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Anna DZIERZYNSKA?!

,GOOD” AND ,BAD” OZONE -
EVALUATION ON THE BASIS OF PLANT REACTION TO OZONE

,DOBRY" | ,ZtY” OZON -
OCENA NA PODSTAWIE REAKCJI RO SLIN NA OZON

Abstract: Ozone is a natural and artificial chemical compbwf Earth’s atmosphere.;@s an absorbent of
ultraviolet and infrared radiation and has strorglative properties. In the stratosphere the oZayer protects
the planet's surface from dangerous UV radiatids, indirect effect on plant organisms is positive s
stratospheric ozone can be called “good” ozone. déggetion of the ozone layer, as a result of aphese
pollution, described as an ozone “hole” is causiigs radiation enhanced level on Earth’s surface. Téreetic,
cytological, physiological and morphological reaatiof prolonged U¥ exposure in plants is twofold: it damages
plants and simultaneously plants protect themsehra$ repair their injuries. The ozone in the trghese
originates from natural sources and is also a skEngrpollutant, formed in photochemical reactideading to
“smog” and ozone “spots” occurrence. As a strondamt, Q is directly toxic to plants and can be recogniasd
“bad” ozone. Ozone is also classified as a “greaebb gas, participating in global warming. It idfidult to
value the impact of ©as a “greenhouse” gas on plants. The combinedtedfeO; changes in the stratosphere
and troposphere on plants can be estimated aslossp yield and in productivity of natural ecosyss.

Keywords: tropospheric and stratospheric ozone, ozone “ha&tess of ultraviolet radaition, ,greenhouse”
effect, “greenhouse” gas, excess of ozone, photoida ,smog”, ozone “spots”

Ozon - @, trioxygen, as an allotrope of oxygen, is itsedfther good or bad. But the
impact of Q on the environment evidently can be evaluatednfluences living organisms
directly and indirectly. Organisms react directiythe actual level of £in the atmosphere.
The indirect impact means that actuglc@ncentration changes other environmental factors:
the ultraviolet - UV strong irradiation and infrdre IR weak irradiation. As a result
organisms react to the excess of UV radiation argldbal warming.

When complex ozone influence on terrestrial highdants is considered, the
complicated reaction of organisms to this gas besoatearer. The better understanding of
the problem of changes ins@oncentration helps to interpret correctly suchiremmental
pollution phenomena as ,greenhouse” effect or oZan&” and its impact on plants.

All living organisms react to atmospherig €dncentration, but plants are especially in
danger. They rely on the absorption of sun radiatio assimilate carbon dioxide in
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photosynthesis but at the same time the UV frequefiche sun’s radiation spectrum is
harmful. Plants can not move and the local tropesphQ; at abnormally high
concentrations in the photochemical “smog” or ozdspots” acts as a secondary air
pollutant and the future increase in global backgtbozone concentrations is predicted.

It is difficult to estimate the global financialdse in plant biomass production and
ecological damage caused by changes in the coatientof stratospheric and tropospheric
Os. It depends to a great extend onllutant doses and UV absorption by plants and on
plant tolerance to stress of;@nd UV excess. The current risk assessment ;obl&nt
damage is taking into consideration the complexeatéf of Q from stomatal flux,
detoxification and repair processes, to carbonnakgion and allocation in individual
plant. The rough estimation of crops yielding otunal ecosystems productivity, including
forest growth and species composition iR &d UV polluted environment, could be
considered as a feasible indicator gfdrect and indirect damage, in the specific contéx
a changing global environment.

Ozone as an atmospheric compound

Ozone as a compound of different atmospheric lagatsses mutually connected
phenomena (Fig. 1), which affect plants in difféareiays. Q is a double radical and has
strong oxidative features, which are responsible ife direct toxic effect on living
organisms. At the same time; @s an atmospheric gas, prevents highly energeticsuhV/
radiation from passing through the atmosphere.i€absorbing, together with other
atmospheric gases, 99% of E\Vabout 50% of the most harmful g¥290-320 nm) and
small quantities of UY.
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Fig. 1. Ozone properties and its impact on the pimama occuring in the Earth’s atmospherg. O
absorbs U¥ in the stratosphere. Ozone ,hole” transmits exoéadtraviolet radaition UY to
the troposphere. Excess of b)\¢timulates the formation of On the troposphere (present in
photochemical ,smog” and ozone "spots”)s @ the troposphere absorbs k)\énd infrared
radiation (IR), contributing to the ,greenhousefeet and global warming. Excess g\in
troposphere also stimulates global warming. Gloka@iming stimulates the formation of;@h
troposphere
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Osshows uneven vertical arrangement in the Eartiv®sphere. There is 90% ot @
the stratospheric ozone layer and up to 10%dh@he tropospheric layer. The atmosphere
layer at the altitude of between 10-20 and 45-Snkéters is called stratosphere.
Troposphere is the lowest and the thinnest atmogplagyer. Its thickness, 5-9 km above
the poles and 13-18 km above the equator, dependsason and geographical coordinates.
O; concentrations in both layers vary essentigliime and in space [1].

O; concentration is increasing from the middle to tipper part of thetratosphere
where simultaneously the temperature is rising.i<Oformed there from dioxygen by the
action of UVlight of 180-240 nm and it breaks down by the actid UV 200-320 nm, in
reaction reverse to synthesisg @stability causes dynamic balance betweena@d Q
concentration in the air and the absorption ofgaificant part of solar UV radiation by the
Earth’s atmosphere. ;0n the stratospheric ozone layer acts as anti WWsacreen,
indispensabldor the life of terrestrial organisms [2].

The disturbance of dynamic balance betwegai@ Q concentration and stratospheric
O; degradation, called ozone “hole”, is the resultleémical reactions between man-made
gas pollutants. Stratospheric; @epletion is mainly the effect of catalytic destioc of
ozone by atomic halogens, comprising fluorine (F)prine (Cl), bromine (Br), iodine (1),
and also by nitric oxide NO and nitrogen dioxide N8].

The investigation of chemical reactions ofi®the atmospherand the elucidation of
its destruction mechanism by chlorofluorocarbonegasas honored by a Nobel Prize in
Chemistry received by M. Molina, F.S. Rowlands &xdrutzen (USA) in 1995.

The standard way to measure the total ozone anmewntertical atmospheric column
is by usingDobson units(DU) [4]. The earliest symptoms of the phenomenbrozone
layer depletion were observed over a polar regibrdarctica in the early 80s of last
century. The first ozone ,hole”, short in duratiomas manifested as the decline of total
volume of Q to almost 70% of the normal value and €ncentration decrease from
around 400 to 96 DU. This phenomenon was repeatddwarious intensity in the next
years, also over the northern pole, leading teeadst decline of the total volume of @
the stratosphere. It is estimated that the leveDpélecline, from the early 90s of the last
century up to the middle of this century, will dréyy about 15% [5]. Stratospherics O
destruction is expected to cause the maximum etevaff UVy radiation (280-315 nm),
estimated for 15% in winter/spring and for 8% imsoer/autumn in regions of the middle
northern latitude [6]. For each 1% of stratosph€&jalecrease Uy radiation will increase
1.3-1.8% [7]. Terrestrial plants will experiencgtilevel of U\g radiation for a long time
after stopping air pollutants emission since suchufants are resistant to environmental
degradation and they stay in the upper atmosphene 40 to 150 years [8].

In thetroposphereO; is a secondary pollutant, originating mainly framthropogenic
sources. @production in the lowest part of the Earth’s atpieere is a very complicated,
nonlinear process, covering thousands of chemiattions between primary pollutants:
volatile organic compoundgvVOC) and NQ. NO, photolysis is one of numerous; O
generating reactions, so high variability of trgplesric Q concentration is a function of
daily and seasonally changing meteorological commaitand of latitude [9]. Tropospheric
O; concentration is regulated not only by severalttssis and breakdown reactions but
also by processes of vertical and horizontal trarispNatural Q concentration is low (from
0.002 to 0.3 ppm, 0.04 ppm average value). In patly is formed from gaseous
hydrocarbon (isoprene and terpene) emissions mtpénd animals and in small quantities
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it is the effect of thunderstorms. Some 9 transported to the troposphere from the
stratosphere [10]. The location of high troposph€}j concentrations is highly correlated
with the vicinity of urban and industrial arease ttmain sources of primary pollutants and
with climatic and meteorological cycles [9, 10].€Timcrease of natural;@oncentration is
estimated from 0.05 to 2.5% at an annual rate amdirmous global @concentration
raising is observed in the troposphere [11]. Thiactive and strong oxidant is locally
present in the photochemical ,smog” observed imgtdal cities, most commonly in sunny,
warm, dry, windless climates and in conditions efperature inversion. It is a “smog”
compound generated in photochemical reactions ifutpd air. The products of the
combustion of fossil fuels, especially NOvolatile hydrocarbons and carbon monoxide
derived from fumes and vehicle exhaust gases anedforming pollutants. @is the main
source of hydroxyl radicals in the troposphere chtstarts almost each oxidation process in
the atmosphere [10]. The mechanism of photochenigrabg” formation is mainly of

a radical reaction nature and “smog” is a highlyidanixture of air pollutants, which can
include also peroxyacyl nitrates (PANs). The “smagpact on plants can be lethal [4].
The photochemical reaction of tropospherigcgnthesis is in balance with; ®@reakdown
reaction in darkness, dependent on,@d VOC concentration [12, 13]. A majority of O
particles is disintegrated in weeks after precwdweakdown. Nevertheless the highest O
concentration may be observed, as the ozone ,sptitsusands of kilometers from the
densely populated place of primary pollutants eimisgL3].

The exposure of plants to elevated €ncentration was initially assessed by the
AOTA40 index accumulated exposure over a threshold of 40 ppt®t dn? dn®). The
critical level for ozone effects on sensitive periahplants (grasses) communities has been
recommended as an AOT40 value of 5 pprhdver a growing period of 6 months.
However, the responses of vegetation ta@ evidently better related to the dose absorbed
through stomata than to atmospherico®@ncentration. In recent years the risk gfd@mage
to plants is based on the cumulative flux gftrough the stomata, according to the;BB
(Deposition of Ozone for Stomatal Exchang®del, which is incorporated into the EMEP
(European Monitoring and Evaluation Programmmodel. This model is capable of
estimating Q deposition on plants as well ag lomatal flux into leaf tissues and includes
detailed algorithms for assessment afddawn from the air by main European species of
crops and trees [14].

O; is one of the “greenhouse” gases. The “greenhosffett is a phenomenon of
connected effects of the penetration of sun ramhathrough the atmosphere to warm
a planetary surface and of the absorption by “drease” gases of infrared radiation
re-radiated from the surface. Since part of thentia¢ re-radiation goes back towards the
globe surface and the lower atmosphere, it resoli®n increase of the average surface
temperature and global climate change [3]. The bmicentration of “greenhouse” gases in
the Earth’s atmosphere is the reason for natumdl aatificial “greenhouse” effect. The
artificial “greenhouse” effect results from the sgmidons of binary gases, mainly €6f
anthropogenic origin. £as a trioxygen absorbs also in the upper tropasplf radiation
emitted from the planetary surface and it is veffgative in the process of warming the
stratosphere [5]. At the same time the absorptibrpart of solar UV radiation by
stratospheric ©partly reduces the “greenhouse” effect. UV radiaiis absorbed by {hot
only in the stratosphere but also in the tropospligb]. As a result @makes up for only
a few percent of the “greenhouse” effect phenomdBp8]. Positive or negative impact of
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the “greenhouse” effect on plants growth and dguaknt is not the subject of this article
anyway.

Direct impact of tropospheric O; on plants

The responses of plants to; hclude metabolic, physiological, anatomical and
morphological changes [16] as well as changesérsifinal transduction pathway and gene
expression [17, 18].

Detoxification (& Os; decomposition) occurs partly on the surface of thécle,
in a chemical reaction with waxes, and in the hliihate in reaction with volatile
isoprenoids, diffusing into the air from the le&f.large part of @ is deposited on the
surface of the leaf cuticle and on the stems, éslheevhen they are wet. Under natural
conditions, the penetration of;@hrough the leaf cuticle is negligible, and diffuses into
the leaf through open stomata [15, 19, 20]. Theekgf stomatal opening, which depends
on many factors, is regulated also by The increase of {roncentration in the atmosphere
stimulates stomatal closure and reduces the peioetiaf O; into the leaf, but at the same
time limits the CQ uptake for photosynthesis. The mechanism of staineédsure is rather
not due to the direct mpact. The increase of G@oncentration in the leaf, which is the
effect of photosynthesis being inhibited by, @ the probable reason for stomata closure.
The impact of @ on stomatal closingia hydrogen peroxide - #, can not be excluded.
H,0, is formed in the aquatic environment with; @articipation and regulates the
functioning of calcium channels in membranes ofrgtta cells [21]. The average hourly O
dose of 70 nmol mot and short exposures causes quick stomata cloblenertheless
in a very sensitive species, and at higher conatoitrs and longer exposures, stomatal
closure response tos®@ecomes slow. It may be related to the inducticth@ethylene(ET)
synthesis by @ ET reduces the sensitivity of stomata cells tmais for closing stomata,
ie to the increased concentration of the phytohormahscisic acid(ABA). Furthermore
ET accelerates the aging of leaves. The slowdowstarhata closure leads to reduced
control of water losses from leaves, because stoana only partly closed. The degree of
stomatal opening is also modulated by the "greesdibweffect. Increase of the GO
concentration, the gas recognized as the most tanmtotgreenhouse” effect component,
causes stomata closure. Similarly, the shortages@f water accompanying steppe
formation, and the stress of drought, which arécgmated as a result of global warming,
causes stomatal closures @bsorption by plants under these conditions igditi) and its
phytotoxicity is reduced [15, 22].

The dosage of pollutant, that passes through ofmnasa into the leaf parenchyma,
depends on the degree of stomata opening and oextfasure time. The quantity of;0
further penetrating parenchyma intercellular spaesilts from the balance between the O
uptake and @decomposition inside the leaf. In the cell waligparenchyma the ascorbic
acid is to the great extent responsible fgtbb@akdown [23].

The mechanism of £Xoxicity is not entirely clear. Undoubtedly;@duces a state of
oxidative stress in the leaf. Oxidative stress @spnts an imbalance between the
predominant formation ofeactive oxygen specigROS) an the ability of the plant to
readily detoxify the reactive oxidative intermeémtand to repair the resulting damage. O
is therefore one of many environmental factors thigger the formation of harmful excess
of ROS. In the literature, however, there is insheg evidence indicating the positive role
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of ROS in plants. ROS participates in the signahgduction in cells and regulates many
physiological processes, including gene expresgldh The signaling role is associated
with small ROS concentrations. Biphasic responsthdéoconcentration of toxic substances
is called hormesis in biology. It can be assumed ith case of @the hormetic effect may
occur. Low concentration of Ocan cause a positive plant reaction but high O
concentration shows destructive effects. Only higincentrations of © have been
investigated to date, causing oxidative stressdamdaging cellular structures [25].

O; concentration inside the leaf decreases rapidlerafibsorption, but the
decomposition products of ozonolysis may influetieelife processes of plants. The extent
of injury depends on external;@oncentrations and on the duration af @@ntamination
[26]. High O; concentration in a relatively short time (150-3000° dnt dm® for 4-6 hrs)
causes major changes, manifested as leaves damagmiag. Prolonged exposure to low
concentrations (<100 - 0dn? dni for days to months) does not cause visible symgtom
on leaves, but due to inhibition of photosynthestsongly limits plant productivity and
reduces the biomass. At high doses dan act directly as a powerful primary oxidant,
reacting with components of cell walls (phenolsptpins, glycoproteins). After the
dissolution of Q in the water film surrounding the cells; @ecomposes and secondary
oxidants arise spontaneously, as was mentionedrebelthese are ROS such asOh
superoxide anion £ and singlet oxygen [12, 27]. In the cell wallsleaf parenchyma
a hydroxyl OH and perhydroxyl HOOradicals are also formed [28]. ROS production in
apoplast is biphasic and can be caused pgegdomposition in reactions with phenols and
with other compounds susceptible to oxidation. fits¢ phase of the oxidative stress results
directly from the @ impact on the organic compounds of the cell wald gplasma
membrane surface. The second phase is the oxidatits of secondary oxidants from
plant cells, which runs initially in the apoplagtfter plasma membrane injury, oxidative
stress occurs in the cytoplasm and cell organelled causes the visible symptoms on
leaves. The ozone-injured leaf surface may shqupltil discoloration, silvery gloss, spot
necrosis and/or colored spots [27]. Beside the R@St from leaves Otreatment causes
the VOC emission by plant [29]. In the internal aps of the leaf ©may also react with
hydrocarbons: ET or isoprene - gaseous hydrocaidromed in the specific environmental
conditions in plants. The plant exposure tg lluted air induces ET emission from
sensitive plants. ©has also the ability to oxidize ET. The role of Bid isoprene in plant
response to Qis not clearly understood. ET can increase oxidatnjury through the
formation of peroxides. On the other hand ET casp act as the stabilizer of cell
membranes and the “scavenger” of free radicals, tbducing damage [27].

Destruction of cell membranes is mainly due to memé lipid peroxidation.
Ozonation of polyunsaturated fatty acids chainaltesin the formation of kD, and
reactive peroxides of fatty acids, which intensifg oxidative stress and generate formation
of subsequent reactive molecules; &d ozonolysis products also react with sensitive
amino acid of membrane proteins, containing thiolugs. Organic peroxides of proteins,
amines and nucleic acids are also the secondadamts. Other plant hormones, not only
ET, may also be oxidized and their membrane recgptan be oxidized too. Some
secondary metabolites, such as already mentionedopd) react with @as well [25, 27,
28]. G; damage of the membranes causes changes in tispdraof ions, the increase in
membrane permeability, moreover it inhibits theiwdtyt of proton pumps, reduces the
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membrane potential and causes the uncontrolledxirdf C&* from the cell walls to the
protoplast [28].

Metabolic changes, caused by the contamination gf &e accompanied by
physiological process disorders. Quick responsegrokd in leaves are: reduction of the
intensity ofphotosynthesis Fn, increased respiration rate, stimulationldbpm unloading,
inhibition of floem loading and leaf chlorosis andcrosis [12, 30-32]. Inhibition of Fn by
O is due to disruption of photosynthetic electraamsiport, reduced carboxylic activity of
the RuBiCO enzyme complex and / or stomata clogire

It may also be associated with changes in the tsira@f chloroplasts, chlorophyill
degradation and reduced expression of several nmjolear genes, encoding proteins
responsible for photosynthesis [12]. Changes inrdphyll fluorescence parameters show
that under the influence of;@he functioning of photosystem PSII and xantophytle is
disturbed, which may cause photosynthesis photoitidm elevation [27].

Chronic reactions of plants appear after days oekweof exposure to low O
concentrations. The serious disturbance of watdr ramerals uptake is an effect of cell
membranes destruction during long-term exposui@stand results in highly limited plant
growth. There are changes in the distribution patbé assimilates and the export reduction
of assimilates from shoot to roots. In effect theréase of the sensitivity of plants to
stresses, related with poor soil conditions, islent and it is accompanied by the reduction
of mycorrhiza symbiosis [12, 27, 33]. Limitation ofot and shoot biomass production
reduces vyield, seed production and has a negatigadt on plant cold hardening. Growth
inhibition may be due not only to reduced intensify photosynthesis, but also to an
increase in respiration, changes in hormonal balanc reduced leaf surface [27].

Plant growth is usually inhibited, but growth stiation was also reported [31, 34].

The stimulating effect of small £Odoses on plant growth, probably occurred by
modifying the growth regulating mechanisms. It i€lear whether this is an effect of @r
H,0, hormesis, as #D, is a product of @dissolution in water [25]. also reduces the
reproductive processes of plants due to inhibitibffowering, pollen damage, inhibition of
pollen germination and pollen tube growth and assalt of flowers, pods or seeds falling
and also reduced weight of seeds and fruits [1138F The premature aging of plants and
shedding of leaves is also observed [12]. Leafa®srinduced by ¢ known as “ozone
spots”, appears a few hours after exposure to fighally above 150 10 dn? dni?)
concentrations of 9[27, 36]. The appearance of local necrotic spetduie to the death of
leaf parenchyma cells and to the callose depositignich separate the healthy from
necrotic cells. The thickening of palisade parenahyand the accumulation of phenolic
compounds appears in leaves of certain tree spg&igsThere are several symptoms of
leaf damage by © so it is difficult to give their universal physigical interpretation.
Symptoms belong to two categories: characteristiwlls necrotic spots, and surface
discoloration caused by accumulation of phenolignEnts (tannins and flavonoids -
including anthocyanins), acting as antioxidants [B]. The injury usually appears between
the conductive bundles of leaves, on the uppeasardf older and middle age leaves, and
in some species on both sides of the leaf bladpe Bnd size of damage spots depends on
the duration and concentration of @ollution, weather conditions and plant genotypd a
location [39]. The acute visible injury for manyrtioultural crops, with a market value
dependent on their visible appearance, can causebsious and immediate loss of
economic value [16]. Different changes can occuteurthe influence of §on leaves in
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different speciesut they are not a good indicator of the specdesisitivity to Q, as the
correlation with growth limitation is low [40]. LéaD; damage is a good indicator of
environmental pollution anyway. For biomonitorin§ @; contamination a very sensitive
tobacco variety Bel-W3 is commonly used as an adicplant [25]. The analysis of plants
productivity changes in response to troposphegip@ution may serve as an assessment of
O; impact on plants. There is ample evidence thatotiatmospheric concentrations of O
are sufficient, in many parts of the world, to $igantly reduce the crop yields and wild
plants productivity. Yield loss may result from dage of plant vegetative or reproductive
organs and from disruption of several physiologmalcesses. During the generative phase
of development plants show greater sensitivity tptlian in the vegetative stage. The
biomass loss is often accompanied by loss of crglityy. Deterioration of crops quality
and changes in timing and abundance of flowerimgddiparticular importance in the case
of ornamental plants. Global crop yield loss, cdusg the toxic effect of ¢ is currently
estimated at 7-12% for wheat, 6-16% for soybead$t63for rice and 3-5% for maize,
resulting in financial loss of approximately $ 1@-dillion [41]. Tropospheric ©is
a serious threat not only for crop yields but &aisp the productivity of grasslands and
forests and for carbon sequestration in ecosysfgdisDecrease in the quantity and quality
of seeds and a negative effect on germination aedlimg growth of susceptible species
may have significant ecological consequences iarabécosystems polluted by {11].
Tropospheric @pollution is thus for sure a negative environmkfaetor that triggers
the defense reactions of stressed plant.

Plants constitutive protection and induced defense against excess af O

Plants are protected against permanent damage @¢roy: a thick cuticle layer,
stomata closure and detoxification ok @nd secondary oxidants [15]. In response to
oxidative stress plants enhance reactions of entkynaad non-enzymatic antioxidant
defense system and biochemical repair mechanismsisdues of @ treated plants the
accumulation of a low molecular weight antioxidarascorbateg-tocopherol, glutathione
and of some antioxidative enzymasiperoxide dismutag&sOD), catalase, peroxidase and
glutathione reductase as well as secondary metabdh the form of dyes and volatile
isoprenoids is high [12, 25]. In water; ©hemical reactions with lipids and proteins
containing double bonds occur more slowly than withantioxidants. The disintegration of
O; and ROS in plant cells, especially with the pgstiion of ascorbate in apoplast, and
glutathione in cytoplasm (Halliwell-Asada path inlaroplasts), protects membranes from
oxidation to the great extent [42]. Despite the,fétat Q in principle does not overcome
the barrier of the cell membrane, it starts thealiog pathways and affects gene expression
changes. @induced transcripts of the DNA sequences encod¢eins associated with
changes in cell wall structure, typical of defersiesponse to disease [43]. Oxidative burst
of H,O, activates the signal transduction path leadintih¢oinduction and/or repression of
the genes that trigger defensive reactions of planpathogens [42, 44].

The increase of $#D, concentration stimulates the productiorsalicylic acid(SA) and
the transient increase in the level of transcriptsiany genes is observed. These are mainly
genes encoding enzymatic proteins from synthestbwags of secondary metabolites
(phytoallexins, lignin, polyphenols, callosis), exsins -hydroxyproline-rich glycoproteins
(HRGPs) and PR Pathogenesis Relatgdoroteins. Through the overlap of signaling
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pathways the plant reaction tg @ollution is related to HRhfypersensitivity reactignto
pathogens and torogrammed cell deatfPCD) and tesystemic acquired resistan¢8AR)

to pathogens. Pcan increase plant resistance to pathogens thémough the damage,
caused by @ may increase susceptibility of plants to pathog#ack, simultaneously O
induces resistance to pathogens. This occurs ajsthd stimulation by @ of genes
expression encoding antioxidant enzyn@streatment increases the expression of synthase
and oxidase of-Bmino-cyclopropylt-carboxylic acid(ACC) genes. ACC is a precursor of
ET, so the production of ET is stimulated. ET opesduction may cause, as mentioned
before, local cell death, leading to so-called @zarecrosis [27, 28]. alters the
concentration ofasmonic acidJA) andnitric oxide (NO) signalling particles and activates
the metabolism of polyamine growth regulators [418]. several molecular studies the
impact of Q treatment on plant transcription factors was foand increased expression of
genes involved in signaling and metabolic pathwassociated with immune response was
stated. But results of scientific research show dlse decrease of the expression of
photosynthesis and energy transformations relatedg[17].

Indirect effect of stratospheric ozone on plants, resultingfrom an excess
of UV radiation

The photoreceptors of UVrays are cryptochrome and phototropins [7, 458, @iy
radiation photoreceptor is iArabidopsisa dimer protein UVR8 [46]. The plant receives
a UV stimulus by specific photoreceptor molecules agidabsorbing photons by other
compounds in the cell. W/radiation is reflected in about 10% and absorlmefi0% and
practically is not transmitted through the leaf. dJ\s cytotoxic, mutagenic and
cancerogenic for live tissues [47].

Nucleic acids, proteins, lipids and quinones amampounds which directly absorb YV
radiation in plant cells. Uy absorption by the leaf may be accompanied by Visua
symptoms such as chlorotic or necrotic spots asdottiration [8, 48]. The response of
plants to excess WVis associated rather with modification of activibhan with typical
genetic damage. Regulation of gene expression vuasolchanges in the rhythm of
development, plant appearance and production obnskeecy metabolites for plant
protection. But the DNA absorption spectrum of Uadiation of 220-330 nm coincides
with an action spectrum of such phenomena as thaiyation of cell cycle, induction of
chromosomal aberrations and genes mutations. Thlisates that DNA is the main cell
compound absorbing WVradiation. Damage to DNA and RNA made by dJvvolves
dimers creation by the connections between cycttmuand pyrimidine or pirymidionine
with pyrimidine. The cracks of cross-linking mayppan between DNA strands or the
insertion of base pairs [7, 23, 49, 50]. The sbffthe active response of plants to UV
toward longer wave frequency suggests the participaof proteins in the absorption of
UVg. Protein damage is due to strong absorption of By several amino acids, which
residues are damaged or modified. In effect thetivation of protein molecules, including
enzymes occurs [51].

UVg radiation causes the formation of ROS in the presef Q in leaves. Oxidative
damage occurs in protein molecules and lipids witluble bonds. The result of lipid
peroxidation is the destruction of cell membrangsicture and function. The organic
radicals and singlet oxygen are responsible fothéurcell damage. The cell membranes



10€ Anna Dziegynska

destruction results in abnormal transport acrossionanes, the lack of selective membrane
permeability and K efflux from cells [50]. U\ has an important negative effect on plant
pigments. The assimilation of pigments is impair€tlorophyll, especially chlorophyll b,
is destructed to greater extent than carotenoiddor@ohyll content severely decreases
(10 to 70%). Quinones also undergo degradation f8, The growth regulators are
molecules susceptible to @\fadiation too. The photolytic degradation of irefdetic acid
(IAA) was found in seedlings of sunflower. ABA wamactivated by photolysis in result of
strong U\g absorption. UY¥ has impact on ETand gibberellins concentration [7].
Photosynthetic apparatus is particularly susceptitd U\p damage. Limitation of
photosynthesis rate comes not only from the decasitipp of photosynthetic pigments,
lipid peroxidation and changes in the lipid comgosi of membranes, resulting in the
destabilization of the structure of chloroplast¥gUnactivates important enzymes such as
RuBisCO, ATP synthase, or de-epoxydasis violaxanttiie complex of water oxidation
and the Calvin cycle enzymes. It also damages tiogeip subunits of PSI and PSII
photosystem (proteins D1 and D2) and quinone @adnansporters. Exposure of plants to
UV reduces significantly stomatal density and degfestomatal opening. These changes
lead to a reduction in dry matter production of npda The growing loss of leaf
photosynthetic productivity is associated with teduction of leaf area, more than with the
reduction of the photosynthesis intensity, everugioone of the earliest effects of BV
radiation is to reduce the amount of mMRNA trangsrgncoding photosystems proteins and
other chloroplast proteins [47, 52-54].

Changes in the morphology and anatomy of leavegsponse to Uy include both
a reduction in leaf area and leaf thickness chaR§etomorphogenetic effect of g\bn
susceptible plants results in reduced plant heaglt flowering disturbance [55, 56]. Low
intensity U\g stimulates the specific signaling path - the eggien of genes associated
with hypocotyl elongation of etiolated seedlinds ptther photomorphogenetic reaction run
by UV [50].

As a result of excess W\plants reduce biomass production (in susceptilaletg from
10 to 30%) [48, 57]. In about 300 species testdédun 2/3 demonstrated sensitivity to
elevated levels of UyY[58]. One of the changes reported for differenhplspecies is the
reduction of the viability of pollen under W\adiation [50].

It is worth noting that UY also affects plant growth in natural ecosystendgréatly,
by changing their competitive abilities and growtinditions. The direction and magnitude
of change in productivity are difficult to deterraiin ecosystems [47]. It depends on the
stress factors related to the effect of "greenhbusecompanying UY excess, such as
shortage of water and minerals and the increa®©gtoncentration [59].

It should be emphasized that the effect ofgli plants is dependent on the intensity
of the radiation. The level of radiation that causeidative stress, cellular damage and
disruption of photosynthesis is an order of magtgtinigher than the intensity of YV
inducing the signal to the nucleus and other orieseand causing changes in the
expression of genes that stimulate defense or ptafthogenetic reactions [50]. At high
doses of U¥ the signaling pathways typical for response tesstrare activated, similar to
those initiated by the attack of pathogens, antliticg second messengers such a$ Ca
signals, kinase, NO and ROS. klNhduces therefore at least two different signaling
pathways [53].
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The protection and defense of plants against excess gV

The balance of the damage caused by @¥d the defense and the repair process in
crop plants has a high degree of variability betwspecies and varieties, which allows
plants adaptation to elevated levels ofdJV

Structural protection against YMncludes a presence of hairs on the epidermise mor
numerous on upper leaf side. Epidermal cells contagredients which absorb BV
Increased thickness of the leaf wax layer incredbesreflection of radiation by leaf.
Reduction in leaf area under the influence ofgUdAn be regarded as an adaptation to
reduce the absorption of destructive radiation .[@pidermal thickening is of similar
importance, twisting of leaves and changing contjowsiof the layer of wax on the cuticle
of leaves as well. Elongation of cells of palisguErenchyma layer and increased leaf
thickness may increase the dispersion ofgWddiation before it reaches the spongy
mesophyll - the main site of photosynthesis inléa [7].

Compounds selectively absorbing radiation ofglU¥hich content increases from 10 to
300% under high irradiation of this range, are oesjble for biochemical protection
against excessive WV[48]. Phenolic compounds soluble in water, suchflagonoids,
mainly anthocyanins, are anti - UV protective filt&hey accumulate mainly in the upper
leaf epidermis and stop the majority of the d)groportionally to their concentration and to
thickness of the leaf. In dicotyledonous plants pietective pigments are present in the
hairs and epidermal cells, and in monocot also @aphyll as glycosides accumulated in
the vacuole. Due to the presence of phenols epala@tmsorbs most of Wi/radiation and
the mesophyll of needles reaches 0% ofgU¥fadiation, in grasses and leaves of
dicotyledonous trees 3-12% only and herbaceougdit®41% of U4 radiation incident
on the leaf.

The synthesis of flavonoid pigments is the primplant immune response, resulting
from the stimulation of gene expression. The majorymes of flavonoid synthesis pathway
(PAL-L-phenylalanine ammonia-lyase and CHS-synthasgicones) are induced by gV
[7, 53, 60]. Flavonoids and other phenols are apontant protection against both gV
radiation and against oxidative stress generatedJWy [61]. UVp induces a powerful
antioxidant defense system, consisting of low madecweight compounds and enzymes
[47.

In response to direct DNA damage an important defesystem against unade of
different repair mechanisms of nuclear DNA is aatidd. A constitutive or Uy induced
repair system is created mainly by photo-lyasesnoionucleases [62, 50]. Enzymatic repair
processes include also repairing of damage to photbetic apparatus - D1 and D2
proteins and chloroplast DNA. Damage to the phaottistic apparatus by excess pJig
possibly prevented by zeaxanthin cycle. It giveskbthe environment the excess of
excitation energy of assimilation pigments in tbenf of heat dissipation from leaves [47].

Summary and conclusions

Tropospheric @ in concentrations classified as atmospheric fiol has a direct
negative impact on plants. It can therefore beifipdas “bad” ozone.

Similarly, the stress of excess WYadiation, which is an indirect result of phenomen
of increased @ degradation in the stratosphere, has a negativeadmpn plants.
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Stratospheric ¢) protecting against photo-destructive §J\can be defined as “good”
ozone.

There is a similarity of the effects induced inrmgaby Q and by U\4. Both factors
generate ROS formation and oxidative stressa@l U\ activates signaling pathways,
typical of the response to the attack of pathogef@gsand U\g penetration into leaves
results in reduced stomatal conductance and redateusity of photosynthesis. Under the
influence of Q and U\ the WUE {vater use efficiengyindicator is reduced. In result the
reduction of the stomatal GQiptake for photosynthesis against water loss fieawes in
the form of water vapor in the process of trandjgrais observed. Each of the factors,
acting alone, leads to a reduction of leaf areal imcreased thickness of leaves, thus
reducing the sensitivity to drought stress. At shene time, however, an excess afand
excess UY, causing tissue damage and destruction of vitatgsses, results in loss of
plant biomass in a specific way.

Tropospheric @ causes damage associated mainly with primary awbnslary
oxidative stress. UY causes mainly genetic mutations and photomorphmgokanges in
plants. The effect of Uyseems to be more widespread as its harmful effests found in
many plant species. Harmful effects of &e observed more locally, mainly in sensitive
species. The specificity of action of both factoas also be seen in the way they affect the
flowering and ripening of crops. ;0significantly reduces reproductive processes and
impairs the maturation of crops. J\¢an stimulate or inhibit flowering and does ndeef
the ripening process [63]. Fundamentals of variatal species differences in susceptibility
of plants to both stress factors, especially waylsimultaneously, are not yet understood.
Significant genetic variations in the sensitivifyspecies to @contamination have however
been noted. The existence of genotypes with hidgrance to @ provides a basis for
breeding Q resistant forms to £Xtress [41]. IPArabidopsismutants with increased nuclear
DNA content a new mechanism for high kJYblerance was found. Tetraploid forms have
therefore a much higher tolerance to gdffan diploid and it can be used for breeding forms
with increased tolerance to |Y\h other plant species [64].

High UVg tolerance in the mutant cells Bfipleurum scorzonerifoliuroorrelates with
a high content of polysaccharides as antioxidagtstated by recent reports [65].

Significant risk of crop yield loss and diminishgobwth of forest trees, caused by an
excess of @and U\g, can be reduced by breeding processes leadimctease in plant
stress tolerance. The processes of adaptation atichatization to both factors represent
the chance of survival for plants in natural ectays. The next steps to the reduction of
plants injury by @ and U\ is the inhibition of pollutants emissions, whickuse changes
in the natural concentration ok @ the atmosphere.

A full understanding of the impact of excesg &hd U\ on plants requires an
examination of the simultaneous action of bothdes;tespecially due to the oxidative stress
induced by them. The effect of hormesis, which ientioned in the literature for both
factors, needs to be deeply analyzed. Plant resptmsoth stressors may be further
modified by accompanying unfavorable environmentainditions such as nitrogen
deposition and drought. This issue is the propfusdurther research, from molecular level
to the level of ecosystems. The problem gfadd U\g excess is also important in the
context of long-term elevation of GQroncentration and the predicted global climate
change scenario.
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.DOBRY” | ,ZLY” OZON -
OCENA NA PODSTAWIE REAKCJI RO SLIN NA OZON

Katedra Fizjologii Rélin, Wydziat Rolnictwa i Biologii, SGGW

Abstrakt: Ozon Q jest naturalnym, ale réwniesztucznym sktadnikiem chemicznym atmosfery ziegjskiest
absorbentem promieniowania ultrafioletowego i pedennego oraz ma silne wEwosci utleniapce.

W stratosferze warstwa ozonowa chroni powierzgtplanety przed niebezpiecznym promieniowaniem UV,
posredni wplyw Q stratosferycznego na dmy jest wic pozytywny i Q stratosferyczny mma nazwa
L.dobrym” ozonem. Zubzenie warstwy ozonowej wynikgje z zanieczyszczenia atmosfery, a opisywane jako
Ldziura” ozonowa, jest przyczyn zwigkszonego promieniowanie WV na poziomie powierzchni Ziemi.
Genetyczne, cytologiczne, fizjologiczne i morfolcmie reakcje ihin na diugotrwate dziatanie nadmiaru g'¥
dwojakie: niszcz rosliny, a jednoczénie rasliny chronig siebie i naprawiaj swoje uszkodzenia ozonowe. Ozon
w troposferze pochodzi zérédet naturalnych, a tak jest wtérnym zanieczyszczeniem, ktére powstato
w reakcjach fotochemicznych, co prowadzi do przydad,smogu” i ,plam” ozonowych. Jako silny utlen@a®s;

jest bezpérednio toksyczny dla &in. Oz maze powodowa specyficzne ozonowe uszkodzenidliroi zosta
uznany za ,zly” ozon. Ozon jest tak sklasyfikowany jako jeden z gazdw ,cieplarniariychiorac udziat

w globalnym ociepleniu. Trudno jest jednak ocemptyw O; jako jednego z gazéw ,cieplarnianych” nélimy.
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Laczny wplyw zmian @ w stratosferze i troposferze nalioy mozna ocent jako utrag plonéw i zmniejszenie
produktywndci naturalnych ekosysteméw.

Stowa kluczowe:ozon stratosferyczny i troposferyczny, ,dziura’onewa, nadmiar promieniowania UV, efekt
Lcieplarniany”, gaz ,cieplarniany”, nadmiar ozonemog” fotochemiczny, ,plamy” ozonowe



