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ARTICLE INFO ABSTRACT
Keywords: This paper proposes an overall reassessment of results from fluorescence transient (FT) and modulated
Chlorophyll a fluorescence fluorescence (MF) analysis on tree species subjected to treatment with ozone. Findings from literature

Visible foliar symptoms
OKJIP transient

Open top chambers
Ozone stress

and open-top chamber experiments were used in this review, in order to identify damage mechanisms
and repair/avoidance strategies. Main results are summarised below.

Performance index (i) The most widely used parameter to assess the response to ozone treatment was the quantum yield of
Quantum yield efficiency primary photochemistry in the dark-adapted state (¢po, or Fy/Fu). This parameter proved to be very
Reaction centres stable in stress and control conditions. Ozone-induced stress — and the related loss of photosynthetic

efficiency and performance - was characterized by the change occurring in all parameters connected
with the controlled dissipation: reduction of Fy, Fy/Fu, RC/CSp (in the fluorescence transient analysis)
and NPQ (in the MF analysis). This can be considered as adown-regulation mechanism aimed at lowering
the electron supply as a consequence of a reduced demand from the Calvin cycle.

(ii) The FT analysis revealed a change in the I-P region shape, indicating that events beyond PSI are affected.
These events include a lesser density of PSI itself and the compromised ability of the end acceptors of
electrons (ferredoxine, NADP*) and RuBP to manage effectively the flux of electrons. This behaviour
may create an imbalance between electrons sent by the electron transport chain and those reaching
the acceptors beyond PSI. Free electrons (those coming from PSI, but that do not reach the end acceptors)
can activate the oxygen from fundamental to excited status, with production of ROS (Reactive Oxygen
Species), thus inducing photo-oxidation processes of the cellular content.

(iii) In many cases a temporarily enhanced efficiency of electron trapping and transport (expressed by the
parameters Fy/Fy, ET/TR, Plags, pQ) in PSII system has been observed. That efficiency has been connected
to the triggering of repair processes, but when it is connected to a reduced end acceptor capacity in
combination with reduced Calvin cycle energy demand lead to over-excitation of the photosynthetic
apparatus and initiates response towards visible foliar injury.

(iv) The behaviour of Fy can help us distinguish between different response strategies. The increase of Fy
observed in some ozone-treated plant species is considered an expression of irreversible damage in PSII,
whereas lowered values of this parameter may indicate the activation of PSII in the cells surrounding
the damaged one, as part of a compensative process.

Future directions for the research in this field concern: (i) the possibility to combine fluorescence
parameters with carbon assimilation and growth to support the study on critical levels and (ii) the anal-
ysis of the events concerning the activity of PSI and the events leading to the fixation of CO,, by using
innovative technologies.
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1. Introduction

Analysis of the fluorescence properties of chlorophyll a (Chl a)
in photosystem II (PSII) is an effective tool in the study of the physi-
ological aspects of photosynthesis (Govindjee, 2004; Strasser et al.,
2004), and has been extensively applied in plant stress investiga-
tions (Maxwell and Johnson, 2000; Adams and Demmig-Adams,
2004). Several approaches have been elaborated and proposed for
basic and applied research (Rohacek and Bartak, 1999; Rohacek,
2002; Baker and Rosenqvist, 2004; Schreiber, 2004; Strasser and
Govindjee, 1992a,b; Strasser et al., 1995; Juneau et al., 2005).

The first study on the relationship between ozone stress and
chlorophyll a fluorescence was published in 1978 (Schreiber et al.,
1978) and concerned the comparison of fluorescence induction
curves in bean leaves treated with ozone. Traditionally, the most
widely used parameter that defines stress condition in a plant is
the maximum quantum yield of primary photochemistry in the
dark adapted state, i.e. the capacity of photosystem II (PSII) to
trap the energy from the sun and reduce Qa (Krause and Weis,
1991). The quantum yield is calculated as the ratio between the
variable and the maximum fluorescence of a dark-adapted sample
and is expressed in all cases as @po, = 1 — Fo/Fy = (Fv — Fo)/Fm = Fy/[Fum
(Paillotin, 1976).

Direct (fluorescence transient, FT) and modulated fluorescence
(MF) analysis techniques propose a large number of parameters
aimed at describing the functionality of PSII; these have been exten-
sively applied to evaluate the responses of photosynthesis in woody
plants subjected to ozone stress. The aim of the present review is to:

assess the behaviour of Fy/Fy; across several different tree species
and experimental conditions, to verify common and consistent
responses;

compare the responses obtained with different parameters from
different fluorescence techniques, to verify the existence of com-
mon patterns of the response indicators;

investigate the behaviour of the different parameters from FT
and MF and compare them with other findings reported by the
authors (such as Py), to verify if it is possible to obtain a mech-
anistic and physiologically sound interpretation of the dynamics
of ozone damage.

In other words chlorophyll a fluorescence should not merely be
considered a technique that simply provides a response parame-
ter, since it also enables us to explore the physiological processes
following the exposure to ozone.

2. Chlorophyll a fluorescence parameters

Chlorophyll a fluorescence is a dissipation pathway for light
energy absorbed by the antennae of PSII, and is dependent on
the redox state of Qa, the primary quinone acceptor of PSII. In
dark adapted photosynthetic samples, the fluorescence intensity
changes as a consequence of the application of a saturating light
pulse: it rises from Fy (when all the reaction centres of PSII are
open, i.e. when the primary acceptor quinone Q, is fully oxidised)
to Fyi (when the excitation intensity is high enough to ensure the
closure of all reaction centres of PSII, i.e. the full reduction of all
reaction centres). After reaching Fy;, and under saturating light con-
ditions, the fluorescence signal decreases and within a few minutes
reaches a stable level (Fs or Fr). The variable fluorescence is calcu-
lated for each point at the time t intermediate between Fy and Fy,
as Fy = F; — Fy. The maximum variable fluorescence is Fy = Fy; — Fo.

The rise from Fy to Fy of dark adapted samples is called “flu-
orescence transient” (FT). Plotted on a logarithmic time scale, FT
shows a polyphasic behaviour (Strasser and Govindjee, 1992a,b;

2000
1800 P

1600 ’

1400 S

1200 I

1000

800 )

600

w0y gy

200

Fluorescence intensity (arbitrary units)

0
0.01 0.1 1 10 100 1000

Time, ms

Fig. 1. Example of OJIP transients, plotted on logarithmic scale. The different steps
at0.05ms (0), 2 ms (J), 30 ms (I) and maximal (P) are labelled. Full signs: not stressed
sample; empty signs: stressed sample.

Strasser et al., 1995) (Fig. 1). The different steps of this polypha-
sic transient are labelled alphabetically. The analysis of FT is called
the JIP-test (Strasser et al., 2000, 2004) and can be performed using
instruments with a very fast capacity of data acquisition in the first
second of illumination (direct fluorescence). The different phases
of this process are reflected in the fluorescence rise as steps ] (2 ms),
I (30ms) and P. The step with the highest fluorescence intensity is
called P (peak). The JIP-test refers to a translation of the original
data to biophysical parameters - all referring to time zero (onset
of fluorescence induction) - that quantify PSII behaviour. In par-
ticular, in the present study we have considered the yields and
flux ratios. They are: the maximum quantum yield of primary pho-
tochemistry (gpo, =TRo/ABS), the efficiency with which a trapped
exciton can move an electron into the electron transport chain
from Qa~ to the intersystem electron acceptors (¥g,=ETo/TRg),
the quantum yield of electron transport (¢g, = ETo/ABS), the quan-
tum yield of electron transport from Qa~ to the PSI end electron
acceptors (@ro = REg/ABS) (Smit et al., 2008; Tsimilli-Michael and
Strasser, 2008; Strasser et al., 2010), the efficiency with which an
electron can move from the reduced intersystem electron accep-
tors to the PSI end acceptors namely ferredoxine and NADP*
(8Rro =REQ/ETy). The performance indices (PI) are multiparametric
expressions elaborated through the above-mentioned independent
steps, all contributing to photosynthesis. Plags is the potential per-
formance index for energy conservation from photons absorbed by
PSII to the reduction of intersystem electron acceptors (Strasser
et al., 2000), Pltot is the potential performance index for energy
conservation from photons absorbed by PSII to the reduction of
PSI end acceptors (Strasser et al., 2010). Different FT can be com-
pared graphically by mean of the AV and AW curves, where
AV=(Vireated — Veontrol) and AW=(Wireated — Weontrol) (see defini-
tions in Table 1) (Strasser et al., 2004). These curves highlight the
differences of the fluorescence signals at each time t, thus reveal-
ing the intermediate bands between the OJIP steps. The K-band is
especially interesting: it appears at 100-300 s and indicates the
breakdown, or reduced efficiency, of the oxygen evolving complex
(Srivastava et al., 1997).

Differently from the fast kinetics (FT analysis), the MF acts
especially on light adapted leaves, by using pulsed light with Pulse-
Amplitude-Modulated (PAM) fluorometers. Among the parameters
that PAM instruments measure are the Fy/Fy ratio (Quantum yield
efficiency of primary photochemistry); photochemical quenching,
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Table 1

Explanation of the fluorescence technical data, and of the parameters used in this text.

21

Technical fluorescence parameters
Fe

F

Fo

Fo'

Fu

FM'

Fy

Fy

FV,

FT or Fs

@po =TRo/ABS =[Fy — Fol/F = Fy/Fu

Fluorescence emission from a dark-adapted leaf at the time t
Fluorescence emission from a leaf adapted to actinic light

Minimal fluorescence from a dark adapted leaf

Minimal fluorescence from a leaf adapted to actinic light

Maximal fluorescence from a dark adapted leaf

Maximal fluorescence from a leaf adapted to actinic light

Variable fluorescence from a dark adapted leaf at the time t. F, =F; — Fp
Maximal variable fluorescence from a dark adapted leaf. Fy = Fy — Fy
Variable fluorescence from a leaf adapted to actinic light. Fy'=Fy’ — Fs
Steady fluorescence from a leaf adapted to actinic light

Trapping probability, or maximum quantum yield of primary photochemistry of a dark adapted

lead. Expresses the probability that an absorbed photon will be trapped by the PSII reaction centre.

Fluorescence parameters from the transient analysis (OJIP fluorescence)

£
F
Mo

Vi
4]
Vi
Wy
Wk

Weo =ETo/TRo

¢Eo =ETo/ABS
¢Rro =REo/ABS
Oro =REo/ETo

RC/CSo
Plags

Plror

Fluorescence parameters from modulated fluorescence
Doy

qP

NPQ

Fluorescence intensity at the J-step (at 2 ms)

Fluorescence intensity at the I-step (at 30 ms)

Slope of the curve at the origin of the fluorescence rise. It is a measure of the rate of the primary
photochemistry. Mo =4(Fzoo us — Fo)/(Fm — Fo)

Relative variable fluorescence at the time t between Fy and Fy. V; = (F; — Fo)/(Fm — Fo)

Relative variable fluorescence at 2 ms. Vj=(Fyms — Fo)/(Fm — Fo)

Relative variable fluorescence at 30 ms. V; =(F3oms — Fo)/(Fm — Fo)

Relative variable fluorescence at the time t between Fy and Fy. W, =(F; — Fo)/(F; — Fo)

Relative variable fluorescence at the band K (100-300 ps). It indicates the inactivation of the
oxygen evolving complex. Wy = (Fi00-300 us — Fo)/(F — Fo)

Probability that a photon trapped by the PSII reaction centre enters the electron transport chain.
Ygo=1-V;

Quantum yield of electron transport. g, =[1 — (Fo/Fum)]¥ ko

Quantum yield of an electron reaching the acceptor. dgo =[1 — (Fo/Fm)](1 - Vi) =1 —Fi/Fu
Probability that an electron is transported from reduced PQ to the electron acceptor side of PSI.
Oro =(1=V1)/(1 = V) =(Fw — F)/(Fm — Fy)

Number of active RCs to one inactive RC for a PSII cross-section. RC/CSO = ¢po(V;/Mo )Fo
Performance index (potential) for energy conservation from photons absorbed by PSII to the
reduction of intersystem electron acceptors. Plags = (RC/ABS)[¢@po /(1 — ¢po )] [WEo /(1 — WEo)]
Performance index (potential) for energy conservation from photons absorbed by PSII to the
reduction of PSI end acceptors. Plror =Plags [Oro/(1 — ro)]

Actual quantum yield of PSII. @ps); = (Fm’ — Fr)[Fu’

Photochemical quenching. Expresses the proportion of the open PSIL. qP = (Fy' — Fr)/(Fu' — Fo')
Non photochemical quenching. Non photochemical dissipation of energy (heat) at antenna level.
NPQ=(Fm — Fm')/Fu’

whichis ameasure for the redox state of Q4 and therefore a measure
of the fraction of open or closed reaction centres before the satu-
rating pulse; and non-photochemical quenching, which represents
mainly increased heat-dissipation. Fluorescence quenching param-
eters are commonly employed to evaluate the photosynthetic
efficiency of plants exposed to pollutants or other environmen-
tal stresses under steady state conditions (Schreiber et al., 1995;
Brack and Frank, 1998; Naessens et al., 2000). In PAM fluorometers,
the time resolution is limited by the modulation and demodula-
tion frequencies. The set of parameters and formulae used here is
presented in Table 1.

3. Data availability and analysis

The data presented in this review are quite heterogeneous. The
studies reported in literature differed in terms of experimental con-
ditions (open-top chambers vs. growth and fumigation chambers),
ozone concentrations (ambient vs. enriched ozone concentrations),
duration of the experiments (from instantaneous to long-term
responses), tree species employed and measured leaves (for exam-
ple,young vs. old leaves). The different experimental conditions are
reported in Table 2. To make the results more comparable, in this
review we have considered only the responses directly attributable
to ozone, i.e. without considering the role of the environmental
modifying factors, such as drought stress, high light, UV-B and so
on, that can enhance or reduce the responses. All the experimental
results refer to seedlings or young plantlets, and adult trees were
not considered. When the original dataset was available (for exam-

ple, Gravano et al., 2004; Bussotti et al., 2007a; Cascio et al., 2010),
the data were partially re-elaborated to obtain more homogeneous
and comparable results. Some data coming from experiments still
are unpublished. The ozone metric reported in Table 2 is the same
used by each author.

4. The quantum yield of primary photochemistry (Fy/Fy)
and the extremes (Fp and Fy;)

The maximum quantum yield of primary photochemistry in
dark adapted leaves (¢po = [Fym — Fol/Fm = Fy/Fum) is the most widely
used parameter to express the physiological condition of a plant,
as assessed by fluorescence. Table 2 reports 78 experimental cases
where Fy/Fy values were used to evaluate the effects of ozone
on woody plants. In about 48% of them there were no signifi-
cant differences between treated and control plants. Deciduous
broadleaved trees represent the largest part of the cases of study
and, among them, Populus clones and Fagus sylvatica were the most
studied species. It is difficult to compare the sensitivity of individ-
ual species due to the heterogeneity of experimental conditions;
however, where Populus and Fagus were assessed simultaneously
(Bortier et al., 2000b; Bussotti et al., 2007a) the former were more
responsive. Very few significant responses, or none, were observed
in evergreen Mediterranean species (Manes et al., 1998; Paoletti
et al., 2004; Ribas et al., 2005; Vitale et al., 2008) and in conifers
(Mikkelsen and Ro-Poulsen, 1994; Manes et al., 2001). Other find-
ings concern the sensitivity of leaves in different parts of the
same plant crown (old, more sensitive, vs. young leaves, less sensi-



Table 2

Review of the studies concerning the effects of ozone on trees, where the quantum yield of primary photochemistry (Fy/Fu) was used as response indicator. The experimental conditions are reported for each study.
AOT40 = Accumulated ozone above the threshold of 40 ppb. Poplar (sensitive clone): Eridano; poplar (resistant clone): I-214. Nr=data not reported (i.e, the Fy/Fu values were not reported numerically, but only in a graph).
Ns = difference not significant. *=reduction in treated conditions, with difference significant with p level <0.05; ** =reduction in treated conditions, with difference significant with p level <0.01; ***=reduction in treated condi-
tions, with difference significant with p level <0.001. When the original dataset was available (for example, Gravano et al., 2004; Bussotti et al., 2007a,b; Cascio et al., 2010), the data were partially re-elaborated to make them
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comparable.

Reference Experimental set-up O3 treatment Duration Plant species Fy/Fu P
Control Treated
Samuelson and Edwards, 1993 Open top chambers 2 Ambient Apr-Sept Quercus rubra 0.76 0.76 Ns
Mikkelsen and Ro-Poulsen, 1994 Open top chambers NF+03 30nl1-! May-Oct Picea abies - current year needles Nr Nr Ns
Picea abies - previous year needles Nr Nr Ns
Mikkelsen, 1995 Open top chambers NF+03 30nll-! Apr-Oct Fagus sylvatica - Midday 0.729 +£0.007 0.705+£0.008 *
Fagus sylvatica- Afternoon 0.724+0.006 0.699+0.014 Ns
Farage, 1996 Controlled growth chambers 80nll-! Mar-Sept Quercus robur 0.833+£0.06 0.82+£0.08 Ns
Lippert et al., 1996 Phytotrone 1.5 Ambient Apr-Sept Fagus sylvatica 0.725+0.031 0.701+0.071 Ns
2 Ambient Fagus sylvatica 0.725+0.031 0.697 £0.041 Ns
Zeuthen et al., 1997 Open top chambers NF+03 40 ppb Jul-Oct Fagus sylvatica Nr Nr *
Reinchenauer et al., 1997 Open top chambers NF+03; 50 ppb May-Aug Populus nigra Nr Nr *
Nali et al., 1998 Controlled growth chambers 03 150ppb.5h Single pulse Poplar (Sensitive clone) Nr Nr Ns
Poplar (Resistant clone) Nr Nr Ns
Manes et al., 1998 Controlled growth chambers O3 cum 3.6 ppmh 3 weeks Quercus ilex Nr Nr Ns
Controlled growth chambers 150ppb; 6hd! 13 days Quercus ilex Nr Nr *
Soldatini et al., 1998 Controlled growth chambers 61nll-'; 5hd! 15 days Poplar (Sensitive clone) 0.789+0.011 0.713+£0.047 o
Poplar (Resistant clone) 0.78 £0.042 0.653+0.013 *
Lorenzini et al., 1999 Controlled growth chambers 61nll-';5hdl1! 15 days Poplar (Sensitive) - Mature leaves 0.789 0.713 o
Poplar (Sensitive) - Young leaves 0.792 0.771 Ns
Poplar (Resistant) — Mature leaves 0.789 0.653 e
Poplar (Resistant) — Young leaves 0.793 0.768 Ns
Grams et al., 1999 Phytotrone 2 Ambient Jun-Aug Fagus sylvatica 0.70+0.01 0.58 £0.05 o
Shavnin et al., 1999 Field fumigation chambers 90nl1-'; h07-21 Apr-Oct Betula pendula, High Fertility 0.818 +0.008 0.775+0.026 o
Betula pendula, Low Fertility 0.802+£0.010 0.726 +£0.056 e
Liitz et al., 2000 Phytotrone 2 Ambient Jun-Sept Fagus sylvatica Nr Nr Ns
Bortier et al., 2000a Open top chambers AOT40 8.9 ppmh Apr-Aug Fagus sylvatica Nr Nr o
Bortier et al., 2000b Open top chambers NF+0s3 30nll-! Jun-Aug Fagus sylvatica Nr Nr o
Populus nigra Nr Nr *
Bortier et al., 2001 Controlled growth chambers 03 episodes - 40 ppb Jun-Sept Fagus sylvatica Nr Nr Ns
O3 episodes - 100 ppb Fagus sylvatica Nr Nr >
Guidi et al., 2001 Controlled growth chambers 61nll-'; 5hd ! 7 days Poplar (Sensitive clone) 0.778 0.769 Ns
15 days Poplar (Sensitive clone) 0.807 0.79 *
7 days Poplar (Resistant clone) 0.785 0.695 *
15 days Poplar (Resistant clone) 0.805 0.795 Ns
Manes et al. (2002, unpublished) Controlled growth chambers 350 ppb, 7hd! 4 days Quercus ilex 0.816+0.011 0.824+0.009 Ns
Paoletti et al., 2004 Controlled growth chambers 55 and 110 nm mol~! 90 days Laurus nobilis, 55 nm mol~! Nr Nr Ns
Laurus nobilis, 110 nm mol ! Nr Nr Ns
Phillyrea latifolia, 55 nm mol~! Nr Nr Ns
Phillyrea latifolia, 110 nm mol-! Nr Nr Ns
Arbutus unedo, 55 nm mol~! Nr Nr Ns
Arbutus unedo, 110 nm mol~! Nr Nr Ns
Gravano et al., 2004 Open top chambers AOT40 20.2ppbh Apr-Sept, Viburnum lantana 0.807 +£0.014 0.767 +£0.029 o
(Lattecaldo, CH) Prunus avium 0.775+0.018 0.741+£0.051 *
Fraxinus excelsior 0.780+£0.019 0.723 £0.08 o
Ribas et al., 2005 Open top chambers NF+03 40 ppb 2 years Quercus ilex 0.802 +0.005 0.788 +£0.005 Ns
Ceratonia siliqua 0.746 £0.012 0.725+0.012 Ns
Calatayud et al., 2006 Open top chambers AOT40 13.9 to 36.2 ppmh 6-12 months Citrus unshiu, 12 months 0.705 0.648 *
Citrus unshiu, 6 Months 0.7 0.569 *
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Table 2 (Continued)

Reference Experimental set-up 03 treatment Duration Plant species Fy/Fu P
Control Treated
Fares et al., 2006 Leaves growing in cuvette 150 ppb; 11hd-! 1 Month Populus alba 0.77 £0.04 0.78 £0.01 Ns
Wittmann et al., 2007 Controlled growth chambers 60, 120,240 nl1-! 10 weeks Betula pendula, 60nl1-! 0.82+0.02 0.81+0.03 Ns
Betula pendula, 120 nl1-! 0.82+0.02 0.77+0.03 o
Betula pendula, 240 nl11-! 0.82+£0.02 0.77 £0.03 e
Calatayud et al., 2007 Open top chambers NF+03; 30 ppb May-Sept Acer campestre, not sympt. 0.788 £ 0.005 0.787 £0.008 Ns
Acer campestre, sympt. 0.788 +0.006 0.745+0.015 *
Acer monspessulanum, not sympt. 0.783 +0.007 0.791+0.004 Ns
Acer monspessulanum, sympt. 0.783 +0.008 0.742+0.016 *
Acer opalus, not sympt. 0.791 +£0.007 0.776 +£0.008 Ns
Acer opalus, sympt. 0.791+0.008 0.747 +£0.011 *
Acer pseudoplatanus, not sympt. 0.793+0.003 0.781+0.009 Ns
Acer pseudoplatanus, sympt. 0.793 +0.004 0.739+0.029 *
Contran and Paoletti, 2007 Controlled growth chambers 150 nmol mol~! 35 days Fraxinus excelsior, Central Italy Nr Nr o
8hd-! Fraxinus excelsior, Northern Italy Nr Nr e
Fraxinus ornus, Central Italy Nr Nr e
Fraxinus ornus, Northern Italy Nr Nr Ns
Ranford and Reiling, 2007 Controlled growth chambers 70nl1-1; 7hd-! 28 days Ilex aquifolium Nr Nr *
Paoletti et al., 2007 Controlled growth chambers 03 150ppb.5h 14 days Fagus sylvatica clones Nr Nr *
Bussotti et al., 2007a,b Open top chambers AOT40 22.8, 2004 Apr-Sept, Populus “Oxford” clone 0.803 +0.009 0.761+0.014 *
Curno (North Italy) Quercus robur 0.7944+0.028 0.763 +£0.029 Ns
Fagus sylvatica 0.755+0.025 0.732+0.057 Ns
AOT40 17.4, 2005 Apr-Sept, Populus “Oxford” clone 0.811+0.006 0.769 +0.036 *
Quercus robur 0.790+0.012 0.7924+0.025 Ns
Fagus sylvatica 0.780+0.014 0.744 +£0.023 *
Di Baccio et al., 2008 Controlled growth chambers 60nll-1;5hd! 15 days Poplar (Sensitive clone) 0.843+£0.02 0.827 £0.04 Ns
Poplar (Resistant clone) 0.833+0.02 0.826+0.03 Ns
Vitale et al., 2008 Controlled growth chambers 03 250ppb.4h 4 weeks Quercus ilex 0.8474+0.017 0.825+0.019 Ns
Paoletti et al., 2009 Controlled growth chambers 150 ppb; 6hd! 7 weeks Fraxinus ornus 0.83+0.01 0.78 £0.02 *
Cascio et al., 2010 Open top chambers AOT40 21.8ppbh Apr-Sept, 2004 Fagus sylvatica 0.737+0.019 0.709+0.03 *
Pellegrini et al. (in press) Controlled growth chambers 120nl1-1; 5hd! 45 days Liriodendron tulipifera 0.806+0.01 0.742 +£0.006 *
Nali et al. (unpublished) Controlled growth chambers 120nl1-1; 5hd! 45 days Tilia americana 0.81+0.02 0.76 £0.03 Ns
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Table 3

Relative values (treated/control) of relevant parameters from OJIP fluorescence (see explanation in Table 1 re-elaborated from the experiments where the original datasets
were available. Ns = difference not significant. * = difference significant p level <0.05; ** = difference significant p level <0.01; *** = difference significant p level <0.001.

Experiment Fut Fo TRo/ABS ETo/TRo RC/CSo Plags REq/ABS REq/EoT Plor

Gravano et al., 2004 (Lattecaldo 2001)

Viburnum lantana 0.81 o 0.97 Ns 0.95 > 0.85 o 0.83 > 0.48 o 0.88 * 1.06 Ns 0.61 *
Prunus avium 0.85 o 095 Ns 096 * 098 Ns 0.88 Ns 0.87 Ns 077 *™* 080 *** 051 o
Fraxinus excelsior 0.67 o 0.74 . 0.93 o 1.00 Ns 0.72 o 0.70 * 0.72 o 0.77 o 0.47 o
Cascio et al., 2010 (Lattecaldo 2004)

Fagus sylvatica 0.90 Ns 0.99 Ns 096 * 0.95 Ns 0.91 Ns 0.71 Ns 0.81 o 0.86 Ns 0.56 *
Bussotti et al., 2007a,b; (Curno 2004)

Populus “Oxford” 0.87 o 1.05 Ns 095 * 0.83 * 080 ** 0.40 * 064 ™ 082 Ns 0.28 Ns
Quercus robur 0.83 o 0.94 Ns 0.96 Ns 0.92 Ns 0.89 Ns 0.59 Ns 0.84 Ns 0.94 Ns 0.43 *
Fagus sylvatica 0.92 Ns 0.97 Ns 0.97 Ns 0.97 Ns 0.96 Ns 0.85 Ns 0.90 Ns 0.94 Ns 0.83 Ns
Bussotti et al., 2007a,b (Curno 2005)

Populus “Oxford” 0.77 o 0.89 Ns 095 * 088 ** 079 * 0.49 070 % 079 0 0.36 o
Quercus robur 1.03 Ns 1.01 Ns 1.00 Ns 0.97 Ns 0.98 Ns 0.86 Ns 0.90 Ns 0.94 o 0.65 o
Fagus sylvatica 0.99 Ns 116  ** 0.95 * 096 Ns 0.98 Ns 0.68 Ns 074 * 0.80 Ns 0.45 *
Manes et al., unpublished (Rome, 2002)

Quercus ilex 1.02 Ns 097 Ns 1.01 0.89 1.08 *** 082 * 092 Ns 1.03 Ns 0.87 Ns

tive, Lorenzini et al., 1999) and the reversibility of photoinhibition
(Fy/Fy depression, Mikkelsen and Ro-Poulsen, 1994; Nali et al.,
1998). This reversibility is attributed to the degradation and turn-
over of the D1 protein of PSII reaction centre (Aro et al., 1993).

The extreme values Fy and Fy; were not reported in most
of the considered papers. When these data were available we
observed that Fy is generally decreasing in treated plants (Soldatini
et al., 1998; Calatayud et al., 2006; Gravano et al., 2004; Bussotti
et al., 2007a), whereas Fy shows a more species-specific pat-
tern. This parameter increased in ozone-treated poplars (Soldatini
et al, 1998), Betula pendula (Shavnin et al, 1999; F. sylvatica
(Bussotti et al.,, 2007a) and in symptomatic Ailanthus altissima
leaves (Bussotti et al., 2005), but decreased in many other species
and conditions, especially in relation to the onset and spread of
foliar symptoms (Bussotti et al., 2005).

The extremes Fy and Fy; are closely connected to the conforma-
tional parameters (Sumk, kp and ky). These parameters are based
on the theory of energy fluxes in biomembranes (Sironval et al.,
1981; Strasser, 1978,1981), and the expressions relating them to
phenomenology are elaborated by Havaux et al. (1990,1991). The
non-photochemical de-excitation constant (ky) sums up kp (for
heat dissipation), kg (for fluorescence) and ky (for energy migra-
tion to PSI, or spillover): [kn=kp+kg+kx], and is calculated as
[kn =(ABS/CS)kg(1/Fp)]. Kp expresses the ability to feed the electron
chainand is calculated as [kp = (ABS/CS)kg{(1/Fo) — (1/Fm)}]. Finally,
the overall value of the photochemical and non-photochemical
constants (Sumk) expresses the ability to manage the electron
fluxes avoiding damage from over-excitation, and is calculated as
[kn +kp =(ABS/CS)kg(1/Fp)] (Havaux et al., 1990,1991).

The decrease of Fy; is associated to the increase of the non-
photochemical de-excitation constant (k,); and the decrease of Fy
indicates an enhancement of the overall de-excitation constants
(Sum k). The lower Fy values observed in several plant species in
relation to ozone exposure and/or foliar symptoms may indicate the
activation of PSII in the cells surrounding the damaged one, within
a compensative process (Layne and Flore, 1992). The increase of Fy,
on the other hand, is considered an expression of irreversible dam-
age in PSII (Krause, 1988) and indicates that heat dissipation (kp)
occurs in an uncontrolled manner, producing an excess of excita-
tion within the leaves.

5. The fluorescence transient analysis

The first paper reporting on the application of the JIP-test to
study the action of ozone on trees was Soja et al. (1998) on Malus,

followed from Manes et al. (2001) on Pinus halepensis. Both studies
underlined that the reduction of RC/CSy was the most suitable indi-
cator of ozone stress. The same finding was confirmed by Nussbaum
et al. (2001) for herbaceous species, and partially by Paoletti et al.
(2004) for Mediterranean evergreen shrubs (only Phillyrea latifolia
was sensitive for this parameter). The following paragraphs exam-
ine the effects of ozone on the different regions of the fluorescence
induction curve, and their physiological meaning.

5.1. Single turn-over region

The first part of the transient curve (0-]) is called “single turn-
over region” (Strasser et al., 2004). It expresses the photochemical
events and represents a single event of reduction of Q. Lower
Vg, (ETo/TRg) values in ozone-treated plants (Table 3), indicate the
slowing down of the primary reduction of Q4. This corresponds to
an increase of relative variable fluorescence at the J-step (at ca.
2ms) and is probably caused by accumulation of the reduced Qp
pool (Strasser et al., 1995; Lazar and Ilik, 1997). It is a consequence
of decreased electron transport beyond Q4 ~, which limits the re-
oxidation reaction (Haldimann and Strasser, 1999). Such behaviour
can be shown graphically with the so-called AV curves (Fig. 2A).
In Fig. 2A the AVj peak, especially evident on the poplar sample,
indicates the increased relative variable fluorescence at this step.
Another important event in the single turn-over region in relation
to ozone stress is the appearance of the so-called K band. The K
band occurs in the fast region (100-300 p.s) of the transients and is
caused by the breakdown, or the reduced efficiency, of the oxygen
evolving complex (OEC). The Kband is highlighted in the AW curves
and represents an early response to ozone stress. This behaviour
was shown by Desotgiu et al. (2010) in F. sylvatica and in an ozone
sensitive clone of Populus (cf. Fig. 2B).

5.2. The multiple turn-over region

The J-I-P region (thermal phase) of the fluorescence tran-
sient (and the related ]JIP-test parameters ¢@go=REy/ABS and
Sro = REg/ETp) reflects the velocity of ferredoxine reduction beyond
the PSI (Schansker et al., 2003). The I-P phase is related to electron
transfer through PSI, and the increase of the relative variable fluo-
rescence is attributable to the induction of a traffic jam of electrons
caused by a transient block at the acceptor side of PSI (inactive
ferredoxin-NADP*-reductase (FNR) (Schansker et al., 2005). This
part of the curve proved to be sensitive to ozone in most of the
analyzed cases (see behaviour of relative parameters in Table 3)
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Fig. 2. Temporal pattern (from May to September) of the JIP-test parameters contributing to Plror. Fagus sylvatica seedling in different open-top chamber experiments: LC
(Lattecaldo) 2004; CU (Curno) 2004 and 2005 (re-elaborated from Bussotti et al., 2007a,b; Cascio et al., 2010). The data are presented as relative values: Treated/Control.

and the appearance of the AV; peaks in the AV curves has also
been considered an early indicator of ozone stress (Desotgiu et al.,
2010). The appearance of the AV; peaks is connected to a relative
increase of the fluorescence signal at 20 ms (F;) in ozone-treated
plants as compared to controls (see in Fig. 2A).

Besides the slowing down of ferredoxine reduction, O3 stress
also produces the inactivation of Rubisco. This effect was demon-
strated in potato plants (Dann and Pell, 1989), and then reproduced
in experimental conditions (open-top chambers and growth cham-
bers) on tree species, such as Populus clones (Brendley and Pell,
1998) and P. halepensis Mill. (Fontaine et al., 2003; Inclan et al.,
2005). These alterations, occurring beyond the PSI, can explain the
decrease of net photosynthesis as an early response to ozone (see
also Gravano et al., 2004; Novak et al., 2005; Calatayud et al., 2007).

5.3. The performance indices and density of reaction centres

The overall ozone stress conditions are described by the perfor-
mance indices (Plags and Pltgr). Clark et al. (2000) have suggested
Plags is a predictor for growth in F. sylvatica trees which are exposed
to ozone fumigations. Most of the considered papers refer to Plags,
since Pltor was only introduced recently (Strasser etal.,2010). Plgs
variations in ozone-treated plants are often related to variations of
RC/CSq (Bussotti et al., 2007b). RC/CS, expresses the density of fully
active RCs (Qa and Qg reducing centres) in relation to the inactive
ones (non Q, reducing centres or silent centres, see Strasser et al.,
2004). The silent centres act as “heat sinks” and are considered part
of a down-regulation mechanism, which dissipates the excess of
absorbed energy in a controlled way. PSII thus switches from a pro-
cess converting light energy into biochemical energy storage to an
energy conversion process that transforms absorbed light energy
into heat dissipation. RC/CSy is closely related to gp,. This latter
parameter represents the average of the actual trapping capacity of
the active PSII units (active RCs) and the inactive ones (silent cen-
tres, @po =0) (Strasser et al., 2010). The correlation between RC/CSg
and Plags has been confirmed in earlier papers on ozone stress,
but not in drought studies (Gravano et al., 2004; Oukarroum et al.,
2007; Bussotti et al., 2007b). RC/CSy was one of the most sensitive

parameters for ozone stress effects (Soja et al., 1998; Nussbaum
et al., 2001; Manes et al., 2001; Paoletti et al., 2004). Pltor was
recalculated from previous papers. Comparing the behaviour of the
two PI (Plags and Pltor), the findings reported in Table 3 indicate
that in most cases Plrgr is affected by an ozone treatment stronger
than Plags. This confirms the importance of the J-1-P region (and
the related parameter &g, = REg/ETg) of FT in the response of plants
to ozone stress. Two important exception are represented from
Viburnum lantana (Gravano et al., 2004) and Quercus ilex (Manes,
unpublished). In the first case the most important changes have
been documented in the O-] region, whereas the little response
of Q. ilex confirm the low ozone sensitivity of Mediterranean scle-
rophyllous species (see also Bussotti and Gerosa, 2002; Calatayud
et al., 2010).

Table 4

Results of the multivariate statistic (PCA - Principal Component Analysis, Equa-
max rotation). For the details of experiments, see Table 2. Where used the data
(relativized as treated/control) coming from the datasets of the experiments at the
open-top chamber experiments (Gravano et al., 2004; Bussotti et al., 2007a,b; Cascio
etal.,2010).Inbold are evidenced the loadings over 0.6. The selection of the principal
factors was based on those with eigenvalues greater than 1.

Fact1 Fact 2 Fact 3
Day of the year -0.732 0.270 -0.224
AOT40 -0.609 0.141 -0.197
Fu 0.818 —0.460 0.036
Fo 0.067 —0.945 -0.034
@ro (TRo/ABS) 0.884 0.007 0.119
Wi, (ET/oTRo) 0.833 0.186 0.090
RC/CSo 0.864 -0.389 -0.076
Plags 0.890 0.187 -0.162
¢¥ro (REg/ABS) 0.464 0.211 -0.217
Sro (REg/ETp) 0.243 0.208 0.792
Plror 0.024 -0.129 0.837
Exp. Var. 5.562 1.578 1.522
Tot. Prop. 0.463 0.131 0.127




Table 5

Values of the some parameters from the modulated fluorescence studies (see explanation in Table 1. For the details of experiments, see Table 2. Nr=data not reported (i.e, the Fy/Fy values were not reported numerically, but
only in a graph). (+) and (-) indicates if the difference respect to the control is an increment or a reduction. Ns = difference not significant. * = difference significant with p level <0.05; ** = difference significant with p level <0.01;
=difference significant with p level <0.001.

Fkk

NPQ qp OPSII

Reference Plant species Contr Treat Contr Treat Contr Treat

Nali et al., 1998 Poplar (Sensitive clone) 0.47 0.54 Ns 0.6 0.58 Ns 0.39 0.41 Ns
Poplar (Resistant clone) 0.39 0.49 * 0.68 0.63 Ns 0.47 04 Ns

Soldatini et al., 1998 Poplar (Sensitive clone) 0.50+0.01 0.53+0.01 * 0.824+0.01 0.74+0.06 . 0.55+0.01 0.41+0.06 *
Poplar (Resistant clone) 0.30+0.00 0.47 +£0.07 * 0.76 +0.00 0.33+0.01 * 0.53+0.00 0.18+0.01 *

Lorenzini et al., 1999 Poplar (Sensitive) - Mature leaves Nr Nr (+)* Nr Nr (-)* Nr Nr (-)*
Poplar (Sensitive) - Young leaves Nr Nr Ns Nr Nr Ns Nr Nr Ns
Poplar (Resistant) - Mature leaves Nr Nr (+)* Nr Nr (=)™ Nr Nr (=)™
Poplar (Resistant) - Young leaves Nr Nr Nr Nr Nr Nr

Grams et al., 1999a Fagus sylvatica 0.48 +£0.03 0.52+0.02

Bortier et al., 2001 Fagus sylvatica Nr Nr Ns Nr Nr Ns Nr Nr Ns
Fagus sylvatica Nr Nr (+)* Nr Nr Ns Nr Nr Ns

Guidi et al., 2001 Poplar (Sensitive clone), 7d 0.62 0.55 Ns 0.85 0.86 Ns 0.5 0.55 Ns
Poplar (Sensitive clone), 15d 0.45 0.34 * 0.83 0.89 Ns 0.58 0.63 Ns
Poplar (Resistant clone), 7d 0.36 0.57 * 0.86 0.83 Ns 0.61 0.47 *
Poplar (Resistant clone), 15d 0.36 0.53 * 0.79 0.66 * 0.59 0.44 *

Calatayud et al., 2006 Citrus unshiu, 12 months 0.85 0.72 * 0.49 0.36 Ns
Citrus unshiu, 6 months 0.83 0.8 Ns 0.51 0.47 *

Wittmann et al., 2007 Betula pendula, 60 nl1-! 1.184+0.03 1.18+£0.26 Ns
Betula pendula, 120 nl1-! 1.18+0.03 1.46+£0.30 *
Betula pendula, 240 nl1-! 1.18+0.05 1.89+0.36 o

Calatayud et al., 2007 Acer campestre, not sympt. 1.48 +0.29 1.53+0.21 Ns 0.69+0.04 0.67 +£0.02 Ns 0.34+0.03 0.32+0.02 Ns
Acer campestre, sympt. 1.48+0.29 2.29+0.24 Ns 0.69+0.04 0.54+0.03 * 0.34+0.03 0.232+0.01 *
Acer monspessulanum, not sympt. 1.44+0.26 1.43+0.14 Ns 0.73+0.03 0.69+0.02 Ns 0.33+0.03 0.33+0.02 Ns
Acer monspessulanum, sympt. 1.44+0.26 1.99+0.31 Ns 0.73+0.03 0.62+0.03 Ns 0.33+0.03 0.26+0.02 Ns
Acer opalus, not sympt. 1.07 £0.07 1.46 £0.04 * 0.75+0.01 0.68+0.01 * 0.38+0.01 0.31+0.00 *
Acer opalus, sympt. 1.07 £0.07 2.00+0.23 * 0.754+0.01 0.62+0.02 * 0.38+0.01 0.25+0.02 *
Acer pseudoplatanus, not sympt. 0.48 £0.04 1.06+0.17 * 0.83+£0.015 0.72+£0.01 * 0.538+0.01 0.38+£0.02 *
Acer pseudoplatanus, sympt. 0.48 +£0.04 1.64+0.33 * 0.83+£0.015 0.628 +0.04 * 0.538 +£0.01 0.30+0.03 *

Vitale et al. (2008) Quercus ilex 0.181+0.065 0.203 +0.07 Ns 0.819+0.065 0.797 £0.07 Ns 0.766 +0.060 0.743 £ 0.067 Ns

Pellegrini et al. (in press) Liriodendron tulipifera 0.83+0.00 0.82+0.00 Ns 0.514+0.01 0.78+0.01 * 0.43+0.03 0.45+0.01 Ns

Nali et al. (unpublished) Tilia americana 0.71+£0.00 0.74+£0.00 Ns 0.64 +£0.02 0.77 £0.01 * 0.45+0.01 0.30+0.03 *
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5.4. Relationships between parameters and ozone exposure

The findings of the OTC experiments at Curno (Bussotti et al.,
2007a)and Lattecaldo (Gravano et al.,2004; Cascio et al.,2010) have
been relativized (i.e. expressed as treated/control ratio) and ana-
lyzed using PCA (Principal Components Analysis) in order to find
multivariate relationships among the JIP-test selected parameters
and with the ozone exposure (expressed as AOT40). The results,
reported in Table 4, show that most parameters expressing PSII
functionality, and related to Plags, were interconnected in Factor 1.
They are correlated to the day of the year (Julian Day) and, weakly,
to ozone exposure. This behaviour underscores the importance of
the ageing factor in the physiological response to ozone. F is in
Factor 2; dgo (REo/ET) and Pltor form a separate cluster in Factor 3.

6. Results from modulated fluorescence

In ozone effect studies, modulated fluorescence parameters
analysis gave additional insight. In many cases (Soldatini et al.,
1998; Lorenzini et al., 1999) ozone exposed plants responded with
an increase of NPQ (non-photochemical quenching) and a decrease
of PQ (photochemical quenching). Bortier et al. (2000a,b) did not
find any variation between controls and ozone exposed sam-
ples. Quantum yield parameters in light-adapted leaves (quantum
yield of primary photochemistry in the light-adapted steady state
ops’ =1—Fs'[Fy' =(Fv’ — Fs')[Fv’ = AF [Fy’) (Paillotin, 1976), proved
to be more sensitive than the maximum quantum yield in the dark-
adapted state (Calatayud et al., 2007). Similar behaviour (greater
responsiveness in light-adapted conditions) was also detected by
Lu and Zhang (1999) in relation to drought (Table 5).

7. Temporal trends

The temporal pattern of some selected JIP-test relative param-
eters (ozone-treated/control), concerning the behaviour of F.
sylvatica in three different open-top chamber experiments, is
shown in Fig. 3 The maximum quantum yield of primary pho-
tochemistry (¢p,) was the least variable parameter, whereas
REy/ABS declined markedly during the season. Many parameters
(¢po =TRo/ABS, W, =ETg/TRg, RC/CSp) showed a certain stability in
the first part of the treatment season, but dropped suddenly in late
summer. In the first part of the growing season it was not unusual
to find a temporarily enhanced efficiency of electron capture and
transport, and this effect was especially evident on ¢p, (TRg/ABS),
Vg, (ETo/TRg) and Plags (Mikkelsen and Ro-Poulsen, 1994; Lippert
et al.,, 1996; Bortier et al., 2000b; Bussotti et al., 2007a,b; Pellegrini
et al, in press; Nali et al., unpublished). Plant responses, in terms
of reduced photosynthetic efficiency, started to become signifi-
cant only towards the later part of the season, with a drop in
photosynthetic efficiency in August, when the cumulated ozone
exposure/uptake rose above two thirds of its final value. A “thresh-
old” effect may explain this behaviour (Marzuoli et al., 2009). In
our opinion, however, it is to be interpreted as a consequence of
changes in leaf physiology, including early senescence processes
and lowered detoxifying capacity (Polle et al., 2001; Marzuoli et al.,
2009). When leaves are fully efficient they are capable of opposing
the harmful action of ozone; but the effect of ozone becomes pre-
dominant at the time when their efficiency declines. The monthly
behaviour of Plags was similar to the “stress curve” reported by
Lichtentaler (1998). After an initial, slightly harmful effect (May),
there was a fast recovery in June (eustress phase), followed by a
stabilization phase (July). As the stress action continued, a rapid
loss of efficiency (distress) occurred in August and September.
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Fig. 3. Early responses to ozone of Fagus sylvatica (FS) and an ozone-sensitive poplar
clone (“Oxford” clone, POP), assessed with the fluorescence transient (FT) analysis.
The data come from an open-top chamber experiment (Curno 2005, see Bussotti
et al., 2007a,b; Desotgiu et al., 2010). FT were measured at the begin of the growth
season, when the ozone exposure (AOT40) was 5.78 ppm h. (A) AV curves, obtained
by subtraction (Vireated — Veontrol) Of the original fluorescence transients, normalized
between Fy and Fy and multiplied per 4. AV; and AV; peaks are evidenced. AV;
peaks are caused by accumulation of the reduced Qa pool (Strasser et al., 1995;
Lazar and Ilik, 1997) as a consequence of decreased electron transport beyond Qa.
AV, peaks are caused by the increase of the relative variable fluorescence in the I-P
phase, attributable to the induction of a traffic jam of electrons caused by a transient
block at the acceptor side of PSI/Schansker et al., 2005). (B) AW curves, obtained by
subtraction (Wyeated — Weontrol) Of the original fluorescence transients, normalized
between Fy and F; and multiplied per 4. The AVyy peak (about 300 s) is evidenced,
indicating a loss of efficiency of the oxygen evolving complex (Srivastava et al., 1997)
in the ozone treated samples respect to the non treated ones.

Source: Desotgiu et al., 2010, modified.

8. General discussion and conclusions

According to the results presented in this paper, the primary
effect of ozone action on the photosynthetic apparatus is to be
found in events beyond PSI, including a reduced density of PSI
itself and the decreased ability of the final acceptors of electrons
(ferredoxine and NADP*) and RuBP to manage the flux of elec-
trons effectively. Consequently the Calvin-Benson cycle is not fed.
This behaviour may create an imbalance between electrons sent by
the ETC (electron transport chain) and those reaching the accep-
tors beyond PSI. “Free” electrons (those coming from PSI, but that
do not reach the end acceptors) can activate oxygen (from fun-
damental to excited status: Powles, 1984; Krieger-Liszkay, 2005)
with production of ROS, thus inducing photo-oxidation processes
of the cellular content. According to Hald et al. (2008), if the
flow of electrons through the electron transport chain exceeds
the capacity of metabolism to consume the reductant produced,
then potentially harmful side reactions are liable to occur. Foliar
symptoms are thought to be connected to the excess of excita-
tion produced by the concomitant action of ozone and high light
(Davison et al., 2003; Cascio et al., 2010). In ozone resistant cul-
tivars of Phaseolus (Guidi et al., 2009) the foliar symptoms are
prevented by mean of the lowering of Fy/Fy. It is a down-regulation
mechanism that restore the equilibrium between the electrons
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sent by the ETC and those consumed by the final acceptors and
RuBP.

The photosystems enhance the controlled dissipation of energy
at antenna level to reduce the proportion of absorbed energy used
in photochemistry and the risks of over-excitation related to the
flux of electrons. This behaviour is proved by the change occurring
in all parameters connected with the controlled dissipation: reduc-
tion of Fy;, Fy/Fu, RC/CSq (in the fluorescence transient analysis) and
NPQ (in the MF analysis). Usually, this is considered a down regula-
tion process, enacted in order to acclimate the intensity of electron
flux to the needs of reduced net photosynthesis (Calatayud et al.,
2007; Guidi et al., 2001). The early onset of the K-band may also be
interpreted as an active action aimed at lowering electron flux by
regulating the activity of the OEC. Overall, these mechanisms can be
considered a “protective” strategy, a notion supported by the fact
that “resistant” poplar clones showed a greater Fy/Fy reduction
than sensitive ones (Guidi et al., 2001).

In many cases net photosynthesis declined earlier and faster
than the quantum yield of primary photochemistry ¢p, (Gravano
et al., 2004; Bussotti et al.,, 2007a). According to Adams and
Demmig-Adams (2004) PSII efficiency provides no direct informa-
tion on net photosynthesis (Py). Electron flux is not necessarily
used in carbon metabolism, since it may also be re-routed to other
biochemical pathways, such as reduction of oxygen (0O,, Mehler
reaction), or nitrite (NO, ), or sulphate (SO4), or thioredoxin, or pho-
torespiration. In optimal conditions of water (field capacity), light
(saturating radiation) and CO, availability, the flux of electrons is
primarily directed to carbon reduction. Genty et al. (1989) found a
very strong correlation between the actual quantum yield of PSII
in light adapted state (®ps;=F,//Fv’) and the quantum yield of
CO;, fixation (Do, ) in absence of photorespiration. This behaviour
only rarely occurs in the field because stress conditions provoke
changes in photorespiration and in the pseudocyclic electron trans-
port (Mehler reaction) (Fryer et al., 1998). Relationships between
“dark fluorescence” and gas exchange parameters are more difficult
to determine, since the CO,-assimilation rate can also be regu-
lated by modifications after Rubisco. These modifications cannot be
recognised by dark-adapted state measurements, i.e. when Rubisco
is inactive. It is well known that dark fluorescence can reveal the
potential (not actual) photosynthesis efficiency. However, there is
evidence that the decline of dark parameters such Fy/Fy and/or
Plpgs may be connected to a decline of Py (Van Heerden et al.,
2003; Albert et al., 2008; Albert et al., in press), since in favourable
ecological conditions “potential” and “actual” efficiency tend to
be related. As a consequence, the reduction of Fy/Fy and/or Plags
appears to reflect growth reduction, although this statement is
still controversial and not definitively demonstrated. Clark et al.
(2000) found a close correlation between the performance index
(Plags) and biomass loss in F. sylvatica exposed to ozone, and a sim-
ilar correlation has been reported by Pollastrini et al. (2010) in an
ozone-sensitive poplar clone. Contradictory results were reported
in the experiments of Bortier et al. (2000a,b, 2001), where a reduc-
tion of Fy/Fy did not correspond, in all cases, to an equivalent
reduction of growth. In our opinion there is a large variation in the
photosynthetic efficiency within the crown of a same plant, and
compensative processes may occur, in order to recover from the
loss of photosynthesis in the damaged leaves. Recently, the intro-
duction of RE parameters (¢gro =RE/ABS and dg, =RE/ET), and the
related parameter Pltgr, have provided more insight to the discus-
sion about the relationships between dark fluorescence and gas
exchange. In a previous study on ozone stress (Cascio et al., 2010)
we found a close correlation between gg, (RE/ABS) and Py in high
light conditions. Our hypotheses—to explain this behaviour—are:
(i) the overall potential efficiency (Pltor) of ozone treated plants
was to a large extent determined by the shape of the I-P region of
the FT (see also Table 3); (ii) the J-I-P region expresses a relative

abundance of PSI as compared to PSII (Schansker et al., 2003, 2005)
and a high PSI/PSII ratio allows for a quick reduction of ferredoxine
and, consequently, potential high Py rates.

In some instances, a temporarily enhanced efficiency of elec-
tron capture and transport in PSIl was observed in ozone exposed
plants (enhanced values of Fy/Fy;, ET/TR, Plags, qP, see Mikkelsen
and Ro-Poulsen, 1994; Lippert et al., 1996; Bortier et al., 2000b;
Bussotti et al., 2007a,b; Pellegrini et al., in press; Nali et al., unpub-
lished). The maintenance (or the enhancing) of photosynthetic
efficiency in stressful conditions may be interpreted in terms of
compensation and acclimation, enacted by plants to recover from
the damage induced by ozone (Bussotti et al., 2007b). When that
enhanced efficiency is connected to a reduced end acceptor capac-
ity in combination with reduced Calvin cycle, energy demand lead
to over-excitation of the photosynthetic apparatus and initiates
response towards visible foliar injury.

The behaviour of Fy can help us distinguish between different
response strategies. Many plant species protect their leaves by iso-
lating the damaged cells with a protective callose layer (Bussotti
et al., 2005), whereas the healthy cells remain undamaged and
maintain (or enhance) their photosynthetic efficiency. In these
cases Fg remains unchanged or diminishes its value (the reduction
is also connected to the breakdown of chlorophyll in the injured
cells), leading to the increase of the controlled de-excitation path-
ways (Sumk=1/Fy). In other cases we can observe the opposite
behaviour, with the increase of Fy in leaves damaged by ozone.
These species, which behave by shedding the injured leaves and
replacing them with new leaf emissions, are considered more
ozone-sensitive. This alleged sensitivity, however, concerns only
the individual leaves and not the whole plant, since the dynamics
of foliar demography allow the plant to retain an effective photo-
synthetic apparatus at all times.

A careful analysis of the chlorophyll fluorescence properties,
by combining different approaches and methods, is able to give
insights about damage, repair and avoidance strategies of plants
subjected to ozone stress. Future directions for research in this field:
(i) the possibility of combining fluorescence parameters with car-
bon assimilation and growth, to support the study on critical levels
(Musselman and Lefohn, 2007), (ii) the analysis of events relating
to the activity of PSI and events leading to the fixation of CO,, using
innovative technologies (cf., for ex., Strasser et al., 2010).

References

Adams III, W.W., Demmig-Adams, B., 2004. Chlorophyll fluorescence as a tool to
monitor plant response to the environment. In: Chlorophyll Fluorescence: A
Signature of Photosynthesis, In: Papageorgiou, G.C., Govindjee (Eds.), Advances
in Photosynthesis and Respiration Series. Springer, Dordrecht, NL, pp. 583-
604.

Aro, E.M., McCaffery, S., Anderson, ].M., 1993. Photoinhibition and D1 protein degra-
dation in peas acclimated to different growth irradiances. Plant Physiology 103,
835-843.

Albert, K.R., Mikkelsen, T.N., Ro-Poulsen, H., 2008. Ambient UV-B radiation decreases
photosynthesis in high arctic Vaccinium uliginosum. Physiologia Plantarum 133,
199-210.

Albert, K.R., Mikkelsen, T.N., Ro-Poulsen, H., Arndal, M.F., Michelsen, A. Ambient
UV-B doses decreases PSII performance and net photosynthesis under natural
irradiance in high arctic Salix arctica heath. Environmental and Experimental
Botany, in press, doi:10.1016/j.envexpbot.2010.07.001.

Baker, N.R., Rosenqvist, E., 2004. Applications of chlorophyll fluorescence can
improve crop production strategies: an examination of future possibilities. Jour-
nal of Experimental Botany 55, 1607-1621.

Bortier, K., Ceulemans, R., De Temmerman, L., 2000a. Effects of ozone exposure on
growth and photosynthesis of beech seedlings (Fagus sylvatica). New Phytologist
146, 271-280.

Bortier, K., De Temmerman, L., Ceulemans, R., 2000b. Effects of ozone exposure
in open-top chambers on poplar (Populus nigra) and beech (Fagus sylvatica):
a comparison. Environmental Pollution 109, 509-516.

Bortier, K., Vadermeiren, K., De Temmerman, L., Ceulemans, R., 2001. Growth pho-
tosynthesis and ozone uptake of young beech (Fagus sylvatica L.) in response to
different ozone exposures. Trees 15, 75-82.


http://dx.doi.org/10.1016/j.envexpbot.2010.07.001

F. Bussotti et al. / Environmental and Experimental Botany 73 (2011) 19-30 29

Brack, W., Frank, H., 1998. Chlorophyll a fluorescence: a tool for the investigation of
toxic effects in the photosynthetic apparatus. Ecotoxicology and Environmental
Safety 40, 34-41.

Brendley, B.W., Pell, EJ., 1998. Ozone-induced changes in biosynthesis of Rubisco
and associated compensation to stress in foliage of hybrid poplar. Tree Physiol-
ogy 18, 81-90.

Bussotti, F., Gerosa, G., 2002. Are the Mediterranean forests in Southern Europe
threatened from ozone? Journal of Mediterranean Ecology 3, 23-24.

Bussotti, F., Agati, G., Desotgiu, R., Matteini, P., Tani, C., 2005. Ozone foliar symptoms
in woody plants assessed with ultrastructural and fluorescence analysis. New
Phytologist 166, 941-955.

Bussotti, F., Desotgiu, R., Cascio, C., Strasser, RJ., Gerosa, G., Marzuoli, R., 2007a.
Photosynthesis responses to ozone in young trees of 3 species with different sen-
sitivities in a two-year open-top chamber experiment (Curno Italy). Physiologia
Plantarum 130, 122-135.

Bussotti, F., Strasser, RJ., Schaub, M., 2007b. Photosynthetic behavior of woody
species under high ozone exposure probed with the JIP-Test—a review. Envi-
ronmental Pollution 147, 430-437.

Calatayud, V., Cerverd,]., Sanz, M.]., 2007. Foliar, physiological and growth responses
of four maple species exposed to ozone. Water Air Soil Pollution 185, 239-254.

Calatayud, V., Marco, F., Cerverd, J., Sanchez-Pefia, G., Sanz, M., 2010. Contrast-
ing ozone sensitivita in related evergreen and deciduous shrubs. Environmental
Pollution 158, 3580-3587.

Calatayud, A., Iglesias, D.J., Talén, M., Barreno, E., 2006. Effects of long-term ozone
exposure on citrus: chlorophyll a fluorescence and gas exchange. Photosynthet-
ica 44, 548-554.

Cascio, C., Schaub, M., Novak, K., Desotgiu, R., Bussotti, F., Strasser, RJ., 2010.
Foliar responses to ozone of Fagus sylvatica L. seedlings grown in shaded
and in full sunlight conditions. Environmental Experimental Botany 68,
188-197.

Clark, AJ., Landolt, W., Bucher, ].B., Strasser, RJ., 2000. Beech (Fagus sylvatica)
response to ozone exposure assessed with a chlorophyll a fluorescence per-
formance index. Environmental Pollution 109, 501-507.

Contran, N., Paoletti, E., 2007. Visible foliar injury and physiological responses to
ozone in Italian provenances of Fraxinus excelsior and F. ornus. The Scientific
World Journal 7 (S1), 90-97.

Dann, M.S., Pell, E.J., 1989. Decline of activity and quantity of ribulosediphosphate
carboxilase/oxigenase and net photosynthesis in ozone-treated potato foliage.
Plant Physiology 91, 427-432.

Davison, AW., Neufeld, H.S., Chappelka, A.H., Wolff, K., Finkelstein, P.L., 2003. Inter-
preting spatial variation in ozone symptoms shown by cutleaf cone flower,
Rudbeckia laciniata L. Environmental Pollution 125, 61-70.

Desotgiu, R., Bussotti, F., Faoro, F., Iriti, M., Agati, G., Marzuoli, R., Gerosa, G., Tani,
C., 2010. Early events in Populus hybrid and Fagus sylvatica leaves exposed to
ozone. The Scientific World Journal 10, 512-527.

Di Baccio, D., Castagna, A., Paoletti, E., Sebastiani, L., Ranieri, A., 2008. Could the
differences in O3 sensitivity between two poplar clones be related to difference
in antioxidant defense and secondary metabolic response to Os influx? Tree
Physiology 28, 1761-1772.

Farage, P.K., 1996. The effect of ozone fumigation over one season on photosynthetic
processes of Quercus robur seedlings. New Phytologist 134, 279-285.

Fares, S., Barta, C,, Brilli, F., Centritto, M., Ederli, L., Ferranti, F., Pasqualini, S., Reale,
L., Tricoli, D., Loreto, F., 2006. Impact of high ozone on isoprene emission, photo-
synthesis and histology of developing Populus alba leaves directly or indirectly
exposed to the pollutant. Physiologia Plantarum 128, 456-465.

Fontaine, V., Cabane, M., Dizengremel, P., 2003. Regulation of phosphoenolpyruvate
of carboxylase in Pinus halepensis needles submitted to ozone and water stress.
Physiologia Plantarum 117, 445-452.

Fryer, M., Andrews, J.R., Oxborough, K., Blowers, D.A., Baker, N.R., 1998. Relation-
ship between CO, assimilation, photosynthetic electron transport, and active O,
metabolism in leaves of maize in the field during periods of low temperature.
Plant Physiology 116, 571-580.

Genty, B., Briantais, J.M., Baker, N.R, 1989. The relationship between the
quantum yield of photosynthetic electron transport and quenching of
chlorophyll fluorescence. Biochimica Biophysica Acta—Bioenergetic 990,
87-92.

Govindjee, 2004. Chlorophyll a fluorescence: a bit of basic and history. In: Chloro-
phyll Fluorescence: A Signature of Photosynthesis, In: Papageorgiou, G.C.,
Govindjee (Eds.), Advances in Photosynthesis and Respiration Series. Springer,
Dordrecht, NL, pp. 2-41.

Grams, T.E., Anegg, S., Hiberle, K-H., Langebartels, C., Matyssek, R., 1999. Interactions
of chronic exposure to elevated CO, and O3 levels in the photosynthetic light
and dark reactions of European beech (Fagus sylvatica). New Phytologist 144,
95-107.

Gravano, E., Bussotti, F., Strasser, J.R., Schaub, M., Novak, K., Skelly, J., Tani, C., 2004.
Ozone symptoms in leaves of woody plants in open top chambers: ultrastruc-
tural and physiological characteristics. Physiologia Plantarum 121, 620-633.

Guidi, L., Nali, C., Lorenzini, G., Filippi, F., Soldatini, G.F., 2001. Effect of chronic ozone
fumigation on the photosynthetic process of poplar clones showing different
sensitivity. Environmental Pollution 113, 245-254.

Guidi, L., Degl'Innocenti, E., Martinelli, F., Piras, M., 2009. Ozone effects on carbon
metabolism in sensitive and in sensitive Phaseolus cultivars. Environmental and
Experimental Botany 66, 117-125.

Hald, S., Nandha, B., Gallois, P., Johnson, G.N., 2008. Feedback regulation of photo-
synthetic electron transport by NADP(H) redox poise. Biochimica et Biophysica
Acta 1777, 433-440.

Haldimann, P., Strasser, R.J., 1999. Effects of anaerobiosis as probed by the polyphasic
chlorophyll a fluorescence rise kinetic in pea (Pisum sativum L.). Photosynthesis
Research 62, 67-83.

Havaux, M., Strasser, R.J., Greppin, G., 1990. In vivo photoregulation of photochemi-
cal and nonphotochemical deactivation of photosystem Il in intact plant leaves.
Plant Physiology and Biochemistry 28, 735-746.

Havaux, M., Strasser, RJ., Greppin, G., 1991. A theoretical and experimental anal-
ysis of the qP and gN coefficients of chlorophyll fluorescence quenching and
their relation to photochemical and nonphotochemical events. Photosynthesis
Resesarch 27, 41-55.

Inclan, R,, Gimeno, B.S., Dizengremel, P., Sanchez, M., 2005. Compensation processes
of Aleppo pine (Pinus halepensis Mill.). Environmental Pollution 137, 517-524.

Juneau, P., Green, B.R., Harrison, PJ., 2005. Simulation of pulse-amplitude-
modulated (PAM) fluorescence: limitations of some PAM-parameters
in  studying environmental stress effects. Photosynthetica 43,
75-83.

Krause, G.H., 1988. Photoinhibition of photosynthesis. An evaluation of damaging
and protective mechanisms. Physiologia Plantarum 74, 566-574.

Krause, G.H., Weis, E., 1991. Chlorophyll fluorescence and photosynthesis: the basics.
Annual Review Plant Physiology Plant Molecular Biology 42, 313-349.

Krieger-Liszkay, A., 2005. Singlet oxygen production in photosynthesis. Journal of
Experimental Botany 56, 337-346.

Layne, D.R,, Flore, ].A., 1992. Photosynthetic compensation to partial leaf area reduc-
tion in sour cherry. Journal of American Society of Horticultural Sciences 117,
279-286.

Lazar, D., Ilik, P., 1997. High-temperature induced chlorophyll fluorescence changes
in barley leaves. Comparison of the critical temperatures determined from fluo-
rescence induction and from fluorescence temperature curve. Plant Science 124,
159-164.

Lichtentaler, H.K., 1998. The stress concept in plants: an introduction. Annals of New
York Academy of Science 851, 187-198.

Lippert, M., Steiner, K., Payer, H.D., Simons, S., Langebartels, C., Sandermann, J.H.,
1996. Assessing the impact of ozone on photosynthesis of European beech (Fagus
sylvatica L.) in environmental chambers. Trees 10, 268-275.

Lorenzini, G., Guidi, L., Nali, C., Soldatini, G.F., 1999. Quenching analysis in poplar
clones exposed to ozone. Tree Physiology 19, 607-612.

Ly, C,, Zhang, J., 1999. Effect of water stress on photosystem Il photochemistry ther-
mostability in wheat plants. Journal of Experimental Botany 336, 1199-1206.

Liitz, C., Anegg, S., Gerant, D., Alaoui-Sossé, B., Gérard, ]., Dizengremel, P., 2000. Beech
trees exposed to high CO; and to simulated summer ozone levels: effects on
photosynthesis, chloroplast components and leaf enzyme activity. Physiologia
Plantarum 109, 252-259.

Manes, F., Vitale, M., Donato, E., Paoletti, E., 1998. O3 and O3 +CO, effects on a
mediterranean evergreen broadleaf tree, holm oak (Quercus ilex L.). Chemo-
sphere 36, 801-806.

Manes, F., Donato, E., Vitale, M., 2001. Physiological response of Pinus halepensis
needles under ozone and water stress conditions. Physiologia Plantarum 113,
249-257.

Marzuoli, R., Gerosa, G., Desotgiu, R., Bussotti, F., Ballarin Denti, A., 2009. Ozone fluxes
and foliar injury development in a sensitive poplar clone (Populus maximowiczii
Henry X P x berolinensis Dippel - Oxford clone). A dose-response analysis. Tree
Physiology 29, 67-76.

Maxwell, C., Johnson, G.N., 2000. Chlorophyll fluorescence—a practical guide. Journal
of Experimental Botany 51, 659-668.

Mikkelsen, T.N., 1995. Physiological responses of Fagus sylvatica L. exposed to low
levels of ozone in open-top chambers. Trees 9, 355-361.

Mikkelsen, T.N., Ro-Poulsen, H., 1994. Exposure of Norway spruce to ozone increases
the sensitivity of current year needles to photoinhibition and desiccation. New
Phytologist 128, 153-163.

Musselman, R.C., Lefohn, A.S., 2007. The use of critical levels for determining plant
response to ozone in Europe and in North America. The Scientific World Journal
7 (Suppl. (1)), 15-21.

Naessens, M., Leclerc, J.C., Tran-Minh, C., 2000. Fiber optic biosensor using Chlorella
vulgaris for determination of toxic compounds. Ecotoxicology and Environmen-
tal Safety 46, 181-185.

Nali, C., Guidi, L., Filippi, F., Soldatini, G.F., Lorenzini, G., 1998. Photosynthesis of two
poplar clones contrasting in Os sensitivity. Trees 12, 196-200.

Novak, K., Schaub, M., Fuhrer, J., Skelly, ].M., Hug, C., Landolt, W., Bleuler, P., Krduchi,
N., 2005. Seasonal trends in reduced leaf gas exchange and ozone-induced foliar
injury in three ozone sensitive woody plants species. Environmental Pollution
136, 33-45.

Nussbaum, S., Geissmann, M., Eggenberg, P., Strasser, R]., Fuhrer, ].,2001. Ozone sen-
sitivity in herbaceous species as assessed by direct and modulated chlorophyll
fluorescence techniques. Journal of Plant Physiology 158, 757-766.

Oukarroum, A., El Madidji, S., Schansker, G., Strasser, R.J., 2007. Probing the responses
of barley cultivars (Hordeum vulgare L.) by chlorophyll a fluorescence OLK]JIP
under drought stress and re-watering. Environmental and Experimental Botany
60, 438-446.

Paillotin, G., 1976. Capture frequency of excitations and energy transfer between
photosynthetic units in the photo system II. Journal of Theoretical Biology 58,
219-235.

Paoletti, E., Bussotti, F., Della Rocca, G., Lorenzini, G., Nali, C., Strasser, RJ., 2004.
Fluorescence transient in ozonated Mediterranean shrubs. Phyton Annales Rei
Botanicae 44, 121-131.

Paoletti, E., Nali, C., Lorenzini, G., 2007. Early responses to acute ozone exposure in
two Fagus sylvatica clones differing in xeromorphic adaptations: photosynthetic



30 F. Bussotti et al. / Environmental and Experimental Botany 73 (2011) 19-30

and stomatal processes, membrane and epicuticular characteristics. Environ-
mental Monitoring and Assessment 128, 93-108.

Paoletti, E., Contran, N., Bernasconi, P., Glinthardt-Goerg, M.S., Vollenweider, P.,
2009. Structural and physiological responses to ozone in Manna ash (Fraxinus
ornus L.) leaves of seedlings and mature trees under controlled and ambient
conditions. Science of the Total Environment 407, 1631-1643.

Pellegrini, E., Francini, A., Lorenzini, G., Nali, C. PSII efficiency and carboxyla-
tion efficiency in Liriodendron tulipifera under ozone exposure. Environmental
Experimental Botany, in press, doi:10.1016/j.envexpbot.2010.09012.

Pollastrini, M., Desotgiu, T., Cascio, C., Bussotti, F., Cherubini, P., Saurer, M., Gerosa,
G., Marzuoli, R., 2010. Growth and physiological responses to ozone and mild
drought stress of tree species with different ecological requirements. Tree Struc-
ture and Function 24, 695-704.

Polle, A., Schwanz, P., Rudolf, C., 2001. Developmental and seasonal changes of stress
responsiveness in beech leaves (Fagus sylvatica L.). Plant Cell & Environment 24,
821-829.

Powles, S.B., 1984. Photoinhibition of photosynthesis induced by visible light. Annual
Review of Plant Physiology 35, 15-44.

Ranford, ., Reiling, K., 2007. The effect of winter stress on Ilex aquifolium L. Previously
fumigated with ozone. Environmental Pollution 145, 171-178.

Reinchenauer, T., Bolhar-Nordenkampf, H.R., Ehrlich, U., Soja, G., Postl, W.F., Halb-
wachs, F,, 1997. The influence of ambient and elevated ozone concentrations on
photosynthesis in Populus nigra. Plant Cell & Environment 20, 1061-1069.

Ribas, A., Pefiuelas, ]J., Elvira, S., Gimeno, B.S., 2005. Contrasting effects of ozone
under different water supplies in two Mediterranean tree species. Atmospheric
Environment 39, 685-693.

Rohacek, K., 2002. Chlorophyll fluorescence parameters: the definitions, photosyn-
thetic meaning, and mutual relationships. Photosynthetica 40, 13-29.

Rohacek, K., Bartak, M., 1999. Techniques of the modulated chlorophyll fluorescence:
basic concepts, useful parameters and some applications. Photosynthetica 37,
339-363.

Samuelson, L.J., Edwards, G.S., 1993. A comparison of sensitivity to ozone in seedlings
and trees of Quercus rubra L. New Phytologist 125, 373-379.

Schansker, G., Srivastava, A., Govindjee, Strasser, RJ., 2003. Characterization of the
820-nm transmission signal paralleling the chlorophyll a fluorescence rise (OJIP)
in pea leaves. Functional Plant Biology 30, 785-796.

Schansker, G., Toth, S.Z., Strasser, RJ., 2005. Methylviologen and dibromothymo-
quinone treatments of pea leale reveal the role of photosystem I in the Chl a
fluorescence rise OJIP. Biochimica et Biophysica Acta 1706, 250-261.

Schreiber, U., 2004. Pulse-amplitude-modulation (PAM) fluorometry and saturation
pulse method: an overview. In: Chlorophyll Fluorescence: A Signature of Photo-
synthesis, In: Papageorgiou, G.C., Govindjee (Eds.), Advances in Photosynthesis
and Respiration Series. Springer, Dordrecht, NL, pp. 279-319.

Schreiber, U., Vidaver, W., Runeckles, V.C., Rosen, P., 1978. Chlorophyll fluorescence
assay for ozone injury in intact plants. Physiologia Plantarum 61, 80-84.

Schreiber, U., Bilger, W., Neubauer, C., 1995. Chlorophyll fluorescence as a nonin-
trusive indicator for rapid assessment on in vivo photosynthesis. In: Schulze,
E.D., Caldwell, M.M. (Eds.), Ecophysiology of Photosynthesis. Springer-Verlag,
pp. 49-70.

Shavnin, S., Maurer, S., Matyssek, R., Bilger, W., Scheidegger, C., 1999. The impact of
ozone fumigation and fertilization on chlorophyll fluorescence of birch leaves
(Betula pendula). Trees 14, 10-16.

Sironval, C,, Strasser, R.J., Brouers, M., 1981. Equivalence entre la théorie des flux et
la théorie des relations entre proportions de pigments pour la description de
la répartition de 'energie lumineuse absorbée par le membranes photoactives.
Bulletin et Memoires de '’Academie Royale de Belgique (Brussels) 67, 248-259.

Smit, M.F., Kriiger, G.H.J., van Heerden, P.D.R., Pienaar, J.J., Weissflog, L., Strasser,
R.J., 2008. Effect of trifluoroacetate, a persistent degradation product of fluori-
nated hydrocarbons on C3 and C4 crop plants. In: Allen, J.F.,, Gantt, E., Golbeck,

J.H., Osmond, B. (Eds.), Photosynthesis. Energy from the sun. 14th Interna-
tional Congress of Photosynthesis Glasgow 2007. Springer, Dordrecht, NL, pp.
1501-1504.

Soja, G., Pfeifer, U., Soja, A.M., 1998. Photosynthetc parameters as early indicators of
ozone injury in apple leaves. Physiologia Plantarum 104, 639-645.

Soldatini, G.F., Lorenzini, G., Filippi, F., Nali, C., Guidi, L., 1998. Photosynthesis of two
poplar clones under long-term exposure to ozone. Physiologia Plantarum 104,
707-712.

Srivastava, A., Guissé, B., Greppin, H., Strasser, R.J., 1997. Regulation of antenna struc-
ture and electron transport in Photosystem II of Pisum sativum under elevated
temperature probed by the fast polyphasic chlorophyll a fluorescence transient:
OK]JIP. Biochimica Biophysica Acta 1320, 95-106.

Strasser, R.J., 1978. The grouping model of plant photosynthesis. In: Akoyunoglou,
G., Argyroudi, ]J. (Eds.), Chloroplast Development. Elsevier, Amsterdam, pp.
513-524.

Strasser, RJ., 1981. The grouping model of plant photosynthesis: heterogeneity of
photosynthetic units in thylakoids. In: Akoyunoglou, G. (Ed.), Photosynthesis III.
Structure and Molecular Organization of the Photosynthetic Apparatus. Balaban
International Science Service, Philadelphia, PA, pp. 727-737.

Strasser, RJ., Govindjee, 1992a. The Fy and the O-J-I-P fluorescence rise in higher
plants and algae. In: Argyroudi-Akoyunoglou, J.H. (Ed.), Regulation of Chloro-
plast Biogenesis. Plenum Press, New York USA, pp. 423-442.

Strasser, R.J., Govindjee, 1992b. On the O-J-I-P fluorescence transient in leaves and
D1 mutants of Chlamydomonas reinhardtii. In: Murata, N. (Ed.), Research in Pho-
tosynthesis, vol. 4. Kluwer Academic Publisher, Dordrecht, Germany, pp. 29-32.

Strasser, RJ., Srivastava, A., Govindjee, 1995. Polyphasic chlorophyll a fluorescence
transient in plants and cyanobacteria. Photochemestry and Photobiology 61,
32-42.

Strasser, A., Srivastava, A., Tsimilli-Michael, M., 2000. The fluorescence transient as
a tool to characterize and screen photosynthetic samples. In: Yunus, M., Pathre,
U., Mohanty, P. (Eds.), Probing Photosynthesis: Mechanisms, Regulation and
Adaptation. Taylor & Francis, London, UK, pp. 445-483.

Strasser, A., Tsimilli-Michael, M., Srivastava, A., 2004. Analysis of the fluorescence
transient. In: Chlorophyll Fluorescence: A Signature of Photosynthesis, In: Papa-
georgiou, G.C., Govindjee (Eds.), Advances in Photosynthesis and Respiration
Series. Springer, Dordrecht, NL, pp. 321-362.

Strasser, R.J., Tsimilli-Michael, M., Qiang, S., Goltsev, V., 2010. Simultaneous in vivo
recording of prompt and delayed fluorescence and 820-nm reflection changes
during drying and after rehydration of the resurrection plant Haberlea rhodopen-
sis. Biochimica et Biophysica Acta 1797, 1313-1326.

Tsimilli-Michael, M., Strasser, RJ., 2008. In vivo assessment of stress impact on
plant’s vitality: applications in detecting and evaluating the beneficial role of
mycorrhization on host plants. In: Varma, A. (Ed.), Mycorrhiza: Genetics and
Molecular Biology, Eco-Function, Biotechnology, Eco-Physiology, and Structure
and Systematic. Springer, Berlin, Germany, pp. 679-703.

Van Heerden, F.D.R., Tsimilli-Michael, M., Kriiger, G.H.J., Strasser, R.J., 2003. Dark
chilling effects on soybean genotypes during vegetative development: paral-
lel studies of CO; assimilation, chlorophyll a fluorescence kinetics O-J-I-P and
nitrogen fixation. Physiologia Plantarum 117, 476-491.

Vitale, M., Salvatori, E., Loreto, F., Fares, S., Manes, F., 2008. Physiological responses
of Quercus ilex leaves to water stress and acute ozone exposure under controlled
conditions. Water, Air & Soil Pollution 189, 113-125.

Wittmann, C., Matyssek, R., Pfanz, H., Humar, M., 2007. Effects of ozone impact on
the gas exchange and chlorophyll fluorescence of juvenile birch stems (Betula
pendula Roth.). Environmental Pollution 150, 258-266.

Zeuthen, ]., Mikkelsen, T.N., Paludan-Miiller, G., Ro-Poulsen, H., 1997. Effects
of increased UV-B radiation levels of tropospheric ozone on physiological
processes in European beech (Fagus sylvatica). Physiologia Plantarum 100,
281-290.


http://dx.doi.org/10.1016/j.envexpbot.2010.09012

	Ozone stress in woody plants assessed with chlorophyll a fluorescence. A critical reassessment of existing data
	Introduction
	Chlorophyll a fluorescence parameters
	Data availability and analysis
	The quantum yield of primary photochemistry (FV/FM) and the extremes (F0 and FM)
	The fluorescence transient analysis
	Single turn-over region
	The multiple turn-over region
	The performance indices and density of reaction centres
	Relationships between parameters and ozone exposure

	Results from modulated fluorescence
	Temporal trends
	General discussion and conclusions
	References


