our experiment, leaf γ-ECS gene expression paralleled the be-
haviour of the GSH pools—i.e., the γ-ECS transcript abun-
dance was enhanced by O3 exposure and was more than twice
as high in I-214 as in Eridano (Figure 3).

Regeneration of GSH from GSSG is catalyzed by
glutathione reductase (GR) at the expense of NADPH oxida-
tion. In both clones, we found that GR activity was sufficient
to maintain the glutathione pool in O3-treated leaves (Table 4).
Expression levels of the genes encoding the cytosolic and
chloroplastic GR isoforms (GRchl and GRcyt) were higher in
I-214 leaves than in Eridano leaves (Figure 3), corresponding
to the elevated GR activity in I-214 (Table 4). The 30% O3-in-
duced increase in the transcript levels of GRcyt detected in
I-214 leaves (Figure 3), however, did not correspond to an en-
hancement in total GR activity (Table 4). Post-transcriptional
regulation, post-translational oxidative stress interference or
enzyme degradation may explain this discrepancy between
GRcyt transcript levels and GR activity (Pastori et al. 2000, Di
Baccio et al. 2005). The constant glutathione redox state de-
tected in both clones in response to O3 treatment accords with
the ability of various poplar lines (untransformed and trans-
formed lines overexpressing genes involved in GSH metabo-
lism) to maintain a constant glutathione redox potential under
both acute and chronic O3 response (Noctor et al. 1998, Foyer
and Rennenberg 2000).

The O3-dependent induction of the phenylpropanoid
biosynthetic pathway in both clones was indicated by in-
creases in foliar SKDH, PAL and CAD activities in response to
the O3 treatment, and was further confirmed by the total phe-
nolic data (Table 5, Figure 4). Phenylpropanoids have numer-
ous functions including providing protection against patho-
gens and abiotic stresses (Dixon and Paiva 1995, Booker and
Miller 1998, Cabané et al. 2004). In poplar leaves (Populus
maximowiczii × P. trichocarpa), higher PAL activity is associ-
ated with greater tolerance to O3 (Koch et al. 1998). Similarly,
we observed that O3 had no effect on PAL activity in the
O3-sensitive Eridano clone, whereas PAL activity increased
nine times in the O3-tolerant I-214 clone following O3 expo-
sure (Figure 4B).

The effects of O3 fumigation on foliar leaf phenolic concen-
trations and their antioxidant activity, expressed as Trolox
equivalents (TEAC; Re et al. 1999), were similar in the two
clones (Table 5), but with both parameters increasing more in
response to O3 fumigation in Eridano than in I-214 (Table 5).
The higher TEAC value recorded in Eridano leaves than in
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I-214 leaves following ozone treatment may be associated
with the greater accumulation of phenolics capable of scav-
enging ROS in Eridano, or with the accumulation of specific
phenolic molecules with a high antioxidant capacity. However,
as observed for ascorbate, the increase in foliar phenol concen-
tration, and consequently, of the putative antioxidant ability
detected in Eridano was cancelled when these values were nor-
malized per unit of stomatal O3 flux. In contrast, in I-214,
AAPHE increased over the control value (Table 6), consistent
with the high capacity of this clone to resist O3 toxicity.

In conclusion, our data indicate that variation in ozone sen-
sitivity between poplar clones I-214 and Eridano can be as-
cribed to an imbalance between O3 uptake and the ability of
cells to scavenge O3-derived ROS. This imbalance can be de-
scribed by an equation linking antioxidant concentrations and
stomatal O3 flux. Thus, although the O3-sensitive clone
Eridano generally increased its antioxidant defenses by in-
creasing foliar ascorbate and phenolic concentrations, the
greater stomatal O3 flux in this clone compared with I-214 re-
sulted in reduced photosynthetic efficiency and antioxidant
capacity per unit of O3 influx. As a consequence, H2O2 accu-
mulation in leaves of Eridano was in excess of the toxicity
threshold, resulting in pronounced membrane injury.
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