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• Eugenia uniflora plants were exposed to
realistic ozone pollution in a O3-FACE
system.

• An inefficient antioxidant response was
observed under elevated O3 level.

• Metabolic and physiological alterations
were markers of oxidative damage.

• Enhanced contents of sugar alcohols
may minimize the O3 effects.

• E. uniflora is to be considered an O3 sen-
sitive species.
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Eugenia uniflora L. is an important fruit tree native to tropical South America that adapts to different habitats,
thanks to its metabolic diversity and ability to adjust the leaf antioxidant metabolism. We hypothesized that
this metabolic diversity would also enable E. uniflora to avoid oxidative damage and tolerate the enhanced
ozone (O3) concentrations that have been registered in the (sub)tropics. We investigated whether carbohy-
drates, polyphenols and antioxidants are altered and markers of oxidative damage (ROS accumulation, alter-
ations in leaf gas exchange, growth and biomass production) are detected in plants exposed to two levels of O3

(ambient air and twice elevated ozone level in a O3-FACE system for 75 days). Phytotoxic O3 dose above a thresh-
old of 0 nmol m−2 s−1 (POD0) and accumulated exposure above 40 ppb (AOT40) were 3.6 mmol m−2 and
14.898 ppb h at ambient, and 4.7mmolm−2 and 43.881 ppb h at elevatedO3. Twenty-seven primarymetabolites
and 16 phenolic compounds were detected in the leaves. Contrary to the proposed hypothesis that tropical
broadleaf trees are relatively O3 tolerant, we concluded that E. uniflora plants are sensitive to elevated O3 concen-
trations. Experimental POD0 values were lower than the critical levels for visible foliar O3, because of low stoma-
tal conductance. In spite of this low stomatal O3 uptake, we found classic O3 injury, e.g. reduction in
carbohydrates and fatty acids concentrations; non-significant changes in the polyphenol profile; inefficient anti-
oxidant responses; increased contents of ROS and indicators of lipid peroxidation; reductions in stomatal conduc-
tance, net photosynthesis, root/shoot ratio and height growth. However, we also found some compensation
mechanisms, e.g. increased leaf concentration of polyols for protecting the membranes, and increased leaf num-
ber for compensating the decline of photosynthetic rate. These results help filling the knowledge gap about trop-
ical tree responses to O3.

© 2021 Elsevier B.V. All rights reserved.
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1. Introduction

Eugenia uniflora L. is an important broadleaf fruit tree native to trop-
ical South America (Auricchio and Bacchi, 2003; Melo et al., 2007;
Denardin et al., 2015). However, this species is widespread in several
tropical and subtropical areas, from Asia to the Caribbean (Garmus et
al., 2014) due to its high plasticity and capacity to grow in different
soil and climate conditions.

Several studies indicate that E. uniflora polyphenol composition is ef-
fective against some bacteria, has diuretic, anti-rheumatic, antifebrile
and anti-inflammatory actions and therapeutic potential for stomach
diseases (Da Cunha et al., 2016; Sobeh et al., 2019). Furthermore, E.
uniflora leaf extracts show high antioxidant potential related to poly-
phenol composition, especially flavonoids and tannin contents (Kade
et al., 2008; Mesquita et al., 2017; Souza et al., 2018).

E. uniflorahas potentially been exposed to increasing ozone (O3) pol-
lution throughout its occurrence area. This pollutant is themost damag-
ingphytotoxic air pollutant because of its oxidative potential (Paoletti et
al., 2017; Bloss, 2018). It has caused adverse effects on forest health and
biodiversity all around the world, including the tropics and subtropics
(Gerken et al., 2016; Pope et al., 2019; Paralovo et al., 2019; Li et al.,
2020; Siciliano et al., 2020).

The O3 toxicity level to plants will depend on their capacity of main-
taining cellular homeostasis, by mobilizing antioxidants, such as en-
zymes (e.g. ascorbate peroxidase, catalase, glutathione reductase and
superoxide dismutase) and non-enzymatic compounds (e.g., ascorbic
acid and glutathione) of the ascorbate-glutathione cycle (Aguiar-Silva
et al., 2016; Brandão et al., 2017). Plants may also adjust their primary
and secondary metabolisms, thus increasing their tolerance against
oxidative stress (Domingos et al., 2015). Soluble carbohydrates (e.
g., fructose, glucose and sucrose) are regulatory molecules that con-
trol gene expression related to metabolism, stress resistance, growth
and development. Sugar alcohols (e.g.,myo-inositol) exert an impor-
tant role in scavenging hydroxyl radicals originated from lipid per-
oxidation (Peshev & Van den Ende, 2013; Du et al., 2018; Shu et al.,
2019). Polyphenols, such as flavonoids (e.g. flavonols) and tannins,
besides repelling herbivores and attracting pollinators (War et al.,
2012; Tuominen, 2013; Mouradov and Spangenberg, 2014) may
also scavenge free radicals (Booker et al., 2012; Richet et al., 2012;
Mierziak et al., 2014).

Although O3 is an important environmental issue in tropical and
subtropical areas (Dong et al., 2020; Takahashi et al., 2020), there is
few knowledge available on the O3 impacts in native plant species at
these areas. For example, it is known that gas exchange of subtropical
broadleaf species was less impaired by O3 than that of broadleaf species
from temperate climates (Li et al., 2017); however, the effective O3 flux
into subtropical plants has rarely been estimated (Agathokleous et al.,
2020; Cardoso-Gustavson et al., 2020).

In this study, we assumed that the capacity of E. uniflora to occupy
different habitats is derived from the ability to alter itsmetabolic profile.
We hypothesized that such leaf traits would also enable the species to
avoid oxidative damage and tolerate elevated O3 concentrations. We
investigated whether the composition and concentrations of carbohy-
drates andpolyphenols, and levels of antioxidants are altered andwhether
markers of oxidative damage (ROS accumulation and alterations in leaf
gas exchange, growth and biomass production) are detected in plants of
E. uniflora growing under elevated O3 levels in an O3-Free-Air Controlled
Exposure (O3-FACE) system.

2. Materials and methods

2.1. Experimental design

Seedlings of E. uniflora (6-month-old and approx. 20 cm high) were
obtained from a Brazilian nursery (23°22′18″ S, 45°39′52″ W) and sent
to Italy in May 2017. The seedlings were then transplanted to 1.7 L
2

pots filled with a mixture of sand: peat: nursery soil (1:1:1, v/v). Plants
were irrigated every day by a drip system to avoid water stress (i.e., vol-
umetric soil water content was maintained to the field capacity of
≈0.295m3m−3). The experimentwas carried out in anO3-FACE system
located in Sesto Fiorentino, Florence, Italy (43°48′59″ N, 11°12′01″ E,
55 m a.s.l.). Details of the exposure facility are given in Paoletti et al.
(2017). The plants were submitted to two O3 levels: ambient air and el-
evated O3 during 75 days of summer season (from July 10th to Septem-
ber 25th 2017). The system consisted of three plots per O3 treatment;
each plot was considered as a replicate (n = 3). Six pots of E. uniflora
were maintained in each plot (totaling 18 plants per O3 treatment =
36 plants).

The O3 concentration was continuously monitored by active O3

monitors (Mod. 202, 2B Technologies, Boulder CO, USA). Global solar ra-
diation (GSR), air temperature (Temp), relative humidity (RH) and pre-
cipitation (P) were continuously recorded by aWatchdog station (Mod.
2000; Spectrum Technology, Inc., Aurora, IL, USA) at 2.5 m a.g.l.

2.2. Metabolite profile

Metabolite profiles were analyzed at the end of the experiment in
composite leaf samples of three fully expanded and sun-exposed leaves
per plant from each plot, totaling 18 composite leaf samples per O3

treatment. The samples were stored in an ultra-freezer, at −80 °C,
until analyses.

2.2.1. Compounds detected by GC-EIMS
Leaf material (20 mg) was extracted in 500 μL of methanol/

chloroform/water (12:5:1, v/v) and 50 μL of ribitol (0.2 mg mL−1)
added as internal standard, according to a modified version of the
method described by Suguiyama et al. (2014). Samples were ana-
lyzed using gas chromatography coupled to mass spectrometry
(GC-EIMS 6850/5975B Agilent Technologies) with a capillary col-
umn VF-5MS column (Agilent, length 30 m, ID 250 μm, 0.25 μm
film thickness) and a pre-column (0.25 mm × 10 m). The injection
volume was 1 μL using Helium as mobile phase (1.0 mL min−1).
Temperature was programmed as isothermal for 5 min at 70 °C,
followed by a 5 °C per min ramp to 295 °C. The injector, ion source,
and quadrupole temperatures were 230 °C, 200 °C, and 150 °C, re-
spectively. The EIMS analysis employed an ionization voltage of
70 eV; the recorded mass range was of m/z 50 to m/z 600 at 2 scan/s.
Substances were identified and compared with authentic standards
and using NIST (National Institute of Standards and Technology) digital
library spectra (v2.0, 2008) and GNPS (Global Natural Products Social
Molecular Networking) spectral library (2016). The Linear Index of Re-
tention was calculated for each compound using the alkane standard
according to Viegas and Bassoli (2007).

2.2.2. Phenolic compounds detected by HPLC-DAD-MS
Phenolic compounds were extracted from the freeze-dried leaves

(100 mg) using 5 mL of 80% methanol (MeOH), and the final volume of
the extract was adjusted to 10 mL. The extract was filtered (0.45 μm)
and analyzed by High Performance Liquid Chromatography coupled to a
diode array detector (HPLC-DAD), Agilent 1260 Analytic with Zorbax
Eclipse Plus C18 column (4.6 × 150 mm, 3.5 μm) at 45 °C. The mobile
phase had a constant flow of 1 mL min−1 and a gradient elution of 0.1%
acetic acid (A) and acetonitrile (B), starting with 90% (A) for 6 min, de-
creasing to 85% (A) for the next 1 min and maintaining for 15 min, de-
creasing to 50% (A) for 10 min, and decreasing to 0% (A) for the next
10 min, maintaining isocratic for the last 8 min (total run time 50 min).
A post-run of 5 min was applied to return to the initial conditions.
Phenolic compounds were detected at 280 and 352 nm. Contents of
each compound were estimated using quercetin (1.5 to 150 μg/mL;
y = 17,023x − 4.5312 and R2 = 0.9998).

For the identification, the samples were submitted to high perfor-
mance liquid chromatography coupled to mass spectrometry (HPLC-
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MS/MS). The equipment usedwas theHPLC-30AD Shimadzu coupled to
the SPD-20A and Amazon Speed ETD Bruker detectors, using the Zorbax
Eclipse Plus C18 (150 × 4.6 nm, 3.5 mm - Agilent) column. For mass
spectrometry the conditions were: ESI 500 V source, 4500 V capillary
voltage, 27 Psi nebulizer, 325 °C drying gas and 12 Lmin−1 flow. The ac-
quisition took place in negative and positive module.

2.3. Antioxidant compounds from ascorbate-glutathione cycle

Non-enzymatic and enzymatic antioxidants were also measured on
the composite samples stored at −80 °C. Three analytical replicates
were performed per leaf sample.

Ascorbic acid was analyzed using the chromatographic method de-
scribed by López et al. (2005) and a HPLC (Metrohm) connected to an
UV–Vis detector. Portions of leaves (250 mg) were homogenized with
6% metaphosphoric acid and 0.5 mM EDTA-Na2. The supernatant was
filtered through a paper filter (Whatmanno. 41), and thefiltratewas di-
luted with water. Glutathione content was spectrophotometrically de-
termined according to the method described by Israr et al. (2006),
where leaves (1.0 g) were homogenized with 0.1% sulfosalicylic acid.
A mixture of 100 mM phosphate buffer (pH 7.0), 0.5 mM ethylenedi-
aminetetraacetic acid— EDTA, and 3mM5.5′dithio-bis-(1-nitrobenzoic
acid) — DTNB was added to an aliquot of the supernatant. Ascorbate
peroxidase (APX), catalase (CAT), glutathione reductase (GR) and su-
peroxide dismutase (SOD) were analyzed by UV–vis spectrophotome-
try and their activities were analyzed in extracts of leaves prepared
with 50 mM potassium phosphate buffer (pH 7.0), 0.05% triton, 10%
polyvinyl polypyrrolidone — PVPP, and 1 mM ascorbic acid. APX and
SOD activities were determined according to Reddy et al. (2004). The
APX activity was determined at 30 °C in a reaction mixture with
100mMpotassiumphosphate buffer (pH7.0), 1mMEDTA, 5mMascor-
bic acid, and 2 mM hydrogen peroxide, measured at 290 nm. The SOD
activity was determined by measuring the ability of the enzyme to in-
hibit the photochemical reduction of nitroblue tetrazolium (NBT) at
560 nm. CAT activity was determined as described by Kraus et al.
(1995) with some modifications proposed by Azevedo et al. (1998). At
25 °C, the supernatant was added to a reaction mixture of 1 mL of
100mMpotassiumphosphate buffer (pH 7.5) and 1mMhydrogen per-
oxide that was prepared immediately before use. The activity was set by
monitoring the removal of H2O2 at 240 nm over 1 min. The activity of
glutathione reductase (GR) was determined according to the method
of Reddy et al. (2004) in leaves (1.0 g) that had been homogenized
with 50 mM potassium phosphate buffer (pH 7.8), 5 mM ascorbic acid,
5 mM EDTA, and 5 mM 1.4 dithiothreitol — DTT, measured at 412 nm.
Further analytical details about enzymatic and non-enzymatic com-
pounds can be found in Esposito et al. (2016).

2.4. Markers of oxidative damage

The following markers of oxidative damage were measured on
the composite samples stored at −80 °C. Three analytical replicates
were performed per leaf sample and their average was used in the
statistical analyses, as the statistical unit was the individual plot
(n = 3 plots).

2.4.1. Indicators of lipid peroxidation (malondialdehyde and hydroperoxide
conjugated diene)

The concentrations of malondialdehyde (MDA) were determined
following the method proposed by Hodges et al. (1999) with the
corrected equation proposed by Landi (2017), where the plant material
was homogenized in 0.1% trichloroacetic acid containing PVPP. Trichlo-
roacetic acid containing thiobarbituric acid was added to the superna-
tant, which was maintained for 30 min at 95 °C in a water bath. The
concentrations of hydroperoxide conjugated diene (HPCD) were ob-
tained from leaves in ethanol (96%) by spectrophotometric UV–Vis
method after a dilution of 1:15 (Levin and Pignata, 1995).
3

2.4.2. Reactive oxygen species
The principle of the •OH radical assay was the quantification of

the 2-deoxyribose degradation product MDA, by its condensation
with thiobarbituric acid (TBA) (Lopes et al., 1999). The reaction mix-
ture to determinate the H2O2 contents consisted of supernatant ex-
tract (leaves + trichloroacetic acid), potassium phosphate buffer
(100 mM, pH 7.0) and reagent potassium iodide (KI) (Alexieva et
al., 2001). The O2•− production rate was determined using the hy-
droxylamine oxidation method (Wang and Luo, 1990) with some
modifications. Further analytical details about ROS and indicators
of oxidative stress can be found in Esposito et al. (2018).

2.4.3. Leaf gas exchange in light-saturated conditions
Gas exchangemeasurements of fully expanded sun leaves (3th to 5th

from the shoot tip, 1 leaf per 1 to 3 plants per replicated plot, n=3 plots
per each O3 treatment) were carried out on 27 July and 6–7 September
2017 by a portable infrared gas analyzer (CIRAS-2 PP Systems, Herts,
UK)atphotosynthetic photonfluxdensity (PPFD) of 1500 μmolm−2 s−1,
ambient CO2 concentration of 400 μmol mol−1, relative humidity of 40
to 60% and leaf temperature of 25 °C, from 9:00 to 12:00 h. We deter-
mined the light-saturated net photosynthetic rate (Asat) and stomatal
conductance for water vapor (gsw).

2.4.4. Growth and biomass
At the end of the exposure period, plant growth was assessed on all

plants by measuring plant height, stem diameter (near the base) and
total number of leaves. For measurements of height and stem diameter,
ameasuring tape and a digital caliper (data expressed in cm) (Digimess,
São Paulo, Brazil) were used (Sá et al., 2014), respectively.

Leaves, stems/branches and roots of each plantwere then harvested,
dried in an oven at 60 °C and weighted in order to estimate their bio-
mass on a dryweight basis. Shoot to root ratios were then calculated ac-
cording to Moura et al. (2018).

2.5. Calculation of phytotoxic ozone dose (POD)

The phytotoxic ozone dose (POD), i.e. the stomatal uptake above an
hourly threshold of 0 nmol m−2 s−1 along the experiment (POD0), was
determined as:

POD0 ¼ ∑
n

i¼1
Fst,i
� �

∙Δt, ð1Þ

whereΔt=1h is the averaging period, Fst,i is the ith hourly stomatal O3

uptake (nmol m−2 s−1), and n is the number of hours included in the
calculation period. To estimate Fst,i, we applied themethodology recom-
mended by the Mapping Manual of the Convention on Long-Range
Transboundary Air Pollution for species-specific stomatal responses
(CLRTAP, 2017). Stomatal conductance for O3 (gsO3) was estimated by
a multiplicative stomatal conductance model (CLRTAP, 2017):

gsO3 ¼ gmax∙ f light ∙ f O3∙max f min , f temp∙ f VPD
� �n o

, ð2Þ

where gmax is the maximum stomatal conductance (mmol O3 m−2

Projected Leaf Area [PLA] s−1), fmin is the minimum stomatal conduc-
tance, flight, fO3, ftemp and fVPD account for stomatal responses to photosyn-
thetic photon flux density (PPFD), O3 concentration, air temperature (T)
and vapor pressure deficit (VPD), respectively. It is known that high O3

concentrations may reduce gsO3 (Hoshika et al., 2020c). We therefore ap-
plied a simple linear function to explain the variation of gsO3 with O3 con-
centration as reported in rice leaves (Oue et al., 2008). It is given by:

f O3 ¼ 1−b∙ O3½ �, ð3Þ

where b is a slope of the linear regression of fO3 and [O3] is an hourly O3

concentration (ppb). For details of the other functions (flight, ftemp and
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fVPD) see CLRTAP (2017). The function describingmodification of gsO3 by
soil moisture (i.e., fSW) was not used in this study because soil moisture
was kept to the field capacity throughout the experiment.

Parameterization was carried out using a boundary line analysis
(Alonso et al., 2008; Braun et al., 2010; Hoshika et al., 2012, 2020). In ad-
dition to the measurements under light-saturated conditions, the daily
profile (morning: 9:00 h,midday: 12:00 h, afternoon: 15:00 h) of stoma-
tal conductance was measured on 18 July, 30 August and 8 September
2017. Diurnal course measurements were made under natural condi-
tions of T, relative humidity and PPFD by a portable infra-red gas ana-
lyzer (CIRAS-2, PP Systems, Herts, UK) in order to take measurements
with a various range of environmental factors (Hoshika et al., 2012).
Pooled data (119 data points) were used to estimate the parameters.
The stomatal conductance data were divided into classes with the step-
wise increases for each variable as follows: 200 μmol photons m−2 s−1

for PPFD (when PPFD < 200 μmol photons m−2 s−1, PPFD classes with
50 μmol photonsm−2 s−1 stepswere adopted), 20 ppb for O3 concentra-
tion, 2 °C for T and 0.2 kPa for VPD. Model functions were fitted against
each variable based on 95th percentile values per each class of environ-
mental factors. Values of gmax and fmin were calculated as the 95th per-
centile and 5th percentile, respectively (Hoshika et al., 2012; Bičárová
et al., 2019).

2.6. Data analysis

Significant differences between treatments for all parameters were
determined by Student's t-test using Sigma Plot 11.0. To assess the
Fig. 1. Environmental conditions over the experimental period (from July 10th to September 25
(RH %), global solar radiation (GSR), total daily precipitation and (B) ozone concentrations (pp

4

effects of O3 and measuring month on leaf gas exchange, a two-way
analysis of variance (ANOVA) was applied. If necessary, an appropriate
transformation of the data was performed to reach normal distribution
and equal variances. Results were considered significant at p < 0.05.

The metabolite concentrations were also log2 transformed and ana-
lyzed via the Heatmap tool using theMorpheus platform, in order to de-
termine the ratio between the metabolites identified in leaf samples
from ambient air and elevated O3.

3. Results

3.1. Environmental conditions during the experimental period

During the experimental period, the mean daily values of air tem-
perature, global solar radiation, relative humidity and total daily precip-
itation varied between 19 and 32 °C, 57 and 434 W/m−2, 29 and 86%,
and 0 and 62 mm, respectively (Fig. 1A). The mean daily O3 concentra-
tions varied between 17 and 89 ppb at ambient air and 23–118 ppb at
elevated O3 (Fig. 1B). After 75 days, the accumulated exposure over an
hourly threshold of 40 ppb (AOT40) reached 14,898 ppb h at ambient
air and 43,881 ppb h at elevated O3.

3.2. Metabolite profile

3.2.1. Compounds detected by GC-EIMS
GC–EIMS analyses of E. uniflora leaves revealed 27 major metab-

olites as follow: 13 carbohydrates (6 soluble sugars and 7 sugar
th 2017= 75 days of exposure). (A) Daily mean values of temperature, relative humidity
b) at ambient air and at elevated O3 treatments.
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alcohols), 6 fatty acids, 2 organic acids, ascorbic acid, 2 amino acids,
2 phenolic compounds, and 1 alkane (Table S1 and Fig. S1; supple-
mentary material). Plants exposed to elevated O3 presented signifi-
cantly lower concentrations of all soluble sugars, amino acids (−26%
threonine and −30% serine) and fatty acids (−38% tetradecanoic
acid, −45% heptadecanoic acid, −19% octadecanoic acid and −26%
stearic acid), but higher contents of all sugar alcohols than plants ex-
posed to ambient air (Fig. 2A).

The heatmap analysis showed that the most evident differences
between the treatments were observed for sucrose, glucopyranose,
myo-inositol, ascorbic acid, heptadecanoic acid and tetradecanoic
acid (Fig. 2B).

3.2.2. Phenolic compounds detected by HPLC-DAD-MS
Sixteen phenolic compounds were identified in E. uniflora leaves,

being 14 flavonols (quercetin and myricetin derivatives), 2 cinnamic
acid derivatives as caffeic acid glucoside and chlorogenic acid (Table S2
and Fig. S2; supplementary material). The foliar content of phenolic
compounds did not differ significantly between treatments (Fig. 3A
and B).

3.2.3. Antioxidant compounds from ascorbate-glutathione cycle
The leaf content of the reduced formof non-enzymatic compounds –

ascorbic acid (AsA) and glutathione (GSH) – and the activity of enzymes
Fig. 2.A: Leaf concentrations ofmajor identified compounds by GC-EIMS in Eugenia uniflora exp
S.E. Different letters indicate significant difference between treatments (p < 0.05, Student's t-te
proportionally lower leaf concentration in plants from elevated O3 than in those from ambient a
represented by blue and red shades, respectively. (For interpretation of the references to color

5

APX, CAT, GR, and SOD were significantly decreased in plants grown in
the elevated O3 when compared to ambient air (Fig. 4).

3.3. Markers of oxidative damage

The contents of MDA, HPDC, OH, H2O2 and O2
− increased signifi-

cantly 34%, 30%, 18%, 14% and 41%, respectively, in plants exposed
to elevated O3 when compared to plants exposed to ambient air
(Fig. 5).

Light-saturated net photosynthetic rate (Asat) differed significantly
between O3 treatments (Fig. 6), with a decrease of 41% in July, and
31% in September. In addition, gsw decreased by 41% and 34% on average
in July and September, respectively, in plants exposed to elevated O3

compared to plants exposed to ambient air.
The leaf biomass significantly increased by 55% in plants exposed to

elevated O3 when compared to plants exposed to ambient air (Table 1).
The biomass of stems and roots did not vary significantly between the
O3 treatments. However, the root to shoot ratio was decreased by 23%
in the plants exposed to elevated O3 relative to the ambient air plants.
The height significantly decreased by 10% in the plants exposed to ele-
vated O3 when compared to the ambient air. The stem diameter did
not vary significantly between theO3 treatments. However, the number
of leaveswas 21%higher in the plants exposed to elevatedO3 than in the
ambient air.
osed to two treatments of ozone (ambient air and elevatedO3). The bars representmean±
st, n = 3 plots). B: Heatmap of variations of primary metabolites. Ratios varied from−1 -
ir- to 1 - proportionally higher leaf concentration in elevated O3 than in ambient air and are
in this figure legend, the reader is referred to the web version of this article.)



Fig. 3. A. Leaf concentrations of phenolic compounds identified by HPLC-MS/MS in Eugenia uniflora exposed to two treatments of ozone (ambient air and elevated O3). The bars represent
mean ± S.E. Equal letters indicate non-significant differences between treatments (p> 0.05, Student's t-test, n = 3 plots). B. Heatmap of variations of phenolic compounds. Ratios varied
from−1 - proportionally lower leaf concentration in plants from elevatedO3 than in those from ambient air - to 1 - proportionally higher leaf concentration in elevatedO3 than in ambient
air - and are represented by blue and red shades, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.4. Parametrization of stomatal conductance model and phytotoxic ozone
dose (POD)

The parameterization of stomatal conductance allowed to estimate a
gmax value was of 82 mmol O3 m−2 PLA s−1 (Table 2). The value of fmin

was 12% of gmax. The stomatal light response followed a typical light-
response curve, with a light saturation point above 1000 μmol m−2 s−1

(Fig. S3A), while gsO3 decreased linearly with increasing O3 concentra-
tion (Fig. S3B). The variation of gsO3 with temperature indicated an op-
timal temperature of 22 °C for stomatal opening (Fig. S3C). More than
1.2 kPa of VPD induced stomatal closure (Fig. S3D). The model estima-
tion of gsO3 showed good agreement with the measurement values
(Fig. S4) as the model was able to explain 42% of the observed gsO3
variance.

ThePOD0valueswere3.6mmolm−2at ambientairand4.7mmolm−2

at elevated O3 during the experimental period.

4. Discussion

Exposure to elevated O3 induced evident alterations in the concen-
trations of primary metabolites in leaves of E. uniflora. The low levels of
soluble carbohydrates observed in plants exposed to elevated O3 may
compromise tissue repairing, enzymatic and non-enzymatic antioxidant
production and growth (Bäck et al., 1999; Asada, 2006; Nishizawa et al.,
2008), as observed in the present study.

The decrease in soluble carbohydrates seems to explain the in-
creased leaf contents of sugar alcohols measured in E. uniflora exposed
to elevated O3, which may be a response of increasing resistance to ox-
idative stress according to Pedreschi et al. (2009) and Benjamin et al.
(2018). It is known thatmyo-inositol, a polyol found in high levels in fu-
migated plants of E. uniflora, alleviates the effects of ROS (Smirnoff and
Cumbes, 1989; Hu et al., 2018). Also, compounds derived from myo-
inositol participate in cellular processes in plants, such as signal
6

transduction and stress tolerance (Melo et al., 2007; Thole and
Nielsen, 2008; Okada and Ye, 2009).

On the other hand, the reduction of fatty acid contents in plants
growing under high O3 concentrations is an indication of a reduced an-
tioxidant ability of E. uniflora, since high contents of unsaturated fatty
acids exerts an antioxidant role, favoring physiological processes of de-
fense against free radicals (Mueller et al., 2006; Tsaluchidu et al., 2008;
Yu et al., 2019).

Surprisingly, the polyphenol profile of E. uniflora did not change in
response to elevated O3, despite its known constitutivemetabolic diver-
sity (Kade et al., 2008; Mesquita et al., 2017; Souza et al., 2018). The
major flavonoid constituent of this species was myricetin rhamnoside,
which has a lower antioxidant efficiency than quercetin derivatives
(Agati et al., 2012; Ruiz-Cruz et al., 2017). Therefore, the polyphenol
profile, although diverse, seemed less efficient as ROS scavenger than
expected.

The inefficient antioxidant responses indicated by the reduction
of enzymatic and non-enzymatic compounds also revealed that E.
uniflora was not able to compensate the oxidative stress caused by
elevated O3 levels. The lower detoxification capacity is also con-
firmed by the fact that photosynthetic damage per unit of O3 uptake
was rather high in this species. In fact, even though POD0 values
were low and visible foliar injuries were not observed, deleterious
O3 impacts on photosynthesis were found in E. uniflora. In addition
to high stomatal defense capacity, we postulate that the constitutive
high content of flavonoids and enhanced levels of sugar alcohols may
restrict the appearance of leaf injury, as proposed by Hernández et al.
(2009).

Increased ROS concentrations inside the cells causemembrane dam-
age (lipid peroxidation), protein oxidation, RNA and DNA degradation,
chlorophyll bleaching, and eventually lead to the destruction of the
cells (Vaultier and Jolivet, 2015; Choudhury et al., 2017; Yadav et al.,
2019). In this study, the higher occurrence of lipid peroxidation -



Fig. 4. Concentrations of non-enzymatic compounds: (A) ascorbic acid (AsA) and (B) glutathione (GSH); and activities of enzymatic compounds: (C) ascorbate peroxidase (APX),
(D) catalase (CAT), (E) glutathione reductase (GR), and (F) superoxide dismutase (SOD) in leaves of Eugenia uniflora exposed to ambient air and elevated ozone O3. Box plots show
median, 25%-, 75%-percentile, maximum, minimum of values. Distinct lowercase letters indicate significant differences between treatments, (p < 0.05, Student's t-test, n = 3 plots).
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measured by the contents of MDA and HPCD - under elevated O3, to-
gether with inefficient antioxidant metabolism of ascorbate-
glutathione cycle, low stomatal conductance, and reduced growth
in height, corroborate the assumption that E. uniflora is sensitive
to elevated O3 levels, contradicting the initial hypothesis. The
growth and biomass allocation to different organs were altered in
E. uniflora plants, as mentioned by several authors (Wittig et al.,
2009; Moura et al., 2018; Hoshika et al., 2020). O3 induced some al-
terations in biomass partitioning between above and below organs,
resulting in reduced root/shoot ratio, even though 75 days of O3 ex-
posure may not be sufficient to accumulate significant effects on
tree biomass. E. uniflora exposed to elevated O3 presented an accel-
erated leaf turnover compared to plants exposed to ambient air, as
also observed in Alnus glutinosa and sugarcane genotype IACSP95-
5000 by Hoshika et al. (2020) and Moura et al. (2018), respectively.
The leaf turnover is an important process to compensating the de-
cline of photosynthetic rate and support the mobilization of re-
serves (Hikosaka, 2004; Falster et al., 2018).
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This species showed no leaf visible injury even after 75 days of O3

exposure (data not shown). The flux-based approach may provide a
proper assessment of O3 injury to plants (Hoshika et al., 2020). Sicard
et al. (2016) and Hoshika et al. (2018) suggested flux-based critical
levels against leaf visible injury of 20–25 mmol m−2 POD0 for forest
trees. However, only a few studies had been reported for modelling
stomatal O3 flux in tropical forest trees (Cassimiro et al., 2016). To
calculate POD0, we provided for the first time the parameterization
of the stomatal conductance model in E. uniflora. As a result, the ab-
sence of visible foliar injury in E. unifloramay be associated with low
stomatal conductance (gmax = 82 mmol O3 m−2 PLA s−1) and O3-
induced stomatal closure (fO3) which may restrict stomatal O3 up-
take, thus limiting possible O3 damages (Hoshika et al., 2020c). In
fact, E. uniflora leaves had lower POD0 values than the critical levels
for visible foliar O3 injury even under elevated O3 (POD0 =
4.7 mmol m−2). Interestingly, POD0 at elevated O3 was just 30%
higher than at ambient, although twice higher mean O3 concentra-
tions were observed in elevated O3.



Fig. 5. Indicators of lipid peroxidation: (A) malondialdehyde (MDA) and (B) hydroperoxide conjugated diene (HPCD); and concentration of reactive oxygen species: (C) hydroxyl radical
(OH), (D) hydrogen peroxide (H2O2), (E) and superoxide radical (O2

−), in leaves of Eugenia uniflora exposed to ambient air and elevated O3. Box plots showmedian, 25%-, 75%-percentile,
maximum, minimum of values. Distinct lowercase letters indicate significant differences between treatments (p < 0.05, Student's t-test, n = 3 plots).

Fig. 6. Net photosynthetic rate (Asat) and stomatal conductance (gsw) of Eugenia uniflora in July and September 2017 under two levels of O3 (ambient air and elevated O3). The bars represent
mean ± S.E. (n= 3 plots). Two-way ANOVA: *p< 0.05, **p< 0.01, ns denotes not significant.
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Table 1
Leaf, stem and root biomass (g), root/shoot ratio, height (cm), stem diameter (cm) and
number of leaves of E. uniflora exposed to two O3 treatments (ambient air and elevated
O3) for 75 days. Data are shown as mean ± S.E. Distinct lowercase letters indicate signif-
icant differences between treatments (p < 0.05, Student's t-test, n = 3 plots).

Parameters Ambient air Elevated O3

Biomass
Leaves 0.67 ± 0.08 b 1.47 ± 0.06 a
Stems 2.09 ± 0.10 a 2.22 ± 0.09 a
Roots 2.57 ± 0.20 a 2.20 ± 0.20 a
Root/shoot ratio 1.16 ± 0.07 a 0.89 ± 0.05 b

Growth
Height 37.85 ± 0.91 a 34.20 ± 0.92 b
Stem diameter 5.53 ± 0.14 a 5.94 ± 0.19 a
Leaf number 65.16 ± 6.28 b 83.05 ± 4.30 a

M.R.G.S. Engela, C.M. Furlan, M.P. Esposito et al. Science of the Total Environment 769 (2021) 145080
5. Conclusions

Thewhole set of results led us to reject the proposed hypothesis and
assume that E. uniflora plants are sensitive to O3, although visible foliar
injury did not occur. POD0 values were lower than the critical levels for
visible foliar O3 injury reported in the literature, as a result of low sto-
matal conductance observed for this species.

The hypothesis rejectionwas based on the following findings: reduc-
tion in soluble carbohydrates and fatty acid contents; non-significant
changes in the polyphenol profile, despite its constitutive diversity,
mainly regarding flavonols that are powerful antioxidants; inefficient
antioxidant responses associated to the ascorbate-glutathione cycle, as
indicated by the reduction of enzymatic andnon-enzymatic compounds;
increased contents of ROS and lipid peroxidation indicators; reduction in
net photosynthesis and stomata conductance; growth reduction and re-
duced root to shoot ratio.
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Table 2
Stomatal conductancemodel parameters estimated for Eugenia uniflora. gmax ismaximum
stomatal conductance, fmin is minimum stomatal conductance, a is a parameter determin-
ing the shape of the hyperbolic relationship of gsO3 response to light, b is a parameter to
describe the variation of gsO3 with O3 concentration, Tmax, Topt and Tmin aremaximum, op-
timal and minimum temperature for stomatal opening, VPDmin and VPDmax are the vapor
pressure deficit for attaining minimum and maximum stomatal aperture (fVPD).

Stomatal conductance model parameters E. uniflora

gmax (mmol O3 m−2 PLA s−1) 82
fmin (Fraction) 0.12
flight a (Constant) 0.0033
fO3 b (Constant) 0.0039
ftemp Topt (°C) 22

Tmin (°C) 4
Tmax (°C) 50

fVPD VPDmax (kPa) 1.2
VPDmin (kPa) 6.6
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