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Original Research Article

I nstrumental Approach to the Deter mination of Ozone

Phytotoxicity

Abstract
Ozone (Q) phytotoxicity is a serious concern all over tHhebg. G can cause both biochemical and

physiological changes to plangsd-that could lead taeduction in growth and yield. Its effect on

agricultural crops is usually detectedfakar injury. Although foliar injury has frequentiservedasa
physiological basis for monitoring performance @fieultural crops and assessing air quality, its
visibility depends on period of exposure, concdidraof ozone, and environmental conditions. The
present study focussed on the determination ofieiocal indicators of ozone phytotoxicity including
Rubisco (biochemical indicator for carbon assinola), photo-pigments [carotenoids and chlorophyll
(a & b)], and chlorophyll photochemical efficienoyn a judiciously selected plahlicotiana tabacum
(Tobacco), variety: Little Havann&n Eenclosed computer controlled growth chamber was tésed
cultivation of the experimental plant groups (ozoeerposed and control). Spectrophotometric
measurements of the biochemical indicators wergiechrout to evaluate the exposure-response
behaviour of the plant. Our results showed a sicanit (P< 0.05) decrease of the biochemical
indicators that is reproducible even when foligjuiip is not detected. Besides, experiments also
showed that chlorophyll a is more sensitive to @zdéiman chlorophyll b. The instrumental readings
were supported by a reduction in total organicogién and starch content and ultimate decrease in
growth rate and root: shoot ratio. While significaariations in the intensities of foliar injury rcde
detected among plants within a growpreproducible exposure-response data were obtaired f
instrumental measurements. Such measurements sansatve a® basis for the development of

implantable sensors fom-situ monitoring of ozone pollution in sensitive crops.

Key words: Nicotiana tabacum, 0©zone phytotoxicity, biochemical indicators, grovetirambers
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I ntroduction

Tropospheric ozone, a photo-oxidant produced frdnogen oxides and volatile organic compounds in
the presence of sunlight, is toxic to sensitivenpkpecies at relatively low concentrations. b of

the most phytotoxic air pollutants that cause aersible damage to vegetation throughout the world.
The effects of @ on plants are numerous and vary with the intenaitg duration of exposure,
concentration, and presence of compounding stresgels as drought, competition, nutrient deficiency
and pathogengOs enters plants through stomatal pores and readts|plant constitutive cells and
materialswi), generates other reactive oxygen species and sawddative stress [1]. It causes
biochemical and physiological changes leading ® itthibition of photosynthesis and a consequent
decrease in plant growth, biomass accumulationcampl yield, accelerated senescence of older faliage
and loss of vigouf1-5]. There can be visible foliage symptoms assed with ozone injury, including
chlorotic mottle, tip or margin burn, stipple, anelcrosis [6-7]. Such symptoms have served laesis

for monitoring performance of agricultural cropsdaassessing air quality. However, foliar ozone
injury symptoms are only an indication of previcerposure to elevated ozone concentrations for a
certain time period, anddhen environmental conditions were conducive tonezoptake and cellular
injury. There is, therefore, continuing interest @stablish more reliable methods for monitoring
performance of agricultural crops and assessingality related to @ Studies have already shown
that exposure to ozone often leads to reductigmawth and yield of a plant even if signs of anyudl
injury_are not observed [8]. Both growth and yield redwim optimum photosynthetic rate and
chlorophyll photochemical efficiency. Photosynthetate is linked to carbodioxide assimilation.
Exposure to @causes reduction in assimilation and increasegiregsry loss of carbon dioxide. The
diminished assimilation of carboudiexidgsdioxide is induced by a decline in Ribulose 1,5-
bisphosphate carboxylase/oxygenase (Rubisco) arngsecampairment of the processes of
photosynthesis and alter allocation of carbon ffedint organs and leado altered growth responses
of these organ@-11]. In agricultural crops, this results in redd grain or seed yield, and ressittie
plant’s ability to tolerate additional stressesclswas stress due to drought or low temperatures.
Measurements of COgas exchange, carboxylation rate of ribulose lisphate by Rubisco and
chlorophyll photochemical efficiency could thus\@gasa basis to monitor performance of agricultural

crops.

The objective of this work was to determine the aetpof 0zone exposures on selected plant cultivars
through measurement of GQas exchange, Rubisco, chlorophyll photochemiifaliency and related
parameters such as biomass accumulation, stomatductance, carotenoids, total organic nitrogen

and starch contents. Tobacco variety, Little Hagar8R1 Kicotiana_tabacum) was selected because
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of its sensitivity to ozone. Experiments were @trout iran enclosed computer controlled growth
chambers. Such chambers provide climatic condittbasare similar to those outside and provide the
best available source of data for plant responses Ot exposure owing to rapid air
exchange-laxchange. Inaddition to a reliable exposure-response datdruimental measurements
reported herein can also serve adasis for the development of implantable sensorsiresitu

monitoringof ozone pollution in sensitive crops.
2. Materials and methods
2.1 Plant material and environmental conditions

Nicotiana_tabacum plants (Tobacco), variety Little Havanna, SR1 were sulg@dcto Q exposure.
Tobacco plants grown from seed were germinatedhenrésearch garden. Eight tobacco plants (four
plants for each group) were later transplanted puts in standard soil medium (peat: soil: sand =
2:1:1). Plants were watered daily with tap watepttovide adequate soil moisture and fertilizagion
was done three times before the experiment stadeddd nutrients in the soilThere was no
requirement for minimum plant size, although alingk were required to have healthy appearance and
at least five leaves in terms of leaf coloratiSelectedl he eight tobacco plants were divided into two
groups (control and exposed to ozone) and from emolp, two plants werenalysedused for
photosynthesis and biomass determination and dtherplants were analysed for biocheaistry
analygts. Plants for each treatment were divided into teqolicate chambers so that each chamber
contained one ‘biochemistry plant’ and one ‘photabkgsis and biomass’ plant (i.e. two plants per
group). Qexposures were conducted in enclosed computeratleatrgrowth chambers for 9 days and
8 hours per day under the following environmentaditions: 28-C / 18" C (daytnight), 18 h: 6 h
(light: dark, 6 am td24-prmidnigh?) photoperiod, light intensity about 250pmol phatiorf/sec.Os

concentration was 0 ppb in control chamber anddiin ozone chamber.
2.2 Qualitative (Visible) observations

Os exposed tobacco plants exhibited foliar injury dgrthe 8 days exposweSpecific characteristics
recorded for leaves included abnormal coloratiapéeially chlorosis), mottling, necrosis, pigmented
stipple, curling, and senescence. The appearandgsible injurywasevaluatedas evaluatedt the end

of ozone exposure from the onset of lesion devetypnmand served as basis for subsequent

experiments.

3|Page



95
96

97
98
99
100
101
102

103

104
105
106
107
108
109
110
111
112
113
114
115

116

117
118
119
120
121
122
123

2.2. Instrumental M easur ements

2.1. Gas exchange measur ement

Net photosynthetic rate (Pand stomatal conductance)(gf ozone exposed and of control tobacco
plants were assessed using an open gas exchangm f$COR -6400). Three fully developed leaves

from each tobacco plant were selected and measmeat saturating irradiance. Photosynthetic photon
flux density (PPFD) was fixed at 1200 pmol photorfégec, using a red-blue LED light source built

into the leaf cuvette, though other environmermtcﬁré, such as air humidity was not controllesl, i.

natural variation was permitteak
2.2 Chlorophyll fluor escence measur ement

The chlorophyll fluorometer, a multi-purpose toohieh provides dark adaptation for the sample
(required for the measurement of maximum photocbaimefficiency) was used to measure the
maximal apparent efficiency of PSIl i.e/IRk, = (Fn— Fo) /Fm, Where is minimal fluorescence yield
and F,is maximal fluorescence vyield of dark adapted leavear fully expanded leaves were selected
from each plant (four plants, two from each treatthand a dark leaf clip was placed on the lealfor
minutes prior to the measurements. The instrumélizad a time resolved method to determing F
with light-emitting diodes that also delivered ausating pulse of 6000 pmol phOtons'er'lj[le] to
obtain R, It is vitally important that the illumination shla not vary in intensity during measurement
otherwise the §and peak fluorescence will have been determinduyudifferent light levels and
therefore cannot be compared. By measuring thel yiechlorophyll fluorescence, information about
changes in the efficiency of photochemistry and léssipation can be gained. Dark-adapted values of

Fo, Fm and K/Fn, were obtained prior to the first light period.
2.5 Determination of chlorophyll concentration, total carotenoids and Rubisco

Chlorophyll extraction and total carotenoids weetedmined in 80% acetone from three leaf discs of 2
cn? diameter(Ca. 70 mg altogether) according to thehowetlescribed by [12], with modifications by
[13]. Leaf discs were carefully removed from non-necratieas of leaves, weighed and immediately
frozen in liquid N and then stored at -8D. The leaf discs were ground and the carotenoms a
chlorophyll pigments were extracted imymersion ofthe crude extract in 80% acetone (1600 pul of 100
% acetone and 400 pl crude extract makes 80 % raxetd\bsorbance of extracts was read by
spectrophotometer (Shimadzu UV-2401PC, UV-VIS rdicay spectrophotometer) at 646 nGG3nm
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and 470nm. Chlorophyll a (mg/émn chlorophyll b (mg/crf) and total chlorophyll content (mg/émn
were calculated according tachtenthaler, and Welburguationg13]-egquations

The concentration of Rubisco was determined byveagiolyacrylamide gel electrophoresis using
Thermo EC120 Mini Vertical Gel System [14], usingrified spinach Rubisco with a known
concentration as a standard. With this procedheeconcentrations of leaf Rubisco can be determined
from a fresh leaf sample in a single crude extiash tobacco leaf samples were used, with tieade |

discs of 2 cri(ca. 70 mg altogether) per 2 ml of extraction buff
2.6 Deter mination of starch

Determination of starch concentration is based mxyme reactions in which starch is first broken
down to glucose, glucose then converted to gluesfigthosphate, and on light absorption of NADPH
(at 340 nm) formed in the reactions. Boehringer Maim Kit describes how to analyse starch
(common polysaccharides in plants) concentratioth @nzymatic methods from freeze-dried plant
material. The leaf discs weggoeundirground inliquid nitrogenwith a mortar and pestle. Ca. 300 mg
powder,20 ml DMSO and 5 ml 8 NHCI were taken respectively to a to 100 ml Erlenerdiask with
wide opening AftereappingFflaskswere cappedvith a piece of Para filmand—were placed intoa
water bath (6?)3) for 30 min. Tlen-the flasks were allowed to cool down to room tempeamand ca.
50ml ultra purified water was addewmm was adjusted to 4-5, anthen the sample was
mevedtanoved t0100 ml volumetric flask. Water was added to thieivee mark and well mixed.

The sample was filtered with suction bottle and BierfunnelSampléunnel. Samplesolution and the
solutions from the enzyme kit (bottles 1, 2 andv@ye pipetted to the cuvettes as follows, 0.10 iml o
sample solution into sample and sample blank aBchlOof solution 1 intosample-Fhsample. The
cuvettes were capped with Para film, well mixed kept in the water bath at 60° C for 15 mfirtD0 mi
and 1.20 ml of water was added to sample and sabfgid respectively. Then 1.00 ml of solution 2
was added to both sample and sample blank. Absceb&aas measuresiththewith the Shimadzu UV-
2401PC, UV-VIS recording spectrophotometer.

2.7 Deter mination of total organic nitrogen

Total organic nitrogen is often analysed from Isafnples to assess the general nitrogen (and rtytrien
status of the plants. Total organic nitrogen watemeined by the Kjeldahl method followed by

digestion, steam distillation and titration.
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3. ResultsandResults and discussion
3.1. Qualitative Results

A preliminary examination of ozone effect on tiNecotiana_tabacum (Tobacco), variety Little
Havanna, plant was investigated through qualitatwg@eriments involving observation of foliar
symptoms of ozone exposure vis-a-vis control. @sults showed significant physiological changes
including necrotic and chlorotic spots, and aceien of leaf senescenaith 85 % of the ozone
fumigated plangreupsandroups andhe intensities of such effects varied among glawth in the
group. However, the intensity of the observed symmst depended on the period of exposure. No
visible deleterious effects of ozone were obsemvét_the remaining 15% of the plants The plants

remained in similar vigor and growth rate as thiosthe control group.

3.2._Quantitative (Instrumental) results

3.2.1. Photosynthetic rate, stomatal conductance, and chlorophyll photochemical efficiency

Quantitative determination of the biochemical irdics were carried with both groups (ozone
fumigated and control) as well as those with whattysiological changes were not observed after
ozone exposure. Photosynthetic rate, stomatal abadce, and chlorophyll photochemical efficiency
are interdependent arde determined by health state of the plant. In thislgt the above parameters

areweremeasured to determine the phytotoxic effect of ezamdthe results are summarized in Table

1.

Table 1. Mean values with SD folet photosynthesis, stomatal conductance, and gitigho

photochemical efficiencyH,/F,) of control and ozone fumigated groups\ibotiana tabacum plants.

Experiment Net Photosynthesi$Stomatal Conductance Fu/Fm
(umol/nt /sec) mol H,O/n? /sec

Type control  ozone Control Ozone control Ozone

Instrumental 12.08 + 10.15+ 0.175 + 0.125 + 0.85+£0.01 0.6%0.01

readings (mean, sd)2.95 1.50 0.025 0.011

As indicated in the Tablebove reduction in all of the three parameters was nasxb with ozone
treated plant groups as compared to that of comfrolp. The results can be explained based on
interaction of ozone with constitutive plant cellad consequent effect on biochemical processes.

Photosynthetic rate is usually measured by, G& exchange rate [15]. In this study, a decreagas
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exchange was observgd@able 1) and suggested a decrease in photosynthet. The other secondary
response to ozone is a reduction in stomatal cdadoe, as the stomata close in response to inctease
internal CQthat occurs because of the reduced photosynthetfidtg caused by the ozone [16-18]. It
has been suggested that the decrease in stomathlatance caused by (3 similar in magnitude to
the 10 % decrease caused by.@@reases since preindustrial conditions [19]. Auaion of net
photosynthesis and a reduction in stomatal condaetabserved in this study, agrees with the results
of other researchers, wAmavealso found reduced photosynthesis and reducedasabconductance in

Oz exposed plants [20]. Chlorophyll photochemicaladincy is measured by chlorophyll fluorescence.
Chlorophyll fluorescence is a red and far-red lightittedbyphetesynthetisy photosynthetidissue

when it is excited by a lighDs-induced reduction in photosynthetic rate can thdgate reduction in

chlorophyll activity and/or quantity. A decreasecimorophyll fluorescence in turn indicates deceehas
concentration of chlorophyll (Beer’'s law). Therefgshotosynthetic rate and chlorophyll fluorescence
are interrelated [21, 22] and their measurement sEme as a basis to monitoring @ollution.
Interestingly, all the @treated plants including those whigigr’t-did notshow foliar injury responded

to the exposure.

3.2.2.Rubisco, Chl a, Chl b, and cC€ar otenoid concentrations

Results from instrumental measurements of the carhesimilation indicator (Rubisco), and
photosynthetic pigments (chl a, chl b, and carats)dor G; pollution are summarized in Table 2. A
general decrease in concentration of Rubisco aamgigments can be observed with all of the plants
previously exposed to ozone as compared to thahefcontrol. While the decrease in Rubisco
concentration in @ polluted plants could be due tos{Dduced oxidation which enhances its
susceptibility to proteolytic degradation [23] th&t chlorophyll and carotenoid is explained by thei
redox reaction with ozoneReductions in stomatal conductancey),(gnet photosynthetic CO
assimilation, and carboxylation efficiency have ladlen associated withs@xposure [24-27]. These
reductions reveal a loss of ribulose-1, 5-bisphatpliarboxylase/ oxygenase (Rubisco), and decreased
Rubisco activity [28, 29] urdereConditions where additional synthesis shouldreimatminimal

showed a substantial decline in Rubisco contengjestqng that the primary cause of the decline in

Rubisco due to ©@exposure was enhanced degradation rather thaneégwoduction. Rubisco activity
and/or quantity is thus a good bioindicator fordative stresses in plants. Accelerated loss of $tabi

in mature leaves reflects&timulated proteolytic degradation.
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Chlorophyll a (Chl a) is universally found in alh@osynthesizing cells and pEwnactive role in
photosynthesis functioning asphotoenzymehatconvers and storg incoming excitation energy in
the form of an oxido-reduction potential. Chl btiee second common but not universal kind of
chlorophyll, in addition to chl a, and represeatlocally oxidized derivative of chl a. The obsatv
decrease in chl a concentrations is explained éyxidative damage to thesichlorophyll by reaction
with Os. Besides—Experiments also showed that chlorophyll a is mazesiive to ozone than
chlorophyll bjms]

Carotenoids [carotenes (non-oxygenated) and caioteneferred to as xanthophylls (oxygenated)], on
the other hand, are long chain conjugated olefmiglecules synthesized by a wide variety of
photosynthetic (plants, algae) and non-photosyitthésome fungi and bacteria) organisms.
Carotenoidsreinvolved in several aspects of photosynthesis, notably Bdisorption, energy transfer
to photosynthesis system, and protection of theqsyathetic apparatus froslermagebgiamage by
strong illumination. Recent studies have shown tebtenoids are also susceptible to oxidative
damage by @[80m7]. Thus the observed decrease in the pigmentsénottone treated plants as

compared to the control is consistent with previmpsorts.

Table 2. Mean values with SD for Rubisco concemmat(ug/mg f.wt), concentrations of
chlorophyll a, b and carotenoids (pg/mg f.wf)control and ozone fumigated groupsNitotiana

tabacum plants

Experiment Rubisco, pg/mg Chl a, pg/mg Chl b, ug/mg f.wt  Carotenoids
f.wt f.wt

Type control  ozone control Ozone control ozone m@ntozone

Instrumental 8.85¢+ 6.25x 175 + 135+ 042 0.4+ 0.43 0.35

readings (mean, sd) 2.05 2.01 0.25 0.05 0.025 0.01 #0.05 *.01

3.2.3Total nitrogen and star ch concentrations

Generally, reduction in photosynthesis would leachtreduction in starch and total organic nitrogen

production. This is verified in our experiment ardult is indicated in Figure 1.
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230

231 | Figure 1. Total organic nitrogen and starch contémizone fumigated vs control hiicotiana tabacum
232 plants.

233  As can be seen in theigure below, a strong decre#@e in total nitrogen and starch content was
234  observed with @fumigated plant groups. The degree qfi@luced accelerated senescence could be
235 responsible for decline in N availability. Previostudies [31, 32] suggested that when available
236 organic N in the plant is declines, the intensityDginduced accelerated senescence may be increased

237 and vice versa. Data reported herein support thieservations.
238 3.2.4. Biomassaccumulation

239  Allocation of carbon to different organs may beesdtd under conditions of reduced assimilate supply
240 through photosynthesis leading to altered grow#paoeses of these organs. This results in reduced
241  root:shoot weight ratios or in a reduction of taéa between seed yield and total biomass productio

242 In order to verify this experimentally, measurensewere conducted and results are summarized in
243 Figure 2.

244
o Final total dry mass Root-shoot ratio
5 .
(@)] 0 o
5
0
M Control H Ozone

245 M Control W Ozone

246 | Figure 2. Total dry mass and root:shoot ratio @fmezfumigated vs control groups of tRecotiana
247  tabacum plants.
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As can be seen from the Figure a decrease in btathdry mass and root:shoot ratio was recorded. Th
observed reduction in the dry weight was probalbly tonsequence of reduced Hhe greater
reduction of Rin the lower leaves is much more important for plgmowth than an equal percentage
reduction in the upper leaves, since, due to theiater size, their contribution to plant assinolatis
greater.

The reduction of the root to shoot ratio suggels#d, talthough the root was not directly exposed to
ozone, it was the most severely affected part efakposed plant. This observation is in agreement
with those of [33] who found that ‘the respirat@stivity of roots began to decrease well beforéias
injury appeared on the leaves, and the percenediiction of respiration was much greater than the
percent of leaf injury. The number of healthy loaki leaves per plant was significantly
decreaseditecreased imzone treated plants.In contrast, old, yellow ésa26), leaves with brown,
grey, yellow and white stippling (%) and leaves hwitecrosis (%)were increased significantly in

Osexposed plants.

4, Conclusions

In conclusion, a reliable exposure-response datee vobtained by instrumental measurement of
biochemical indicators [Rubisco, carotenoids anibraphyll (a & b), and chlorophyll photochemical
efficiency] of ozone pollution on a judiciously seted planiNicotianatabacum (Tobacco), variety:
Little Havanna. While significant variations in tivgensities of foliar injury can be observed among
plants within a group, a reproducible exposurewasp data were obtained from instrumental
measurements of the biochemical indicators. Besie@geriments also showed that chlorophyll a is
more sensitive to ozone than chlorophyll b. Furttesearch at the biochemical level using sensor
technologies is needed to decipher the mechanigimmaprove sensitivities of the measurement for

field applications and in situ monitoring.
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