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• Bilberry plants were exposed to increasing
ozone using a novel O3 FACE system.

• Ozone induced oxidative pressure by pro-
moting a shift in carbon partitioning
among organs.

• Ozone exposure triggered enzymatic oxi-
dation of phenols to red/purple pigments.

• Ozone exposure resulted in an accumula-
tion of antioxidant compounds in bilberry
fruits.
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Ozone (O3) is a phytotoxic air pollutant capable of limiting plant yield and growth, and altering the quality of edible
plant products. This study aimed to investigate the effects of long-term O3 exposure at realistic and future concentra-
tions (applied during fruit development) not only onmorphological, physiological, and biochemical plant/leaf traits of
Vaccinium myrtillus but also on its fruit yield and quality. Three-year-old saplings were grown fromMay to July under
three levels of O3 concentration [1.0, 1.5 and 2.0 times the ambient air concentrations, denoted as AA, 1.5_AA and
2.0_AA], using a new-generationO3 Free Air Controlled Exposure system. Ozone induced oxidative pressure andmem-
brane denaturation as confirmed by the accumulation of anion superoxide, hydrogen peroxide (•O2

−: +39 and+29%;
H2O2: +55 and + 59% in 1.5_AA and 2.0_AA, respectively, compared with AA), and malondialdehyde by-product
(1.4- and 2.5-fold higher than AA, in 1.5_AA and 2.0_AA, respectively). The observed oxidative burst likely affected
several cellular structures interested by photosynthetic processes (e.g., decrease of themaximum rate of carboxylation:
−30%). This constraint likely induced a decline in plant vitality and a different partitioning of biomass allocation be-
tween above and below organs. An acceleratedmaturation of bilberries due to O3 was reported, suggesting that plants
grown under harsher environmental conditions suffered from metabolic changes associated with early ripening. In-
creasing O3 concentrations might be responsible for an alteration of the ratio between oxidation and reduction pro-
cesses mechanisms that was followed by a loss of integrity of membranes, so limiting the availability of energy/
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resources, triggering enzymatic oxidation of phenols to red/purple pigments, and promoting fruit maturation. To the
best of our knowledge, this is the first research showing that long-termO3 exposure during bilberry fruit development
influenced not only several plant/leaf traits, but also fruit nutraceutical quality at the time of harvest.
1. Introduction

Ozone (O3) is no doubt the major phytotoxic air pollutant, challenging
wild, agricultural and horticultural plants, as well as inducing considerable
quantitative and qualitative impairments to edible plant parts (Wilkinson
et al., 2012; Li et al., 2017; Grulke and Heath, 2020). These adverse effects
are the result of functional and genetic alterations that finally cause
(i) decrease in carbon assimilation, (ii) variation in carbohydrate allocation
pattern, (iii) shifts in assimilate distribution, and (iv) reduction of non-
photosynthetic organ growth (Puckette et al., 2008; Booker et al., 2009;
Gillespie et al., 2015). Ozone-enriched experimental investigations has
highlighted species-specific alterations in plant functioning due to different
O3 sensitivity (Mills et al., 2018; Landi et al., 2019; Marchica et al., 2019;
Pellegrini et al., 2016, 2019; Hoshika et al., 2020). These divergences
mainly concerned senescence mechanisms, photosynthetic processes, and
carbohydrate partitioning within the plant (Keutgen and Pawelzik, 2008;
Pellegrini et al., 2015; Calzone et al., 2019). Although few investigations
have been focused on the effects of O3 on plant reproductive features
such as flowering time and fruit ripening, it has been indicated that O3

also affect yield and quality of fruits (Leisner and Ainsworth, 2012; Thwe
et al., 2014; Gillespie et al., 2015). It is known that an impairment of any
steps during reproductive processes may result in reproductive failure,
and thus plant yield (Duque et al., 2021). In particular, the timing of O3 ex-
posure within the plant-life cycle is a key factor determining the net reper-
cussion of O3 on plant growth and yield, with several species showing
higher sensitivity when this detrimental phenomenon happens at the time
of or after flowering/anthesis (Cooley and Manning, 1987; Lyons and
Barnes, 2008). The demand and supply for assimilates is driven by physio-
logical processes in shoots and roots (e.g., leaf photosynthesis or the devel-
opment of leaves, roots, stems and fruits), so alterations to these processes
due to environmental constraints usually influence the assimilate allocation
within a plant (Shipley and Merziane, 2002). As a consequence, changes in
growth and/or functioning of some parts may alter further development
and growth of the whole plant. The capability to quickly trigger the proper
biochemical responses against stressors is strictly linked to carbon metabo-
lism. Thus, the amount of carbon reserves, especially non-structural carbo-
hydrates and starch (Thalmann and Santelia, 2017), and their dynamics
within the vegetative and reproductive organs play a pivotal role in accli-
mation and stress response (Niinemets, 2010).

Ozone is usually approached as a crucial environmental stressor, but
some investigations have also highlighted its potential role as ‘eustressor’
(sensu Marchica et al., 2021). Short-term exposures of plants to adequate
concentrations of O3, under lab conditions, have been proposed as a tool
to increase nutraceutical quality, since they commonly trigger antioxidants
levels without compromising plant performance (Sachadyn-Król and
Agriopoulou, 2020; Marchica et al., 2021). Currently, there is an interest
in post-harvest applications of O3 for decay control and as a potential
sanitizer against human pathogens (Conte et al., 2020). Early in 1982 it
was “Generally Recognized as Safe” for bottled water disinfection by the
U.S. Food and Drug Administration, and in 1999 its application was ex-
tended to food treatment, storage, and processing (FDA (Food and Drug
Administration), n.d., https://www.accessdata.fda.gov/scripts/cder/daf/).
However, despite O3 can affect fruit features such as sizing, production, bio-
chemistry (e.g., non-structural carbohydrates, ascorbate, and phenol con-
tents) and phenology (e.g., ripening time; Gillespie et al., 2015), little
attention has been devoted so far to the direct and indirect impact of O3 on
fruit yield and quality, and the resulting consequences on nutritional value.

Vaccinium myrtillus L. (a member of the Ericaceae plant family) is a spon-
taneous species native to mountain areas of Northern and Central Europe,
largely present in Italian Alps and Apennines. Its fruits (‘bilberry’) are largely
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consumed, mainly as high-quality processed products, as well as of ingredi-
ents in dietary supplements. For this reason, V. myrtillus is now becoming of
horticultural interest (Selås et al., 2015) and it is very appreciated for nutra-
ceutical and healthiness values (Jimenez-Garcia et al., 2012). Ripening of
the non-climacteric bilberry fruits (Giovannoni, 2001) is associated with
high levels of anthocyanins both in peel and flesh, so characterizing peculiar
deep blue colour to the ripe fruits. Several studies documented a large annual
variation of berry production by indicating the periods of floral initiation and
development as particular critical phases because of the pivotal role of the en-
vironment as a controlling and synchronizing factor (Heide, 1997). In Central
Europe, this species has a vegetative stage in May and then flowering and
fruiting phases from June to July, coinciding with high concentrations of
O3 that have the potential to severely affect plant phenology and yields. In
a previous study focused on the macroscopic and physiological responses of
saplings of V. myrtillus to realistic and future O3 concentrations, we reported
a dramatic increase of plant injury index values from June to July, confirming
the high susceptibility of this species to O3 in these months (Hoshika et al.,
2020). Despite this, reports of the response of bilberry fruits to long-term
O3 exposure are lacking. Since environmental conditions and source-sink bal-
ancewithin the plant during fruit development determine fruit quality (Thwe
et al., 2013), the effects of both realistic and future O3 concentrations on this
fruit feature should be elucidated.

Themain objectives of this studywere to elucidate the effects of long-term
O3 exposure at realistic and future concentrations (applied during fruit devel-
opment) not only onmorphological, physiological, and biochemical plant/leaf
traits ofV. myrtillus but also on fruit yield and quality, with emphasis on nutra-
ceutical value. In particular, we postulated direct and dose-dependent effects
of O3 on reproductive processes (e.g., shifts in floral initiation and develop-
ment), resulting in negative effects on vegetative organs (e.g., shifts in resource
allocation). To the best of our knowledge, this is thefirst research highlighting
the direct and indirect impact of increasing O3 concentrations on fruit yield
and quality, and the resulting consequences on fruit nutritional value.

2. Materials and methods

2.1. Plant material and experimental design

Experimental activities were performed at the O3-FACE facility of Sesto
Fiorentino, Florence, Italy (43°48′59” N, 11°12′01′ E, 55 m a.s.l.; Paoletti
et al., 2017). In December 2017, three-year-old saplings of V. myrtillus ob-
tained from a local nursery were transplanted into 25-L plastic pots filled
with a sand:peat:soil mixture (1:1:1 in vol.) and kept under standard condi-
tions until the beginning of the O3 exposure. From May 1, 2018 to July 31,
2018, uniform plants were exposed to three levels of O3 concentration: 1.0
(current O3 scenario), 1.5 and 2.0 times (future O3 scenario, Young et al.,
2013) the ambient air concentrations (AA, 1.5_AA and 2.0_AA, respec-
tively). Throughout the whole experiment, the hourly mean O3 concentra-
tions (mean ± S.E.) were 38.4 ± 0.5, 57.6 ± 0.7 and 70.6 ± 0.9 ppb in
AA, 1.5_AA and 2.0_AA, respectively; while the Accumulated exposure
Over a Threshold of 40 ppb (AOT40, sensu Kärenlampi and Skärby, 1996,
Pleijel et al., 2021) values were 13.9, 35.3 and 52.7 ppm h. Three plots
(5×5×2m)were designated to eachO3 treatment (n=3)with six plants
in each plot (in total 54 plants). All plants were irrigatedwithwater (pH 7.6
and electrical conductivity 5.5 mS cm−1) to maintain field capacity (soil
water content = 0.295 m3 m−3, Paoletti et al., 2017).

2.2. Visible foliar injury

The O3-like visible foliar injury was identified at the end of exposure
using photoguides (Innes et al., 2001; Paoletti et al., 2009). Percentages
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of symptomatic leaves per plant and of the injured area in the symptomatic
leaves were assessed by two well-experienced surveyors using a 10×mag-
nifying hand lens.

2.3. Plant biometric traits

Six plants per each O3 level group were randomly selected at the end of
the experiment and devoted to the biomass assessments in terms of leaves,
stems and roots. After harvesting, organs were properly separated and kept
in an oven at 80 °C until constant weights were reached.

2.4. Leaf physiological traits

Photosynthetic parameters of leaves were determined using a portable
gas exchange system (CIRAS-2, PP-systems, Hitchin, Hertfordshire, UK)
from July 16 to 20. The dependence of net photosynthetic rate (A) to inter-
cellular CO2 level (Ci), i.e. the A/Ci curve, was measured at 25 °C of leaf
temperature, 1500 μmol m−2 s−1 of photosynthetic photon flux density
(PPFD) and 40 to 50% of relative humidity (RH) with nine CO2 steps (Ca:
400, 200, 100, 50, 400, 800, 1200, 1600, and 2000 μmol mol−1). Fully ex-
panded and sun-exposed leaves were targeted (one leaf with 5th order from
the tip of the plant per one to two plants per each plot per each O3 treat-
ment). Light-saturated net photosynthetic rate (Asat) was determined at
400 μmol mol−1 of CO2, together with the stomatal conductance for
water vapour (Gs). According to the methodology suggested by Farquhar
et al. (1980) and Long and Bernacchi (2003), the maximum rate of carbox-
ylation (Vcmax), the maximum rate of electron transport (Jmax) and their
ratio (Jmax /Vcmax) were calculated from the A/Ci curve. For this analysis,
parameters of the RubisCO Michaelis constants for CO2 (Kc) and O2 (Ko),
and the CO2 compensation point in the absence of day respiration (Γ*)
were calculated (Bernacchi et al., 2001). Gas exchange measurements
were performed between 9:00 and 12:00 a.m. on clear sky days.

2.5. Leaf biochemical traits

At the end of the experiment, fully expanded and sun-exposed leaves
(from one to three plants per plot per each O3 treatment) were harvested
from 11:00 a.m. to 1:00 p.m., frozen in liquid nitrogen and kept at
−80 °C until biochemical analyses. Anion superoxide (•O2

−) content was
measured with a fluorescence/absorbance microplate reader (Victor3
1420 Multilabel Counter, PerkinElmer, Waltham, MA, USA; Able et al.,
1998; Döring et al., 2020). Hydrogen peroxide (H2O2) content was mea-
sured using the Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit
(Molecular Probes, Life Technologies Corp. Carlsbad, CA, USA; Shin et al.,
2005). Oxidative damage was determined in terms of malondialdehyde
(MDA) by-product accumulation measured with a spectrophotometer
(UV-1900 UV–vis, Shimadzu, Kyoto, Japan; Hodges et al., 1999; Guidi
et al., 2017). Leaf pigments [neoxanthin, violaxanthin, antheraxanthin, lu-
tein, zeaxanthin, chlorophyll b (chl b), chlorophyll a (chl a), and β-carotene;
in order of elution time] were determined by ultra-high performance liquid
chromatography using a Dionex UltiMate 3000 system equipped with an
Acclaim 120 Dionex column and a Dionex UVD 170 U detector (Thermo
Scientific, Waltham, MA, USA; Zhang et al., 2018). Total chlorophyll con-
tent was calculated as the sum of chl a and chl b, and then the chl a /chl b
ratio was calculated. Further details about leaf biochemical measurements
are reported in the supplementary material.

2.6. Fruit physicochemical and biochemical traits

At the end of the field tests, all fruits produced by each plant were eval-
uated for their colour based on the Royal Horticultural Society Colour Chart
(Royal Horticultural Society, 2007; green: 114D, partly red: 57C, red/blue:
98C). All fruits were harvested at ripening red/blue stage and then sampled
for the analysis. Immediately after harvest, fruit characteristics were
assessed, and 100 g of fruits were frozen in liquid nitrogen and kept at
−80 °C until further analysis. Key fruit quality characteristics were
3

assessed: fresh/dry weights, dry matter content, soluble solids content
(SSC, measured by a digital refractometer, Refracto 30PX, Mettler-Toledo,
Milan, Italy) and pH of extracts (using a pH-meter; Edge pH/ORP, Hanna
Instruments, Padova, Italy). Mineral elements (i.e., K+, Mg2+ and Ca2+)
were measured by ion chromatography using a Dionex Aquion system
equipped with a CSRS™300, 4 mm Dionex Cation Self-Regenerating Sup-
pressor, a CG12ADionex IonPac™ pre-column and a CS12ADionexIonPac™
column Dionex (Thermo Scientific, Waltham, MA, USA; Cataldi et al.,
2003). Total phenolic, anthocyanin, and ascorbate [ascorbate (AsA) +
dehydroascorbate (DHA)] contents were measuredwith a spectrophotome-
ter (UV-1900 UV–vis, Shimadzu, Kyoto, Japan) according to Waterhouse
(2002); Connor et al. (2002), and Kampfenkel et al. (1995), respectively.
The antioxidant activity of fruit extracts was estimated by assessing the hy-
droxyl radical averting capacity (HORAC) and the oxygen radical absorp-
tion capacity (ORAC) with the same fluorescence/absorbance microplate
reader reported above (Ou et al., 2001, 2002). Soluble sugars (D-glucose,
D-fructose and sucrose) were measured using the K-SUFRG commercial
kit (Megazyme, Wicklow, Ireland). Organic acids (citric, malic, shikimic
and quinic acids) were determined by the same UHPLC reported above
equipped with a pre-column Repromer H and a Repromer H column
(Eyéghé-Bickong et al., 2012). Further details about fruit biochemical mea-
surements are reported in the supplementary material.

2.7. Statistical analysis

Data were collected from every single plant per each O3 level condition
per each plot in a FACE and plot means were used as statistical unit,
i.e., n=3 plots. Normality of collected data (Shapiro-Wilk test) and homo-
geneity of variance (Levene test) were firstly tested and. Leaf gas exchange
data were analysed by a one-way ANOVA to detect the effect of O3 and then
differences among O3 treatments were evaluated by the Tukey's post-hoc
test. Plantmorphology, leaf biochemical and fruit physicochemical and bio-
chemical data were analysed by a non-parametric Friedman test to deter-
mine the effect of O3. In this case, differences among O3 treatments were
evaluated by the Dunn's post-hoc test. Statistical analyses were performed
in JMP 11.0 (SAS Institute, Cary, NC, USA) and significant effects were con-
sidered for P ≤ 0.05.

3. Results

3.1. Effects of increasing O3 concentrations on biometric, gas exchange and
biochemical plant/leaf traits

Plants exposed to increasing O3 concentrations developed visible
minute stipples of dark-reddish tissue localized in the interveinal adaxial
leaf area at the end of the exposure. The most severe damage occurred
under 2.0_AA conditions: 69% of the leaves per plant were affected, and
the injured area was on average 35% of their surface per each symptomatic
leaf with stippling (data not shown).

Root dry weight and root to shoot ratio were slightly decreased by in-
creasing O3 concentrations, without significant differences between the
two higher O3 concentrations (root dry weight: −19 and −37%; root to
shoot ratio: −24 and −33% under 1.5_AA and 2.0_AA, respectively, com-
pared with AA; Fig. 1A and C). No significant O3 effects were reported on
total dry weight (Fig. 1B) and total fruit yield (data not shown).

Increasing O3 concentrations significantly decreased Asat (−26 and
− 30% in 1.5_AA and 2.0_AA, respectively, compared with AA), although
no significant difference in Gs was observed among treatments (Table 1).
Leaves exposed to 2.0_AA showed significantly lower Vcmax values com-
pared to those under AA. In addition, a significant increase in the Jmax/
Vcmax ratio was found under both 1.5_AA and 2.0_AA compared to AA,
with no significant changes reported for Jmax.

A significant stimulation of •O2
− and H2O2 production occurred due to

increasing O3, without significant differences between the two high O3 con-
centrations (•O2

−: +39 and +29%; H2O2: +55 and +59% in 1.5_AA and



Fig. 1. Root dry weight (A), total dry weight (B) and root to shoot ratio (C) in
Vaccinium myrtillus plants exposed to three levels of O3 concentration [ambient air
(AA, white), 1.5_AA (grey) and 2.0_AA (dark grey)] for three months (May–July).
For each boxplot median, 25°-75° percentiles (boxes), non-outlier minimum and
maximum (whiskers) are reported. For each parameter, the effect of O3 was tested
by the Friedman test. Different letters indicate significant differences among O3

treatments, according to the Dunn's post-hoc test (P ≤ 0.05, n = 3 plots).

Table 1
Leaf gas exchange traits ofVacciniummyrtillus plants exposed to three levels ofO3 concent
For each parameter, the effect ofO3was tested by a one-way ANOVA.Different letters ind
n = 3). Each value is the mean (±SE). Asat, light-saturated net photosynthetic rate; Gs,
maximum rate of electron transport; Jmax /Vcmax, the ratio of Jmax to Vcmax.

AA 1

Asat (μmol m−2 s−1) 7.3 (0.4) b 5.4 (0.3)
Gs (mol m−2 s−1) 0.109 (0.004) a 0.079 (0.00
Vcmax (μmol m−2 s−1) 36.7 (2.7) b 28.8 (1.5)
Jmax (μmol m−2 s−1) 91.0 (4.9) a 85.3 (2.3)
Jmax /Vcmax 2.5 (0.1) a 3.0 (0.2)

Fig. 2.Anion superoxide (•O2
−; A), hydrogen peroxide (H2O2; B) andmalondialdehyde

by-product (MDA; C) content in Vacciniummyrtillus leaves exposed to three levels of O3

concentration [ambient air (AA, white), 1.5_AA (grey) and 2.0_AA (dark grey)] for three
months (May–July). Data are shown are on a freshweight (FW) basis. For each boxplot
median, 25°-75° percentiles (boxes), non-outlier minimum and maximum (whiskers)
are reported. For each parameter, the effect of O3 was tested by the Friedman test.
Different letters indicate significant differences among O3 treatments, according to
the Dunn's post-hoc test (P≤ 0.05, n = 3 plots).
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2.0_AA, respectively, compared with AA; Figs. 2A and B). Accordingly,
MDA by-products markedly increased due to increasing O3 concentrations,
but with significant differences between 1.5_AA and 2.0_AA: 1.4- and 2.5-
fold higher than AA, respectively (Fig. 2C). Total chlorophylls markedly de-
creased due to increasing O3 concentrations, without significant differences
ration (AA, ambientO3 concentration, 1.5_AA and 2.0_AA) for 3months (May–July).
icate significant differences amongO3 treatments (P< 0.05, by Tukey's post-hoc test,
stomatal conductance to water vapour; Vcmax, maximum rate of carboxylation; Jmax,

.5_AA 2.0_AA P value for ANOVA

a 5.1 (0.3) a 0.011
3) a 0.090 (0.010) a 0.072

ab 25.7 (1.5) a 0.018
a 79.5 (4.8) a 0.231
b 3.1 (0.0) b 0.011



Fig. 3. Total chlorophylls (A), chlorophyll a /chlorophyll b (Chl a / Chl b) ratio (B), β-carotene (C) and lutein (D) contents in Vacciniummyrtillus leaves exposed to three levels
of O3 concentration [ambient air (AA, white), 1.5_AA (grey) and 2.0_AA (dark grey)] for three months (May–July). Data are shown are on a fresh weight (FW) basis. For each
boxplot median, 25°-75° percentiles (boxes), non-outlier minimum and maximum (whiskers) are reported. For each parameter, the effect of O3 was tested by the Friedman
test. Different letters indicate significant differences among O3 treatments, according to the Dunn's post-hoc test (P ≤ 0.05, n = 3 plots).
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between the two higher O3 concentrations (−43 and−48% in 1.5_AA and
2.0_AA, respectively, compared with AA; Fig. 3A). Conversely, Chl a to Chl
b ratio slightly increased by 16% under both 1.5_AA and 2.0_AA, compared
with AA (Fig. 3B). β-carotene content was reduced by 1.5_AA (−28% com-
paredwith AA), and evenmore by 2.0_AA (−50%; Fig. 3C). Conversely, lu-
tein content increased by 1.5_AA (+12% compared with AA) and even
more by 2.0_AA (+16%; Fig. 3D).

3.2. Effects of increasing O3 concentrations on fruit physico-chemical and quality
parameters

At the end of the exposure, most of bilberry fruits collected from plants
growing under increasing O3 concentrations turned red/blue. This phe-
nomenon strongly occurred under 2.0_AA conditions: 44% of the fruits
Fig. 4. Percentage of fruits at various stages [green (A), partly red (B) and red/blue (C)] i
(AA,white), 1.5_AA (grey) and 2.0_AA (dark grey)] for threemonths (May–July). Data are
(boxes), non-outlierminimum andmaximum (whiskers) are reported. For each fruit stage
was tested by a Friedman test. Different letters indicate significant differences among O3

plots).
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were red/blue at the time of harvest, while 28% was still green in colour
(Fig. 4). Conversely, most of berries attached to plants grown under AA con-
ditions, were still green and partly red (54 and 36%, respectively).

No significant O3 effects was reported on fruit fresh weight (Fig. 5A),
while fruit dry matter was slightly decreased by increasing O3 concentra-
tions, without significant differences between the two higher O3 concentra-
tions (−23 and−32% in 1.5_AA and 2.0_AA, respectively, compared with
AA; Fig. 5B). Differently, SSC values similarly increased because of 1.5_AA
and 2.0_AA (+11 and+15% respectively, comparedwith AA; Fig. 5C). No
significant O3 effects were found on pH values of fruit extracts (Fig. 5D).

Although lower K+ levels were reported in 2.0_AA fruits than in 1.5_AA
ones, no significant differences were found as a consequence of increasing
O3 concentrations comparedwith AA (Fig. 6A). Fruit Mg2+ content slightly
increased only under 2.0_AA (+6% compared with AA; Fig. 6B), while
n Vaccinium myrtillus leaves exposed to three levels of O3 concentration [ambient air
shown are on a freshweight (FW) basis. For each boxplotmedian, 25°-75° percentiles
, the effect of O3was tested by the Friedman test. For each fruit stage, the effect ofO3

treatments in each fruit stage, according to the Dunn's post-hoc test (P≤ 0.05, n=3



Fig. 5. Fresh weight (A), dry matter (B), soluble solids content (SSC, C) and pH (D) values in ripening fruits of Vaccinium myrtillus plants exposed to three levels of O3

concentration [ambient air (AA, white), 1.5_AA (grey) and 2.0_AA (dark grey)] for three months (May–July). For each boxplot median, 25°-75° percentiles (boxes), non-
outlier minimum and maximum (whiskers) are reported. For each parameter, the effect of O3 was tested by the Friedman test. Different letters indicate significant
differences among O3 treatments, according to the Dunn's post-hoc test (P ≤ 0.05, n = 3 plots).
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Ca2+ content slightly and similarly increased under both 1.5_AA and
2.0_AA (+5 and +7%, respectively, compared with AA; Fig. 6C).

A significant accumulation of total phenolics and total anthocyanins
was found as a consequence of increasing O3 concentrations, with signifi-
cant differences between the two higher O3 concentrations (1.7- and 2.5-
fold higher than AA respectively; Fig. 7A-B). Similarly, total ascorbate con-
tent strongly increased in 1.5_AA fruits and even more in 2.0_AA ones (1.9-
and 2.6-fold higher than AA; Fig. 7C).

A significant increase of HORAC and ORAC values was found as a con-
sequence of increasing O3 concentrations, with significant differences be-
tween the two higher O3 concentrations: HORAC values increased more
under 2.0_AA than under 1.5_AA (1.6- and 3.1-fold higher than AA;
Fig. 8A); while ORAC values increased more under 1.5_AA than under
2.0_AA (+36 and +14%, respectively, compared with AA; Fig. 8B).

A slight increase of D-glucose and D-fructose contents was found in fruits
grown under 2.0_AA (+29 and +28%, respectively, compared with AA;
Fig. 9A-B). Although lower fruit sucrose content was reported under
1.5_AA than under 2.0_AA, no significant differences were found as a con-
sequence of increasing O3 concentrations compared with AA (Fig. 9C).

A slight increase of citric acid content was only found under 1.5_AA
(+23%, compared with AA; Fig. 10A), while malic acid levels significantly
increased under both higher O3 concentrations (about 2-fold higher than
AA; Fig. 10B). The content of shikimic acid markedly increased because
of 1.5_AA (+34, compared with AA; Fig. 10C), while strongly decreased
under 2.0_AA (−39%; Fig. 10C). Although lower quinic acid content was
reported under 2.0_AA than under 1.5_AA, no significant differences were
found as a consequence of increasing O3 concentrations compared with
AA (Fig. 10D).

4. Discussion

4.1. The impact of increasing O3 concentrations on biometric, physiological, and
biochemical plant/leaf traits

Adverse effects of realistic and future O3 scenarios on V. myrtillus have
been highlighted by the present study. It is known that O3 mainly enters
6

inside the leaves through the stomata and then leads to the production of
ROS after reacting with the materials diffused in the apoplast (Schauberger
et al., 2019). Here, the accumulation of •O2

− and H2O2 caused by the in-
creasedO3 concentrations was associatedwithmembrane denaturation, con-
firming the oxidative pressure caused by O3. Specifically, MDA by-product
values followed a similar trend to •O2

− and H2O2, but with significant differ-
ences between 1.5_AA and 2.0_AA, suggesting that plants grown under
harsher environmental conditions sufferedmoremarkedly fromperoxidative
processes (i.e., dose-dependent effects), and changed the ionic and solute re-
actions of the membrane cells (Calatayud and Barreno, 2001; Hassan et al.,
2018). The observed oxidative burst likely affected several cellular compo-
nents such as lipids, proteins andmembranes involved in photosynthetic pro-
cesses (e.g., electron transport, photochemistry; Huang et al., 2019), as
confirmed by the reduction of photosynthetic capacity found in plants
grown under 1.5_AA and 2.0_AA conditions. Increased O3 exposure did not
affect Gs but decreased Vcmax, suggesting that O3-induced decreases in Asat

ofV.myrtillus leaveswere principally due to the biochemical limitations asso-
ciatedwith a reduced efficiency of Rubisco because of a direct enzyme oxida-
tion. Unchanged values of Jmax confirmed that there were no limitations to
pools of Calvin cycle intermediates and to the energy for RuBP regeneration
(Goumenaki et al., 2010). In addition, plants exposed to increased O3 (re-
gardless of concentration) showed a general reduction in chlorophyll con-
tent, suggesting a noticeable alteration of the chlorophyll binding proteins
of the Light-Harvesting Complexes (Cotrozzi et al.,2017). The significant de-
crease of total chlorophylls in leaves commonly occurs under oxidative stress
induced by O3, particularly due to early senescence and nutrient remobiliza-
tion (Mikkelsen et al., 1995; Köllner and Krause, 2000). This outcome was
also confirmed by the larger decrease of Chl a than Chl b (as documented
by the significant increase of Chl a/Chl b due to the higher O3 levels), indicat-
ing that O3 not only enhanced the breakdown of chlorophylls, but also im-
paired de novo chlorophyll synthesis (Saitanis et al., 2001; Döring et al.,
2014). The concomitant decrease of β-carotene confirms that increasing O3

concentrations induced photo-oxidation and a rearrangement of the pigment
configuration (Calatayud and Barreno, 2004; Cotrozzi et al., 2017). In partic-
ular, the strong reduction of β-carotene found in plants grown under 2.0_AA
conditions suggests that this compound can act directly as a thylakoid



Fig. 6. Potassium (A), magnesium (B) and calcium (C) concentrations in ripening
fruits of Vaccinium myrtillus plants exposed to three levels of O3 concentration
[ambient air (AA, white), 1.5_AA (grey) and 2.0_AA (dark grey)] for three months
(May–July). For each boxplot median, 25°-75° percentiles (boxes), non-outlier
minimum and maximum (whiskers) are reported. For each parameter, the effect
of O3 was tested by the Friedman test. Different letters indicate significant
differences among O3 treatments, according to the Dunn's post-hoc test (P ≤ 0.05,
n = 3 plots).

Fig. 7. Total phenolics (A), anthocyanins (B) and ascorbate (C) content in ripening
fruits of Vaccinium myrtillus plants exposed to three levels of O3 concentration
[ambient air (AA, white), 1.5_AA (grey) and 2.0_AA (dark grey)] for three months
(May–July). For each boxplot median, 25°-75° percentiles (boxes), non-outlier
minimum and maximum (whiskers) are reported. For each parameter, the effect
of O3 was tested by the Friedman test. Different letters indicate significant
differences among O3 treatments, according to the Dunn's post-hoc test (P ≤ 0.05,
n = 3 plots). Abbreviations: C3G, cyanidin-3-glucoside equivalents; GAE, gallic
acid equivalents.
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membrane-bound antioxidant against singlet oxygen and/or as a substrate
for a de novo biosynthesis of xanthophylls (Havaux et al., 2000). This as-
sumption is confirmed by the significant raise of lutein content which
followed the gradient of enhanced O3 concentrations. A reduced photosyn-
thetic area due to such alteration to leaf pigments may reduce plant vitality.
In particular, O3 can induce a different biomass allocation between above
and below organs (as confirmed by the significant reduction in the root/
shoot ratio under 2.0_AA conditions;Wittig et al., 2009), even though the du-
ration ofO3 exposurewas not long enough to cause significant effects on total
biomass (e.g., unchanged values of total dry weight values; Engela et al.,
2021). A reduction of root dryweight occurred under elevatedO3, regardless
of concentration: this was probably due to a limitation in carbohydrate avail-
ability as consequence of leaf injury (Hoshika et al., 2020), alteration of
membrane integrity and dysfunction of photosynthetic systems (King et al.,
2005; Li et al., 2015; Ghosh et al., 2020). Considered the source-sink compe-
tition, the availability of mobile assimilates to a particular sink is defined by
the competition among sink tissues (e.g., roots and/or fruits; Ho, 1988) and/
or the decreased rate of photosynthesis (Lemoine et al., 2013). When the as-
similate supply is limited, the partitioning is driven by the strength of the
sink. According to Thwe et al. (2013), carbohydrate distribution is altered
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by O3-induced oxidative stress, especially in the presence of reproductive or-
gans. Here, roots gained a limited supply of carbohydrates because of their
relative weakness and lesser level of carbon acquisition in competition with
developing and ripening fruits, which could be considered the greatest assim-
ilate priority in V. myrtillus plants grown under increasing O3 concentrations.
The decreased availability of resources (e.g., water and carbohydrates) and
energy likely limited an optimal fruit production and growth, so decreasing
the number of well-developed fruits (Thwe et al., 2013; Gillespie et al.,
2015). Increasing O3 concentrations can alter the source-sink relationship
within the plant so affecting fruit yield and quality.

4.2. Effects of increasing O3 concentrations on fruit physico-chemical and quality
parameters

In our work, V. myrtillus plants exposed to increasing O3 concentrations
were able to activate an adaptation strategy to reduce resource (e.g., carbon
andwater) spending and divert energy to the fruits, which responded to the
O3-induced oxidative stress by altering development and ripening pro-
cesses. An accelerated maturation of bilberries occurred under increasing



Fig. 8. Antioxidant capacity expressed as hydroxyl radical antioxidant (HORAC,
A) and oxygen radical absorbance (ORAC, B) capacity in ripening fruits of
Vaccinium myrtillus plants exposed to three levels of O3 concentration [ambient air
(AA, white), 1.5_AA (grey) and 2.0_AA (dark grey)] for three months (May–July).
Data are shown are on a fresh weight (FW) basis. For each boxplot median, 25°-
75° percentiles (boxes), non-outlier minimum and maximum (whiskers) are
reported. For each parameter, the effect of O3 was tested by the Friedman test.
Different letters indicate significant differences among O3 treatments, according
to the Dunn's post-hoc test (P ≤ 0.05, n = 3 plots). Abbreviations: GAE, gallic acid
equivalents, TE, trolox equivalents.

Fig. 9. D-Glucose (A), D-fructose (B) and sucrose (C) content in ripening fruits of
Vaccinium myrtillus plants exposed to three levels of O3 concentration [ambient air
(AA, white), 1.5_AA (grey) and 2.0_AA (dark grey)] for three months (May–July).
Data are shown are on a fresh weight (FW) basis. For each boxplot median, 25°-
75° percentiles (boxes), non-outlier minimum and maximum (whiskers) are
reported. For each parameter, the effect of O3 was tested by the Friedman test.
Different letters indicate significant differences among O3 treatments, according
to the Dunn's post-hoc test (P ≤ 0.05, n = 3 plots).
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O3, with significant differences between 1.5_AA and 2.0_AA, suggesting
that plants grown under harsher environmental conditions markedly suf-
fered from metabolic changes associated with early ripening (Gillespie
et al., 2015): dose-dependent effects previously reported on leaf traits
were thus observed also on reproductive biology. In fact, increasing O3 con-
centrations likely caused an alteration of the oxidative and reductive pro-
cesses that was followed by membrane damage limiting the availability of
energy and resources (as confirmed by the decrease of fruit dry matter),
triggering enzymatic oxidation of phenols to red/purple pigments (e.g. ac-
cumulation of anthocyanins following the gradient of O3 concentrations),
and promotingmaturation of bilberry fruits (as documented by the increase
of SSC values; Thwe et al., 2014). Since no O3 effects were reported on fruit
fresh weight and total fruit yield, it seems that increasing O3 concentrations
had less effects on fruit biomass than on fruit quality (Leisner and
Ainsworth, 2012). An intricate and coordinated change among metabolites
(e.g. soluble carbohydrates, organic acids, and amino acids) likely took
place altering organoleptic fruit characteristics and flavour (Osorio et al.,
2013). In particular, fruit dry matter originates from the assimilates
photosynthesized in the leaves and then transferred to the fruits as carbohy-
drates which are transformed into organic acids and other compounds.
Therefore, the mechanisms regulating the intake in the fruit of water and
carbon play a pivotal role in determining not only the fruit size, but also
the dry matter concentration of fruit and its overall quality (Batista-Silva
et al., 2018). Here, differential responses in chemical composition were ob-
served between red/blue fruits (pH values about 3) harvested from plants
exposed to 1.5_AA and 2.0_AA levels. In particular, the organic acids ap-
peared to be more responsive than sugars to carbon limitation due to mod-
erate O3 concentrations (i.e., 1.5_AA) as confirmed by the accumulation of
some intermediates of tricarboxylic acid cycle (TCA; such as citric and
malic acids) and the unchanged values of D-glucose, D-fructose and sucrose.
8

These results suggest that metabolic adjustments on the abundance of dif-
ferent types of carbon compounds occurred under 1.5_AA conditions by
providing high amount of energy (probably) required for accelerated ripen-
ing (Osorio et al., 2013). . In particular, organic acids served as transient
carbon storage molecules (Fahnenstich et al., 2007). Conversely, the solu-
ble sugars appeared to be more responsive to carbon limitation due to
higher O3 levels (i.e., 2.0_AA) than organic acids as confirmed by the in-
crease of fruit's reducing-sugar content (i.e., D-glucose and D-fructose) and
the unchanged values of citric and quinic acids. These results suggest that
an oxidation of carbohydrates via glycolysis occurred by providing carbon
skeleton for the TCA cycle throughout cell respiratory processes, and con-
tributing, not only to the production of intermediates (as confirmed by
the rise of malic acid; Batista-Silva et al., 2018), but also to cellular energy
supply (Osorio et al., 2013). The fact that there were no significant differ-
ences in fruit sucrose content at the end of the experiment suggests that in-
creasing O3 concentrations differently affected the conversion of sucrose to
hexose by activating sucrose biosynthesis or degradation pathways (Dong
and Beckels, 2019). Sugars and organic acids are not only crucial sensory



Fig. 10. Citric (A), malic (B), shikimic (C) and quinic acids (D) content in ripening fruits of Vaccinium myrtillus plants exposed to three levels of O3 concentration [ambient air
(AA,white), 1.5_AA (grey) and 2.0_AA (dark grey)] for threemonths (May–July). Data are shown are on a freshweight (FW) basis. For each boxplotmedian, 25°-75° percentiles
(boxes), non-outlier minimum and maximum (whiskers) are reported. For each parameter, the effect of O3 was tested by the Friedman test. Different letters indicate
significant differences among O3 treatments, according to the Dunn's post-hoc test (P ≤ 0.05, n = 3 plots).
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quality parameters in fruits and vegetables (in our study, bilberry fruits
from O3-treated plants may be tasty as documented by the increase of
SSC values, regardless of O3 concentrations), but also the main substrates
of primary metabolism. The transformation of these compounds can
produce essential precursors by serving as substrates of respiration (as pre-
viously reported), and provide efficient energy and small molecular sub-
stances for secondary metabolism (e.g., ascorbic and shikimic acids) by
contributing to fruit nutritional quality. An accumulation of total phenols,
anthocyanins and ascorbate was observed as a consequence of O3, with sig-
nificant differences between 1.5_AA and 2.0_AA suggesting that plants
grown under harsher environmental conditions produced fruits rich in bio-
active compounds and vitamins, which positively contributed to the antiox-
idant activity of water-soluble fraction against free radicals due to O3 (as
confirmed by the increase of HORAC and ORAC values; Thwe et al.,
2015). This response can be also considered an adaptive mechanism to in-
creasing O3 concentrations that promotes the de novo synthesis of these
metabolites with strong antioxidant properties and provides a further
fruit resistance to oxidative stress (Bortolin et al., 2016). In particular, the
high presence of bioactive compounds in bilberry fruits harvested from
plants exposed to 1.5_AA and 2.0_AA levels may have raised sink strength
and altered the movement of some nutrient substrates, including minerals,
within the plant. These mechanisms could be responsible for the signif-
icant increase of Mg2+ (only under 2.0_AA conditions) and Ca2+

content, which might represent important factors determining fruit
nutritional quality. In fact, fruits with high mineral content are less
sensitive to many physiological disorders and generally maintain/
prolong their shelf-life (Martín-Diana et al., 2007). The absence of sig-
nificant differences in K+ content (regardless of O3 concentrations) at
the end of the exposure suggests that increasing O3 concentrations
have a selective effect on macroelements by altering not only the up-
take but also the transport of ions to fruits, in relation to their mobility
(Ragel et al., 2019). Potassium is generally identified as the major
mineral in several fruits (such as bilberry) since it has higher mobility
within the xylem than other minerals (e.g., Mg2+ and Ca2+), and it is
commonly accumulated in the fruit because it is not eliminated during
plant transpiration (Moraes et al., 2021).
9

In conclusion, the present study shows that long-term O3 exposure
during bilberry fruit development induced plant/leaf biometric, physi-
ological, and biochemical disorders, which occurred simultaneously,
by altering the fruit nutraceutical quality at the time of harvest. In par-
ticular, O3 induced oxidative pressure and membrane denaturation by
affecting several cellular structures involved in photosynthetic reac-
tions. This constraint likely induced (i) changes in C carbon, (ii) differ-
ent partitioning of biomass allocation between above and below
organs, (iii) decline in plant vitality, and (iv) alteration of fruit ripening
(and other important visual quality parameters). However, no signifi-
cant differences in fruit fresh weight were reported suggesting that a
compensatory mechanism occurred in the reproductive organs. In
addition, the accumulation of antioxidant compounds (anthocyanins,
phenols, and ascorbate) and the concomitant increase of soluble carbo-
hydrates (e.g. glucose and fructose) in bilberry fruits harvested from
plants exposed to 1.5_AA and 2.0_AA improved their nutritional value
and sensory quality. The characterization of vegetative and reproduc-
tive organs showed two major outcomes: first, O3 exposure resulted in
a direct (dose-dependent) effect on reproductive biology; second, the
long-term exposure induced a shift in resource partitioning because of
indirect effects of O3 via leaf damage. Overall, our study highlights
the need to better understand the impact of realistic and future O3 con-
centrations on plants also during their reproductive phases, especially
focusing on fruit yield, quality and nutraceutical value. Plant treat-
ments with increasing O3 may lead to tastier (due to higher contents
of both sugars and organic acids, which determine the sweetness and
sour taste), healthier (because of the enhanced bioactive compounds
content), and safer fruits.
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