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Abstract
Apoplastic ascorbate (ASge) is an important contributor to the detoxificatioh

ozone (Q). The objective of the study is to explore whetA&C,y, is stimulated by
elevated @concentrations. The detoxification of; @y ASGy, was quantified in
tobacco Nicotiana L), soybean Glycine max (L.) Merr.) and poplar Ropulus L),
which were exposed to charcoal-filtered air (CH) aevated @treatments (E-¢).
ASCypo in the three species were significantly increasgdE-O; compared with the
values in the filtered treatment. For all threecsp® E-Q significantly increased the
malondialdehyde (MDA) content and decreased ligithsaited rate of photosynthesis
(Asa), suggesting that highsMas induced injury/damage to plants. gEs@nificantly
increased redox state in the apoplast (redox.séater all species, whereas no effect
on the apoplastic dehydroascorbate (RQp)Awas observed. In leaf tissues, E-O
significantly enhanced reduced-ascorbate (ASC)tatadl ascorbate (ASC+DHA) in
soybean and poplar, but significantly reduced thastwbacco, indicating different
antioxidative capacity to the highs@vels among the three species. Total antioxidant
capacity in the apoplast (TAG) was significantly increased by E;{d tobacco and
poplar, but leaf tissue TAC was significantly enteah only in tobacco. Leaf tissue
superoxide anion (£) in poplar and hydrogen peroxide »(B$) in tobacco and
soybean were significantly increased by E-The diurnal variation of ASG, with
maximum values occurring in the late morning witkvér values experienced in the
afternoon appeared to play an important role inhizwenful effects of @on tobacco,

soybean and poplar.

Keywords: Apoplast, Ascorbate, Detoxification, Ozone, P$anReactive oxygen

species, Total antioxidant capacity.
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Introduction

Ground-level ozone () is an air pollutant detrimental to crop and estaymn
productivity (US EPA, 2013; LRTAP Convention, 201F®)odeling studies indicate
that current ambient Oconcentrations have significantly decreased tleddyi of
major crops like rice, wheat, soybean, potato,dyadnd bean by 5-19% (Feng and
Kobayashi, 2009; Osborne et al., 2016; Mills et 2018a,b). Gaseous;@enetrates
plant leaves through open stomata and dissolvethen apoplastic fluid. Once
dissolved, the @molecule reacts with # and solutes to produce several harmful
reactive oxygen species (ROS), including hydroxgtlical, singlet oxygen and
hydrogen peroxide (Kanofsky and Sima, 1995; Vaimoaed Kangasjarvi, 2014;
Krasensky et al., 2017). Perception of ROS fromdiégradation in the apoplast
activates several signal transduction pathwaysrdwailate the responses of the cells
to the increased oxidative load (Kangasjarvi et 2005). The responses include
changes in cellular redox homeostasis, perceptiomgoplastic proteins, oxidative
damages of membranes, and transport of apoplagticogen peroxide across the
plasma membrane through aquaporins (Vainonen andgd&gérvi, 2014). The
interaction between £and plant tissues is driven mainly by three ddtprocesses:
changes in external {aconcentration, @uptake and @detoxification. The diurnal
pattern of detoxification does not necessarily mahe diurnal patterns of externag O
concentration and Quptake (Heath et al., 2009; Wang et al., 2015),ctwhare
responsible for injury/damage to vegetation (Mussa&l et al., 2006; Mishra and
Agrawal, 2015).

Antioxidant compounds in the apoplast are a first bf defense against; @y
scavenging ROS, so thag @jury is attenuated (Lyons et al., 1999; Turcsatyal.,
2000; Wang et al., 2015). The key antioxidant ia Hpoplast is ascorbate, which
accounts for less than 10% of the leaf ascorbatdsp@octor and Foyer 1998;
Pignocchi and Foyer 2003; Dumont et al.,, 2014; Yekcet al., 2015), but plays
important roles in antioxidantive defense, partciyl via the ascorbate-glutathione
(AsA-GSH) cycle. Genetic evidence indicates thatriost important biosynthesis of

ascorbate is carried out via the D-mannose/L-gasactpathway (Ishikawa and
3
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Shigeoka, 2008). If the capacity for ROS detoxifma by ascorbate in the apoplast
and leaf tissue is overwhelmed by high, BOS cause oxidative damage to plasma
membranes and cytoplasm and then induces injudamrage to vegetation (Castagna
and Ranieri, 2009; Hossain et al., 2015).

Some studies have indeed reported that apoplastarizate (AS¢o detoxifies
a considerable portion ofs@inder relevant conditions, e.g. bean exposed @e65b
ppb G for 3.5 h (Moldau et al., 1997) and durum wheahvambient @ exposure
(maximum values, 40-50 ppb from 12 to 17h) for 1@De la Torre 2008). A strong
positive correlation betweens@ensitivity and ASg,, content was found in different
species or cultivars, such Bkantago major cultivars (Barnes et al., 2000), tobacco
(Sanmartin et al., 2002), snap bean ecotypes (Bwekal., 2003), wheat (Feng et al.,
2010) and leguminous crops (Yendrek et al., 200, Sanmartin et al. (2002)
found that over-expressing A{fe oxidase increased sOsensitivity in tobacco
exposed to 100 ppb sOFurther evidence supporting the involvement afodsate
(ASC) in & tolerance was derived froArabidopsis mutantvtcl studies, in which the
vtcl mutant containing only 30% of leaf ASC in the wijghe and 23% of the ASE,
level, showed higher sensitivity to;@an the wild-type plant (Conklin et al., 1997).

However, some other studies have questioned thaeeify of ASGpo, in Os
detoxification. For example, wheat exposed to 76-ppb Q showed Q@ flux to
plasmalemma is controlled by stomata rather thadif®ct reaction of @with cell
wall ascorbate (Kollist et al., 2000). D’Haese let(2005) and Van Hove et al. (2001)
reported that ASg;, does not contribute to the differentiad @lerance of two clones
of Trifolium repens L and Populus L exposed to 60 ppb £and ambient @
respectively. Booker et al. (2012) and Cheng et(2007) demonstrated that the
apoplastic ascorbate pool is mostly oxidizediabidopsis and soybean, respectively,
and therefore could not serve as an effective =igmt. Thus, we proposed that
ASCypodetoxification depends onz@oncentration and species.

De la Torre (2008) and Wang et al. (2015) found tha diurnal variations of
ASC,p0in wheat could be caused by the daily variatidnsnebient Q concentrations.

Luwe (1996) also reported that in beeEladus sylvatica) leaves, ASgy, levels were
4
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positively correlated with ambient;@oncentrations with delays 3 to 7d. Ambient O
concentrations, especially in China, are high ehotgyinduce negative effects on
plants (Feng et al., 2014). There is insufficiemidence to explain the stimulating
effect of high @ on ASGyoby the ambient @concentration only. Furthermore, few
studies focused on investigating the direct stitnoaof high Q on ASG, using
charcoal-filtered air (CF) treatments with very l@y concentrations as a control.
Even if they did, their results were controversiad limited to one species in each
study, for example in soybeagslfcine max (L.) Merr.) (Cheng et al., 2007) and
Plantago major (Lyons et al., 1999). Thus, it is necessary tohkerrtexplore whether
ASCypo is stimulated by high ©concentrations directly along with antioxidant
capacity.

Considering the importance and uncertainty of tb&e rof ASGy, in the
detoxification of Q, we studied three species (i.e. tobacco, soybedmpaplar) under
CF and elevated {QE-Os;, non-filtered ambient air plus 40 ppb) concentragi Our
aim in this study was to explore whether ARCis stimulated by high ©
concentrations, and to test if the response is coma&mong the species. We also tried
to clarify the apoplastic antioxidant system capyatt detoxify Q by comparing with
the antioxidant system in leaf tissue in their cemes to @ In addition, we
investigated malondialdehyde (MDA), superoxide ani@,”) and hydrogen peroxide
(H20,) contents in leaf tissues to see whether the detation of O; by ASGpo IS

sufficient to remove the negative effect of eledais.

2. Materials and methods
2.1. Plant material

We used three species including tobacco ‘NCBRtdtiana L), soybean ‘ZH37’
(Glycine max (L.) Merr.) and the hybrid poplar clone ‘54®. @eltoides cv. ‘55/56'%P.
deltoides cv. ‘Imperial’) in the experiment considering theensitivity to Q (Mills et
al., 2007; Shang et al., 2017). Plants of tobacwboplar were individually planted
into 20 L plastic pots filled with local loamy soifeeds of tobacco ‘NC89’ were

germinated in the nursery firstly on 15 April 20B4ter they grew to about 10 cm in
5
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height, we transplanted the seedlings into potsedlseeds of soybean per pot were
planted in pots directly on 8 May 2017. Rooted ingk of poplar clone ‘546’ were
raised in 1-L peat container firstly on 10 April1ZZ0and then transplanted to pots
when the plants were 30 days old with ca 28 cmeiglit. The soil was excavated
from farmland at 2-10 cm depth, sieved through & bm pore size screen and
carefully homogenized. All plants were irrigatedrally 3-4 times per week to keep

soil moisture uniform and close to field capacity.

2.2. Experimental site and Q treatments

The experiment was conducted in open-top chaml@isC§) in the field at
Tangjiapu village (40°45l, 115°97E), Yanging County, Northwest of Beijing, China.
Each species was subjected to twgti®atments: charcoal-filtered air (CF) in which ~
60-70% of the @in the ambient air was filtered, and elevated(B-Os, non-filtered
ambient air plus an extra 40 pph Quring fumigation hours). Thes@umigation was
conducted from 10 June to 22 September 2017 fdr (ftom 08:00 to 18:00) daily
except during period of rain. The addition of 4dp ambient concentrations has
previously been applied in different studies (€&go et al., 2017; Yuan et al., 2016).
The accumulated £concentration over an hourly threshold 40 ppb (AQ)Treached
about 20 ppm.h (Table 1), which is a realistic eaftequently observed in many
polluted regions in China, e.g. Changping (AOT40ppm.h, Yuan et al., 2015), and
a bit lower than about 30 ppm.h in other place€lmna (Li et al., 2018).There were
three chamber replicates for everyt@atment. The daily average air temperatures
inside and outside the OTCs were 22.4 and 20.5Uithgl ozone fumigation hours,
respectively. For each species, five to seven platre grown in each OTC. We used
an electrical discharge s@enerator (HY003, Chuangcheng Co. Jinan, China) to
generate ozondrom pure oxygen. The fconcentrations were monitored
continuously in the centre of the OTCs by an UVaapson Q analyser (Model
49i-Thermo, Thermo Scientific, Massachusetts, USA).

At the same time as the OTC experiment, additid@all2 plants for soybean

and poplar were grown in ambient air conditionsnteestigate the diurnal variations
6
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of ASCyp0 CONnsidering many leaves required in the similaitjpos

2.3. Gas exchange

Gas exchange parameters including light-saturedtsl af photosynthesis (4)
and stomatal conductancgs)(were measured with a portable leaf photosynthesis
system with Li-6400-02B LED light source (Licor-&40LI-COR Inc., Lincoln, NE,
USA) according to Dai et al. (2017). One to twonpdawere randomly selected in
each chamber, and one fifth or sixth leaf from tib of plants was selected in each
plant for the gas exchange measurement. The systatrolled saturating PPFD at
1200 umol rif s, block temperature at 30 °C, the £&ncentration of air entering
the leaf cuvette at 400 ppm using £6linder, flow rate at 500 pmol*sand the
relative humidity at 50-60%.

2.4. Sampling and leaf tissue extraction

After the gas exchange measurement, we took leaples from the same plants
at approximately 10:00 a.m. on 29 July (tobaccohu§ust (soybean) and 8 August
(poplar) 2017 at CF air and Ez@Table 1). We presumed that Aggreached the
maximum level at around 10 a.m. based on experjemceeh was confirmed by the
measurement of diurnal change in Agfisee 2.7). For the leaf tissue measurements,
the leaves were quickly stored in liquid N untiltrction of antioxidants and
assessment of lipid peroxidation. For apoplastialymes, the leaves were sampled

and extracted following the approach describedvaelo

Table 1. The date, time, ©concentration at sampling and AOT40 (accumulated O
over an hourly concentration threshold of 40 pplbrdudaylight hours as specified
by LRTAP Convention, 2017) for the period when thbacco, soybean and poplar
species were grown in charcoal-filtered air (CH) alevated @(E-Os) in OTCs.

Species TreatmentsSampled date Sampled time 3 @ncentration AOT40

7
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217

218

219

220

221

222

223

(Ppb) (ppm h)
Tobacco CF 29 July 10:00 am 17.2 2.30
E-Os 29 July 10:00 am 96.6 17.2
Soybean CF 6 August 10:00 am 11.6 2.50
E-Gs 6 August 10:00 am 74.3 20.5
Poplar CF 8 August 10:00 am 5.37 2.51
E-Gs 8 August 10:00 am 64.2 21.0

2.4.1. Isolation of apoplastic fluid

The infiltration-centrifugation method describeceyiously (Feng et al., 2010;
Wang et al., 2015) was used to extract ACThe same leaves used for
photosynthesis measurements were cut into sevegalents with a length of about 4
cm, and then washed with distilled water, blotteg dnd weighed. The segments
were vacuum infiltrated in 40 mL 100 mM KCI using@-mL polyethylene syringe
in an intercellular fluid extractor (NS-AFE-1, Pota Co. Suzhou, China), and kept at
a constant pressure. After being vacuum infiltrateel removed excess KCI solution
from the infiltrated leaf surface and re-weighed tissue. The intercellular wash fluid
(IWF) was recovered from the infiltrated leaf tissbly centrifugation at 2300, 4000
and 900Qg for tobacco, soybean and poplar, respectively, @. 50 uL of 6% (w/v)
meta-phosphoric acid was added to IWF (supernatarstabilize ascorbate. After the
collection of IWF, the aliquot was weighed as s@mnpossible. We used glucose
6-phosphate (G6P) to detect the presence of cymitacontamination (Burkey et al.,
2006). Individual IWF samples were excluded fronalgsis if a G6P signal was

observed.

2.4.2. Extraction of leaf tissue
Frozen leaf tissue stored in the liquid N was gcbwith a mortar and pestle and
extracted in a buffer containing 6% (w/v) metaplas acid and 0.2 mM

diethylenetriaminepentaacetic acid (Burkey et 2006). The extraction buffer was
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prepared fresh each day and used in a ratio of L@ MFW. The homogenate was
subjected to centrifugation at 18,090for 20 min at 4 °C. Extracted supernatants

were immediately assayed for the antioxidants amdiadion products in leaf tissue.

2.5. Determination of antioxidants

The spectrophotometric method according to Luwe ldader (1995) was used
to determine ASC and DHA contents in IWF and lesbue extracts. Initial
absorbance of the extract was measured at 265 ntBdrmM K-phosphate buffer
(pH 7.0), and then independently monitored follayvithe addition of 1 U mt
ascorbate oxidase (AO) or DL-dithiothreitol (DTTQrfmeasuring ASC or DHA,
respectively. We used an extinction coefficieniéfmM* cm* for calculating ASC at
265 nm (Nakano and Asada, 1981). The redox statsadrbate was calculated as
ASC/(ASC+DHA).

Total antioxidant capacity (TAC) was determineddwaing the ferric reducing
antioxidant power (FRAP) assay, which offers a fwnaindex of the ability to resist
oxidative damage (Benzie and Strain, 1996), expreas F& equivalents (umol Eé

g FM).

2.6. Determination of MDA, O," and H,0,

Malondialdehyde (MDA) content was determined taneste lipid peroxidation
by 2-thiobarbituric acid-reactive metabolite (TBAgcording to Heath and Packer
(1968). The equation of yga (Mmol L) = 6.45%(0OR3-0Ds00)-0.56x00se was
used to calculate the content.

Superoxide anion (£) contents were measured by the hydroxylamine ¢ioida
method according to Wang and Luo (1990). Sampl€s0g~g fresh leaves) were
ground in liquid N and extracted with 2 mL of 65 ngddium phosphate buffer (pH
7.8). The samples were centrifuged at 50Cf1 4 °C for 10 min and the supernatant
was collected. All the extracts were implementedimnice bath. A mixture of 1 mL
supernatant, 0.9 mL 65 mM phosphate buffer (pH @8y 0.1 mL 10 mM

hydroxylamine was prepared, and then incubatedbetCfor 20 min in a reaction
9
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system composed of 0.5 mL mixture, 0.5 mL 17 mMnprebenzenesulfonic acid
and 0.5 mL 7 mM alpha-naphthylamine. After the tiemcthe solution was shaken
with an equal volume of n-butanol. The n-butanosabance was measured
spectrophotometrically at 530 nm, using phosphatéebas a blank. The extinction
coefficient of nitrite (NQ) is 4x1d M™ cmi’. The Q" contents were calculated from
NO, contents based on the equation:JH + 2Q" + H'—NO, + H,0, +H,0.

The hydrogen peroxide ¢B,) content was measured according to Gay and
Gebicki (2000). 2 mL reaction system consisted lod appropriate volumes of
reagents, 25 mM $$0,, 100 uM xylenol orange (XO) and 250 uM ferrousito
make sure the final pH was 1.8 £ 05. After 30 nmirthe dark, the absorbance was
determined at 560 nm with XO/Feas a blank. The extinction coefficient 0§®4 is

5x10 Mt cm™.

2.7. Diurnal variations of apoplastic ascorbate

We also measured diurnal changes of As@nd redox statg, in the soybean
and poplar plants grown in ambient air. We took [gas every two hours between
08:00 and 16:00 on 24 July and 21 August 2017 dgbsan, and on 25 July and 6
September 2017 for poplar. These dates were setebend after the measurement of
plants grown in OTCs (Table 1) so as to confirnt tha sampling at 10 a.m. captured
antioxidants at the peak Agf We took leaf samples, extracted apoplastic flard

determined ASg,in the same way as described for the plants giov@ilCs.

2.8. Statistical analysis

The data of the measurements were averaged by ehnaand subjected to the
Student’st-test for the effect of ©treatment on individual traits for each species.
When Levene’s statistic for homogeneity of varianskowed a significant
heterogeneityR < 0.05), we conducted Welch'’s test for treatmentmeesnd noted as
such in reporting the results below. Because thepbag was not conducted on the
same day for all species, we did not test for titeraction between {Qreatment and

species. Analysis of variance (ANOVA) was conductedest the differences for
10



284  diurnal variations of apoplastic ascorbate betw@aas of the day for each specibs.
285 < 0.05 was considered statistically significant. Wged JMP software (SAS Institute,
286  Cary, NC, USA) for the statistical analyses.
287
288 3. Results
289  3.1. Diurnal variations of apoplastic ascorbate
Soybean Poplar
140 45
20 ! a o () a —— July 4
~ 120 —o— August - v .
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291 Fig. 1. Diurnal variations of reduced ascorbate (ARCA and C) and redox state
292 (redox statg, B and D) in apoplast of soybean (measured oruBdahd 21 August,
293  respectively, A and B) and poplar (measured onu®pahd 6 September, respectively,
294 C and D) grown in ambient air conditions. Differelietters indicate significant
295 differences between times of the day for each sgeai each sampling day (mean *
296  SE, Tukey test? < 0.05, n = 3-5).
297 For soybean and poplar grown in ambient air coonistj the diurnal variation of
298  ASCypo showed that the peak of Agfsoccurred in late morning, i.e. approximately
299  10:00 am, which did not coincide with either thadifor when the maximum external
300 Oz concentrations or the maximum stomatalfldx occurred (Fig. 1A and C, Fig. S1).
301  However, no significant diurnal variation in redstatg,, was found (Fig. 1B and D).
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3.2.Effect of E-O3; on MDA and Asat

The MDA in leaf tissue was significantly increadeyl E-O; for all species, in

which the increases were 97.0%, 65.3% and 63.4%ofmcco, soybean and poplar,

respectively (Fig. 2A). However, EsGignificantly decreaseddin tobacco, soybean

and poplar by 46.1%, 53.5% and 30.5%, respecticelypared to CF (Fig. 2B).
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Fig. 2. Effect of E-Q on malondialdehyde (MDA, A) and light-saturatederaf

photosynthesis (&; B)in leaf tissue in tobacco, soybean and poplar spagiown in

charcoal-filtered air (CF) and elevated (B-Os). Bars show means across OTCs and

the vertical lines show SD (n = 3). Different lestandicate significant difference

between CF and E-{Jor each specie$(< 0.05) detected with the Student’s t-test.

3.3. Effect of E-O3; on ascorbate contents

12
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317
318  Fig. 3. Effect of E-O; on reduced ascorbate (Agcand ASC), dehydroascorbate

319  (DHAapo and DHA), total ascorbate (ASC+DH#f and ASC+DHA) and redox state
320 (redox statg,,and redox state) in the apoplast (A-D) and lessfue (E-H) of tobacco,
321  soybean and poplar species grown in charcoalditeir (CF) and elevated; (E-O;).
322 Bars show means across OTCs and the vertical Bhesy SD (n = 3). Different
323 letters indicate significant difference betweend®id E-Q for each specie$(< 0.05)
324  detected with the Welch'’s test for AgEin poplar (A) and the Student’s t-test for alll

325 other measurements.
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E-O; significantly increased ASG, content in all species. The increases were
4.22, 20.4 and 8.16-fold for tobacco, soybean amugp exposed to 96.6, 74.3 and
64.2 ppb Q, respectively (Fig. 3A). Furthermore, Aggvalues were very low for all
the species growing in charcoal-filtered (CF) charsb(Fig. 3A), where the O
concentrations were low (Table 1). The effect oD£en DHAgy, content was not
significant (Fig. 3B). The ASC+DH4, content was increased significantly at g-O
by 25.5% in tobacco and 87.8% in soybean, but mgpiifecantly affected in poplar
(+31.7%) (Fig. 3C). Similar to AS&. the redox statg, was significantly increased
at E-Q for all species (Fig. 3D); the increases were 317 and 5.86-fold for
tobacco, soybean and poplar, respectively.

E-O; significantly increased ASC content in the leaétie of soybean by 21.1%
and poplar by 31.4%, but significantly decreasedCA®ntent in tobacco by 42.2%
(Fig. 3E). Similar to DHAp,, DHA content in leaf tissue was not significaraffected
by E-G; (Fig. 3F). Similar to ASC, ASC+DHA content was ieased by E-@in
soybean (+19.7%) and poplar (+26.2%), but signifiiia decreased in tobacco
(-34.5%) (Fig. 3G). However, E{had no significant effect on the redox state af le

tissue of any of species (Fig. 3H).

3.4. Effects of E-O; on TAC content

TACapo Was increased by EzOn tobacco and poplar by 179% and 89.6%,
respectively, but not for soybean (+62.1%) (Fig.)4Adlowever, E-Q only
significantly increased TAC in leaf tissue of tobadyy 47.1%, but no significant
effects on soybean (-6.7%) and poplar (-6.9%) sesn (Fig. 4B).

4 5 300
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’;“ — E-O, 250 _
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5 200 T
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E 2 a g, 150 ©
= : £
= b b =
5 100 ¢
g 14 =
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tobacco soybean poplar tobacco soybean poplar

Fig. 4. Effect of E-O; on total antioxidant capacity in the apoplast (EACA) and
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373

374

375

leaf tissue (TAC, B) of tobacco, soybean and pogtawn in charcoal-filtered air (CF)
and elevated §{E-Os). Bars show means across OTCs and the verticzd Bhow SD
(n = 3). Different letters indicate significant feéifences between ;Greatments for

each species’(< 0.05) detected with the Student’s t-test.

3.5. Effect of E-O; on O, and H,O, contents in leaf tissue

E-Ossignificantly increased £ content of poplar by 18.4%, but no significant
effect on tobacco (+18.8%) and soybean (+45.6%) faassd (Fig. 5A). In addition,
E-O; significantly increased #D, content of tobacco and soybean by 26.2% and

82.0%, respectively, whereas had no effect for gmofblig. 5B).

a
(A) 2 mmmm CF (B) a
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<] b [
E 2 E_
= +15 o
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o ; 10 T
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tobacco  soybean poplar tobacco  soybean poplar

Fig.5. Effect of E-O; on the @™ and HO, contents in leaf tissue of tobacco, soybean
and poplar grown in charcoal-filtered air (CF) agldvated @(E-Os). Bars show
means across OTCs and the vertical lines show SB3n Different letters indicate
significant differences betweern; @eatments for each specid3 & 0.05) detected

with the Student’s t-test.

4. Discussion

In recent decades, increased attention has bednqtie detoxification of by
ASC,p0 Ascorbate is considered a powerful antioxidarg ttu its ability to donate
electrons in several enzymatic and non-enzymaéctiens (Sharma et al., 2012). In
our study, ASGy.is more likely induced by high{Xoncentration as indicated by the
significant increases in ASge, by E-G; in all the species compared to CF. Current

results confirm previous finding for soybedalycine max (L.) Merr.) in greenhouse
15
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(Cheng et al., 2007) and whedtiticum aestivum L.) in open air @ fumigation (Feng
et al., 2010), i.e. ASgowas higher in elevateds@nhan control treatment. However, in
another study, ASg, was reduced by E-fin Plantago major (Lyons et al., 1999).
The different results may be attributed to diffexes in sampling time. The sampling
time in Lyons et al. (1999) was between 12:00 at®@ pm, whereas it was around
10:00 am in our experiment. The diurnal variatishewed that the ASg, was the
highest at 10:00 am and decreased with the incrga€s concentration in the
afternoon. The diurnal pattern observation was alggported by studies on wheat
(De la Torre 2008; Wang et al. 2015). Furthermdhe, previous study in wheat by
Wang et al. (2015) concluded that the Ag@vas stimulated by the instantaneous O
on the basis of linear relationship between A3@nd Q concentrations in open air
Os fumigation. In our study, we observed the stimalaeffects on ASgy,by high Q
concentrations compared to CF treatment in all gpecies directly rather than
inferring a relationship from a linear extrapolatid hus, our results provide stronger
evidence for the verification of the stimulatiofieets on ASG,, by instantaneous O
The mismatching between the diurnal pattern of xdBtation and that of
ambient Q concentration and uptake could induce injury/damémevegetation
(Musselman et al., 2006; Mishra and Agrawal, 201Bhe accumulation of
instantaneous flux over time combined with diurclaanges in detoxification results
in an “effective” Q dose (Heath et al., 2009; Wang et al., 2015), Wy not
necessarily be the same as the integrated dos&o{iemount of pollutant absorbed
into the plant through the stomata over a spe@#ciod). Estimated differences
between “effective” dose and integrated dose coeddlt in differences in modeling
estimates for vegetation injury and/or damagehéfperiod of optimum uptake occurs
when higher ASg,, contents are present, greater detoxification ofr@y occur in
comparison to the late afternoon when higher d@ncentrations occur and less
detoxification is present due to lower Aggcontent. Our results indicate thae
detoxification capacity by ASGois not a constant but varies withy Goncentrations,
although the detoxification has been assumed toobstant in the stomatal;@ux

model (Emberson et al., 2000; Mills et al., 2011i)s therefore recommend that the
16



406 Oz flux model should incorporate a dynamic detoxiiima component that reflects
407  the temporal variation in AS&o

408 ASCypo is oxidized during @ exposures and results in the generation of DHA,
409  which is then transported back into the cytopladmene it is reduced again to ASC by
410 coupled reactions involving DHA reductase and reduglutathione (Luwe et al.,
411 1993; Horemans et al., 2000). However, in our steittyer DHAy, or DHA was not
412  significantly affected by E-©in any of the species studied. The inconsistent
413  responses of ASC and DHA may be explained by thsottmesis that DHA also
414  participates in the signal transductions acrossplasma membrane, in processes
415 unrelated to the AsA-GSH cycle reactions (D"Hadsal.e 2005). Importantly, in the
416  apoplast, the increase in Aggand no change in DH#),induced by E-@appear to
417  reflect the dynamic response of Aggto the diurnal @ concentrations (De la Torre
418  2008; Feng et al., 2010; Wang et al., 2015). AfterASGporise to a certain threshold
419  as the @Qconcentrations increase, the Ag{will decrease and DH4,increase when
420 the ASGyoreacts with @. In addition, Luwe et al. (1993) found that thangport of
421  DHA back into the cytosol was slower than ASC tpos into the apoplast. The
422  redox statg,is controlled by ascorbate oxidase (AO) and thay mffect the growth
423  and Q resistance of plants (Pignocchi et al., 2003)ak been reported that ASC also
424  plays an essential role in the homeostasis ofritradellular redox status (Pastori et
425 al., 2003; Barth et al., 2004). Our results shotired E-Q not only induced a greater
426  ASCypo content but also a greater redox sfatesuggesting that the altered redox
427  statgp, by E-O; may also affect signal transductions across tlengh membrane
428 (D'Haese et al., 2005). Riikonen et al. (2009) fbuhat interactions with £and
429  temperature affect the redox stgten the apoplast of birckBetula pendula). The
430  significant increase in TAg, of tobacco and poplar induced by Eifdicated that
431  E-Osinduced an antioxidant response including AssGn agreement with Cheng et
432 al. (2007), TAGpowas not affected by E£n soybean. However, the A§fscontent
433 was very low, even under EsGn Cheng et al. (2007), which suggested that other
434  antioxidant metabolites in addition to AgEpossibly affect plant sensitivity toz@n

435  soybean leaves.
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In leaf tissue, the ASC response to Exv@s different from that of ASG, The
results may be explained by the conclusion by Foseral. (1994) that ‘the
antioxidative system does not appear to anticifegossibility of potential injury by
an immediate response of the genes for the antiaxsd but rather waits to respond to
actual injury’, suggesting that the antioxidatiesponses in leaf tissues to giDay
undergo a time-lag. Furthermore, ASC was reduce-y in tobacco, but increased
in soybean and poplar, which indicates a differencantioxidative capacity to E-O
among the three species. The antioxidant systetohacco leaves may also have
been overwhelmed by high;Go some extent as suggested by the significant
reduction in ASC and &; as well as some visible3@ymptoms on the leaves (not
shown). Therefore, our results suggest that AS@sponded immediately and
preferentially tdiigh O; concentrations compared to ASC in leaf tissuechvig also
supported by the different response between TACT&,, In agreement with this
finding, Turcsanyi et al. (2000) found that acutg t@atment (150 ppb{Jor 8h)
affected the ASE,, but had no effect on the level and/or redox stét&SC in leaf
tissue. In addition, the differences in ASC contemére attributable to the
antioxidative capacity of the different speciesrasponse to ©as indicated by
significant difference in ASC among the three sped¢n CF conditionsp(< 0.001,
data not shown), i.e. species differences restitted the differences in constitutive
antioxidant capacity of plants vivo, rather than induced by highs &timulation. The
significant decrease in ASC, but significant inee@ TAC of tobacco indicated that
there are also other antioxidants, for exampleiogidative enzymes involving the
detoxification of Q. Effects of E-Q on the redox state in leaf tissue were not
significant, indicating that E-£did not cause gross cellular oxidative stress.

The detoxification by ASg, was insufficient in the E-Otreatment to protect
the plants from @injury, as indicated by significant increase in MBnd decrease in
Asa: The higher MDA contents in leaf tissue indicatad increase in lipid
peroxidation by E-@in all species. Furthermore, the significant iase of leaf tissue
O,” and HO; in some species by EszOndicated that the capacity for ROS

detoxification by ASGy, has been overwhelmed and-i@duced ROS has induced
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oxidative damage to plasma membranes and cytopl@sistagna and Ranieri, 2009;
Hossain et al., 2015). In the present study, AS®as significantly increased at EzO
when we sampled at 10:00 am for all the specieseier, the ASg,,decreased with
the increasing © concentration in the afternoon from the diurnalriatéons,
suggesting that the capacity to transport ASC ftbhencytoplasm to the apoplast is
exceeded by the demand from incomingvdth the result that AS§, declined. The
results imply that the lower potential og jury in the morning was due to the lower
Os flux or the higher detoxification potential, ileigher ASGp, content. In contrast,
the detoxification potential by ASg, was low in the afternoon. In conclusion, the O
detoxification by ASGp,was limited due to the limited ASE. level, i.e. the ASgyo
and TAGypo were not sufficient to detoxify Oto protect plant from ©injury,
especially when the £aconcentration was relatively high in the afterndbig. S1).
The visible Q@ symptoms that occurred on the leaves of tobacab soybean
supported the findings (not shown). Oksanen ef28l05) also demonstrated,®b
accumulation extending from cell wall to cytosoldaadjacent chloroplast in birch
(Betula pendula) exposed to 2-fold ambientsOn addition, some studies have shown
that additional apoplastic constituents, like axitant enzymes, polyamines,
phenolics and glutathione may also play a roleha detoxification of @in the leaf
apoplast (Turcsanyi et al.,, 2000; Booker et al.120 However, the specific
detoxification mechanism and ability of them ard olear yet, and warrant further

studies.

5. Conclusion

The major conclusions of our study were (1) highoOncentrations stimulate
ASC,po Which is an important contributor to thg @etoxification process, (2) ASfe
displays a diurnal variation, and (3) the detosfion by ASGp,was not sufficient to
protect plants from currents®ollution based on the “effective” dose receiveding
the study period, although the Aggwas significantly stimulated by EzGn all the
species. ASgy. is induced by high instantaneousg €pncentrations, whereas ASC

contents in different leaf tissues are more likedgociated with antioxidative capacity
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among different species. These results providetiaddl information for further
developing “effective” @ flux models, which consider the diurnal variationplant
detoxification. The findings are important to thassearchers who develop models
that relate to the effects ofs;@n vegetation and to those who are involved in@he
standard-setting process. In addition, furtheraedeis recommended to quantify the

degree of @detoxification by ASGy,,among different species.

Acknowledgement

This study has been funded by National Natural ®&e~oundation of China (No.
31500396), Key Research Program of Frontier Scg&nceCAS
(QYZDB-SSW-DQCO019), China Scholarship Council (N©1603780046; LD) and
the British Council (HH). We sincerely thank Mr.ngjian Hu for the help sampling
and Dr. Lifeng Xu from Tobacco Research Institutettee Chinese Academy of

Agricultural Sciences (CASS) for providing the toba seedlings.

References

Barnes, J.D., Lyons, T., Maddison, J., Turcsanyj, Zheng, Y., Plochl, M., 2000.
Extracellular ascorbate: a potential first-line défence against ozone. Glob.
Environ. Res. Biol. Ecol. Asp. 1, 55-66.

Barth, C., Moeder, W., Klessig, D.F., Conklin, R.2004. The timing of senescence
and response to pathogens is altered in the aseedbéicient Arabidopsis mutant
vitamin c-1. Plant Physiol. 134, 1784-1792.

Benzie, I.LF.F., Strain, J.J., 1996. The ferric idg ability of plasma (FRAP) as a
measure of “antioxidant power”: The FRAP assay.|ABachem. 239, 70-76.

Booker, F.L., Burkey, K.O., Jones, A.M., 2012. Redaating the role of ascorbic acid
and phenolic glycosides in ozone scavenging inleéaé apoplast ofArabidopsis
thaliana L. Plant Cell Environ. 35, 1456-1466.

Burkey, K.O., Eason, G., Fiscus, E.L., 2003. Factibrat effect leaf extracellular
ascorbic acid content and redox status. PhysiahtBfum 117, 51-57.

Burkey, K.O., Neufeld, H.S., Souza, L., Chappelkaii., Davison, A.W., 2006.
20



526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

Seasonal profiles of leaf ascorbic acid content tbx state in ozone-sensitive
wildflowers. Environ. Pollut. 143, 427-434.

Castagna, A., Ranieri, A., 2009. Detoxification aegair process of ozone injury:
from Oz uptake to gene expression adjustment. EnvironuPab7, 1461-1469.

Cheng, F.Y., Burkey, K.O., Robinson, J.M., Bookied,., 2007. Leaf extracellular
ascorbate in relation tos@olerance of two soybean cultivars. Environ. Rolib0,
355-362.

Conklin, P.L., Pallanca, J.E., Last, R.L., SmirnoN., 1997. L-Ascorbic acid
metabolism in the ascorbate-deficient ArabidopsigamtVtcl. Plant Physiol. 115,
1277-1285.

Dai, L.L., Li, P., Shang, B., Liu, S., Yang, A.Ajang, Y.N., Feng, Z.Z., 2017.
Differential responses of peacBRr(inus persica) seedlings to elevated ozone are
related with leaf mass per area, antioxidant ensyawtivity rather than stomatal
conductance. Environ. Pollut. 227, 380-388.

De la Torre, D., 2008. Quantification of mesophgkistance and apoplastic ascorbic
acid as an antioxidant for tropospheric ozone iuoluwheat Triticum durum Desf.
cv. Camacho). Sci. World J. 8, 1197-12009.

Dumont, J., Keski-Saari, S., Keinanen, M., CohenNingre, N., Kontunen-Soppela,
S., Baldet, P., Gibon, Y., Dizengremel, P., Vault™M.N., Jolivet, Y., Oksanen, E.,
Thiec, D.L., 2014. Ozone affects ascorbate andatilidne biosynthesis as well as
amino acid contents in three Euramerican poplaotypes. Tree Physiol. 34,
253-266.

D’'Haese, D., Vandermeiren, K., Asard, H., Horemaxs,2005. Other factors than
apoplastic ascorbate contribute to the differerdimne tolerance of two clones of
Trifoliumrepens L. Plant Cell Environ. 28, 623-632.

Emberson, L.D., Ashmore, M.R., Cambridge, H.M., f&n, D., Tuovinen, J.P.,
2000. Modelling stomatal ozone flux across Eurdpeziron. Pollut. 109, 403—413.

Feng, Z.Z., Kobayashi, K., 2009. Assessing the otgpaf current and future
concentrations of surface ozone on crop yield wm#ta-analysis. Atmos. Environ.

43, 1510-1519.
21



556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

Feng, Z.Z., Pang, J., Nouchi, I., Kobayashi, K.m#&kawa, T., Zhu, J.G., 2010.
Apoplastic ascorbate contributes to the differéntaone sensitivity in two
varieties of winter wheat under fully open-air éiedonditions. Environ. Pollut. 158,
3539-3545.

Feng, Z.Z., Sun, J.S., Wan, W.X., Hu, E.Z., CalathyV., 2014. Evidence of
widespread ozone-induced visible injury on planmtsBieijing, China. Environ.
Pollut. 193, 296-301.

Foyer, C.H., Descourvieres, P., Kunert, K.J., 19%étection against oxygen radicals:
an important defence mechanism studied in transgaants. Plant Cell Environ.
17, 507-523.

Gao, F., Catalayud, V., Paoletti, E., Hoshika, feng, Z.Z., 2017. Water stress
mitigates the negative effects of ozone on photib®gis and biomass in poplar
plants. Environ. Pollut. 230, 268-279.

Gay, C., Gebicki, J.M., 2000. A critical evaluatioh the effect of sorbitol on the
ferric—xylenol orange hydroperoxide assay. AnahdBem. 284, 217-220.

Heath, R.L., Lefohn, A.S., Musselman, R.C., 200®&mporal processes that
contribute to nonlinearity in vegetation respons@sozone exposure and dose.
Atmos. Environ. 43, 2919-2928.

Heath, R.L., Packer, L., 1968. Photoperoxidatiomalated chloroplasts: I. Kinetics
and stoichiometry of fatty acid peroxidation. ArchBiochem. Biophys. 125,
189-198.

Horemans, N., Foyer, C.H., Asard, H., 2000.Trantspond action of ascorbate at the
plant plasma membrane. Trends Plant Sci. 5, 263-267

Hossain, M.A., Bhattacharjee, S., Armin, S.M., QiBrP., Xin, W., Li, H.Y., Burritt,
D.J., Fujita, M., Tran, L.S.P., 2015. Hydrogen p&dle priming modulates abiotic
oxidative stress tolerance: insights from ROS détation and scavenging. Front.
Plant Sci. 6, 420. Doi: 10.3389/fpls.2015.00420.

Ishikawa, T., Shigeoka, S., 2014. Recent advantesdorbate biosynthesis and the
physiological significance of ascorbate peroxidasphotosynthesizing organisms.

Biosci. Biotechnol. Biochem. 72, 1143-1154.
22



586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

Kangasjarvi, J., Jaspers, P., Kollist, H., 2005gn8&iling and cell death in
ozone-exposed plants. Plant Cell Environ. 28, 10036.

Kanofsky, J.R., Sima, S., 1995. Singlet oxygen gaien from the reaction of ozone
with plant leaves. J. Biol. Chem. 270, 7850-7852.

Kollist, H., Moldau, H., Mortensen, L., Rasmussé&hK., Jgrgensen, L.B., 2000.
Ozone flux to plasmalemma in barley and wheat istrotled by stomata rather
than by direct reaction of ozone with cell wall @dmte. J. Plant Physiol. 156,
645—-651.

Krasensky, J., Carmody, M., Sierla, M., Kangasjadvj 2017. Ozone and reactive
oxygen species. John Wiley and Sons, Ltd: Chicheste
DOI:10.1002/9780470015902.a0001299.pub3

LRTAP Convention. 2017. Chapter Ill: Mapping Cr#idevels for Vegetation, of the
Manual on Methodologies and Criteria for ModelingdadViapping Critical Loads
and Levels and Air Pollution Effects, Risks and nbe Available at:
http://icpvegetation.ceh.ac.uk/publications/docutséiinalnewChapter3v40Oct201
7_000.pdf

Luwe, M., Heber, U., 1995. Ozone detoxificationtli®e apoplasm and symplasm of
spinach, board bean and beech leaves at ambientlewated concentrations of
ozone in air. Planta 197, 448-455.

Luwe, M., 1996. Antioxidants in the apopalst anthplast of beechHagus sylvatica
L.) leaves: seasonal variations and responsesangailgy o0zone concentrations in
air. Plant Cell Environ. 19, 321-328.

Luwe, M.\W.F., Takahama, U., Heber, U., 1993. Rdleascorbate in detoxifying
ozone in the apoplast of spina@pifiacia oleracea L.) leaves. Plant Physiol. 101,
969-976.

Lyons, T., Ollerenshaw, J., Barnes, J.D., 1999.dctg of 0zone oilantago major:
apoplastic and symplastic antioxidant status. Nawtd?. 141, 253—263.

Mills, G., Buse, A., Gimeno, B., Bermejo, V., Hailld, M., Emberson, L., Pleijel, H.,
2007. A synthesis of AOT40-based response functamakcritical levels of ozone

for agricultural and horticultural crops. Atmos.\vion. 41, 2630-2643.
23



616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

Mills, G., Pleijel, H., Braun, S. et al. 2011. Netomatal flux-based critical levels for
ozone effects on vegetation. Atmos. Environ. 45453068.

Mills, G, Sharps, K, Simpson, D., Pleijel, H., Baewh, M., Uddling, J, Jaramillo, F.,
Davies, W.J., Dentener, F., Van den Berg, M., Agiaw., Agrawal, S.B.,
Ainsworth, E.A., Buker, P., Emberson, L., Feng, Barmens, H., Hayes, F.,
Kobayashi, K., Paoletti, E., Van Dingenen, R., 2018zone pollution will
compromise efforts to increase global wheat pradociGlobal Change Biol. 24,
3560-3574.

Mills, G, Sharps K, Simpson, D., Pleijel, H., Fréd., Burkey, K., Emberson, L.,
Uddling, J., Broberg, M., Feng, Z., Kobayashi, Kgrawal, M., Department of
Biological and Environmental Sciences, Universify@Gothenburg, Gothenburg,
Sweden 2018b. Closing the global ozone yield gamriification and co-benefits
for multi-stress tolerance. Global Change Biol. £2869-4893.

Mishra, A.K., Agrawal, S.B., 2015. Biochemical apllysiological characteristics of
tropical mung beanMgna radiata L.) cultivars against chronic ozone stress: an
insight to cultivar-specific response. Protoplastta, 797-811.

Moldau, H., Padu, E., Bichele, 1., 1997. Quanttiima of ozone decay and
requirement for ascorbate iRPhaseolus wvulgaris L. mesophyll cell walls.
Phyton-ann. Rei. Bota. 37, 175-180.

Musselman, R.C., Lefohn, A.S., Massman, W.J., HeRth., 2006. A critical review
and analysis of the use of exposure and flux-bas#ides for predicting vegetation
effects. Atmos. Environ. 40, 1869-1888.

Nakano, Y., Asada, K., 1981. Hydrogen peroxidecsvenged by ascorbate-specific
peroxidase in spinach chloroplast. Plant Cell Rilyai2, 867-1880.

Noctor, G., Foyer H., 1998. Ascorbate and glutatbhidkeeping active oxygen under
control. Annu Rev Plant Physiol. Plant Mol. Bio,4249-279.

Oksanen, E., Riikonen, J., Kaakinen, S., Holopainen Vapaavuori, E., 2005.
Structural characteristics and chemical compositidnbirch Betula pendula)
leaves are modified by increasing £&nhd ozone. Global Change Biol. 11,

732-748.
24



646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

Osborne, S.A., Mills, G., Hayes, F., Ainsworth, E.Buker, P., Emberson, L., 2016.
Has the sensitivity of soybean cultivars to ozoakugion increased with time? An
analysis of published dose-response data. GlobahgehBiol. 22, 3097-3111.

Pastori, G.M., Kiddle, G., Antoniw, J., Bernard, ¥eljovicJovanovic, S., Verrier, P.J.,
Noctor, G., Foyer, C.H.F., 2003. Leaf vitamin C wmns modulate plant defense
transcripts and regulate genes that control dewedmoyp through hormone signaling.
Plant Cell 15, 939-951.

Pignocchi, C., Foyer, C.H., 2003. Apoplastic asatebmetabolism and its role in the
regulation of cell signalling. Curr. Opin. PlantoBi6, 379—-389.

Pignocchi, C., Fletcher, J.M., Wilkinson, J.E., Bas, J.D., Foyer, C.H., 2003. The

function of ascorbate oxidase in tobacco. Plansihy32, 1631-1641.

Riikonen, J., M&enpaa, M., Alavillamo, M., Silfvar, Oksanen, E., 2009. Interactive
effect of elevated temperature and dd antioxidant capacity and gas exchange

in Betula pendula saplings. Planta 230, 419-427.

Sanmartin, M., Drogoudi, P.D., Lyons, T., PaterékiBarnes, J., Kanellis, A.K., 2002.
Over-expression of ascorbate oxidase in the apopfasansgenic tobacco results
in altered ascorbate and glutathione redox statgsnereased sensitivity to ozone.
Planta 216, 918-928.

Shang, B., Feng, Z.Z., Li, P, Yuan, X.Y., Xu, Y.&alatayud, V., 2017. Ozone
exposure- and flux-based response relationshipsh vphotosynthesis, leaf
morphology and biomass in two poplar clones. Satall Enviro. 603—-604,
185-195.

Sharma, P., Jha, A.B., Dubey, R.S., Pessarakli2Pl2. Reactive Oxygen Species,
Oxidative Damage, and Antioxidative Defense Mectianin Plants under Stressful
Conditions. J. Bot. doi:10.1155/2012/217037.

Turcsanyi, E., Lyons, T., Pléchl, M., Barnes, JQOQ Does ascorbate in the
mesophyll cell walls form the first line of defenegainst ozone? Testing the
concept using broad beavigiafaba L.). J. Exp. Bot. 51, 901-910.

US EPA. 2013. Integrated Science Assessment fon®aad Related Photochemical
25



675

676

677

678

679

680

681

682

683

684

685

686

687

688

689

690

691

692

693

694

695

Oxidants. EPA/600/R-10/076F. Office of Research &wlelopment, Research
Triangle Park, NC (February).

Van, Hove, L. W.A., Bossen, M.E., San, Gabino, B&jteva, C., 2001. The ability of
apoplastic ascorbate to protect poplar leaves afgambient ozone concentrations:
a quantitative approach. Environ. Pollut. 114, 282

Vainonen, J.P., Kangasjarvi, J., 2014. Plant slgwpin acute ozone exposure. Plant
Cell Environ. 38, 240-252.

Wang, L., Pang, J., Feng, Z.Z., Zhu, J.G., Kobaydsh 2015. Diurnal variation of
apoplastic ascorbate in winter wheat leaves intioglato ozone detoxification.
Environ. Pollut. 207, 413-419.

Wang, A., Luo, G., 1990. Quanititative relation Wweén the reaction of
hydroxylamine and superoxide anion radicals in fslanPlant Physiol.

Communication 16, 55-57 (in Chinese).

Yendrek, C.R., Koester, R.P., Ainsworth, E.A., 20¥5 comparative analysis of
transcriptomic, biochemical and physiological resgms to elevated ozone
identifies species-specific mechanisms of resikeimclegume crops. J. Exp. Bot.

66, 7101-7112.

Yuan, X.Y., Calatayud, V., Gao, F., Fares, S., ®4olE., Tian, Y., Feng, Z.Z., 2016.
Interaction of drought and ozone exposure on is@prmission from extensively

cultivated poplar. Plant Cell Environ. 39, 2276228

26



Highlights

<>

<>

Apoplastic antioxidant was investigated in three species under two O3 treatments

Apoplastic reduced-ascorbate is induced by high instantaneous O3 concentrations

Apoplastic reduced-ascorbate displays a diurnal variation

Increase of apoplastic ascorbate induced by Ogsis insufficient to protect plants
from Os
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