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Abstract: Tropospheric ozone forms in photochemical reastionby refuse burning and combustion of exhaust
gases from engines, and during some industrialgss®s. The mean ambient ozone concentration dodbtet)

the last century, and in many urban areas has edattie phytotoxic level. In the present study, éhems
determined the effect of ozone fumigation on lew#léndividual flavonoids, chlorophylls, carotensidnd total
phenols in the cotyledons of four common buckwhaativars (Hruszowska, Panda, Kora and Red Corolla)
Six-day-old buckwheat seedlings were grown in adletd conditions and treated with an elevated dsezone
(391 pg m™) during 5 days for 1 h each day. After the experimthe cotyledons of the seedlings were analysed
for individual flavonoids, chlorophylls, carotensidand total phenols. Shoot elongation was also uneds
Individual types of flavonoids in buckwheat cotybed were found to respond to an elevated ozone idose
various ways. The response was also dependent ercutivar evaluated. In the cotyledons of ozonized
buckwheat seedlings, contents of C-glucosidesteblin and apigenin decreased or did not changerdipg on
the cultivar examined. In the case of flavonolg tontents of quercetin-3-O-rhamnosyl-galactosiaé mutin
(quercetin-3-O-rhamnosyl-glucoside) were markeaiguced in most cultivars.;ad no effect on the level of
anthocyanins and chlorophylls but it decreased teaoids, and tended to inhibit buckwheat growth. In
conclusion, a thesis can be formulated that, duleigb reduction in important flavonoids, an eledatevel of
ambient ozone decreases the nutritional value mieon buckwheat seedlings.
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Introduction

Ozone is brought down from the stratosphere byulerite during severe electrical
storms but, more importantly, it is formed in phdtemical reactions involving nitrogen
oxides, carbon monoxide and volatile organic commgisuor by refuse burning and
combustion of exhaust gases from engines, and glisome industrial processes [1].
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Therefore ozone concentrations are usually higimestban and rural areas in developed
countries. The mean tropospheric ozone concentratabled during the last century, and
in some parts of Poland has reached the level ®2D0pg- m>, which indicates that Os

at phytotoxic levels [2].

Ozone is the main phytotoxic air pollutant to thenp since it causes more damage to
plants than all other air pollutants combined [Bhe available scientific literature on the
topic has shown that exposure to even small coratgois of Q decreases the
photosynthesis and favours premature aging of ket,pwhich results in an inhibition of
growth and yield [4, 5]. Generally, young plante #ine most sensitive to ozone whereas
mature plants are relatively resistant.

The type of injury is dependent on the concentratibambient @ length of exposure,
weather conditions and plant genetics. An elevd®dl of ozone can cause damage to
plants by imposing conditions of oxidative stread @jury [6]. Production of antioxidant
metabolites is one of the defense responses tantpact of Q which increases total
phenols contents, but variable patterns were abs®roed, especially when considering
single metabolites [7-9].

It has been found that ozone treatment induceshegis of flavonoids by enhancing
activities of flavonoid pathway enzymes and phermgpanoids accumulation [4, 10-13].
Elevated Q increased the contents of flavonoids in the leafdsirch [12, 14] and maize
[15]. Contrary to this, elevated ozone caused aifsignt reduction in total phenolic
content in soybean leaves [8]. Similarly, ozonereased total phenolics and did not
display any significant effects on kaempferol biuthyesis while steeply enhancing the
biosynthesis of quercetin derivatives @inkgo biloba leaves [16]. On the other hand,
Haikio et al. [17] found that elevated ozone did adfect the level of total flavonol
glycosides in hybrid aspen. These results may sidlgat ozone can in various ways affect
individual types of phenolic compounds. Recentl\as also been observed that rice plants
[18] and mung bean [19] have a cultivar specifgpanse to ozone stress. This means that
in response to such stress a genetic factor is@alsortant.

Many studies have shown that ozone treatment rediheclevels of pigments, such as
chlorophylls and carotenoids, involved in photosynthesis [20-24].eTHecrease of
chlorophyll concentration is considered to be ardary response to ozone exposure [25].

Common buckwheat Fagopyrum esculentum Moench) is a fast-growing
dicotyledonous plant. Tissues of buckwheat spraans seedlings accumulate large
concentrations of various flavonoids [26]. Threetlod main classes of flavonoids have
been found in buckwheat: flavonols, flavones anth@yanins. Buckwheat tissues contain
rutin (quercetin-3-O-rhamnosyl-glucoside), the maftavonol, and recently identified
guercetin-3-O-rhamnosyl-galactoside. The flavonessgnt in buckwheat seedlings are
C-glucosides of apigenin (vitexingo-vitexin) and luteolin (orientinjso-orientin) [27].
Flavonoids biosynthesis is regulated by a compiaraction between internal and external
stimuli, such as temperature, type and intensityligiit, abiotic stressors and plant
hormones [7]. These compounds can serve as ardiasidand/or as substrates of
phenol-consuming antioxidant enzymes. Due to highn rcontent, buckwheat sprouts are
a valuable component of human diet. The consumptiosprouts, including buckwheat
sprouts, is becoming more and more popular [27].

The contents of rutin and other flavonoids are céfé by many abiotic factors,
including air pollution. Buckwheat seedlings pravich convenient model plant for
investigating of the influence of such factors enagcumulation of phenylpropanoids [26,
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28, 29]. The aim of the present study was to daterthe effect of ozone fumigation on
individual flavonoid glycosides, chlorophylls, ctenoids and total phenols in the
cotyledons of seedlings of common buckwheat culéiva

Materials and methods

Plant material and growth conditions

Seedlings of common buckwhedtafopyrum esculentum Moench) cv. Hruszowska,
Luba, Kora and Red Corolla were used in this stiittyszowska is the oldest and widely
grown Polish cultivar. Kora and Panda were obtaiasda results of breeding from
Hruszowska and introduced to cultivation in the .9Bgd Corolla was established by
crossing Buriatskaja and Hruszowska cultivars. Bugiatskaja population is grown in
steppe conditions in Russia, and it is distinguisine the red color of the leaves and sepals.

Four-day buckwheat seedlings were obtained as ilescrearlier [26]. Next, the
buckwheat seedlings were transferred to contra@i@dronment conditions with a 16/8 h
24/18°C day/night scheme and light intensity of -1@0 pmol-m*s™ which was provided
by 400 W high pressure sodium lamps, and growm@fdth Hoagland solution. After two
days of incubation in these conditions, the buclavteeedlings were treated with ozone
during 5 days for 1 h each day, beginning at 10 am.

The seedlings were fumigated with a stream of oZdndn?-min™; 391 ug-nv) in
a closed glass chamber, volume 30°dMzone obtained in a generator was mixed in
a mixing vessel with the air and supplied to th&dro of a glass jar with a polypropylene
pipe, and excess gases were discharged througheariobe from the upper part of the jar.
After the fumigation, plants were left in a streafambient air (1 drhmin™). Control
seedlings were exposed only to ambient airw@s produced in a generator Korona 01/05
(Ekotech, Poland) in which the negative coronaldisges are applied. To measure ozone
concentration, a GasHunter Ozone Meter (Alter, Rt)lavas applied. The experiments
were repeated three times.

After the experiment, part of fresh material (cetidns of 10-20 seedlings) was
analysed for chlorophylls, carotenoids and totaérmis, and the rest (cotyledons of
10 seedlings per replicate) was used to conduct@H®halyses of individual flavonoids.
Before flavonoids were determined, plant samplesewieozen, then freeze dried in
a laboratory freeze drier (Christ, Germany) and/@iited in Tube Mill (IKA, Germany).

Determination of flavonoids

Details of the flavonoids analysis were describeslipusly [26]. Briefly, freeze-dried
samples of buckwheat cotyledons were extractedtiiimes by sonication with a mixture of
60% methanol and 0.4% trifluoroacetic acid. Poagtiacts were centrifuged and used for
HPLC analysis. A HPLC system was equipped with @x250 mm i.d. Cadenza CD£
3 um column, and UV detector set at 350 nm (flavoned #lavonols) and 520 nm
(anthocyanins). The analysed flavonoids were eluted a gradient system
composed of solvent A (water/acetonitrile/formicidac89:6:5) and solvent B
(water/acetonitrile/formic acid, 15 : 80 : 5). Tfi@vonoids were identified by comparing
the retention times to the available standards. iBeroial standards were used to calculate
flavonoids contents, except for quercetin-3-galsgtohamnoside, the contents of which
were calculated based on the standard for rutin.
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Total phenolics assay

Total phenolics were determined spectrophotomélyicasing Folin-Ciocalteau
reagent (Sigma). Reagent mixtures were allowed etactr at ambient temperature in
darkness for 2 hours, and the absorbance of supeteawas measured at 725 nm.
Chlorogenic acid was used for a standard curvegpagipn (Sigma).

Determination of chlorophylls and total carotenoids

Chlorophylls and total carotenoids contents werantjfied with a spectrophotometer
and extinction coefficient published by Lichtentvadnd Welburn [30].

Elongation of shoots

Differences between aerial parts (shoots) befotkadter 5-day treatment with ozone
were treated as elongation of shoots. Mean resiltelongation were obtained from
20-30 seedlings.

Statistics

Fumigation with ozone and analyses of metabolitesewperformed in triplicate.
Statistical analyses of results were achieved witht-test, and significant differences in
relation to the control plants were indicated witlp < 0.05.

Results and discussion

The biosynthesis of flavonoids is regulated by masi internal and external stimuli
such as temperature, type and intensity of lighiptec stress and plant hormones [7]. The
mean tropospheric ozone content in Siedlce by 2048 50 ugn>, and the maximum
levels reached 135 pgi [31]. In the growth room where experiments werad@ted,
the background level of 0zone was below 4emitybelow the limit of determination of the
meter used). The ozone dose used (39Imiyduring 5 days for 1 h each day) did not lead
to any necrotic changes, even though it exceedstabdimes the mean for Siedice and
approximately 3 times the maximum ozone conterthinyear 2013. According to reports
of environmental services, concentrations of grelewel ozone higher than 300 pg°
occur in Poland incidentally.

Particular types of flavonoids were found to regpém an elevated level of ambient
ozone in different ways (Tables 1 and 2). The raspowas also dependent on cultivar
evaluated. In the cotyledons of cultivar Hruszowskiae contents of all flavones
(C-glucosides of luteolin and apigenin) decreasadku the influence of the applied ozone
dose. For Panda, the content of flavones did nahgh under the Qevel, but had a slight
tendency to decrease (Table 1). Similarly, in thgecof Red Corolla, the;@ose used had
no significant influence on the level of flavonaiddowever, the level of all flavones in
Panda significantly increased under the influerfo®z0

In the case of flavonols, the quercetin-3-O-rhamghgalactoside (QRGal) was
markedly reduced in the ozonized cotyledons of kEvuska, Panda and Kora, but only
slightly in Red Corolla. Ozone caused a large deswén the level of rutin in the cotyledons
of Panda, Kora and Red Corolla. This decrease eehabout 30% in Red Corolla and
Panda. A different response tg; €xposure of the buckwheat cultivars may be due to
genetic factors. It has been established that combuzkwheat is characterized by high
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intraspecific genetic variability due to self-incpatibility and a large number of genes
self-infertility [32]. Recently, rice plants [18]nd mung bean [19] have been found to

desplay an intraspecific response to ozone stress.

Table 1
Effect of ozone treatment on content of flavones #iavonols [mgg™d.w.] in cotyledons of common buckwheat
seedlings
. Cultivar analysed
Object Hruszowska | Panda [ Kora Red Corolla
Orientin (Luteolin-8-C-glucoside)
Control 3.29+0.13 3.02+0.06 2.97+0.14 2.89+0.16
Ozone treated 2.77+0.06* 2.83+0.05 3.59+0.08* 3.16+0.02
iso-Orientin (Luteolin-6-C-glucoside)
Control 5.65+0.21 5.25+0.07 5.25+0.09 5.18+0.14
Ozone treated 4.90+0.07* 4.97+0.07 6.21+0.20* 5.59+0.03
Vitexin (Apigenin-8-C-glucoside)
Control 4.01+0.15 3.03+0.06 3.11+0.09 3.23+0.11
Ozone treated 3.16+0.07* 3.07+0.05 3.85+0.12* 3064
iso-Vitexin (Apigenin-6-C-glucoside)
Control 8.02+0.31 6.37+0.10 6.04+0.08 7.05+0.34
Ozone treated 6.66+0.09* 5.98+0.13 7.61+0.25* 7018%
Quercetin-3-O-rhamnosyl-galactoside (QRGal)
Control 1.85+0.07 1.06+0.03 1.74+0.04 2.15+0.09
Ozone treated 0.58+0.02* 0.67+0.02* 1.44+0.04* 2.00£0.11
Rutin (Quercetin-3-O-rhamnosyl-glucoside)
Control 12.65+0.49 15.16+0.28 11.59+0.16 25.49+0.87
Ozone treated 12.44+0.27 10.62+0.12* 10.30+0.16* 18.36+0.24*
Total flavones and flavonols
Control 35.47+1.35 33.89+0.58 30.71+0.56 45.98+1.46
Ozone treated 30.51+0.52* 28.13+0.42* 33.01+0.51 40.11+0.47*

Means marked with an asterisk were consideredsstatily significant in comparison to control@k 0.05. Lack
of the asterisk means no significant differencedmparison to control.

Table 2
Effect of ozone treatment on content of anthocyafrimgg™ d.w.] in cotyledons of common buckwheat seedlings

Object Cultivar analysed
Hruszowska | Panda | Kora | Red Corolla
Cyanidin-3-O-rhamnosyl-galactoside
Control 0.92+0.02 0.66+0.01 0.65+0.02 2.54+0.12
Ozone treated 0.76+0.01* 0.64+0.02 0.89+0.02* 2.59+0.10
Cyanidin-3-O-rhamnosyl-glucoside
Control 0.19+0.01 0.10+0.01 0.14+0.01 0.74+0.02
Ozone treated 0.15+0.01* 0.11+0.01 0.14+0.01 0.71+0.03
Total
Control 1.11+0.02 0.76+0.02 0.79+0.03 3.27+0.14
Ozone treated 0.92+0.01* 0.75+0.03 1.03+0.02* 3.36+0.05

Means marked with an asterisk were consideredsstatily significant in comparison to control@ak 0.05. Lack
of the asterisk means no significant differenceamparison to control.

The much higher impact of{@n flavonols may be explained by the fact thatrceién
derivatives have a higher antioxidant capacity camap to flavones [33]. Therefore,
guercetin glycosides can be more quickly oxidisg@hzymes involved in oxidative stress.
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Ozone damages the integrity of cell membranes, lwta lead to oxidation of flavonoids
by oxidative enzymes.

Considerably higher levels of anthocyanins: cyanRHO-rhamnosyl-galactoside and
cyanidin-3-O-rhamnosyl-glucoside, were found in Ratolla than in the cotyledons of the
other cultivars (Table 2). However, most cultivéiRed Corolla, Panda and Kora) showed
no significant effect of the applied elevated doE®; on the level of anthocyanins. Ozone
contributed to reduction in the anthocyanins coneety in the cotyledons of Hruszowska.

The results of the present study do not confirmfitngings of earlier reports about the
effects of tropospheric £on the level of flavonoids. The results of mostlodse reports
show an increase in the content of phenol compoimasonized plant tissues [11-14].
However, these investigations relate to chroniovatled ozone exposure on metabolic
woody plants. On the other hand, elevatedir@reased the contents of flavonoids in the
leaves of maize [15] and soybean [34].

Our findings do confirm a significant reductionphenolics content in soybean leaves
due to an elevated level of ozone reported by Betrger [8]. Similarly, @ decreased total
phenolics, had no effect on kaempferol biosynthésis enhanced the biosynthesis of
guercetin glycosides iGinkgo biloba leaves [16]. In studies on red clover, it was found
that individual isoflavones responded differentdyozone compared to other flavonoids [9].
On the other hand, Haikio et al. [17] found thavelted Q did not affect the level of total
flavonol glycosides in aspen. According to thesthars, flavonol glycosides do not play
a role in defense against oxidative stress, degpitér antioxidative capacity. In the
biosynthesis of flavones and flavonols, there & same precursor - trihydroxyflavanone
(THF) [7]. It is possible that ozone inhibits consien of THF to flavonols more preferably
than the biosynthesis of flavones. However, this-réaching speculation requires
examination of the activity of relevant enzymes.

The applied elevated dose of kiad no significant effect on the contents of oyl
a or b in the cotyledons of buckwheat cultivars (Table IBWwas reported previously that
a decrease in chlorophylls concentration is comsitiéo be a secondary response to ozone
exposure [25]. Probably, Qised for 1 h per day for five days is not sufiitiéor a larger
loss of pigments. It has been shown that chronanezxposures can cause a significant
decline in pigment content, but acute treatment may be sufficient to induce any
modification in the constitutive levels of chlorgpls [35-37]. Also, there was found no
effect of the concentration and time of @se on the level of total phenols analyzed by the
Folin assay. The Folin method is not specific aheyefore, the results obtained can be
imprecise.

The elevated ozone dose applied had a much gregtact on carotenoids. In all the
examined cultivars, significant reduction of totarotenoids content was found (Table 3).
The main role of carotenoids is the detoxificatiof reactive oxygen species in
chloroplasts. The antioxidant activity of carotefwiis based on their singlet oxygen
guenching and an ability to trap peroxyl radica#8][ Regarding antioxidant properties,
carotenoids play a crucial role as photoproteciargphotosynthetic units preventing
self-oxidation of the photosystems [38]. It seelmst this dual function of carotenoids in
plant cells is one of the reasons for reductiotheir level caused by ozone [20-22].

The use of an elevated dose of ozone for 1 hounglwonsecutive five days resulted
in growth inhibition of buckwheat shoots (Table Bpwever, this inhibitory effect has not
been statistically proven in three of the four iwalts due to the large discrepancy between
measurements. Only in Red Corolla, an inhibitorfeaf of O, on shoot elongation was
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demonstrated. The inhibition of plant growth caussdelevated tropospheric ozone is
commonly known [6, 22, 39]. It has been found thetposure to @ decreases

the photosynthesis and favours premature aginghefplant, which results in growth
inhibition [4].

Table 3
Effect of ozone treatment on contents of chlorofshybtal carotenoids and total phenolics in catgles of
common buckwheat seedlings, as well as shoot diiamga

Object Cultivar analysed
J Hruszowska | Panda | Kora [ Red Corolla
Chlorophylla [mggf.w.]
Control 1.31+0.08 1.39 +0.08 1.30+£0.06 1.43+£0.12
Ozone treated 1.27+0.10 1.23+0.07 1.20+0.14 1.263+0.
Chlorophyllb [mggf.w.]
Control 0.46+0.03 0.51+0.05 0.46+0.08 0.51+0.06
Ozone treated 0.48+0.07 0.46+0.05 0.42+0.05 0.408:0.
Total carotenoids [mg™f.w.]
Control 0.289+0.024 0.296+0.024 0.281+0.023 0.32938
Ozone treated 0.252+0.026* 0.249+0.024* 0.210 004 0.244+0.045*
Total phenolics [may*d.w.]
Control 56.81+1.33 52.42+3.16 57.47+4.62 57.47+0.91
Ozone treated 55.59+2.33 53.99+2.93 54.96+2.58 831.86
Shoot elongation [mm]
Control 31.1+14.0 40.9+£15.0 35.4+12.2 33.945.8
Ozone treated 25.319.4 42.7+13.1 29.3+8.1 27.6+6.4*

Means marked with an asterisk were consideredsstatily significant in comparison to control@ak 0.05. Lack
of the asterisk means no significant differenceamparison to control.

Conclusions

Particular types of flavonoids present in buckwhasyledons were found to respond
to an elevated dose of ambient ozone in differemysv The response was also dependent
on cultivar evaluated. In the cotyledons of ozodifmickwheat seedlings, contents of
apigenin C-glucosides decreased or did not dependhe cultivar examined. In the
case of flavonols, the contents of quercetin-3-@athosyl-galactoside and rutin
(quercetin-3-O-rhamnosyl-glucoside) were markedigiuced in most cultivars. However,
the elevated dose of;@pplied showed no effect on the level of anthooarO; also had
no effect on the contents of chlorophylls but desesl total carotenoids, and
simultaneously had a tendency to inhibit seedlingah. In conclusion, a thesis that an
elevated level of tropospheric ozone in various svaffects the content of particular
flavonoids in the cotyledons of common buckwheadtiags can be formulated. Due to
high reduction in important flavonoids, tropospheszone decreases the nutritional value
of common buckwheat sprouts.
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