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Although ozone (Os) is a strong oxidant with serious impacts on plants, few studies have investigated the effects
on DNA damage. Here we tested the Comet assay combined with the enzymatic isolation of leaf protoplasts. Two
species differing in O3 sensitivity were used, i.e. the moderately tolerant Arbutus unedo and the very sensitive
Populus maximowiczii Henry x berolinensis (or Oxford clone), exposed to three O3 levels (ambient [40.3 ppb], 1.5
times ambient O3 concentration, twice ambient O3 concentration) for one (A. unedo) or two (Oxford clone)
growing seasons in an Oz Free Air Controlled Exposure (FACE) facility. We found that O3 has strong plant
genotoxicity capacity and the negative effects increased with increasing exposure or stomatal uptake in both
species. Interestingly, both ecophysiological and DNA damage were detected in the sensitive species, while no
ecophysiological injury was observed in A. unedo although DNA was damaged before other symptoms occurred.
Overall, DNA damage increased when the ecophysiological parameters decreased, confirming that DNA damage
is a good proxy of the functional status of a plant. We conclude that the enzymatic isolation and Comet assay
could be used as a predictor tool to reveal plant O3 DNA damage even in moderately O3 tolerant species, able to

recover the abiotic stress.

1. Introduction

Ozone (O3) in the troposphere is a major air pollutant with strong
phytotoxic potential (Mills et al., 2018; Grulke and Heath, 2020). The O3
concentration near the ground was no more than 10 ppb before the in-
dustrial revolution (Paoletti, 2007). The average annual concentration
has increased up to 35-50 ppb in the northern hemisphere (Sicard et al.,
2017). Predictions indicate that the exposure-based risk for vegetation
in many areas of the Northern Hemisphere will be exceeded by a factor
of at least 10 in 2100 (Sicard et al., 2017). In order to decrease O3
pollution, European legislation has decided to regulate the emissions of
O3 precursors even because climate changes may further increase the O3
levels (Young et al., 2013). In the Air Quality Guidelines of the World
Health Organization the suggested level for human health was 60 ppb
for 8-h mean concentration before 2005, and was later reduced to 50
ppb (WHO, 2021). About plant protection, AOT40 (Accumulated Ozone
exposure over a Threshold of 40 ppb) is the legislative standard in
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Europe. A threshold of 5000 ppb h of AOT40 accumulated over the
growing season has been suggested for forest trees corresponding to a 5
% growth reduction (CLRTAP, 2017). However, the Og risk assessment
for forest trees is focused on stomatal O3 flux because stomata are the
principal interface for the O3 entry into plants (Paoletti and Manning,
2007; Paoletti et al., 2022). The phytotoxic O3 dose above an hourly
stomatal O3 flux threshold of 1 nmol m~2s~! (POD1) is currently rec-
ommended for explaining O3 damage in forest trees (CLRTAP, 2017). In
fact, previous studies demonstrated that POD1 was better correlated
with an Os-induced biomass reduction than AOT40 (e.g., Hoshika et al.,
2018; Moura et al., 2021). CLRTAP (2017) reported a critical level of 4
mmol m~2 POD1 to protect the sensitive forest tree species, which
corresponds to a 4 % biomass reduction.

Ozone can trigger necrosis in plants by causing visible injuries to the
leaves, like pathogen infections and wounds do (Paoletti et al., 2019;
Moura et al., 2022a); moreover, it causes faster leaf senescence (Hosh-
ika et al., 2020a) and decreases photosynthesis (Hoshika et al., 2020b)
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thus inducing a general reduction of the plant growth (Hoshika et al.,
2018; Paoletti et al., 2022). At present, O3 uptake decreases gross pri-
mary production in 37.7 % of the northern-hemisphere forested area
with a mean loss of 2.4 % year’1 (Anav et al., 2022). In addition, it
causes stress-induced gene expression (Tseng and Lin, 2015; Marchica
et al., 2019). Ozone enters inside the plant tissues from the stomata and
induces oxidative stress enhancing the production of Reactive Oxygen
Species (ROS) (Vainonen and Kangasjarvi, 2015), known to induce
damage to cellular structures and molecules. At DNA level, the lesions
induced by ROS form oxidative adducts cleavage of bases and DNA
strand breakage (Aust and Eveleigh, 1999; Tuteja et al., 2001; Bjelland
and Seeberg, 2003). However, plants have a complex network able to
recognize the damaged DNA and perform efficient repair in order to
maintain DNA functions (Yoshiyama et al., 2013). Ozone genotoxicity
for microorganisms and animals is well known (Victorin, 1992), while
for plants only few short-term studies are present in the literature and
were carried out in closed or unreplicated open-top chambers (Rodri-
gues et al., 1996; de Souza Lima et al., 2009; Tai et al., 2010). As
chamber effects are known to interfere with O3 impacts on plants
(Paoletti, 2007), long-term open-air exposure is recommended for
experimentally validating the results of O3 genotoxicity biomonitoring
(Restivo et al., 2002; Piraino et al., 2006). The single cell gel electro-
phoresis (SCGE), also known as Comet assay, is a consolidated and
validated genotoxicity test used to measure DNA damage (Langie et al.,
2015). This assay is based on DNA strand break-induced relaxation of
supercoiled loops, still attached to the nuclear matrix, which can
migrate out of the nucleoid toward the anode under electric field,
forming a tail. To the best of our knowledge, only Tai et al. (2010) and
Restivo et al. (2002) employed this assay to measure O3 genotoxicity in
poplars and tobacco plants, respectively. However, both Restivo et al.
(2002) and Tai et al. (2010) isolated nuclei by a mechanical approach, a
procedure that could enhance the production of ROS. A new tool is the
use of protoplast technology combined with SCGE assay for estimating
DNA damage in plant leaf tissues under stress conditions (Kuzminsky
etal., 2016; Choury et al., 2018). Besides, variation in cellular responses
to DNA damage, in terms of repair activity, may greatly contribute to O3
tolerance or sensitivity (Tai et al., 2010). Therefore, due to the gap of
knowledge on O3 genotoxicity on plant cells, the aim of the present work
was to assess the DNA integrity through Comet assay in leaf protoplasts
after exposure of plants of Arbutus unedo L. and Populus maximowiczii
Henry x berolinensis Dippel, from now on referred as Oxford clone, to
three realistic O3 treatments that is ambient air, intermediate O3 level
and elevated Os level performed by a free-air controlled exposure
(FACE) facility. The deciduous Oxford clone is known as very Oz sen-
sitive (Marzuoli et al., 2009; Zhang et al., 2018), while the Mediterra-
nean evergreen A. unedo is considered as moderately sensitive to Og
(Nali et al., 2004; Paoletti, 2006). A further goal was to investigate the
relationships between the induced DNA damage and the responses of
ecophysiological parameters. We postulate that Oz has strong plant
genotoxicity capacity and the negative effects increase with increasing
exposure, and that Comet assay on enzyme-isolated protoplasts could be
used as a predictor tool to reveal O3 responses of vegetation.

2. Materials and methods
2.1. Plant material and free-air ozone exposure experimental design

The experiment took place in Sesto Fiorentino, Italy (43° 48’ 59" N,
11° 12' 01" E, 55 m a.s.l.) in an open-air controlled exposure (FACE)
facility. Ozone was produced by TOGC13X Mk2 compact ozone gener-
ator (Triogen Ltd., Scotland) with integral oxygen generator, diluted
with ambient air in a mixing tank and injected into the FACE through 25
teflon tubes hanging down from a fixed grid above the plants (2 m
height) in each of three plots per O3 level. The O3 concentration above
plants (approx. 1.2 m height) was monitored continuously (Mod. 202,
2B Technologies, Boulder CO, USA), and the observed value was used as
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feedback to the valves to regulate the Os emission, using the pro-
portional-integral-derivative algorithm (PID). More details on the O3
FACE are described in Paoletti et al. (2017). There were three plots per
each of three O3 treatments (n = 3 plots), i.e.: ambient air (AA: 40.3 ppb
as an hourly mean O3 concentration during the experimental period in
2017), intermediate O3 level (031, 1.5 times ambient O3 concentration)
and elevated Og level (032, twice ambient O3 concentration).

In each plot there were 3 plants for A. unedo and 6 plants for Oxford
clone. For both species the plant material was two years old. These three
O3 treatments were applied to A. unedo plants from 12th June to 15th
October 2017, and to Oxford clone plants during two growing seasons
(1st May to 1st October 2016, and 12th June to 15th October 2017).
Two-year-old plants of A. unedo with uniform size (average height: 94.0
cm) were obtained from a local nursery on 4th May 2017 and transferred
to the FACE on 17th May 2017 where they were transplanted in pots of
30 L and deprived of the terminal buds of the main axis to allow the
emission of new soft leaves suitable for the Comet assay. One-year-old
rooted cuttings of Oxford clone (average height: 15.4 cm) propagated
in December 2015 were planted in plastic pots of 10 L in April 2016 and
transferred to 20 L pots in April 2017 in order to avoid limitation of root
growth. The soil was a 1:1:1 mixture of nursery soil:sand:peat. Every two
or three days all plants were irrigated to avoid water stress, i.e., volu-
mgtric soil water content was nearly equal to field capacity (0.295 m® m
-3,

AOT40 for the two species was calculated according to CLRTAP
(2017) i.e. as the sum of the hourly values over the threshold of 40 ppb
over the O3 exposure periods.

2.2. Analysis of DNA integrity

2.2.1. Protoplast isolation

For protoplast isolation, leaf tissue of ~0.045 g from young, fully
expanded leaves (8th from the apex) gathered from three plants for
every Og treatment, one for each plot, avoiding the main rib and using
only the middle part. Leaf samples were taken, from 10.00 to 11.00 AM,
on July 21th, August 30th and 31th and September 15th, 2017. It is
worth noting that the leaves collected for protoplast isolation did not
show any visible symptom of leaf injury (Fig. 1S).

Dim light conditions were used to obtain leaf protoplasts of both
species. Leaves were put into the Cell and Protoplast Washing (CPW)
solution added with a thin layer of Polyvinylpyrrolidone (PVP-40)
powder, scratched with a sterile scalpel to partially remove epidermis
and sliced in little pieces (Kuzminsky et al., 2016; Choury et al., 2018).
Leaves strips (0.5 x 0.5 cm) were left inside the CPW solution for 10
min. Afterwards, strips were moved to a 35 mm Petri dish containing
2.5 ml of filtered (0.45 pm) enzyme solution composed by Macerozyme
R-10 (1 %) and Cellulase Onozuka RS (2 %), freshly added with DTT (2
mM) to a solution at a pH 5.0 containing mannitol (0.6 M), KH,PO4 (1
mM), NH4NO3 (5 mM) and sodium citrate (5 mM). To inactivate DNAse
and proteases and enhance enzyme solubility, the enzyme solution was
pre-heated at 55 °C before using it. After Carbenicillin and Cefotaxime
(0.5 % v/v) and PVP-40 powder (1 % w/v) were freshly added to the
Petri dishes, samples were put in the dark in a vacuum condition for 30
min and then digestion was performed at 25 °C with gentle orbital
shaking (50 rpm) for 4 h. Then, release of protoplast was monitored by
an inverted microscope. Lastly, protoplast suspensions were filtered
(CellTrics® 50 pm mesh) into an Eppendorf tube with 0.5 ml of CPW
before centrifuging at 1000 x g for 5 min and the protoplast pellet was
re-washed by re-suspension in 1 ml of CPW and centrifuged again.
Protoplasts were analyzed by Comet assay for DNA integrity and by
confocal microscopy to evaluate their morphology.

2.2.2. Single cell gel electrophoresis

In order to analyze DNA integrity, the standard alkaline (pH > 13)
Single Cell Gel Electrophoresis (SCGE), or Comet assay, was performed
as previously described (Meschini et al., 2015). Shortly, 10 pl of
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protoplast suspension were mixed with 90 pl of 0.75 % low melting
point agarose and placed on slides previously pre-coated with a layer of
1 % normal melting point agarose. Afterwards, slides were incubated in
lysis solution (2.5 M NaCl, 10 mM Tris-HCl, 100 mM EDTA, pH 10, with
1 % Triton and 10 % DMSO freshly added) at 4 °C over-night and then
horizontally placed into an electrophoresis unit. Electrophoresis was
conducted for 20 min at 25 V and 300 mA at 4 °C preceded by a 15 min
incubation in electrophoresis buffer to allow DNA unwinding in the
same buffer (1 mM EDTA, 300 mM NaOH, pH>13. Lastly, slides were
washed three times with the Neutralization Buffer (0.4 M Tris-HCI, pH=
7.5) and stained with 50 pl ethidium bromide (20 pg/ml). Nucleoids
were examined at x 400 magnification with an automatic image
analyzer (Comet Assay III, Perceptive Instruments, UK) connected to a
fluorescence microscope (Axioskop 2, Zeiss).

For each Oj3 treatment level 100 damaged/undamaged nucleoids
randomly selected from two slides were examined at x 400 magnifica-
tion with an automatic image analyzer (Comet Assay III, Perceptive
Instruments, UK) connected to a fluorescence microscope (Axioskop 2,
Zeiss). To evaluate the amount of DNA damage, computer-generated %
DNA in the tail (Tail Intensity, TI) values were used.

2.3. Analysis of ecophysiological parameters

2.3.1. Biomass measurements

Before the start of the O3 fumigation in 2017, ten A. unedo plants
were harvested to examine the biomass at time zero. In addition, at the
end of the experiment (15th October 2017), all A. unedo plants were
harvested. For Oxford clone, similarly, the initial biomass was assessed
for ten plants before the start of the O3 fumigation in 2016. A half set of
plants (3 plants per each plot per each O3 treatment) were used to assess
the biomass after the first-year O3 fumigation (1st October 2016). The
other half set of Oxford plants were harvested on 15th October 2017.
Leaves and fine roots (diameter < 2 mm) were dried at 70 °C and other
woody parts were dried at 103 °C to reach a constant weight. Dry mass of
each organ (i.e., stem, branch, leaf and root) was determined by a bal-
ance (Mod. Bp110, Sartorius weighing technology, Germany). Annual
biomass increments for A. unedo during the experiment in 2017 were
evaluated by [(biomass at the end of experiment) - (biomass at the
beginning of the experiment)] while this parameter for Oxford clone was
calculated as [(biomass at the end of experiment) - (biomass at the end of
the first-year fumigation)].

2.3.2. Leaf gas exchange

Leaf gas exchange was measured in fully expanded sun leaves (5th to
8th order from the shoot tip, 1 to 3 plants per each plot per each O3
treatment per species) using a portable infra-red gas analyzer (CIRAS-2
PP Systems, Herts, UK) at controlled values of CO2 concentration (Ca:
400 ppm), leaf temperature (25 °C) and of leaf-to-air vapor pressure
deficit (VPD, 1.0-1.8 kPa) under light-saturated conditions (PPFD,
Photosynthetic Photon Flux Density: 1500 pmol mol ). Measurements
were carried out before (1 June 2017 for A. unedo and 29 May 2017 for
Oxford clone) and after O3 exposure (17th July, 6th and 29th-30th
September 2017 for A. unedo,14th July, and 14th-15th September
2017 for Oxford clone) to determine a seasonal variation of the light-
saturated net photosynthetic rate (Asat). In addition, in September
(29th-30th September 2017 for A. unedo, and 14th-15th September
2017 for Oxford clone), to assess the photosynthetic capacity, we also
measured the response curve of net photosynthesis (A) to Cj, i.e., the A/
C; curve, with nine steps of CO5 concentration [C,: 400, 200, 100, 50,
400, 700, 1100, 1500, 2000 ppm] in both species under the same con-
ditions of PPFD, temperature and humidity. We determined A at 400
ppm (Asat) and 2000ppm (A2000), stomatal conductance (gs), the
maximum carboxylation rate (Vcmay) and the maximum electron trans-
port rate for Ribulose-1,5-bisphosphate (RuBP) regeneration (Jmax) by
the curve fitting method in accordance with Long and Bernacchi (2003).
The values of Michaelis constants for CO5 (K.) and O (K,) and the CO,
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compensation point in the absence of dark respiration (I'*) for the
analysis of the A/C; curve were derived according to Bernacchi et al.
(2001). All gas exchange measurements were made on days with clear
sky between 8:00 and 12:00.

2.3.3. Leaf traits

After the measurement of leaf gas exchange in September 2017, the
measured leaves in both species were collected in order to determine the
leaf mass per unit area (LMA). The projected leaf area was determined
by a portable leaf area meter (Area Meter AM300, ADC Bioscientific Ltd,
UK). The collected leaves were dried in an oven at 70 °C for one week
and then weighed. The LMA was calculated as the ratio of dry mass to
the area of the leaves.

2.3.4. Visible foliar injury

Ozone-induced visible foliar injuries were assessed according to the
protocol established by ICP-Forests (Schaub et al., 2016). Two
well-trained observers evaluated the onset of foliar symptoms every two
weeks during the experiment in 2017. The symptoms were also
confirmed by photo-references (Innes et al., 2001; Hoshika et al., 2013;
Moura et al., 2022b).

2.4. Estimation of stomatal ozone uptake (POD1)

The phytotoxic O3 dose above an hourly stomatal Og flux threshold
of 1 nmol m2 s™! (POD1) in both species during the experiment was
determined according to the standard method proposed by CLRTAP
(2017). POD1 can be estimated by the DO3SE model considering species
specific gs responses to various meteorological factors (CLRTAP, 2017).
Here, we used the simplified formula for the estimation of stomatal
conductance for O3 (gs03) in the DO3SE model (Hoshika et al., 2020c):

8503 = gmx'ﬁighr'max{fmin. (fremp 'fVPD) } (@]

where gmax is the maximum stomatal conductance (mmol O3 m? pro-
jected leaf area (PLA) s™1), fmin is the minimum conductance, and flights
fremp and fypp denote the effects of PPFD, air temperature and vapor
pressure deficit on stomatal conductance, respectively. The parameter-
ization of the DO3SE model for Oxford clone and A. unedo was already
achieved in our previous works (Hoshika et al., 2018b; Moura et al.,
2022b). The detailed parameters are shown in the Supplementary file
(Table S3).

2.5. Data analysis

All data were tested for normal distribution by Kolmogorov-Smirnov
p-test, with the exception of TI data analyzed by Shapiro-Wilk W test,
and homogeneity of variance (Levene’s test). Since data were normally
distributed, we applied a three-way analysis of variance (ANOVA) to
examine the effects of Os, species and measured month on TI values. In
addition, a two-way ANOVA was also used to test the effect of O3 and
species on LMA and biomass and photosynthetic parameters. A
quadratic regression was applied to examine the relationships between
Asat and POD1 for both species. These statistical analyses were per-
formed by R software (R 3.5.1, R Core Team). To compare long-term
impacts of O3 exposure on DNA damage, linear regressions between
POD1 or AOT40 values at the sampling date and TI values were carried
out. Pearson’s coefficient was calculated to evaluate the correlation
between TI and AOT40 or POD1 using Past3 software. Spearman cor-
relation was tested among TI, biomass growth and gas exchange
parameters.
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3. Results
3.1. Ogone indices

AOT40 and POD1 values during the experimental period are given in
Table 1. AOT40 values increased with increasing O3 exposure levels
(year 2016: +190 % in O31, +399 % in 032, year 2017: +92 % in Osl,
+177 % in 032). POD1 values depended on the species. A. unedo had a
lower POD1 value than Oxford clone regardless of the O3 treatment.

3.2. Ozone effect on DNA integrity

TI values usually increased from July to August, while in September
they were stable or even lower for both the species, with statistical
significance only for Oxford clone (Table 2).

In A. unedo, after about 1- and 2-months of exposure to O, the mean
TI values significantly increased in both O31 (p<0.01; p<0.05) and O32
(p<0.001) as compared to AA. In addition, in August, plants under 032
treatment showed significantly (p<0.05) higher mean TI values than in
July. In September, the mean TI values significantly (p<0.001)
increased only in 032 with respect to AA.

In Oxford clone, after about 1- and 2-months of exposure to O3, the
mean TI values significantly increased in both O31 (p<0.001) and O32
(p<0.001) as compared to AA. Conversely to A. unedo, in August plants
under Ozl treatment showed significantly (p<0.05) higher mean TI
values than in July. In September, although the mean TI values
increased significantly in both Ozl (p<0.05) and Os32 (p<0.01) in
comparison with AA, the level of the mean TI in both the O3 exposed
plants were lower than in July and August.

Finally, comparing the two species in August and September, TI
values in AA in A. unedo were significantly (p<0.05) higher than the
corresponding Oxford clone samples. Additionally, in September the
exposure to O32 determined a significant (p<0.001) increase of TI values
in A. unedo as compared to the same Og treatment in Oxford clone.

During the experiment, both AOT40 and POD1 positively correlated
with TI values reaching high values ranging from 0.85 to 1 after about 1-
, 2- and 3-months of exposure (Fig. 1A, B). Nevertheless, in Oxford clone
at each sampling date the relationships between TI and both AOT40 and
POD1 showed a similar trend but with a decrease in the slope along the
experiment, due to the lower TI values detected in September compared
to the previous months. Conversely, in A. unedo the relationships be-
tween TI and AOT40 or POD1 are different at each sampling date with a
higher steepness of the line in the latter one (Fig. 1A, B).

3.3. Ogzone effect on ecophysiological parameters

3.3.1. Biomass growth
Elevated O3 exposure did not significantly affect plant biomass

Table 1

AOT40 (accumulated exposure over a threshold of 40 ppb) and POD1 (phyto-
toxic ozone dose above an hourly stomatal O3 flux threshold of 1 nmol m2shH
for A. unedo and Oxford clone of poplar during the experimental period in 2016
(1st May to 1st October) and 2017 (12th June to 15th October). Three O3 levels
(ambient air [AA], 1.5 times ambient O3 concentration [031], and twice ambient
O3 concentration [032]) were applied.

Year 2016

AA 031 032
AOT40 (ppm-h) 14.4 41.8 71.8
POD1 (mmol m~2)
Oxford clone 30.9 45.4 63.4
Year 2017

AA 051 032
AOT40 (ppm-h) 21.8 41.8 60.3
POD1 (mmol m~?%)
A. unedo 3.1 5.0 6.9
Oxford clone 28.1 35.8 42.9
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Table 2

Mean Tail Intensity values (& S.E., n = 3 plants) in A. unedo and Oxford clone
treated with three levels of O3 (ambient air [AA], 1.5 times ambient O3 con-
centration [O31], and twice ambient Os concentration [032]) during the
experiment in 2017.

Source Tail Intensity%
material July 21st August September
31th 15th
Arbutus AA 1.56+0.41e 7.47 9.16+1.1cd
unedo +0.73d
031 8.62+2.01cd 13.07 10.19+1.56cd
+1.98bc
032 12.85 20.47 15.06+1.08ab
+2.02bc +1.99a
Source Tail Intensity%
material July 21st August September
30st 15th
Oxford clone AA 2.06+0.3d 5.47 6.16+0.43c
+0.48¢
O3l 9.19+1.07b 13.99 8.31+0.7b
+1.08a
032 13.36 16.46 9.29+0.87b
+2.46ab +1.38a
Anova Sp. ns Sp.xO3 ns
03 5% Sp.xM *
M *** O3xM *
Sp.xO3xM ns

Different letters show significant differences among treatments in each species (p
< 0.05, Anova). Sp.: Species; ns: not significant; M: month.

development in A. unedo (Fig. 2, Table S1). On the other hand, annual
biomass increment was significantly reduced by Os for Oxford clone
during the experiment in 2017 (-18 % at O3l, —-32 % at O32). The
negative effect was confirmed regardless of the different organs as it was
found in leaf (year 2016: -37 % at Osl, -54 % at O32, year 2017: -57 %
at Osl, -85 % at 032), coarse root (year 2016: -34 % at O31, -39 % at
032, year 2017: -20 % at 031, -32 % at 032) and fine root biomass (year
2017: -3 % at O31, —22 % at O32) in Oxford clone (Table S2).

3.3.2. Leaf traits and visible foliar injuries

No difference in LMA was recorded among Os treatments regardless
of species (data not shown). Mean values of LMA were 131.3 g m~2in
A. unedo and 87.8 g m~2 in Oxford clone.

On leaves of Oxford clone, first visible symptoms were observed on
20th July 2017 under O32 treatments. Brown spots were found in
interveinal areas of upper leaf surface (Fig. 5D). On the other hand,
reddish lesions emerged for A. unedo leaves exposed to 032 on 18th
September 2017 (Fig. 5E).

3.3.3. Leaf gas exchange parameters

Leaf gas exchange parameters are shown in Table 3, Table S4 and
Fig. 3. Both Agy and gs were higher in Oxford clone than in A. unedo. This
can be also confirmed by the fact that gynax was lower in A. unedo (95
mmol O3 m 2PLA s~ 1) than in Oxford clone (345 mmol O3 m 2PLAs™ D
(Table S3). The relationship between Asat and POD1 for A. unedo
showed a quadratic curve with a slight increase in the photosynthetic
rate during summer and then a decreased photosynthesis was observed
especially in the highest O3 treatment (032) (Fig. 3; Table S4). On the
other hand, Asat for Oxford clone was decreasing with increasing POD1
especially when POD1 was higher than 20 mmol m2 (Fig. 3). There was
no effect of O3 on photosynthetic parameters for both species in July
(Table S4). However, twice ambient O3 concentrations significantly
decreased Agy; in September in both species (Table 3, Oxford clone:-53
% at O32; A. unedo: -30 % at O32). Accordingly, stomatal conductance
was significantly reduced by twice ambient O3 exposure in A. unedo
(-45 % at 032). However, such a significant reduction was not found in
Oxford clone according to the Tukey test. In addition, Os-exposed Ox-
ford clone leaves had significantly lower Vemax, Jmax and Asggo in 032
than in AA whereas no significant difference in those parameters was
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Fig. 1. Tail Intensity and O3 exposure or stomatal uptake relationship. Linear relationships between AOT40 (A) or POD1 (B) and mean Tail Intensity values in both
species (Black circle: A. unedo; grey circle: Oxford clone) in July, August and September.

found among the O3 treatments in A. unedo (Table 3).

3.4. Correlation of DNA damage with biomass and ecophysiological
responses

When Tl increased, the gas exchange parameters decreased although
the response was not significant for Vemax (Fig. 4). No correlation be-
tween TI and annual biomass growth was observed. Annual biomass
growth varied significantly only with Vemax.

4. Discussion

Owing to a gap of knowledge, O3 genotoxicity on plant cells is still
under debate (Singh, 2022). The present study assessed DNA integrity
after exposure of plants of two species differing in O3 sensitivity, i.e. the
moderately sensitive A. unedo and the highly sensitive Oxford clone, to
three O3 treatments under open-air conditions that is ambient air, in-
termediate Oz level (1.5 times ambient) and elevated O3 level (twice
ambient). This innovative FACE system gave us the opportunity to better
simulate the actual environmental conditions (Paoletti et al., 2017). A
FACE facility represents a chronic O3 exposure in contrast to an acute
one, although, in 032 only, during August, 14 days out of 31 (data not
shown) were characterized by O3 exposure equal or higher than 150 ppb
h 8 h (8:00-16:00), that is considered acute exposure condition

(Turcsanyi et al., 2000).

DNA integrity was assessed using leaf protoplasts combined with the
Comet assay. As far as we are concerned, this is the first time that leaf
protoplasts were employed for the implementation of the Comet assay in
order to measure DNA damage in an O3 FACE facility. On the other
hand, A. unedo (Choury et al., 2018) and Populus alba (Kuzminsky et al.,
2016) were already tested for the Comet assay through mesophyll pro-
toplasts, resulting in suitable plant material. Another similar study in
which the Comet assay was used to measure Os-induced DNA damage in
the Aspen FACE project (Karnosky et al., 2001) was the one by Tai et al.
(2010) in poplar, where nuclei isolation from frozen leaves were ob-
tained with a scalpel blade which could lead to the enhancement of ROS
(Ackah et al., 2022). Conversely, the enzymatic method employed for
the present study allowed the isolation of healthy protoplasts in a very
short time (4 h), ensuring a reduced oxidative stress, as shown by a very
low mean TI values in ambient O3 treatment in the first sampling (July
21th), due to a high rate of undamaged protoplasts (Table 2). In addi-
tion, besides mesophyll protoplasts, the procedure allowed also the
isolation of guard cells protoplasts (Fig. 5A-C). Considering that guard
cells constitute the first defensive barrier, it would be interesting to
develop protocols for their separation from those of the mesophyll since
they could reveal a greater sensitivity to the induction of DNA damage,
in particular following O3 exposure.

During the experiment (from June 12th to October 15th 2017) the
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Fig. 2. Effect of O3 exposure on annual biomass. Annual biomass increment during the experiment in 2017 for A. unedo and Oxford clone grown under three O3
concentrations (ambient air [AA], 1.5 times ambient O3 concentration [O31], and twice ambient O3 concentration [O32]). The bars represent mean+S.E. (n = 3
plots). A two-way ANOVA was applied to test the effects of species (Sp.), O3 and their interactions, *, p < 0.05; ns, not significant. Different letters show significant

differences among treatments in each species (p < 0.05, Tukey test).

Table 3

Photosynthetic parameters derived from A/C; curves in leaves of Oxford clone
and A. unedo in September 2017 under three O3 concentrations (ambient air
[AA], 1.5 times ambient O3 concentration [031], and twice ambient O3 con-
centration [032]). Ag,y: light-saturated net photosynthetic rate at 400 ppm COs,
gs: stomatal conductance, Vimay: maximum rate of carboxylation, Jpyax:
maximum rate of electron transport, Asggo: net photosynthetic rate at 2000ppm
CO,. Each value is the mean (+S.E.) of three replicated plots.

Azt (pmol m~2s71) gs (mol m~2s71) Vemax (pmol m~2s71)

Arbutus unedo

AA 10.3+0.8 a 0.13 £ 0.01 A 60.2 £ 5.8 A
031 10.0 = 0.9 ab 0.10+0.01 A 586 +49 A
032 7.2+0.1 b 0.07+£0.00 B 46.5+38 A
Oxford clone

AA 16.9 + 0.8 A 0.44 +£0.04 A 59.1+28 A
031 11.2+ 0.6 B 0.42+0.01 A 411+28 B
032 7.9 +1.6 B 0.38+£0.03 A 296+49 B
ANOVA results

Sp. - wk -

03 sk * -

Sp. x O3 * Ns Ns

(Continue)

Jmax (pmol m2s1) Azp00 (pmol m 25
Arbutus unedo

AA 95.3 +£5.1

A 17.7 + 0.8 a
051 91.7 £ 3.6 A 17.5 + 0.4 a
032 92.0 +£2.9 A 18.5+ 0.8 a
AA 117.0 £ 5.9 A 23.0 £ 1.5 A
031 96.7 + 8.2 AB 19.8 + 1.3 A
032 70.6 £ 5.6 B 142+ 1.0 B
ANOVA results
Sp. Ns Ns
05 o ok
Sp. X 03 *¥k *k

A two-way ANOVA was applied to test the effects of species (Sp.), O3 and their
interactions, ***, p < 0.001; **, p < 0.01; *, p < 0.05; ns, not significant.
Different letters show significant differences among treatments in each species (p
< 0.05, Tukey test).

meteorological conditions were particularly hot and dry (Paoletti et al.,
2019), resulting in high AOT40 values (Table 1). The peak of tempera-
ture (higher than 40 °C) was from the end of July to the beginning of
August, soon after the first sampling for the Comet assay and

12

10 - | 0*%

A. unedo
¢

2 | y=-0.20x2+1.25x+7.3

R? = 0.49*

0 T T - T
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25
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(6]
1

y =-0.0074x2 + 0.029x + 18
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Fig. 3. Net photosynthetic rate and O3 stomatal uptake relationship. Rela-
tionship between light-saturated net photosynthetic rate (A, and phytotoxic
O3 dose (POD1) of A. unedo and Oxford clone grown under three O3 concen-
trations (ambient air [AA], 1.5 times ambient O3 concentration [O31], and
twice ambient O3 concentration [032]). The data points represent mean+S.E.
(n = 3 plots). A quadratic regression was applied: **, p < 0.01; *, p < 0.05. The
detailed information of data can be found in Table S4.

ecophysiological measurements. The total precipitation was 191 mm.

However, the plants were sufficiently irrigated, to avoid water stress.
The results of Comet assay revealed an increasing DNA damage with

the enhancement of both AOT40 and POD1, as confirmed by high
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Fig. 4. Spearman coefficients in the correlation of DNA damage (TI) with annual biomass growth and ecophysiological parameters (for the acronym meaning,
see Table 3).

Fig. 5. Isolated protoplasts and foliar injury. Confocal images protoplasts isolated by enzymatic method from mesophyll cells and stomatal cell guards (A-C). Oxford
poplar (A), black arrow points at a mesophyll protoplast and white arrows point at guard cell protoplasts. A. unedo, mesophyll protoplast (B) and guard cell protoplast
(C). Example of foliar injury observed in the bottom part of the plants in Oxford poplar in the twice ambient O3 concentration [032] treatment (D) at the end of July.
Example of foliar injury in A. unedo in the twice ambient O3 concentration [032] treatment (E) observed in late September.

correlation coefficients (Fig. 1). These results confirm that Comet assay method to quantify single and double strand breaks detectable at the

is arapid and sensitive technique to reveal early DNA damage in isolated moment of sample collection.
protoplasts before the onset of visible leaf injury, in accordance with Taking advantage of this technique, for the first time in the present
Dell’Orso et al. (2021); moreover, Comet assay is a very sensitive study, correlations between mean TI and AOT40 or POD1 were
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described for both species. Regarding Oxford clone, the similar decrease
of the slopes observed in the two correlations along the experiment can
be explained with the high g values of this species that may favor O3
uptake and lead to cell death in the most exposed portion of the leaf. It is
worth noting that the apoptotic process involves DNA fragmentation to
the size of oligonucleotides which is not detectable by Comet assay;
moreover, conventional computerised image analysis systems have
difficulties in correctly evaluate these type of comets (Azquesta and
Collins, 2013). In this context, the reduction of TI values observed in
September could be attributed to heavily damaged cells. Concerning
A. unedo, the difference in the slopes between the two correlations can
be ascribed to a controlled stomatal O3 uptake of the strawberry tree,
allowing an efficient repair of the induced DNA damage at all levels of
exposure.

Besides, regarding correlations between mean TI and AOT40, the
two species almost overlapped (Fig. 1A). Thus, the different response to
O3 treatment of the two species cannot be highlighted using the AOT40
index. Conversely, considering correlations between mean TI and POD1
the two species differed in their response to Os all along the experiment
and at all levels of exposure (Fig. 1B). Indeed, even though AOT40 and
POD1 are both O3 indexes, the latter is a better one since it reflects the
actual leaf adsorbed O3, while AOT40 estimates only O3 concentration
in the air (Sacchelli et al., 2021). These data emphasised the influence of
the different sensitivity of the two species in terms of the relationship
between DNA damage and the level of O3 exposure.

Moreover, in late July the onset of a visible foliar injury in Oxford
clone was observed (Fig. 5D). It is worth noting that protoplast isolation
from injured leaf was well-nigh impossible, probably due to leaf aging
associated with hardened tissues as previously reported by Choury et al.
(2018). Concerning A. unedo, the first visible injury was observed in late
September with only few leaves presenting some reddish symptoms
(Fig. 5E), even though the threshold of 31.5 ppm h AOT40 reported by
Nali et al. (2004) as necessary to reveal a macroscopic leaf damage in
this species over a period of 3 month was exceeded in both O31 and 032
treatments.

These apparent contradictory results could be explained with a
chronic O3 exposure in open air in the present study in contrast with an
acute O3 exposure in the experiment conducted by Nali et al. (2004) in
closed chambers.

Then, in September, in Oxford clone both O31 and O32 induced lower
TI values as compared to the previous months (Table 2). This unex-
pected behavior could be related to the inability to activate repair
strategies when Og sensitive plants, such as Oxford clone, are exposed to
the most stressful conditions, as observed in the same FACE facility at
the end of the growing season (Podda et al., 2019). The lack of repair
strategy activation could lead to cell death and, hence, to a reduction of
DNA damage detected by Comet assay (Bankoglu et al., 2021). For what
concern A. unedo, the higher DNA damage than in Oxford clone could
suggest the onset of repair events leading to transient single strand
breaks as well as DNA lesions both detected by standard Comet assay, in
agreement with Tai et al. (2010). Indeed, this approach can be per-
formed to reveal single-strand break, double-strand break, oxidative
DNA damage, and single-strand break related to incomplete excision
repair sites caused by both physical and chemical agents (Collins, 2014).

A further goal of the present study was to find a relationship between
the induced DNA damage and the responses of ecophysiological pa-
rameters. DNA damage increased when the ecophysiological parameters
were negatively affected (Fig. 4). This result is novel for O3 and confirms
that DNA damage is a good proxy of the functional status of a plant.

During the experiment, both A, and g values resulted significantly
higher in Oxford clone than in A. unedo, according to the autecology of
these species. Moreover, in July no significant effects of O3 treatments in
both species were observed (Table S4), while Comet assay data already
revealed a significant increase of DNA damage in both Oxford clone and
A. unedo. Also, Dell’Orso et al. (2021) found that Comet assay can be
suggested as a predictive test to detect DNA damage before other
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symptoms occur. However, the two species showed an overlapping
behavior for ecophysiological parameters as well as for Comet assay
results, suggesting that after about 1 month of exposure to O3 they did
not diverge in their response to O3 treatments. In September, A. unedo
plants showed a significant decrease in Agy¢ and gs under O32 treatments,
although the Vi pmax and Jyax in leaves of A. unedo were not significantly
affected by Os treatments (Table 3). This result indicates that the
Os-induced reduction of photosynthetic rate in A. unedo was mainly due
to stomatal diffusive limitation to COy transfer. Conversely, Oxford
clone plants showed a significant Ay decrease in both Ozl and 032; in
addition, this was accompanied by a significant reduction of V a5 and
Jmax, suggesting a damage to the biochemical component of photosyn-
thetic systems. In line with this statement, it has been previously
demonstrated that O3z exposure leads to reduced Rubisco activity
(Watanabe et al., 2014a, b, Bagard et al., 2015) associated with a
decrease in the maximum rate of carboxylation (Hoshika et al., 2022).
The divergent species-specific response to O3 exposure, revealed at the
end of the experiment, could be ascribed to an efficient stomatal re-
striction of O3 uptake in A. unedo not detected in Oxford clone, as further
confirmed by a higher POD1 value in Oxford clone than in A. unedo.

The different sensitivity between the two species was also accounted
by a significant reduction of total biomass only in Oxford clone (Fig. 2;
Tab. S2), while in A. unedo this parameter was not influenced by O3
treatments (Fig. 2; Tab. S1). In addition, in the sensitive species, leaves
were the most affected tissues with an 85 % reduction in biomass.
Moreover, previous data reported a higher reduced glutathione (GSH)
content mostly in a resistant Euromerican poplar genotype after Os
treatment compared to a sensitive genotype (Dumont et al., 2014) while
Nali et al. (2004) described a high enhancement of the same antioxidant
enzyme in A. unedo in response to O3 exposure. Thus, in A. unedo more
defense mechanisms could be responsible for the higher tolerance to O3
exposure such as a reduced POD1 value, functioning as an avoidance
strategy and a more efficient antioxidant enzymatic system (Nali et al.,
2004). Thus, the combination of ecophysiological approaches with
molecular analysis of DNA integrity allows a better understanding of the
state of the plant in relation to the induced stress as well as the assess-
ment of its sensitivity.

5. Conclusion

In conclusion, in sensitive species such as Oxford clone, at an envi-
ronmental exposure level that exceeds the threshold both in terms of
AOT40 and PODI1, both ecophysiological and DNA damages were
detected. Conversely, at the same exposure levels, in moderately
tolerant species like A. unedo no ecophysiological injury is observed but
DNA is damaged in agreement with the early Comet lesions occurring
before any other symptoms and associated with a progressive increase in
sensitivity in terms of DNA damage. Therefore, the overall results
confirm the use of Comet assay associated with enzyme-isolated pro-
toplasts as an efficient predictive test to identify the DNA damage
induced by Os (Dell’Orso et al., 2021). In addition, to the best of our
knowledge, the study demonstrates for the first time the increased Os
sensitivity revealed by Comet assay in a moderately tolerant species.
Thus, this approach could be recommended also to predict changes in
species responsiveness in relation to continued exposure to elevated O3
levels such as those foreseen by future scenarios.
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