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Abstract

A differential response to long-term ozone exposures (50 and 100 mm3 m-3) was
observed in the green and white arcas of variegated leaves of Hedera canariensis var.
azorica L. In green tissue the photosynthetic activity was depressed via a stomatal
mechanism, and in white regions no effect was observed. Chlorophyll fluorescence
parameters remained unchanged in green portions, whereas in the white ones Fy, and
F/F,, significantly diminished following ozone fumigation.
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Introduction

Ozone (O3) is the main constituent of photochemical smog, and its importance is
increasing. This air pollutant determines macroscopic responses in s¢nsitive plants,
but also long subliminal (“hidden™) effects, such as metabolic disorders which cause
reductions in growth or yicld even in the absence of any visible marking, have been
detected. Phytotoxicity mechanisms of Oy are complex and still a matter of debate,
especially as far as photosynthesis is concerned (Heath 1994).

Vauricgaled leaves are an interesting matcerial te investigate in the same organ the
influence of pigment on the photosynthetic response to an environmental stress
(Laffray et al. 1991, Beerling and Woodward 1995). The aim of this work was to
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investigate the gas exchange and chlorophyll & fluorescence (ChlaF) parameters in
green and white leaf portions of variegated plant, Hedera canariensis var. azorica L.,
subjected to realistic O; levels in long-term exposures.

Materials and methods

Plants: Rooted cuitings of ivy deriving from a single mother plant were raised in
plastic pots containing a steam-sterilized soil:peat:perlite mix, and grown in open air.
Uniform plants were selected when six leaves were fully expanded, and pre-adapted
to greenhouse conditions a week before the treatment.

Ozone fumigation was performed during the summer of 1996 in a set of Perspex
chambers, each measuring 0.90x0.90x0.635 m, that were continuously ventilated with
charcoal-filtered air (two complete air changes in 1 min). O3 was produced by
electric discharge via an air-cooled gencrator (Fischer 500, Ziirich, Switzerland),
supplied with pure oxygen, and it was mixed with the inlet air when entering the
fumigation chambers. O3 concentrations at plant height were continuously monitored
with a photometric ML8870 analyzer (Monitor Labs, San Diego, CA, USA); for
details see Lorenzini ef al. (1994). The target doses were 50 and 100 mm3 m-3 for 28
d (5 h d-i, from 09:00 to 14:00 h, solar time). The control plants were exposed to
charcoal-filtered air only.

Measurements and observations: Epidermal impressions from both sides of
interveinal portiens (proximal, medial, and distal) of leaves were made onto acetate
sheets (Beerling and Chaloner 1992). Stomatal density was determined using a Leitz
microscope at 250x. Three fields per leaf were counted, and four leaves from each
plant were analyzed,

Gas exchange was measured using a CIRAS-7 infrared gas analyzer (PP Svstems,
Stotfold, UK) at ambient CO, concentration, 80 % relative humidity, and 25 °C.
Saturating irradiance (800 umol m2 s-') was obtained with a halogen lamp.
Measurements were taken at the end of the treatment on five plants (three recently
mature leaves per plant, one green and one white area per leaf).

In vivo ChlaF excited by modulated red radiation (centered at 655 nm) was
measured at room temperature and wavelengths longer than 700 nm with a PAM-
2000 fluorometer (. Walz, Effeltrich, Germany) as previously described (Guidi er
al. 1997). Atter 40 min dark-adaptation, the maximum quantum yield of photosystem
2 (PS2) photochemistry was assessed as (F,, - Fo)/F,, = F,/F,, where Fy is the initial
level of Chlal, and F is the maximum fluorescence induced by an 800 ms flash of
saturating "white light" (Schreiber and Bilger 1993). Measurements were taken at the
end of the treatment on five plants (one recently mature leaf per plant, onc¢ green and
on¢ white area per leaf). The Chl content per unit leaf area was finally measured
spectrophotometrically in N N-dimethylformamide extracts according to Moran
(1982}
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Results and discussion

Characterization of variegated leaves: H. canariensis var. azorica leaves are
hypostomatous, and in the adaxial surface only rare stomata are present. No
significant differences exist for stomatal density between different comparable areas
(proximal, medial, and distal) in white and green regions (379+10.3 vs. 350+18.7
stomata per mm?, respectively, p>0.05, Student’s #-test). This is in accordance with
results of Aphalo and Sanchez (1986) in variegated H. helix leaves, but may be an
exception, because white portions of variegated leaves usually have a smaller
stomatal density in comparison with the green ones (Downton and Grant 1994,
Beerling and Woodward 1993),

Chl was not completely ahsent in white regions, but there was 45 times more of it
in the green tissue (Table 1). Similar results have been reported for variegated ivy
leaves (Aphalo and Sanchez 1986). Chl a/b ratio was three times larger in the green
portions than in the white ones. The net photosynthetic rate (P) in green leaf tissues
was about 4.5 pmol(CO,) m-2 -1, whereas the white leaf tissue did not show any net
uptake of CO,, and had lower values of both stomatal conductance (g,) and
transpiration rate (£) (-85 %) than the green regions. Apparently, stomata in the while
areas did not function properly. In variegated H. helix, gy, in the white areas was
approximatcly half of that measured in the green ones (Aphalo and Sanchez 1986).

Table 1. Chlorophyll (Chl) content [mg m?] and gas exchange parameters, /.., net photosynthetic
rate, Py [mol(COz) m™? 1], stomatal cenductance {gy,}, and transpiration rate (£) [mmol(H,O) m2
1], of green and white portions of variegated leaves of Hedera canariensis var. azorica in
pollutant-free air. Gas exchanges were measured at ¢a. 800 pmol{photon) m2? 51, 345 pmol(CO3)
mol!, and 21 % O,. Values represent means of ten replicates for Chl content analysis, and five for

gas exchange measurements. All difference were statistically significant according to the Student’s
{-test (p<0.001).

Leaf portion Chla  Chlbd  Chi{a+b) Chla/h Py gw E

Green 200.8 629 2637 3.19 454 91  1.85
White 2.8 390 5.8 0.93 -0.80 13 026

The ChlaF parameters were different in green and white portions (Table 2). In the
white areas, F, and F,, were very low (about -95 % in comparison with the green
tissue), probably as a consequence of a very low Chl content. Usually, Fy and ¥,
depend on the unitary leaf Chl content, as the reabsorption of the emitted
fluorescence is a function of the total Chl content (Lichtenthaler 1988). Surprisingly,
in both the white and green areas the F,/F,, ratio reached values considered normal
for healthy plants (Bjorkman and Demmig 1987). This indicated that the electron
transport efficiency around PS2 was similar in the two kinds of tissue. The white
portions of ivy leaves have apparently functional chloroplasts, as already reported by
Aphalo and Sanchez (1986). This implies that NADPH and ATP can be formed,
although at a rate much lower than in the green tissue. The question arises if NADPH
and ATP can be utilized in areas where the CO, balance is negative (respiration
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prevails). Evidence indicates that a high dark CO, fixation via phosphoenolpyruvate
carboxylase (PEPC) is induced in organs where photosynthesis is less efficient than
respiration, Ze., at a net loss of CO, (Hedley and Rowland 1975, Soldatini et al.
1982). Plomann and Eschrich (1990) report that the white areas of variegated Coleus
leaves fix CO, via PEPC.

Table 2. Chlorophyll @ fluorescence parameters of green and white portions of variegated leaves of
Hedera canariensis var. azorica in pollutant-free air. Measurements were carried out in leaves dark-
adapted for 40 min. Values represent the means of five replicates. The last row indicates the
significance ol the dilferences (Student’s i-est, ™" = p<0.001; ™ = p<0.01; NS = p>0.05).

Leaf portion Fy Fn F, F./F, Y/F,
Green 125 511 386 0.754 3.88

White 9 26 17 0.657 1.88

» *¥ ETT H ok NS Fkok

Effect of O3 fumigation: Plants subjected to a long-term Oy fumigation did not show
any visible foliar injury. Su, A. canariensis var. azorica can be regarded as a good
tolerant (resistant) plant to Oj in terms of macroscopic effects. As confirmation,
visible injury attributable to O3 under natural conditions was never reported.

Following the Oy treatment, Cht @ + & content in the green portions decreased
significantly while the Chl a/b ratio was not changed (Fig. 14,B). In the white leaf
portions, Chl amounts and ratio were unaffected by O; (Fig. 14,B).

Gas exchange responses to U5 were very ditterent in the two kinds of leaf. Py was
depressed in the green lissue only at a high O concentration (Fig. 1C) which was
related to a strong decrease in gy, and E (Fig. 1D,E). So, stomatal limitations were
certainly involved in reduction of Py induced by Oj in the green portions. As
confirmation, intercellular CO, concentrations were unaffected by O3 concentration
(225x7.3, 239£10.2, and 244+5.9 mm3 m-3, respectively, in controls, at 50 and 100
mm? m-3 Oy: these differences were not significant according to the analysis of
variance, p > 0.05). No effects of O; concentration on gas exchange were observed in
the white regions. Here the Py was negative (Fig. 1C) and the g, and £ were
unaffected by O; (Fig. IDE). A greater sensitivity of the green portions of
Chlorophytum variegated leaves to another oxidative air pollutant (ie., sulphur
dioxide) has already been also reported by Miszalski (1994).

Neither I'y nor Fp, or the F,/F,, ratio changed in green portions following the O
exposure (Fig. 1K,G,1). In the white areas, ¥ ,/F, significantly diminished following
03 exposure as well as the I, /T, ratio (Fig. 1H).

Stomatal limitations were involved in the reduction of photosynthetic activity of
green areas of the variegated leaves of H. canariensis var. azorica subjected to long-
term exposure to realistic ()5 coneentrations. The pollutant induced stomatal clogure,
and this in turm limited the CO, uptake, a phenomenon well-known in
phytotoxicology (Unsworth and Black 1981). The observed changes in
photosynthetic characteristics of fumigated leaves are consistent with Oy having in
these experimental conditions negligible direct effects on the photosynthetic
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performance, as confirmed by the absence of alterations in ChlaF parameters.
Nevertheless, O; may induce not only direct damages at the stomatal level, but also
induce the formation of reactive oxygen substances which may further affect cellular
metabolism. This does not affect the leaves uniformly, but restricts itself to defined
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Fig. 1. Effects of ozone (50 and 100 mm?® m~ for 28 d, 5 h per d) on chlorophyll (Chl) & + 5 (A)
confent [mg mZ], and the Chl a/b (B), net photosynthetic rate, Py |C, pmol(CO;} m? s°1], stomatal
conductance, g, [B, mmol(HyQ) m?2 sl|, transpiration rate, £ [£, mmol(H,0) m? ], and
fluorescence parameters (Fy, F; Fp, G F/F,, I F/T o, 1) in the green (closed circles) and the white
{open circles) portions of Hedera canariensis var. azorica leaves. Vertical bars indicate fiducial

limits (p = 0.05) (where they do not appear, their value is negligible).

areas where phenomena similar to those observed during senescence are provoked.
Oxidation reactions reduce Py and possibly accelerate cell senescence (Dann and Pell
1989, Greitner ef al. 1994). A reduction of photosynthetic activity without changes in
the electron transport efficiency is typical of senescence, whereas maximum
photosynthetic capacity decreases during senescence (Ticha et al. 1985). This would
be expected as a consequence of the loss of components of the photosynthetic
apparatus, cxpecially ribulose-1,5-bisphosphate carboxylase/oxygenase (Pell er al.
1992). However, the quantum efficiency of PS2 photochemistry remains constant
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during senescence (Jenkins ef al. 1981), indicating that the efficiency with which
individual PS2 complexes utilize photons for photochemistry does not change. The
absence of any decrease in F/F,,, also indicates that no net photoinhibitory damage
occurs to PS2 reaction centres. Similar results are reported by Nie er al (1993) for
wheat exposed to O;.

A different feature was shown by the white portions exposed to O;. Fg and F,,, did
not change, but F,/F, and F,/Fg significantly decreased. The value of this ratio was
about 0.45, so much lower than the values of 0.80-0.85 considered normal in healthy
plants (Bjérkman and Demmig 1987). Therefore, in the white portions, which
emitted CO,, the efficiency of electron transport was affected by Oy. The white
portions had stomata not properly functioning, i.e., the principal path of O3 entrance
should be strongly limited. The particular behaviour of the white portions as far as
the ChlaF parameters are concerned, and the limited knowledge about the CO,
fixation ability of non-green tissues do not permit explaining these parameters on the
basis of biochemical events in the loaf.

References

Aphalo, P.J., Sanchez, R.A.: Stomatal responses to light and drought stress in variegated leaves of
Hedera helix, - Plant Physiol, 81: 768-773, 1086,

Beerling, D.J., Chaloner, W.G.: Stomatal density as an indicator of atmospheric CO,. - Holocene 2:
71-78, 1992.

Beerling, I>.J., Woodward, F.I.: Stomatal responses of variegated leaves to CO; enrichment. — Ann.
Bot. 75: 507-511, 1995,

Bjérkman, O., Demmig, B.: Photon yield of O; evolution and chlorophyll fleorescence
characteristics at 77 K among vascular plants of diverse origins. - Planta 170: 489-504, 1987.
Dann, M.S., Tell, L.J.: Decline of activity and quantity of ribulosc bisphosphate
carboxylase/oxygenase and net photosynthesis in ozone-treated potato foliage. - Plant Physiol.

91: 427-432, 1989,

Downton, W.J.S., Grant, W.J.R.: Photosynthetic and erowth responses of variegated ornamental
species to elevated CO,. — Aust. J. Plant Physiol. 21: 273-279, 1994.

Greitner, C.5., Pell, E.J., Winner, W.E.: Analysis of aspen foliage exposed to multiple stresses:
ozone, nitrogen deficiency and drought. - New Phytol. 127: 579-589, 1994,

Guidi, L., Nali, C., Ciompi, S., Lorenzini, G., Soldatini, (&.F.: The use of chlorophy1l fluorescence
and leaf gas exchange as methods for studying the different responses to ozone of two bean
cultivars. — J. exp. Bot. 48: 173-179, 1597,

Heath, R 1. - Poscihle mechanisms far the inhibition of phatogynthesis by nzone. — Photagynth. Res.
39: 439-451, 1994,

Hedley, C.L., Rowland, A.O.: Changes in the activities of some respiratory and photosynthetic
enzymes during the early leaf development of Antirrhinum majus. - Plant Sci. Lett. 5. 119-126,
1975.

Jenkins, G.I., Baker, N.R., Bradbury, M., Woolhouse, H.W.: Photosynthetic electron transport
during senescence of the primary leaves of Phaseolus vulgaris L. III. Kinetics of chlorophyll
fluorescence emission from intact leaves.  J. exp. Bot, 32; 009-1008, 1081,

Laffray, D., Louguet, P., Garrec, J.-P.: Comparative analysis of stomatal functioning on white and
green leaves of a variegated leaf mutant of Pelargonium hortorum. - Plant Physiol. Biochem. 29:
657-666, 1991.

252



PHOTOSYNTHESIS OF HEDERA CANARIENSIS VARIEGATED LEAVES

Lichtenthaler, HK.: In vive chlorophyll fluorescence as a tool for stress detection in plants. - In:
Lichtenthaler, H.K. (ed.): Applications of Chlorophyll Fluorescence. Pp. 129-142. Kluwer Acad.
Publ., Dordrecht - Boston - London 1988.

Lurenzini, G., Medeghini Bonatti, P., Nali, C., Bareni TFornasicro, R.: The protective effect of rust
infection against ozone, sulphur dioxide and paraquat toxicity symptoms in broad bean. -
Physiol. mol. Plant Pathol. 45: 263-279, 1994.

Miszalski. Z.: Rapid evolution of stress ethylene only in the photosynthetically competent tissues of
variegated Chlorophytum. - Acta Physiol. Plant. 16: 33-37, 1994,

Moran, R.; Formulae for determination of chlorophyllous pigments extracted with N N-
dimethylformamide. - Plant Physiol. 69: 1376-1381, 1982.

Nie, G.-Y., Tomasevic, M., Baker, N.R.: Effects of ozone on the photosynihetic apparatus and leafl
proteins during leaf development in wheat. - Plant Cell Environm. 16: 643-651, 1993.

Pell, F.J., Eckardt, N., Enyedi, AJ.: Timing of ozone stress and resulting status of ribulose
bisphosphate carhoxylase/oxygenase and associated net photosynthesis. - New Phytol. 120: 397-
405, 1992,

Plomann, M., Eschrich, W.: Assimilate partiticning in the variegated Coleus leaf. — Bot. Acta 103:
430-434, 1590.

Schreiber, U., Bilger, W.. Progress in chlorophyll tluorescence research: major developments
during the past vears in retrospect. - Progr. Bot. 54: 151-173, 1993,

Soldatini, G.F., Antonielli, M., Venanzi, G., Lupattelli, M.: A comparison of the metabolism of the
ear and accompanying tissues in Zea maps L. 1. 1MCO; assimilation and photorespiration. — Z.
Pflanzenphysiol. 108: 1-8, 1982.

Tichd, L, Catsky, )., Hodanova, D., Popisilovd, J., Kase, M., Sestak, Z.: Gas exchange and dry
matter accumulation during leaf development. - In: Sestak, Z. (ed.): Photosynthesis during Leaf
Development. Pp. 157-216. Academia, Praha; Dr W. Junk Publ., Dordrecht - Boston - Lancaster
1985.

Unsworth, M.H., Black, V.J.. Stomatal respenses to pollutants. - In: Jarvis, P.E., Mansfield, T.A.
(ed.): Stomatal Physiclogy. Pp. 187-203. Cambridge University Press, Cambridge - Londen -
New York - New Rochelle - Melbourne - Sydney 1981,

253



