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1. Introduction
In many fields, researchers prefer optical characterization techniques among different physical
methods, since it is a non-contact and non-invasive method with commercially available
instrumentation, and it can be automated relatively easily. An important categorization of the optical
techniques is based on the properties of the light–matter interaction and can be described by one of
the following processes: reflection, transmission, absorption or emission. Using fluorescence we are
measuring the emitted spectra of a specimen.
In 1931, H. Kautsky and A. Hirsch explored that the fluorescence emitted by the dark adapted plants
is changing with the irradiation and its temporal variation is related to the photosynthesis (Kautsky
and Hirsch, 1931). Since it is an active effect which is influenced by several physiological and
environmental interactions, it allows a deeper insight into the chemical and biological processes of
the examined tissue compared to other, often claimed as passive, optical techniques (e.g. reflection
or transmission). In the last decades, the monitoring of plant fluorescence gains even more
importance because of the increasing need for agricultural products grown using effective methods
for high yield and supplied to the food chain with high security. These requirements established the
necessary management strategies referred to as precision agriculture with a fundamental intention
of in vivo monitoring of plants [9].
Using fluorescence methods, vitality, living functionalities (physiology) and quality of plants can be
estimated. Their leaves and fruits are the most often examined parts. Within the leaves several
compounds fluoresce. Among them, the two most important ones are (1) the so called blue-green
fluorescence normally emitted by several aromatic compounds from which one of the most
important is the cell-wall bound ferulic acid (Morales et al., 1996, Lichtenthaler and Schweiger, 1998)
and (2) the red and far-red fluorescence emitted by chlorophyll (ChI) a molecules (Papageoriou and
Govindjee, 2004).
The measureable blue-green fluorescing compounds are mainly located in the epidermis which layer
is adjacent to the environment. As this layer is exposed to the majority of environmental
interactions, it would be a candidate for plant’s stress detection. However, this part of the
fluorescence spectrum can be considered as static that is dependent of cell constituents and leaf
structure and, hence, it is not directly influenced by the most important plant functionalities, like
photosynthesis. Therefore, local diseases or damages in this layer do not affect necessarily the
vitality of the plant. Only a rather small contribution of the blue-green fluorescence can be related to
plant biochemistry and especially to photosynthesis when a very sensitive fluorometer instrument is
used (Cerovic et al., 1999).
Contrarily, Chls are mainly located deeper in the plant tissue. Furthermore, Chl fluorescence is a
powerful probe to investigate the activity and integrity of the photosynthetic system as overviewed
in the next section. Measuring it temporally with a tool called fluorometer or mapping it with an
imaging system, one can judge the global or local underlying physiological functions of the plants. If
the fluorescence is regarded as a loss in a biophysical system and, roughly speaking, the system (a
plants sample) produces higher fluorescence yield (in the same lightening and other environmental
conditions and having the same Chl content), or the system response in terms of fluorescence yield is
moderate or slowly changing upon an intense or fast changing illumination (say light exposing the
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sample previously kept in dark), it is usually concluded that the system has a damaged or a blocked
photosynthetic activity. However, as explained later, this response is far more complex.
To summarize, it has to be pointed out that, depending on the excitation and detection wavebands
and on the temporal course of the fluorescence measurement protocol, one can gather information
about different parts, functionalities and processes of the plant. Using well defined intensities (or
more precisely doses) in a precise temporal order, one can estimate the functionality of the
photosynthetic apparatus, which has an important impact in the plant health.
Plant fruits are often the final product of the agriculture industry. From commercial viewpoint, one of
the most important components of the fruit quality is the sugar content. Studies with different fruits
indicate that the decay of Chl overlaps with the ripening process (e.g. banana, Smilie et al., 1987;
Blackbourn et al., 1990; kiwi, Kempler et al., 1992; papaya, Bron et al., 2004). Fortunately, the Chl
content of the tissue can be accessed by optical techniques. Among them, the camera based fruit
quality monitoring applications are especially interesting, since they allow a non-destructive, fast
method to determine the time of harvest or to predict the quality already available in the field or to
control fruit quality after harvest.
During my PhD work, I was active at two locations which are contributing differently to this research
field. The optical laboratory of the Department of Atomic Physics of the Budapest University of
Techology and Economics (BME) is active in the field of developing instruments and novel
fluorescence induction kinetic protocols. This team is focusing on the development of novel
hardware and software solutions, and develops them till an operating prototype. Then, these
instruments can be applied for basic and applied research purposes and/or offered for professional
instrument producers as a patent or a completed prototype. For this purpose, we have active
collaborations with national (e.g. Department of Plant Physiology and Molecular Plant Biology of the
Eötvös Loránd University, ELTE, and Faculty of Agricultural and Environmental Sciences of the Szent
István University, SZIE) and international (e.g. Botanical Institute of the Karlsruhe Institute of
Technology, KIT, and Wageningen University and Research Center, WUR) biologist partners who
profit from the early access to our special instruments and, in return, we profit from their valuable
feedbacks. Here, my research focused on the development of new measurement techniques,
especially on the development of excitation kinetic protocol described in Chapter 2.1 according to
our patent [10] and previous publications [8], [11].
The other location, where I carried out my research was KIT. Here, I could acquire important
knowledge from the field of the interpretation of the fluorescence signal. Since this was a biologist
team, the research there focused on the basic research of plant physiology and the application of the
novel techniques. At this location, I was particularly working with a custom imaging system having an
excitation possibility in the UV range too beside the conventional visible excitation. My new scientific
results achieved at this location are described in Chapters 2.2 to 2.4 based on my publications [1]-[7]
and [9].
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1.1. Overview of the research field
1.1.1. Biophysical basis
This subchapter is based on the works of Barócsi, 2011 and Huot and Babin, 2010.
Plastids are dual membrane bound organelles inside plant cells for producing and storage of
carbohydrates necessary for the cell. The colored plastids, or chromoplasts contain pigment
molecules and can be found in the flowers and fruits of a plant. The other important plastid type is
the chloroplast containing the light absorbing chlorophllys and carotenoids. They synthesize and
store color pigments such as carotene (orange) or xanthophylls (yellow), and the color depending on
the concentration of the different color pigments. Pigments are molecules with characteristic color
due to their conjugated double bonds with delocalized electrons that are excitable at energies
corresponding to the visible spectral range. The conjugated electronic system can be present along a
linear molecule (such as trans--carotene) or circularly (e.g. in the pyrrole rings of porphyrins). A
major plastid is the green chloroplast, found only in the above-ground plant parts and responsible for
photosynthetic processes, that contains chlorophyll-a (Chl-a) and -b (Chl-b, see Fig. 1.1.1).

Figure 1.1.1
Chemical structure of the chlorophyll -a and -b, violaxanthin, zeaxanthin, quercetin and kaempferol molecules.
The quercetin and kaempferol molecules are UV absorbing aromatic molecules to be discussed in section 2.4.

Chlorophylls are porphyrin based complex compounds with side chains and a hydrocarbon tail. Their
porphyrin ring is formed by 4 pyrrole rings (of 4 carbon and 1 nitrogen atoms each) and an encased
metal atom. For chlorophylls the metal is uniquely magnesium, the different chlorophyll types have
6

different side chains. At the same location, Chl-a contains only methyl group as a side chain, whereas
Chl-b has an aldehyl group (Fig. 1.1.1).
Chl-a absorbs light in the blue and red region of the visible electromagnetic spectrum. For solute Chla (dissolved in acetone), the red and blue absorption bands are centered on 662 nm and 430 nm,
respectively. These bands correspond to electronic transitions from the ground state to the first and
second excited states of Chl-a, respectively. Each electronic state has a set of sub-states
corresponding to molecular vibrational energy levels resulting in the broadening of absorption lines
to bands. The 2nd excited state has a lifetime of <1 ps and, according to Kasha’s rule, its relaxation to
the 1st excited state occurs through thermal decay. Contrary, the transition from the 1st excited state
to the ground state may occur through non-radiative or radiative processes. The latter may, in
theory, involve fluorescence and phosphorescence. In case of phosphorescence, the photon reemission is initiated from a triplet state to the singlet ground state. The direct triplet-to-singlet
transition is quantum-mechanically forbidden due to spin-momentum mismatch. Quantum
processes, however, may transform the triplet to a metastable state. As these processes involve a
change of the spin-state with low probability, phosphorescence lifetimes are long (>1 ms). As in vivo
systems involve several energy (or charge) transfer processes that convert a triplet states into singlet
with a much shorter time constant, phosphorescence is practically negligible in biophysical systems.
Another possible radiative decay process is the photon re-emission through fluorescence.
Fluorescence lifetimes are much shorter (<10 ns), therefore this process will account for almost all
photon re-emission. The fluorescence of solute Chl-a – called Chl-a extract – features a primary peak
centered on 668 nm and a secondary shoulder around 730 nm. The fluorescence spectrum resembles
a mirror image of the red band absorption spectrum (since vibrational levels are similarly positioned
with respect to the lowest energy levels of the 1st excited and ground states) and Stokes shifted
toward longer wavelengths (since radiative decay always occurs from the lowest vibrational level of
the 1st excited state to any level of the ground state).
The quantum yield of solute fluorescence is defined as the fraction of absorbed photons re-emitted
as fluorescence or, mathematically, the ratio of the (1st order) rate constant kF (number of
transitions per second) of fluorescence deexcitation to the sum of rate constants of all processes (kH
heat and fluorescence, in this case):

Fsolute 

kF
kH  kF

Whereas F  30% for solute Chl-a, the fluorescence characteristics of bound Chl-a molecules inside
the chloroplasts are strongly influenced, most likely quenched, by resulting processes such as energy
transfer.
Energy transfer has a major importance in photosynthesis (Fig. 1.1.2). In each photosynthetic unit,
hundreds of Chl-a and other pigment molecules are packed densely around a central protein
complex called the reaction center (RC). Several such reaction centers (that is a “pool” of them) are
located along the thylakoid membrane of the chloroplast as membrane bound transmembrane
proteins. The thylakoid system is formed by the invagination of the inner membrane of a chloroplast
so that it encloses the lumen: a part of the inter-membrane space of the chloroplast with all its
material. The space within the inner-membrane system is then called the stroma having different
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composition. All the light driven processes occur at the stroma–lumen boundary that is in the
thylakoid membrane. According to the pool model, the dispersed pigment molecules bound to
proteins form the light harvesting complexes (LHC), or the outer antennae, operating as “light
collectors” and the inner antennae aiming at the formation of fast (ps range) energy transfer chains
from the LHC to the RC. Different pigments can be found in the LHC pool to cover almost the entire
visible spectral range which is therefore referred to as the region of photosynthetically active
radiation (PAR). The active element of the RC is a dimer (composed of 2 Chl-a subunits) possessing a
trap state: the collected energy is coupled out here from the transfer chain for the subsequent
fuelling of photochemical reactions.
The photosynthetic apparatus consists of two photosystems (PSII and PSI) operating in series. Each
PS consists of LHC units, inner antennae, an RC with slightly different spectral response (P680 with
680 nm absorption center and P700 with 700 nm absorption center for PSI and PSII, respectively),
additional proteins and electron transporters. PSII can be considered as an enzyme catalyzing the
photolysis of water molecules. The primary process is the excitation of Chl-a (or other pigments) of
the LHC units upon absorption of a photon at PSII. The excited state is then resonantly propagates
between the neighboring antennae to the P680 RC which becomes excited. As a result, charge
separation takes place as the P680 passes an electron to the first stage of the non-resonant electron
transfer (NRET) chain. Four charge separation events with at least 4 photons are required to oxidize 2
water molecules and, subsequently, releasing an oxygen molecule and increasing the electrochemical
potential in the lumen by 4 protons. The NRET chain transfers the electron towards PSI. For this to
occur, an empty state in the P700 RC must be created by the oxidation of P700 through secondary
photon absorption at PSI. The energy, charge and molecular products of these PSII–PSI light reactions
are necessary for the ultimate carbon fixation of the photosynthesis through a complex reaction
cycle. Since the photosystems must work in series to yield equal number of charge separation per
photons, for continuous operation a minimum of 8 photons are required for each carbon fixed.
The fluorescence resonant energy transfer (FRET) pool is responsible for the in vivo quenching and
the different spectral response of fluorescence. FRET will introduce a concurrent process (i.e. the
“useful” process for photochemistry) with rate constant kFRET, thereby decreasing fluorescence yield:

F 

kF
.
kH  kF  kFRET

Basically, these 3 processes determine the faith of any absorbed photons in vivo.
The spectral response of densely packed Chl-a within the photosynthetic apparatus will also be
different to that of the dissolved molecules. In vivo, due to the coupling of the pigments, both
absorption and fluorescence will be upward shifted. The shorter wavelength fluorescence peak will
now appear at around 690 nm. At the same time, since this band overlaps with the red absorption
band, a strong re-absorption of the 690 nm fluorescence will occur among the Chl-a molecules being
within FRET distance in the pigment pool. The shifted longer wavelength fluorescence shoulder will
be increased to a second peak appearing now at around 735 nm accompanied by the simultaneous
decrease of the 690 nm peak. This latter effect can, therefore, be a good indicator of the active (that
is quantum-mechanically coupled) Chl-a concentration in the LHC and inner antenna pool.
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The FRET process can also be treated as a charge transfer process of a non-recombining chargecarrier pair consisting of an excited electron and an empty state, or hole. As they do not recombine
along the FRET chain, their propagation is said to be excitonic. However, their recombination may
occur spontaneously along the chain (due to quantum-machanical reasoning) resulting in radiative
(fluorescence) or thermal decay of the actual FRET path. The excitonic charge transfer is complete
once the exciton reaches and excites an RC. An RC is said to be open if it is in ground state ready for
being excited. If an RC has been excited, it cannot receive another exciton, due to Pauli’s exclusion
principle. In this case the RC is said to be closed and the exciton will definitely recombines along the
FRET path, thus resulting in the increase of fluorescence (and other relaxation processes). Due to the
particle-by-particle nature of all interactions involved in the photosynthesis, in plant science the
intensity of photons are given in quantum units, usually termed as “quantum fluence rate”
[mol (quanta) m-2 s-1].

Figure 1.1.2
Schematic diagram of the elements and operation of the photosynthetic apparatus including the pool of light
harvesting complexes (LHC), the series connection of photosystems PSII and PSI and the fluorescence resonant
(FRET) as well as non-resonant energy transfer (NRET). The major energy converting processes are also
illustrated. The figure elements were kindly provided by A. Barócsi

The series cooperation of PSII and PSI (written here in their functional order) is the major factor in
determining the temporal response of fluorescence, which can be investigated by the responses of a
plant sample upon transient and step excitation, well known from linear response theory. In plant
sciences, however, the excitations are specifically adapted to the investigated biophysical systems as
they are neither linear, nor purely resistive (markovian): their momentary response is also influenced
by their prior status (memory effect, Chen and Silbey, 2011). In this sense, 3 extreme states can be
distinguished for plant samples: A sample is said to be dark acclimated if all its RCs are open for times
t when PSI becomes fully disconnected from PSII. Contrary, a sample is light acclimated if a part
of the RCs are open due to the stationary photosynthetic activity based on the full cooperation of
PSII and PSI for times t. Finally, the sample is said to be saturated if all its RCs become closed due
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to a sudden strong PAR while PSI is fully disconnected from PSII (at times t0 of the illumination
with a sample previously in the dark acclimated state resulting in the highest, saturated fluorescence
intensity). The terms ‘acclimated’, ‘regulated’ or ‘adapted’ are commonly used interchangeably,
although ‘adaptation’ is not fully correct as it refers to a longer time scale involving genetic
adaptation. Light or dark ‘acclimation’ or ‘regulation’ is meant in a shorter time scale utilizing the
entity’s physiological and metabolic regulatory mechanisms.
1.1.2. Fundamentals of the chlorophyll fluorescence excitation kinetics (Introduction to
thesis I)
Intact leaves, illuminated with strong light after a dark adaptation of at least 20 min, exhibit a
transient change of fluorescence emission of the fluorophore Chl-a which is called ‘Kautsky effect’
(Kautsky and Hirsch 1931). Time resolved investigation of the Chl-a fluorescence is widely used in
basic and applied photosynthesis research (Papageorgiou and Govindjee 2004). For inducing
photosynthetic activity, an actinic light is used which should be saturating when measuring with
continuous mode detection (Strasser et al. 2004), or which should not be saturating when measuring
with synchronous detection based on pulse amplitude modulation (PAM, Schreiber 2004). Recently,
PAM has become the most commonly used fluorescence induction technique for plant physiological
studies and precision agriculture.
In case of the continuous mode detection, the Chl-a fluorescence measured is excited by the same
light which induces the photosynthetic activity to be examined. The result of this measurement is the
total fluorescence which is always determined by (proportional to) the excitation light intensity if it is
not saturating. In case of the PAM mode detection, however, the measuring probe light and the
‘saturating’ and/or the so called actinic lights are separated. The last two determine the examineable
light environment, whereas the measuring light provides the part of the excitation to which the
response will be detected. As a result, only that portion of Chl-a fluorescence is measured which is
excited by an extremely low dose (low intensity and duty factor) pulsed light of constant intensity
(termed as the probe light). The photosynthesis is induced by an additional constant (‘actinic’) light
which also excites Chl-a fluorescence but this is excluded from the signal by synchronous (e.g. phasesensitive) detection. Thus, the technique provides the quantum yield of variable fluorescence Fv =
Fm – F0, which is not anymore explicitly proportional to the inducing ‘actinic’ light intensity, but rather
to the ability of PSII to perform primary photochemistry (Hout and Babin, 2010).
The F0 fluorescence yield of the PAM-measurements is termed initial (‘0’) which is achieved without
induction of photosynthetic activity. In contrast, the maximum fluorescence Fm is a measure of the
maximum photosynthetic quantum yield (Kitajima and Butler 1975). The interpretation of
fluorescence transients is usually based on the principle that the fluorescence yield depends (a) on
the number of active, functioning photocenters (b) on the redox state of QA, the primary electron
acceptor of PS II as introduced by Duysens and Sweer in 1963 and (c) on other processes, only
indirectly related to the photosynthetic electron transport, which are usually summarized under the
term ‘non-photochemical quenching’ (NPQ, for a recent review see: Papageoriou and Govindjee,
2004). Similar parameters can be defined for the continuous mode detection.
Usually the intensity of the light source is kept constant throughout the measurement and
irrespectively of the sample under test, i.e. one uses the same quantum fluence rate for leaf samples
with high or low light demand. In a regular PAM measurement protocol, three types of light are
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applied (for details see the review of Schreiber 2004): (a) a low intensity modulated measuring light
(PAR < 0.1 mol m-2 s-1) which excites fluorescence but does not induce photosynthesis; (b) a medium
intensity light (‘actinic light’, PAR  300 mol m-2 s-1) for inducing photosynthetic activity, and
(c) ‘saturating flashes’ applied before and during the actinic induction in order to saturate
photosynthesis (more precisely, to saturate the photochemical processes of the photosynthetic light
energy conversion). These flashes are often applied with a quantum fluence rate several times higher
than natural sunlight (PAR ~ 2000 mol m-2 s-1, e.g. Karageorgou et al. 2007) which – depending on
the leaf type – exceeds the capacity of the leaf (Apostol et al. 2001). On the other hand, a recent
publication demonstrates that quanta fluence rates of as high as 13,000 µmol m-2 s-1 are required to
achieve a real maximum fluorescence (Karageorgou et al. 2007).
There is a protocol, based on the PAM principle, for increasing or decreasing the intensity of the
actinic light in several definite steps within a few minutes. With these ‘rapid light curves’ introduced
by White and Critchley (1999) and later on applied for different samples (Ralph and Gademann 2005,
Rascher et al. 2000, Ritchie 2008) one is able to study the response of leaves to an equal set of
sudden changes in irradiance conditions and judge the potential photosynthetic activity over a wide
range of light intensities. Nedbal and Březina (2002) proposed the application of varying light
intensity (harmonic irradiation) for judging the light adaptation of a photosynthetic organism,
concluding later that a negative feedback regulation is responsible for the non-linear modulation of
photosynthetic activity in plants (Nedbal et al. 2003).
Another feedback regulation adjusting the intensity of the excitation light in order to keep the Chl
fluorescence stable is used by an instrument with a dual wavelength excitation (DUALEX) introduced
by Goulas et al. (2004). This technique is developed to acquire rapid information about the
absorption characteristic of the leaf tissue and thus is used to ‘fully eliminate any artifacts caused by
variable Chl fluorescence’ as has been demonstrated for quality assessment in grape vine production
(Cerovic et al. 2008). As the technique uses steady-state signal, the changes in the excitation light
intensity are not considered or stored.
However, the Chl-a fluorescence transients of a leaf measured at the transfer from dark to light
conditions are strongly influenced by the time periods of pre-darkening and/or pre-illumination that
determine the efficiency of energy transfer towards and between the two photosystems (for a recent
review see Nedbal and Koblížek 2006). Furthermore, the plants are adapting and acclimating to the
light environment at their particular habitat. This adaptation or acclimation refers to the growth and
development of an entire plant and its leaves down to the formation of chloroplast membranes and
involves both structural and functional differences (Björkman 1981). In most cases, this results in an
advantageous optimization of light interception and utilization for the functioning of photosynthesis.
Thus, a leaf developed under full sunlight (sun leaf) has a higher photosynthetic activity when
receiving high intensity light compared to that developed in the shade (shade leaf). On the other
hand, a shade leaf can have higher photosynthetic activity in low light than that of a sun leaf.
As mentioned in the previous section, there are emission maxima at 690 nm (F690) and 735 nm
(F735) which do not change their position during the induction kinetics (Buschmann and Schrey
1981) and their ratio depends on the Chl-a concentration of the leaf tissue. Thus, the ratio F690/F735
decreases with increasing Chl-a content of the leaf (for a recent review see Buschmann 2007). During
the induction kinetics, the ratio F690/F735 decreases (Buschmann and Schrey 1981), partially due to
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the faster kinetics of F690 emitted mainly from the vicinity of the sample surface where it receives
higher light intensity and, on the other hand, due to the gradual appearance of (otherwise nonvariable) PS I fluorescence during ‘state 1’ to ‘state 2’ transition which is sensed mainly in F735
(Franck et al. 2002). During the induction time, the energy transfer being active in PS II only (state 1,
at the onset of illumination) extends to both PS II and PS I (state 2, after several minutes, e.g. Pfündel
2009).
Most of the conventional fluorometers do not utilize the two emission maxima, and they are only
measuring the sum of fluorescence from the whole Chl-a fluorescence (Chl-F) spectrum. If they do
measure the two wavelengths simultaneously, usually the ratio between the two wavebands are
calculated, which shows only minor changes during the induction kinetics. Therefore, it is important
to create a protocol which yields a clear difference between the two wavebands immediately.
It is known that under low irradiance the photosynthetic activity rises linearly with the light intensity,
but becomes saturated with strong light (e.g. Björkman 1981; Larcher 2003). The light saturation
point (i.e. the lowest light intensity at which the maximum of photosynthesis is reached) depends on
the light conditions of the leaf during its growth and development. Leaves grown in the shade have a
light saturation point PAR < 500 mol m-2 s-1, whereas leaves exposed to full sunlight reach light
saturation only at fluence rates PAR > 1000 mol m-2 s-1 (Larcher 2003). For example the illumination
with extreme light intensities which the leaf has never experienced before can cause photoinhibition,
which is measured as a decrease of photosynthetic activity and Chl-a fluorescence (Long et al. 1994)
as well as an increase of non-radiative de-excitation, i.e. heat production (Buschmann 1987).
Based on the facts above, I can conclude that the light environment during growth is significantly
influencing the characteristic fluorescence signal of the photosynthetic system at different plant
leaves and at different measurement points. However, till now there has not been such a
measurement protocol available, by which the photosynthetic activity at light level adapted to the
individual plant’s demand can be monitored.
1.1.3. Fundamentals of the early detection of Tobacco Mosaic Virus infection
(Introduction to thesis II)
Plants exposed to stress suffer damage and – in the worst case – may not survive. Biologists, both in
fundamental and applied agricultural research have a strong interest in methods for early plant
stress detection, i.e. before damage reaches an irreversible state.
The principle of the early detection and reaction is shown on Fig.1.1.3.

Figure 1.1.3 [2]
Early detection and reaction to plant stress. The aim is to detect changes on plants before visible damage, and
to treat the plants in order to avoid plant death.
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Upon stress, the compositions of leaf pigments and secondary metabolites often change, leading
either to chlorosis (a condition in which leaves produce less or lose Chl-a) or darkening of the leaves.
On the other hand, accumulation of stress-induced compounds can remain without visible effects.
Since nowadays the physiological status of plants can be promptly monitored with non-invasive
methods, the presence of stress-induced compounds can be revealed by non-destructive imaging of
fluorescence, reflectance, and thermal signatures (Buschmann and Lichtenthaler, 1998; Buschmann
et al., 2000; Chaerle and Van Der Straeten, 2000; Chaerle and Van Der Straeten, 2001; Chaerle et al.,
2004). This opens the possibility to continuously follow-up plant performance and permits to detect
stress-induced deviations pre-symptomatically.
Time-lapse imaging (capturing images with regular intervals) offers a possibility to monitor spatial
and temporal heterogeneities of stress-linked signals rapidly, thus opening the possibility for in-time
treatment (see Chaerle and Van Der Straeten, 2000, Chaerle et al. 2004). However, this approach
results in a vast number of images requiring a fast, semi-automated image managing and preprocessing technique, which can be realized with the help of ImageJ (Rasband et al. 2013) macros.
During the stress effect, plants may synthesize specific compounds, depending on the causal agent.
Such compounds may alter the absorption of the light impinging on plant leaves, hence the spectrum
of reflected, re-emitted, and transmitted light changes. Ultraviolet (UV) excited fluorescence imaging
specifically allows visualization of the accumulation of phenolic compounds, e.g. those associated
with the hypersensitive response to pathogens. Pathogen infection leads to various responses,
depending on the plant–pathogen combination. A tobacco plant susceptible to tobacco mosaic virus
(TMV) is gradually infected, whereas resistant tobacco cultivars are characterized by a rapid and
strictly localized hypersensitive reaction (HR) which limits virus spreading. Phenolic compounds are
either synthesized via the ‘shikimate’ pathway (one of those metabolic pathways in plants not found
in humans or animals), or liberated from storage sources, accumulate during the HR to avirulent
pathogens, and are subject to conjugation (Enyedi et al., 1992; Herrmann and Weaver, 1999; Chong
et al., 2002; Gachon et al., 2004).
Using fluorescence microscopy, autofluorescence was observed around lesions induced by infection
or wounding (Rost, 1995). Specifically, strong blue autofluorescence associated with certain viral
infections was reported, and in the case of tomato spotted wilt virus infection of tobacco,
autofluorescence was linked to the accumulation of scopoletin (7-hydroxy-6-methoxy-coumarin;
Rost, 1995). Accumulation of scopoletin in TMV-infected tobacco was previously proven to occur
before HR-lesion formation (Fritig et al., 1972). Scopoletin was also reported to increase upon other
plant defense related reactions. Upon local infiltration of an HR-elicitor from the plant pathogen
Phytophtora megasperma (a fungus-like eukaryotic microorganism), tobacco leaves displayed local,
sharply delimited increases of blue fluorescence upon UV excitation, most likely due to phenolic
compounds (Dorey et al., 1997). Consequently, the corresponding local areas appear in blue on color
photograph. The main UV-fluorescing compound was purified from TMV-infected and elicitor-treated
leaves and unambiguously identified as scopoletin (Costet et al., 2002).
Other biotic stresses resulting in strong increases of blue–green fluorescence – unrelated to
scopoletin accumulation – were also reported (Buschmann and Lichtenthaler, 1998; Cerovic et al.,
1999). Depending on the plant–pathogen interaction, the relative abundance of accumulating
fluorescent compounds is likely to differ. An in vivo spectroscopic method was developed to identify
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and quantify classes of phenolic compounds (Cerovic et al., 2002). Such approaches could help one to
establish signatures for specific stress situations.
Furthermore, it was previously shown that rise in salicylic acid (SA) level, a key signaling plant
hormone in HR and also displaying blue fluorescence, coincided with the increase in leaf surface
temperature resulting from a decrease in transpiration (Chaerle et al., 1999). The time course of SA
synthesis was shown to precede the cell death typical of the hypersensitive response to pathogens
(Enyedi et al., 1992; Chaerle et al., 1999). In the previously described results obtained with a
robotized setup, thermography was carried out simultaneously with Chl-F imaging. The change of
leaf surface temperature is visualized by thermography (Chaerle et al., 1999). Thermal symptoms
during the incompatible TMV-tobacco interaction appeared slightly delayed compared to the first
increase in Chl-F emission, but symptom expansion was much faster (Chaerle et al., 2004). In these
previous thermography experiments, the first symptoms became apparent with thermal and Chl-F
imaging 32h after infection.
Chaerle et al. (2004) found the lack of reproducibility in visualizing the increase in Chl-F at the
infected points by spectrophotometry due to the fact that the sampling areas contain regions that
display an increase in Chl-F as well as regions with reduced Chl-F due to Chl breakdown. This can be
overcome by imaging instrumentation which resolves this inhomogeneous pattern.
However, the above studies did not measure the UV induced blue-green fluorescence. So, an early
detection of the TMV infection by UV induced blue-green fluorescence based time-lapse imaging
remained an open question in the literature.
1.1.4. Fundamentals of the UV absorption in leaves (Introduction to thesis III)
Plants adapt (genetically) to the light environment at their specific habitats. In nature, one can find
plants adapted to sun-exposed habitats (‘sun plants’) and others adapted to the shade (‘shade
plants’, see e.g. Björkman and Holmgren, 1966). Furthermore, many plant species (e.g. beech trees,
Fagus sylvatica L. being studied very often) have a broad acclimation range of their leaves depending
on the light exposure during their growth. One can distinguish sun leaves, shade leaves (leaves
shaded by other leaves), half-shade leaves and North leaves (outer leaves on the North side of a tree
growing without direct sunlight; Boardman, 1977; Björkman, 1981; Lichtenthaler et al., 1981; Tattini
et al., 2004). In general, sun leaves are protected against high (visible, PAR) light as well as against
high UV radiation of the sun and need a high light environment for optimal growth, whereas shade
leaves have a more efficient light harvesting system and are suffering under high light conditions (for
a recent review see Walters, 2005).
Due to its energy range, UV radiation is more destructive to plants than PAR, as UV-B directly
damages DNA, lipids and proteins. In addition to the mentioned impairment of PSII, UV-B targets the
crucial proteins of the photosynthetic apparatus such as enzymes RubisCO (ribulose-1,5bisphosphate carboxylase oxygenase involved in the first major step of carbon fixation), ATPase
(catalyzing adenosine triphosphate) and violaxanthin de-epoxidase (Jordan, 1996; Vass, 1997). The
response of plants to prolonged elevated UV exposure under field conditions is species specific and
varies from the reduction of photosynthesis associated with PSII inactivation (Šprtová et al., 1999 and
2000; Keiller et al., 2003) to its stimulation and efficient PSII photoprotection (Šprtová et al., 2003;
Shi et al., 2004). A pronounced difference in UV-B sensitivity is observed even among barley cultivars
(Hideg et al., 2006).
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The resistance of the assimilatory apparatus on a longer time scale (of weeks) is mainly due to
accumulation of epidermal phenolics which absorb in the UV part of the solar radiation spectrum
and, thus, function as screen that protects the mesophyll tissue of a leaf from damage by natural UV
radiation (Jordan, 1996; Bornman et al., 1997). This synthesis of UV-shielding (or UV-screening)
substances in the epidermis is induced by the UV-B radiation of the sun in the range of 280 to 315 nm
(Day, 1993; Liu et al., 1995; Sheahan, 1996; Burchard et al., 2000; Kolb et al., 2003). In particular, the
autofluorescing hydroxycinnamic acids and the non-fluorescing flavonoids accumulated in the
epidermis absorb in the UV and thus reduce the penetration of UV radiation into the mesophyll
which contains the cells with the most important metabolic processes (photosynthesis in the
chloroplasts, respiration in the mitochondria, protein formation from the nucleus to the cytoplasma
and the organelles) which need protection from UV-damage (Caldwell, 1971; Tevini and Teramura,
1989; Caldwell et al., 1998; Jansen et al., 1998). UV-absorbing compounds are accumulated in an
often species dependent pattern (Hutzler et al., 1998; Lichtenthaler and Schweiger, 1998). The in vivo
absorption characteristics of these compounds have been deduced by measuring the excitation
spectra of the Chl-a fluorescence (Cerovic et al., 2002).
Since Chl is located in the mesophyll cells (except for traces of Chl in the chloroplasts of guard cells in
the epidermis), the intensity of the Chl-a fluorescence excited by UV radiation depends on the
penetration of the radiation into the mesophyll reduced by the UV-shielding of the epidermis. Thus,
leaves grown in the sun under outdoor conditions with high amounts of UV-absorbing substances
accumulated in the epidermis show less UV induced Chl-a fluorescence than leaves excluded from
UV radiation, e.g. in a greenhouse (Stober and Lichtenthaler, 1993). From this shielding effect, Bilger
et al. (1997; 2001) proposed a fluorescence parameter for the detection of UV transmittance of the
epidermis by measuring Chl-a fluorescence excited with UV and blue wavebands. The usefulness of
this method has been supported by its strong correlation to the direct measurement of UV
transmission of isolated epidermal peels (Markstädter et al., 2001) and to the content of epidermal
phenolics (Burchard et al., 2000). Recently, various fluorescence imaging techniques have been used
to analyze the spatial distribution of UV-shielding level and localization of UV-absorbing compounds
within leaves (Agati et al., 2002; Hideg et al., 2002). Special instruments have been developed to
measure this parameter on a leaf spot (Cerovic et al., 2002) or remotely as an integral of a small area
of leaves or of a canopy (Ounis et al., 2001).
A longitudinal gradient of UV-shielding has been described for narrow-shaped monocotyledon
leaves, e.g. rye (Burchard et al., 2000) and barley (Wagner et al., 2003), but these works have not
studied the temporal development of the UV shielding. It has also been shown for barley seedlings
that the pigment accumulation and development of photosynthetic functions during greening in the
light strongly depend on the position within the leaf (Buschmann, 1981), but this study has not used
an imaging equipment. In order to find out the distribution of UV-shielding in broad leaves and
whether there are areas with particularly high UV-shielding, I introduced the application of the multispectral fluorescence imaging system (FIS) of the Botanical Institute of the Karlsruhe Institute of
Technology (KIT). Fluorescence images of sun and shade leaves of a single standing beech tree (Fagus
sylvatica L.) were taken with excitation in the UV and in the blue spectral range. A difference in UVshielding was also monitored for the upper (adaxial) leaf side facing to the sky and the lower (abaxial)
leaf side facing to the ground.
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High levels of PAR during sunny days are inevitably accompanied by increased UV radiation. PAR as
well as both UV-A and UV-B radiations target particularly PSII (Vass, 1997; Vass et al., 2002). Thus,
the ability of plants to efficiently regulate transfer and utilization of absorbed PAR in PSII is vitally
important for the photosynthetic apparatus.
The main prompt regulatory process preventing excess excitation of PSII reaction centers and
reducing the risk of possible photooxidative damage to the thylakoid membranes is the xanthophyll
cycle-dependent thermal dissipation of absorbed light energy (Holt et al., 2004; Štroch et al., 2004b).
On a longer time scale (days), photosynthetic organisms adjust to elevated irradiance by a reduction
of light-harvesting complexes of PSII (LHCII) resulting in the decrease of the PSII absorption crosssection (Walters, 2005). This process is accompanied by an increased content of carotenoids (Cars,
particularly xanthophyll cycle pigments) usually leading to an enhanced capacity of thermal energy
dissipation (Demmig-Adams, 1998; Bailey et al., 2004). Moreover, acclimation to high PAR typically
leads to increased photosynthetic activity and linear electron transport rate in many plant species
including cereals (Boardman, 1977; Lichtenthaler et al., 1981; Kurasová et al., 2002), rather than to
enhanced thermal dissipation (Savitch et al., 2002; Kurasová et al., 2003).
Therefore, in my dissertation I examined the acclimation of wild-type barley (WT) and Chl-b-less
mutant chlorine-f2 (clo f2) to increased PAR and UV radiations at the level of photosynthetic
pigments, PSII function and UV-shielding efficiency. As a result of Chl-b absence, clo f2 reduced LHCs
of PSI and PSII by 30% and 80%, respectively (Harrison et al., 1993). It was found that this mutant was
resistant to high growth irradiance due to reduced functional antenna size and the higher amount of
de-epoxidized xanthophyll cycle pigments that prevented the transfer of excitation energy to the RC
(Štroch et al., 2004a).
Thus, one can conclude that the acclimation of plants to naturally occurring high levels of PAR and
UV irradiance induces increase in both UV-shielding and Car content (Krause et al., 2001 and 2003).
The attempts to find mutual relation between UV-screening and Car composition were usually not
successful (Krause et al., 1999 and 2003). To my knowledge, the direct positive relation between
efficiency of UV-screening and content of Cars was found only in tropical tree seedlings acclimated to
elevated PAR and UV radiation in simulated tree-fall gaps (Krause et al., 2001). Thus, a prevailing
opinion is that these acclimation responses are independent (Krause et al., 2003). However, Havaux
and Kloppstech (2001) suggested that UV-screening flavonoids belong to the candidates that
compensate for the lack of the xanthophyll cycle activity during acclimation of npq1 mutant of
Arabidopsis thaliana to high PAR irradiance. Contrary, Robinson et al. (2005) observed an incapability
to accumulate UV-screening compounds in response to elevated UV radiation in the Antarctic moss,
Grimmia antarctici, which was compensated by the increase of Car content. However, under their
experimental conditions the increased content of Cars had not sufficient protective effect. It seems
that the contributions of UV-shielding and Car-dependent processes to PSII photoprotection might
be mutually dependent.
Therefore, further analysis of the role of both photoprotective mechanisms mitigating the potentially
harmful effects of PAR and UV radiations is necessary to understand the acclimation response of
plants. Particularly, information on the time scale of the development of UV-shielding together with
changes in pigment composition and efficiency of absorbed light utilization within PSII during
exposure of plants to full sun radiation is missing.
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I attempted to find a support for my hypothesis that reduced PAR absorption and carotenoidmediated photoprotection result in a decreased demand for UV-shielding efficiency necessary to
assure the positive acclimation to full-sun irradiance. Images of the whole leaf for the ratio of blue to
UV excited Chl-a fluorescence were taken to study the changes of the longitudinal leaf gradients of
UV-shielding during acclimation of plants to elevated PAR and UV radiations.
1.1.5. UV absorption and Chl fluorescence in grape berries (Introduction to thesis IV)
Fruits are the seed-bearing organs of flowering plants which undergo the developmental process of
ripening to produce mature organs which promote seed dispersal. In grape berries, fruit
development is divided into two growth periods which are separated by a stationary phase (Coombe,
1976). Ripening occurs during the second growth period which includes seed maturation and a
number of physiological and metabolic changes in the fruit flesh and skin such as enzymatic softening
of the tissue, hexose accumulation and, in red varieties, anthocyanin formation (Hrazdina et al. 1984;
Boss et al. 1996; Nunan et al. 2001; Giovannoni 2007). Analysis of transcript (gene expression)
profiles in ripening grape berries revealed simultaneous expression of numerous ripening-associated
genes (Terrier et al. 2005).
Not all biochemical processes, however, are governed by a genetic program coordinating the global
ripening process. Kolb et al. 2003 shows that a 6-day exposure of greenhouse grown berries to
natural UV radiation resulted in a significant flavonol accumulation but control exposure to visible
radiation affected only minor flavonol accumulation. Further, Kolb et al. (2003) has concluded, from
non-destructive Chl fluorescence analysis which utilizes attenuation of UV excitation radiation by UV
absorption of peripherally located phenolics (cf. Cerovic et al. 1993; Stober and Lichtenthaler 1993;
Sheahan 1996; Bilger et al. 1997; Bilger et al. 2001), that UV induced flavonol synthesis is absent in
non-exposed berry skins. It is unknown, however, if the strong exposure-dependent behavior of
flavonol synthesis is also present when berries ripen under long-term exposure in the field.
Short-term exposure to natural UV radiation has been linked to a strong stimulation of flavonol
synthesis in exposed sides of grape berries (Kolb et al. 2003) and, almost certainly, UV radiation in
field conditions caused flavonol accumulation in exposed half berries. Probably, a signalling pathway
is activated by UV radiation which induces the expression not only of the chalcone synthase gene,
which encodes the first enzyme of the flavonoid biosynthesis pathway, but also of a number of other
genes involved in defence against UV radiation (Brown et al. 2005). The observation, that flavonol
synthesis is confined to exposed sides of fully ripe berries strongly supports the idea that UV-induced
gene activation remains locally confined even during long periods of exposure in the field. Kolb et al.
(2003) correlated the degree of in vivo absorbance for UV-A radiation with the absorbance of
extracted flavonols, the principal UV-A absorbing phenolics in berry skins. Either the negative
common or natural logarithm of UV-to-blue excitation ratios
(

)

for fluorescence at wavelength λ has been shown to be related to UV absorbance by phenolics in vivo
(Cerovic et al. 2002; Kolb et al.2003; Goulas et al. 2004). A number of recent papers have suggested
that the fluorescence measurements are biased by stray and reflected excitation radiation especially
when fluorescence signals are small due to inefficient fluorescence excitation in the presence of
screening compounds (Agati et al. 2005; Hagen et al. 2006; Agati et al. 2007; Pfündel et al. 2007).
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Recently, the Chl decay during ripening of white grape berries has been monitored non-invasively by
recording the intensities of Chl-a fluorescence excited by visible radiation (Kolb et al. 2006). By
examining berry ripening in the field, the authors have shown that the Chl-F intensity declines
simultaneously with the increasing sugar content. The latter association would be consistent with the
notion that Chl degradation is part of the global ripening process in grape berries under natural
conditions. However, only exposed sides of berries have been studied by Kolb et al. (2006) and,
hence, it remains to be clarified if, similarly to flavonol synthesis, Chl decay requires exposure to sun
light.
My present study investigates to what degree ripening-associated and exposure-specific factors
determine the synthesis of flavonols and the degradation of Chl in field-grown white grape berries.
Field-grown material was analyzed by using the FIS of the KIT. This system was chosen because it
provided flexible selection of excitation and emission ranges, which enabled me to combine the two
non-invasive fluorescence analyses of grape berries introduced by Kolb et al. (2003; 2006) and,
further, because the imaging method allowed for the concomitant analysis of the exposed and nonexposed half of individual berries and, thus, provided information on exposure-specific effects with
better statistical confidence than conventional fluorimetry (cf. Buschmann et al. 2000).

1.2. Goals
My basic goal was to study the phenonema listed above and to define, realize and test new
fluorescence measurement methods for monitoring plant physiological states, stress situations, fruit
quality which should give novel and – from some aspects – better results than those methods found
in the cited literature. What follow are my aims of the four topics mentioned in section 1.1.
1. There are many Chl-F measurement protocols (e.g. Kautsky or PAM) and devices for studying the
photosynthesis of plants available. These illuminate the plant leaves with pre-defined light levels
having ‘saturating’ flash intensities usually significantly above the natural light environment and
utilize pre-defined protocols (e.g. continuous, pulsed or the combination of the two) after dark
adaptation. The photosynthetic capacity of a plant is obtained from the temporal variation of its
fluorescence kinetics by taking several numerical points of the kinetics and calculating their ratios.
This is based on the precondition that these protocols results reproducible measurements only if the
number of light quanta are higher than the number of the excitable Chl molecules (saturation), and,
thus, all PSII centers are closed (van Kooten and Snel, 1990). The fast rise of the Chl-F, forced by this
‘saturating light’, is normally used for obtaining the ‘maximum quantum efficiency of PS II’ as
(

)

according to Kitajima and Butler (1975). In my study, the kinetics maximum is termed Fp (see Fig.
2.1.3.1) in contrast to the usual parameter Fm detected using saturating light.
My goal was to develop a method which illuminates the plant with an initial moderate dose,
controllable level excitation so as to keep the resulting fluorescence constant. The variations in the
excitation light and the signal of the uncontrolled fluorescence detection channel(s) show the
adaptation capability of the leaf to this controlled light environment. I also aimed at testing the
suggested protocol and comparing it with the above mentioned, known measurement protocols. The
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method was realized in a modular fluorometer (FMM, FluoroMeter Module) developed by Opti-Sens
Co., Hungary in cooperation with BME in the framework of a GVOP 3.1.1 project (GVOP-3.3.1.-200404-0077/3.0, 2005-2007).
2. Since at the KIT prior to my activities, the FIS was rather used for qualitative studies to detect an
increased or decreased level of fluorescence signal – except from a demonstration study with DCMU
[Lichtenthaler et al. 1987] – I aimed to find and realize a stress situation where the spatial resolution
and the temporal changes of the images can provide extra information towards early stress
detection.
An opinion is evolved that using fluorescence, some biotic stress situations can be recognized earlier
than the appearance of its visible symptoms. I aimed to monitor the temporal changes in the
fluorescence emission, which can be associated with biotic stress, and I expected that a complex
response pattern would appear.
For this purpose, I implemented the possibility of a synchronized detection of the fluorescence and
video imaging in the FIS of the KIT with the latter documenting the visual inspection. I also needed to
automate the system in order to increase the number of measurements. Then I could start with the
systematic research on the field of fluorescence imaging.
I studied extensively a virus, the TMV, infection of tobacco plants. I wanted to decide, whether the
automated image acquisition was suitable to detect the virus infection pre-symptomatically based on
UV excited blue-green fluorescence images remotely from a distance of 0.5 meter. Earlier studies,
e.g. from Chaerle et al. (1999), showed that an early detection of the TMV-infection was possible
with thermography and Chl-F imaging. However, their setup was not able to take UV excited bluegreen fluorescence, so it was an open question whether the infection could be monitored and
followed up in the blue-green fluorescence region.
Furthermore, two components seemed to accumulate additionally during the HR, which may be able
to collaborate to a blue fluorescing signal (SA – Chaerle et al, 1999 and scopoletin – Costet et al.,
2002). I aimed to decide whether the appearance of one or both of them was visible on the bluegreen excited images.
3. The role of the UV absorption layer is the protection of the physiological important leaf tissues
below the epidermis from high UV radiation. Based on a simple model (Ounis et al., 2001) this can be
analysed by fluorescence ratio values. A major advantage of the method is that taking rational
values eliminates shading effects, since they are present in both the UV and blue excited
fluorescence images and, thus, drop out. The model assumes that the fluorescence signal has a
nearly linear relationship to the excitation light, which is true for low radiation intensities under
which the most of the PS II reaction centers are in the open state and, hence, trap excitation energy
efficiently and thereby diminish Chl fluorescence yield close to the so-called F0 level (Dau 1994).
I aimed at monitoring the temporal development of the UV absorption based on fluorescence ratio
images in the case of leaf samples exposed to different light conditions. By comparing its
development with carotenoid contents and photosynthetic parameters, I wanted to examine the
complementary role of the UV-shielding and carotenoid-mediated photoprotection in the PSII
photodamage.
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4. My aim was to examine in detail the fluorescence signal and its variation during the ripening
process in case of white grape fruit. It has been know that the fluorescence signals and its ratios can
be linked to the accumulation of substances (either directly as for phenols, or indirectly as for sugar),
which determine the fruit quality. However the literature was using point measurements, and
fluorescence imaging was not used for this purpose. The success with imaging equipments opened
exciting possibility for a non-invasive study of the fruits and pre-harvest quality control, which later
proved to be feasible for developing routine techniques for in vivo assessment of grape quality as
referred e.g. in Ben Ghozlen et al., 2010.

1.3.

Experimental techniques

In this section, I briefly describe two systems that formed the basic instrumentation in my studies
including their utilization and further development to achieve my aims described previously. Any
additional measurement tool or equipment that was also used is described in the corresponding
paragraphs.
1.3.1. Modular fluorometer concept
For the examination of the photosynthesis in plants, I used an FMM (Fig. 1.4.1), which has been
developed based on its predecessor Chlorophyll FluoroMeter (CFM, Barócsi et al. 2000 and 2003).
This instrument can be equipped with a three or five-branch optical fiber and a sample holder and
has a modular hardware and software setup.
I chose this instrument for my study since the Kautsky kinetic measurement protocol had already
been implemented in it, and its modular configuration and its programming possibility allowed me
the fast development of a novel protocol. Furthermore, the testing and comparing of the protocols
could be realized in an optically and instrumentally identical setup (same filters, detectors and light
sources). Therefore, there was a difference only in the measurement procedure, which allowed an
obvious comparison of the new (plant adapted excitation kinetic) and the former (Kautsky-type
kinetic) protocol, without disturbing technical differences. I present the device in details here
because it is necessary to understand the new measuring method proposed by me in the first thesis
of my PhD dissertation. Although, the hardware construction of the instrument is described here, the
novel measurement protocol belongs to the results part of my dissertation.
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Figure 1.3.1 [8]
Top: Block scheme of the FMM system. The modules from top to bottom are: FMM-1-LCD (keypad and display),
FMM-2-GPS (GPS/GPRS, global positioning and general packet radio service systems, respectively, optional),
FMM-3-CPU (PC/104 single board computer), FMM-4-ADC (data acquisition and control), FMM-5-LDD (laser
and detector unit) and FMM-6-BAT (battery). Further abbreviations not mentioned in the text: LD+MD – laser
diode with monitor diode, PD – photodiodes, F – optical filters. Bottom: Photo of a FMM system with fivebranch optical fiber for 4-channel detection.

The FMM is constructed as a modular system which can be flexibly adapted to the particular needs of
a special measurement (differences in excitation light and/or fluorescence bands, addition of global
positioning or watertight setup). Due to its flexibility, this system was an optimal platform to realize
any novel fluorescence protocols and/or hardware elements. The instrument – depending on the
installed modules – has different excitation light sources (laser diodes, LED-s), photodiodes with
different spectral filters, and one PC 104 based control and data processing unit. For my study, I used
the device in the following configuration:
It has a keypad and display module (FMM-1-LCD) serving as the user interface of the instrument. The
operation mode and data are shown on a 64 by 128 graphic dot-matrix liquid crystal display (LCD,
Lascar SP 5-GFX1). The touch-button keypad consists of a wake-up and 12 function keys. The optional
global positioning function (FMM-2-GPS) has not been used. Module FMM-6-BAT powers the FMM
system by an 11.1 V / 4000 mAh Li-ion battery pack (CH-UNLI72C04, Powerizer).
The central processing unit (module FMM-3-CPU) consists of a CMD16686GX single board computer
(Real Time Devices) with 128 MB of RAM and a 300 MHz National Semiconductors Geode GX1 MMX
enhanced microprocessor. The instrument control program (firmware) and the recorded data are
stored in a non-volatile Disk-On-Chip flash storage device (M-Systems MD2202-D32). The data
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transfer and firmware update are performed through one of the serial ports. The ISA-bus is decoded
by a complex programmable logic device (CPLD, Lattice M4A5-96/48) containing, in addition, an 8-bit
parallel-to-serial converter for the display, keypad readout, communication to the internal
microcontroller, and the select lines together with a 16-bit parallel-to-serial interface for
programming the digital potentiometers, necessary for setting the detector amplifier gain and offset
as well as the light source intensities.
In module FMM-4-ADC, there are two 12-bit 4-channel simultaneous sampling analog-to-digital
converters (Analog Devices AD7864-2) with low noise of +1 LSB (least significant bit: 1 LSB
corresponds to 1 count of the 4095 maximum counts). An internal peripheral interface controller
(PIC, Microchip PIC18F876) is used for hardware timing and triggering as well as for powermanagement functions.
In module FMM-5-LDD, a combination of interference filters (NT43-089 for 690 nm and NT43-091 for
730 nm, Edmund Optics; full width at half maximum: 10 nm each) and cut-off filters (665 nm RG665,
Edmund Optics) are used to separate the detection wavelengths and to mask the scattered
illumination light. Low noise PIN photodetectors (SD-200-14-21-241, Laser Components) are applied
with electrometer preamplifiers (OPA129, Texas Instruments–Burr Brown) and precision low noise
resistors (Vishay CMF55 series) for photocurrent-to-voltage conversion.
The internal light source is a 635 nm laser diode (DL-4038-021, Sanyo) with 10 mW maximum optical
power. Fast, monolithic laser diode driver circuit is applied to minimize the power-on transients
(AD9661A, Analog Devices) and realize digital optical power adjustment with linear response. A
safety interlock circuitry monitors the laser diode temperature with calibrated temperature readout
presented on the display.
A unique three-branch mixed optical fiber bundle is prepared to guide the laser beam onto the plant
sample and the fluorescence signals back to the detectors. The ends of all three branches are joined
together to form a fiber endface which is positioned into the sample holder (as close as 1 mm to the
sample surface). The other ends of the three fiber arms are mounted to the instrument body. The
laser guiding arm is a single unjacketed plastic fiber with an outer diameter of 2000 µm (NT02-549,
Edmund Optics) and numerical aperture of NA=0.51 delivering 5.6 mW of the 9 mW input laser
power (LP). Around this central fiber, 239 unjacketed plastic fibers with an outer diameter of
500 µm (NT02-532, Edmund Optics, NA=0.51) are positioned in a mixed fashion at the fiber endface
for the 2 detection wavelengths.
1.3.2. Imaging techniques and processing
For my fluorescence imaging studies, I used the customized FIS of the KIT. The system is based on a
pulsed Xenon lamp (excitation light source) and on a synchronized, gated image intensified camera in
combination with different waveband filters (detection unit). I further developed this system with an
RGB video camera and with an automated plant rotary table to be able to compare the fluorescence
detection method with the visual impression as well as to increase the number of measurements. In
the next subchapters, I detail the fluorescence imaging system.
1.3.2.1. Fluorescence excitation
A Xenon-arc flash lamp (FX-4400, Perkin Elmer Optoelectronics, Cambridge, UK) was used for
fluorescence excitation by illuminating the sample at an angle of 25° with respect to the vertical
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direction. The flashes (2.5 µs peak width/16 µs afterglow, 0.5 J per flash input energy) were delivered
at 50 Hz frequency by the lamp. It was mounted 0.5 m above the sample stage and produced a
roughly circular light fleck of 0.3 m diameter at the level (plane) of the sample stage.
Spectral ranges of excitation radiation (UV or blue) were selected by filters located in a filter wheel in
front of the lamp housing. For UV-excitation, a broad UV-transmitting filter (DUG 11, Schott, Mainz,
Germany) was employed which is characterized by a central wavelength (CWL) of 340 nm, a full
width at half maximum (FWHM) of 75 nm and maximum spectral transmittance (MST) of 79%. For
blue excitation, a broad blue filter (BG-12, Schott, Mainz, Germany), in combination with a UV cut-off
filter (GG 385, Edmund Optics, Karlsruhe, Germany), was applied resulting in a CWL of 423 nm, a
FWHM of 79 nm and a MST of 49%. The reflectance imaging was carried out with a grey filter with
1% transmittance (Schott, Mainz, Germany).
The spectral irradiances at sample level under UV and blue excitation conditions (Fig. 1.4.2.1) were
recorded at 0.25 nm increments using a half band width of 1 nm and an integration time of 100 ms
by a spectroradiometer consisting of a H10 double UV monochromator (Jobin Yvon, Munich,
Germany) equipped with a R955 photomultiplier (Hamamatsu, Toyooka, Japan). The instrument was
calibrated with a quartz halogen lamp (FEL 1000W/120V, Osram, Munich, Germany) which, in turn,
was calibrated against a standard light source (Physikalisch-Technische Bundesanstalt, Braunschweig,
Germany). Because one time interval of the integration of the spectroradiometer covers 5 flashes,
Fig. 1.3.2 reports mean irradiances, which include dark intervals between flashes.

Figure 1.3.2 [6]
Spectral irradiances at sample level under UV and blue fluorescence excitation conditions.

Under these conditions, the total irradiances under UV and blue excitation conditions were 0.13 and
0.15 W m-2, respectively; for comparison, midday irradiance in the visible region amounts to
270 W m-2 under cloudless summer skies in Southern Germany (unpublished data of E. Pfündel).
Therefore, our Xenon lamp excites Chl fluorescence with very low radiation intensities under which
the most of the PS II reaction centers are in the open state and, hence, trap excitation energy
efficiently and thereby diminish Chl fluorescence yield close to the so-called F0 level (Dau 1994).
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1.3.2.2. Detection
The block scheme of the fluorescence imaging system installed at KIT is shown in Figure 1.3.3.

Figure 1.3.3
Left: Block scheme of the fluorescence imaging system (FIS) of KIT. The system also includes a rotary table, not
shown in the figure, which makes automatic sample changing possible. Right: Photo of the FIS of the KIT.

Fluorescence images were recorded using a gated, intensified, 8-bit black and white CCD camera
(Camille, Optronis, Kehl, Germany) mounted 0.5 m directly above the sample stage, equipped with a
50 mm lens (Nikkor f/1.4D, Nikon, Tokyo, Japan) and synchronized to the Xenon lamp pulses.
An automated filter wheel allows the changing of different filters in front of the camera. According to
the biological interest, filters are available in the blue (CWL = 440 nm, FWHM = 10 nm, MST = 45%)
and the green spectral region (CWL = 550 nm, FWHM = 40 nm, MST = 55%); two filters are applied in
the red region (a red with CWL = 692 nm, FWHM = 10 nm and MST = 52%, and a dark-red with
CWL = 740 nm, FWHM = 10 nm and MST = 50%); another filter is applied in the near-infrared region
(CWL = 800 nm, FWHM = 40 nm, MST = 51%).
The camera received fluorescence signals by a gated image intensifier tube synchronized to the
xenon flashes with a gating time of 20 µs (Optronis, Kehl, Germany). The tube consisted of a type-S25
photocathode, a micro channel plate generation II and a P43 fluorescent screen. The latter was
coupled by a fiber optics tapered bundle to a CCD array consisting of 565 x 754 elements with 8 bit
resolution. The tube can be operated at various gain voltages: the maximum voltage of 720 V was
applied to take UV-excited fluorescence images, but usually 540 V were employed under blue
excitation conditions. Here I report only fluorescence data which have been corrected for gain–
voltage dependent differences in sensitivity.
Single flash images were acquired at 8 bit resolution. However, one 16 bit image is accumulated
automatically from 200 acquired images using the same excitation and detection filter. Thus, all
subsequent processing was carried out with 16 bit resolution. From the accumulated image, a dark
signal was subtracted which was obtained by summing up another 200 images with the Xenon lamp
turned off.
To correct for any heterogeneous distribution of excitation intensity, we related the sample images
to a UV-excited image of blue fluorescence from a white paper sheet placed on the sample stage.
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Video images were recorded by a CCD camera with RGB filtering (CV-M77, Jai, Copenhagen,
Denmark, referred to as RGB camera) viewing the sample stage at an angle of 10° off the vertical
direction. This camera is used to document either the samples or the visible symptoms. An additional
light source without flashing of the Xenon lamp is applied for the images taken with this camera.
1.3.2.3. Image acquisition and processing
The image acquisition was carried out by employing a frame grabber (Meteor II, Matrox, Québec,
Canada) at most of the experiments controlled by a special imaging software developed for our
equipment (BHR-Camille, EHR, Pforzheim, Germany or its predecessor Camille, Optronis, Kehl,
Germany). Image processing was done with the freely available imaging software “ImageJ” (Rasband
WS, ImageJ, U. S. National Institutes of Health, Bethesda, Maryland, USA, http://rsb.info.nih.gov/ij/,
1997-2013).
A fluorescence standard (Walz, Effeltrich, Germany) was used to compensate for differences in the
sensitivity of the FIS.
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2. Results and discussions
2.1. Excitation kinetics during induction of chlorophyll a fluorescence
(Thesis I)
2.1.1. Realisation of the excitation kinetic protocol
The FMM has already allowed the measuring of the traditional Kautsky induction kinetic curves
detected simultaneously at the two maxima of the Chl a fluorescence of leaves at the F690 red and
F735 far-red bands. The new measuring method, called ‘excitation kinetics’, is achieved by
systematically adjusting the prompt laser power (LP). The initial laser output is realized to be user
selectable in percent of the maximal laser output power available (~5.6 mW corresponding to
775 µmol m–2s–1 at the leaf surface). Recording starts with a preset (initial) LP kept constant within
one second and the fluorescence reaches its maximum similarly as in the conventional induction
kinetics measurement.
After 1 s, however, the FMM system starts changing (most probably increasing) the LP to keep the
fluorescence constant at its level reached after 1 s of illumination. This 1 second is selected so that
the fast rise of the fluorescence has surely been elapsed. Then the LP can be adjusted in 256 steps in
order to keep the fluorescence constant with an error of ε = ±5 LSB referenced to the fluorescence
value at t = 1 s. This fluorescence reference is calculated as an average of 3 successive F values in
order to minimize noise:
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The control is carried out by comparing the actual F(t) value with the reference value after the
hardware timer tick is handled and the actual F(t) value is measured.
( )|
If |
then the laser output power is incremented or decremented by 1 count. Then
F(t) is measured again before the next hardware tick comes. If the difference is still large (>ε), the LP
incrementing or decrementing is repeated once and the F(t) is re-measured and stored. Note, that
each time the LP is changed in a single or double count increment or decrement (ΔPmax = 2 counts):
no scaling is calculated to change the power with higher slope to avoid instability of the feedback
control loop. If the LP reaches maximum, no feedback is possible any longer: the power is kept at
maximum and consequently, the fluorescence will decay.
During the kinetics measurement, the values are stored for the F690 and F735 as well as for the LP.
For adjusting the LP, one of the two fluorescence bands can be selected as the reference wavelength
which is kept constant after 1 s of illumination. The values are saved with a quasi logarithmic time
scale (i.e. every 0.1 ms up to 4 ms, then every 1 ms up to 1 s, every 20 ms up to 15 s and, finally,
every 200 ms up to 300 s). The fluorescence amplitudes and LP are stored in the LSB range of 0 to
4095 and 0 to 255 (corresponding to 12-bit and 8-bit resolution, respectively).
The resulting LP curve during the light acclimating state of photosynthesis is termed here ‘excitation
kinetics’. When keeping the fluorescence constant by the feedback mechanism of the FMM, the
change of fluorescence yield during the dark-to-light transfer is compensated by an inverse change of
the excitation light.
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During the excitation kinetics, the LP rises from the user-defined low initial value (LP0 = 20% of the
maximal available laser power LPmax) to the high value LPe at 300 s of the measurement (see Fig.2.1.1
as an example). In my studies, as an optimal setting, I typically choose 20% of LPmax in order to have
the highest dynamic range without reaching LPmax within the 300 s measuring period. Based on
experimental results, I modified the feedback function of the FMM so that the single count step size
was changed to double count one, which turned to be fast and sensitive enough to achieve constant
fluorescence over the entire measuring period at the chosen fluorescence band. This is because a
feedback step is carried out frequently (at each measuring interval, i.e. every 20 ms during the first
15 s and every 200 ms later on) by changing the LP in 1 or 2 LSB steps up or down. Oscillations due to
the feedback function which might eventually lead to a collapse of the feedback regulation have not
been observed. In cases when LP reaches the LPmax (limited by the maximum power of the laser diode
of the FMM), the fluorescence at the chosen reference band is slightly decreasing.
2.1.2. Plant materials and complementary techniques
2.1.2.1. Samples of the elementary experiments
The leaves used in most of the experiments were taken from an indoor potted Ficus benjaminii L. Sun
and shade leaves were obtained from a white poplar tree (Populus alba L.) growing in the campus of
the BME. Before starting the fluorescence measurements, the leaves were dark adapted for at least
20 min.
2.1.2.2. Preparation of the barley samples
Barley seedlings (Hordeum vulgare L. cv. Barke) were grown at room temperature and 65% relative
humidity from the seeds in total darkness on gauze using tap water. Five day-old seedlings were
transferred to continuous white light (compact fluorescent light bulb: Dulux EL Concentra, 20 W / 41827, Osram, Munich, Germany, PAR = 90 mol m-2 s-1). Measurements were carried out after 2, 4, 8,
12, 24, 36 and 48 hours of greening in the light. The fluorescence was detected at the adaxial (upper)
leaf side 12 mm below the leaf tip. For this, 13 mm long pieces were cut from the primary leaf about
5 mm below the leaf tip and fixed in the sample holder.
2.1.2.3. Determination of the concentration of photosynthetic pigments in the case of the
barley experiment
The concentrations of Chls and Cars were measured by extracting the leaf tissue at the same site as
the fluorescence measurements (pieces of 13 mm length, 5 mm below the leaf tip) using 100%
acetone as organic solvent. The sample was homogenized manually and the extract was centrifuged
for 300 s at 3000 g in order to exclude turbidity which would otherwise disturb the absorption
measurement. The quantification of leaf pigments was carried out using a UV-VIS spectrometer (UV2101PC, Shimadzu, Düsseldorf, Germany) and the equations according to the Lichtenthaler-equations
given in section 2.3.1.3. The total Chl content was also monitored in vivo using a chlorophyllmeter
(SPAD-502, Minolta, Ahrensburg, Germany) before cutting the sample pieces for Chl-F and chemical
analyses. The chlorophyllmeter measurements were carried out at the same site as the fluorescence
measurements (12 mm below the leaf tip).
2.1.3. Results of the elementary experiments
For the measurements based on the excitation kinetics protocol, one must take into account that the
initial excitation is carried out at low (usually non-saturating) intensity (20% of LPmax) and, thus,

27

causes lower fluorescence intensity with a different (most probably slower) kinetics than with
saturating light (e.g. Strasser et al. 1995).

Figure 2.1.1 [11]
Example for an excitation kinetics of the Chl-F of a dark adapted primary leaf of a barley seedling (Hordeum
vulgare L. cv. Barke) measured by the FMM after 48 hours in light. It shows the F690 and F735 bands as well as
the LP during 300 s of illumination. The LP during the first second (LP0) was set to 20% of the maximum
(logarithmic scale); later on (linear scale) it is adjusted by the feedback mechanism to maintain F690 constant
at the amplitude reached after 1 s. After 300 s LP reaches the final value (LPe).

In Figure 2.1.1, an example for excitation kinetics is given for a fully green leaf (having greened in the
light for 48 hours) dark adapted for 20 min prior to the measurement. The intensity of the excitation
light preselected by the operator was set to 20% of the LPmax. This initial laser power (LP0) is kept
constant throughout the first second of illumination. In this time range, the fluorescence rises rapidly
from a low value F0 to a maximum Fp (Fig. 2.1.1 left). One can follow this fast rise of the fluorescence
intensity to a maximum reached at around 1 second. The fluorescence at the onset of measurement
(F0) and in the maximum during the first second of illumination (Fp) are detected to calculate the
ratio Fv/Fp = (Fp – F0)/Fp as a kind of measure of photosynthetic quantum yield. When comparing the
Chl-F measured simultaneously at F690 and F735, the fluorescence signal was higher at 690 nm and
rose faster during the first second of illumination than the signal at 735 nm (Fig. 2.1.1).
The fluorescence signal of one band reached at the first second of illumination is then kept constant
by active feedback. In the example given in Figure 2.1.1, F690 was chosen as the reference signal
(kept stable during the following 300 s and termed as ‘excitation kinetics for F690’). The feedback
regulation results in an increase of LP during the excitation kinetics from the initial value LP0 to the
maximum LPe reached after 300 s of illumination (Fig. 2.1.1 right). In the same time, the second band
F735 slightly increased, which found to be typical for all of the studied plant species. Whereas
measurements with F735 as reference band, the F690 decreases (unpublished data, termed as
‘excitation kinetics for F735’).
When starting the illumination with 30% LPmax the fluorescence during the first second of illumination
showed similar rise kinetics but leading to a higher fluorescence maximum than that with 20% LP max
(Fig. 2.1.2). The increase of the LP within the subsequent 300 seconds was clearly slower in the
beginning when starting with 20% than with 30% LPmax. After 150 s of illumination, there was a
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stronger rise for the kinetics with 30% than with 20% of LPmax. After 300 s of illumination the steady
state was not fully reached in either case.

Figure 2.1.2 [8]
Comparison of the effects of different initial excitation intensities: Excitation kinetics for F690 starting with 20%
and 30% LPmax (upper side of a light-green leaf of Ficus benjaminii L.). Left: F690 during the first second with
constant illumination, right: LP after the first second of illumination (automatically adjusted to keep the
fluorescence constant).

The dark adaptation time before the onset of the fluorescence measurement strongly changed the
fluorescence rise detected with constant 20% LPmax and the subsequent excitation kinetics
(Fig. 2.1.3). The first kinetics with the freshly collected leaf sample dark adapted for 30 min showed a
fast rise to a high fluorescence maximum within the first second of illumination and a rather slow
increase of the LP in the subsequent 5 minutes. The next kinetics, started after an additional dark
period of one minute, exhibited a much lower fluorescence maximum and a much lower increase of
the LP in the excitation kinetics. After subsequent dark periods of 5, 12 and 30 min, the
corresponding fluorescence maxima reached about the same level, after 1 second of illumination,
however the fluorescence rise curves becoming more slowly with increasing dark period. Each
corresponding maximum reached after 1 second of illumination was clearly higher than that after 1
minute of dark adaptation. Each of the excitation curves after 5, 12 and 30 min of dark showed a rise
kinetics close to that of the first one, but with a slightly faster rise and a lower maximum LP after 5
min of illumination.
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Figure 2.1.3 [8]
Variation with different dark adaptation periods: Excitation kinetics for F690 of the upper side of a dark green
leaf (Ficus benjaminii L.) starting with 20% LPmax. Recording of the ‘1st kinetics’ was carried out after collecting
the leaf sample and with a dark adaptation of 30 min, then followed by measurements with 1, 5, 12 and 30 min
of subsequent dark periods. Left: fluorescence during the first second with constant illumination, right: LP after
the first second of illumination (automatically adjusted to keep the fluorescence constant).

The lower side of a leaf showed a higher Chl-F than the upper side (Fig. 2.1.4 left). However, the LP
required for keeping the fluorescence constant showed similar excitation kinetics for both leaf sides
with a slightly lower LP for the lower side.

Figure 2.1.4 [8]
Comparison of upper and lower leaf side: Excitation kinetics for the F690 of the upper and lower leaf side
starting with 20% LPmax (light-green leaf of Ficus benjaminii L.). Left: fluorescence during the first second with
constant illumination, right: LP after the first second of illumination (automatically adjusted to keep the
fluorescence constant).
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The excitation kinetic responses were significantly different depending on the intactness of the
photosynthetic function of leaves (Fig. 2.1.5). During the first second of illumination, a dark green
and a light green leaf showed a similar fluorescence rise whereas a yellow leaf exhibited only a low
Chl a fluorescence with nearly no variation. During the subsequent 300 s, the LP remained
unchanged for the yellow leaf at around 20% LPmax, but increased to 40% LPmax for the dark green leaf
and to 65% LPmax for the light green leaf. The kinetics for the light green leaf was somewhat more
slowly than that for the dark green leaf.

Figure 2.1.5 [8]
Comparison of leaves with different Chl-a content: Excitation kinetics for F690 of a dark green, light green and
yellow leaf starting with 20% LPmax (upper side of a leaf of Ficus benjaminii L.). Left: fluorescence during the first
second with constant illumination, right: LP after the first second of illumination (automatically adjusted to
keep the fluorescence constant level).

At the onset of illumination, a low value of constant fluorescence FO is reached within nanoseconds
(which can not be resolved in the figures presented with a linear scale expansion of 1 second). The
rise kinetics and the area over the fluorescence curve has been termed ‘complementary area’ and
have been used to determine the quantity of redox substances and the functioning of electron
transport rate around PS II (for details see the review of Lavorel et al. 1986).
A faster rise kinetics of the LP (Fig. 2.1.4: upper side/lower side, Fig. 2.1.5: dark green/light green) can
be explained by a more efficient light usage. The missing rise kinetics in the yellow, Chl deficient leaf
(Fig. 2.1.5) is, however, an indication of the disturbance of energy transfer in the antenna system or
electron transport which can also be recognized in the missing fluorescence rise within the first
second of illumination (left part of Fig. 2.1.5).
When the pre-darkening time is shortened, the fluorescence peak Fp reached after 1 second of
illumination becomes smaller (Fig. 2.1.3 left). With a pre-darkening time of 30 min, the preilluminated sample exhibits a lower FP than the non-illuminated sample (1st kinetics). This shows that
30 min of pre-darkening is not enough to oxidize all redox substances between PS II and PS I in preilluminated samples and to achieve a dark adaptation as for the first kinetics in which the sample was
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not pre-illuminated but kept in the dim laboratory light before the 30 min pre-darkening. The strong
influence of quanta fluence rate applied during a pre-illumination phase has been demonstrated
recently (Schansker et al. 2006).
During the first second of illumination, the fluorescence rises from FO-level (O = original) to the peak
FP level due to the reduction of the redox substances downstream of the reaction center of PS II. This
displays the potential capacity of photosynthesis and represents a fluorescence induction kinetics
measured with non-saturated excitation light. The kinetics maximum Fp is interpreted as a transient
block of the electron transport (Satoh and Katoh 1980) with minimal photochemical and nonphotochemical quenching. When applying a higher intensity of the incident light, the redox
substances are faster reduced and the fluorescence rise is faster accomplished than at lower light
intensity (Fig. 2.1.2: comparison of 20% and 30% LPmax). Under saturating light, the ratio Fv/Fm
(defined in section 1.2) is a measure of the maximum photosynthetic quantum yield. With the
maximum fluorescence FP detected when exciting with the non-saturating light applied by the FMM,
a similar ratio (FP – FO)/FP can be used for determining a relative photosynthetic quantum yield. This
parameter can be used for comparison of different samples measured with the same initial LP.
When keeping the intensity of the excitation light constant after the first second of illumination, the
fluorescence intensity decreases slowly from the maximum to a steady state (Fs) reached after about
300 seconds. This is the time during which the linear photosynthetic electron transport from PS II to
PS I and further on to NADP+ is fully established. This electron transport depends on the connection
of the light harvesting systems to the appropriate reaction centers of PS II and PS I, respectively
(state transitions) and the onset of the enzymatic Calvin-Benson cycle which consumes ATP and
NADPH formed by the electron transport chain. The slow fluorescence decrease, reflecting the
gradual oxidation of the redox substances fully reduced at the maximum of the fluorescence kinetics,
is generally termed ‘photochemical quenching’. In addition, the Chl-a fluorescence decrease within
the first 300 seconds of illumination is partially interpreted in terms of ‘non-photochemical
quenching’ which summarizes the effects of the proton gradient, state transition and photoinhibition
during the induction kinetics (for reviews see: Krause and Weis 1991, Maxwell and Johnson 2000).
Following the first second of illumination, I adjusted the intensity of the exciting laser to the
conditions of the leaf samples established by their antenna systems and electron transport
components formed during earlier times of growth and development. Thus, I sense the uptake and
consumption of energy for each individual sample instead of the usual procedure of confronting all
samples with the same constant high (sometimes more than saturating) light intensity.
When keeping one fluorescence band constant, the other band is varying (see Fig. 2.1.1). Therefore,
the new excitation kinetic measurement method can directly show the different behavior of the
different detection wavebands, which, in case of the conventional techniques, can only be presented
from the fairly minor changes of the fluorescence ratio (F690/F735).
The required increase of the LP for adjusting the fluorescence to a constant level during the 300
seconds of the excitation kinetics monitors the rise of the energy input to achieve the steady state of
the photosynthetic electron transport and its related processes which are usually summed up as nonphotochemical processes (pH gradient at the thylakoid, state transitions and photoinhibition). With
short times of pre-darkening (Fig. 2.1.3: 1 min dark period) or with reduced photosynthetic activity
(Fig. 2.1.5: yellow leaf), only a small rise of energy input is required. With longer pre-darkening
32

periods (Fig. 2.1.3: 5, 12 and 30 min dark periods) and fully intact leaves (Figures 2.1.2, 2.1.4, and
2.1.5: green leaves), the LP has to be increased by a factor of 2-3 indicating a stronger demand for
light energy to achieve the maximum steady state of PS II-activity. The difference in the rise of the LP
in the excitation kinetics can be interpreted in terms of adaptation ability to the light environment
and is taken to characterize samples. Thus, the excitation kinetics rises more slowly when starting
with 30% LPmax (Fig. 2.1.2), without pre-illumination (Fig. 2.1.3: 1st kinetics), on the upper leaf side
(Fig. 2.1.4) and in light green leaves (Fig. 2.1.5), as compared to the respective counterpart samples.
2.1.4. Comparative study with other methods
In this study, I present excitation kinetics data measured for primary leaves of barley with a wide
range of different Chl contents and photosynthetic activities showing their individual physiological
plasticity. Barley seedlings grown in the dark for 5 days were measured during subsequent greening
in the light. During the greening process of 48 hours of continuous illumination, yellow leaves with no
photosynthetic activity turn to fully green leaves with high photosynthetic activity (Buschmann
1981).
After 5 days of growth in the dark, the barley seedlings reached a length of about 55 mm (excluding
seeds and roots). During the following 48 hours of greening in the light, this resulted in a lengthening
of the leaf blade by ca. 60 mm (Tab. 2.1.1). The light treatment also led to an uncoiling of the primary
leaf and a gradual change of the leaf color from yellow to fully green. The increase of Chl
accumulation in the light could be monitored non-destructively by the rise of the SPAD-value (Tab.
2.1.1). This value is a direct measure of the increase of the red Chl absorption band which is
corrected for variation in light scattering by a transmittance measurement at 940 nm (e.g. Uddling et
al. 2007). The exact quantification of the leaf pigments by extracts also showed an increase of the
total Chl content on a leaf area basis (Tab. 2.1.1). During 48 hours of greening, the Car content was
rising (from ca. 7 to 30 mg m-2) with a rate slower than that of the Chl content leading to an increase
of the Chl/Cars ratio from 2.7 to 6.5 (data not shown). Longitudinal growth of leaves, SPAD-values
and extracted Chl displayed a parallel rise, which showed that the accumulation of leaf pigments was
obviously not yet fully accomplished after 48 hours of greening in the light. The ratio Chl-a to b was
highest after 2 hours of greening in the light. Afterwards, the ratio decreased and leveled off at a
value of ca. 3 after 12 hours of greening (Tab. 2.1.1). The greening process could also be followed by
the decrease of the ratio Fs690/Fs735 (Tab. 2.1.1) which reached a stable low value after 12 hours of
greening. During greening in the light, the full the photosynthetic efficiency had already been
achieved after 8 hours of greening according to the fluorescence ratio Fv/Fp (Tab. 2.1.1).
The increase of the ratio Fv/Fp during greening in the light is a clear indicator of the increasing
photosynthetic efficiency. Fv/Fp reached a maximum already after 12 hours of greening and was
constant when the Chl content on a leaf area basis (determined from the extract) was still increasing
up to 48 hours of light. The F690 reached after 1 s of illumination used as reference value for the
active feedback can be regarded as equivalent to the maximum of the fluorescence induction kinetics
(Fp). Depending on the LP, the Fp is reached slightly earlier than 1 s (e.g. when using 20% of LPmax, Fig.
2.1.1).
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Table 2.1.1 [11]. Development of 5-day-old etiolated barley seedlings (Hordeum vulgare L. cv. Barke) during
greening in the light. The length of the seedlings was measured excluding the roots. SPAD-values were
measured at the same site where the fluorescence measurement was carried out. The chlorophyll
-2
concentration (mg Chl a+b m and ratio Chl a/b) was analyzed from extracts with 100% acetone. The ratio
Fs690/Fs735 was measured after 300 s of illumination (equal to the steady state Fs). The maximum quantum
yield Fv/Fp was measured in the 690 nm band during the first second of the induction kinetics with 20% of the
LP maximum as intensity of the excitation light. Mean with standard deviation (n = 6).

_______________________________
____________________________________________
greening
length SPAD-value Chl a+b
Chl a/b
Fs690/ Fs735
Fv/Fp (at 690 nm)
in the light [h] [mm]
[mg m-2]
__________________________
________________________________________________
2
56 ± 1
4±1
19 ± 3
6.2 ± 2.1
3.3 ± 0.7
0.78 ± 0.01
4
59 ± 1
6±1
48 ± 13
3.6 ± 0.9
2.0 ± 0.4
0.85 ± 0.01
8
78 ± 3
14 ± 1
80 ± 15
3.3 ± 0.6
1.5 ± 0.2
0.89 ± 0.01
12
85 ± 3
16 ± 2
109 ± 38
3.1 ± 0.5
1.3 ± 0.2
0.89 ± 0.01
24
92 ± 4
24 ± 1
148 ± 31
3.2 ± 0.3
1.2 ± 0.2
0.91 ± 0.01
36
104 ± 4
26 ± 1
165 ± 29
3.2 ± 0.2
1.1 ± 0.1
0.92 ± 0.01
48
114 ± 6
30 ± 1
181 ± 27
3.0 ± 0.2
1.3 ± 0.2
0.92 ± 0.01
_______________________ _______
_____________________________________________
Compared to the fluorescence signal of the conventional fluorescence induction kinetics (‘Kautsky
effect’), the excitation kinetics showed a much slower change of the LP signal. This is clearly
demonstrated in Figure 2.1.6 in comparing the normalized curves for the inverse excitation kinetics
to the fluorescence induction kinetics using 20 and 100% of maximum LP.

Figure 2.1.6 [11]
Excitation kinetics (LP) and its reverse (LP reverse), as well as fluorescence induction (Kautsky) kinetics with
20% and 100% LPmax for the primary leaves of barley seedlings (Hordeum vulgare L. cv. Barke, example of the
5-day-old etiolated seedlings after greening in the light for 48 hours). The curves represent the mean of 6
measurements normalized to a maximum spread scaling (maximum - minimum) for the time between 1 and
300 s.
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Excitation kinetics presents the change of the light intensity used for inducing photosynthesis during
the dark-to-light transition. This change is an active process individually influenced by the leaf
sample. The feedback mechanism reacts to the fluorescence changes of the sample and adjusts the
LP individually to the sample. The increase of LP is not just a mirroring of the classical fluorescence
induction curve which is clearly demonstrated in Figure 2.1.6. The decline of the fluorescence
induction kinetics (using constant LP) is much faster than the rise of the excitation kinetics. Excitation
kinetics do not resemble the classical ‘light saturation curves’ taken in the steady state or the ‘rapid
light curves’ taken in intervals of usually 10 s without waiting for steady state conditions (White and
Critchley 1999). Both are passive types of measurements which use the same light intensity or steps
irrespective of the individual leaf sample.
In contrast to the existing rapid light curves that change light intensity for several seconds without
waiting for a steady state reaction, in my excitation kinetics the incident light is continuously
adjusted to the reaction of the leaf sample. Rapid light curves show the potential reaction to a wide
range of different light intensities under non-steady state conditions, whereas with excitation
kinetics the real individual response is sensed. The shape of the excitation kinetics characterizes the
adaptation of the leaf to the light. As with ‘forced harmonic irradiance’ (Nedbal and Březina 2002),
internal dynamics of the processes regulating photosynthetic activity can be monitored by excitation
kinetics. The feedback regulation of the FMM is also different from the ‘fluorescence clamp’
technique of Schinner et al. (2000) who studied the variation of the light intensity of LEDs. In that
study, the low intensity pulses of the measuring light of a PAM-instrument (which does not affect the
photosynthetic activity) is regulated in order to keep the Chl fluorescence constant. They interpreted
their results in terms of fluxes into and out of the antenna pool of PS II.
The excitation kinetics of the primary barley leaves changed strongly during the greening in the light.
In Figure 2.1.7, the excitation kinetics are shown as mean of seven independent measurements with
standard deviation. The variation of the replicates was highest after 4 hours of greening (see also
Figs. 2.1.9 and 2.1.11B). After two hours of greening in the light, the LP increased only slightly and
soon reached a low steady state (Fig. 2.1.7). In contrast to the other curves, the LP rise of these
yellowish green leaves was relatively fast and even declined after 120 s (see the normalized curves in
Fig. 2.1.8). After four hours of greening the rise of LP within the first 15 s was followed by a second,
less pronounced rise after 75 s. The intermediate level at 30 s was most pronounced for the leaves
greened for 8 and 12 hours (Fig. 2.1.9A). In the excitation kinetics recorded after 8 and 12 hours of
greening, 100% of LP (limited by the laser diodes of the FMM) was sometimes reached before the
end of the recording time which can be seen by standard deviations beyond 100% (Fig. 2.1.7). The
final maximum LPe reached after 300 s increased up to 12 hours of greening and subsequently
decreased slightly with the leaves of the seedlings greened for 24 and 48 hours in the light (Fig.
2.1.9B).
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Figure 2.1.7 [11]
Excitation kinetics with primary leaves of 5-day-old etiolated barley seedlings (Hordeum vulgare L. cv. Barke)
after greening in the light for 2, 4, 8, 12, 24, 36 and 48 hours. It shows the kinetics of the LP between 1 s and
300 s of illumination. For each kinetics, the initial LP (LP0) was set to 20% of the maximum, later on it is
adjusted by the active feedback to maintain the fluorescence band at 690 nm constant at the amplitude
reached after 1 s of illumination. The kinetics is the mean of seven independent measurements with standard
deviation.

Figure 2.1.8 [11]
Normalized excitation kinetics for the primary leaves of 5-day-old etiolated barley seedlings (Hordeum vulgare
L. cv. Barke) after greening in the light for 2, 4, 8, 12, 24, 36 and 48 hours. The mean values of the curves shown
in Fig. 2.1.7 with maximum spread scaling (maximum - minimum).
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Figure 2.1.9 [11]
Values of the LP during the excitation kinetics with primary leaves of barley seedlings (Hordeum vulgare L. cv.
Barke) for different times of greening in the light (mean of 7 measurements with standard deviation). The
excitation kinetics (Fig. 2.1.7) was measured with an initial LP of 20% of the maximum. F690 was used as
reference band and kept constant by the active feedback. A) LP at 30 s of illumination. B) Maximum difference
of the LP during the excitation kinetics (LPe–LP0).

In order to analyze the rise of the excitation kinetics, the first derivative was calculated which
represents the change of the slope of the LP curve (see example in Fig. 2.1.10). For this purpose, the
data set was reduced to equidistant sampling points at 200 ms intervals and smoothed by simplified
least square procedure with a broad window of 50 data points (equivalent to an interval of 10 s). The
rise of the LP values during the 300 s of feedback regulation is characterized by a maximum reached
within the first ten seconds of the kinetics. The calculations and graphs were carried out using data
analysis and graphic software (Origin 8, OriginLab, Newshampton, USA).

Figure 2.1.10 [11]
st
Example for the excitation kinetics of the LP and the resulting 1 derivative measured on a fully green dark
adapted primary leaf of a barley seedling (Hordeum vulgare L. cv. Barke, greening in the light for 48 hours). For
the kinetics, LP0 was set to 20% of the maximum and F690 was used as reference band which is kept constant
st
by the active feedback. The 1 derivative was calculated after smoothing.
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The time for the highest rise of the LP curve, which was expressed as x-coordinate of the maximum in
the first derivative of the excitation kinetics was shortest after two hours of greening (Fig. 2.1.11A)
and showed a slight variation at a higher level during the later greening stages. The amplitude of the
rise of the LP curve expressed as y-coordinate of the maximum in the first derivative of the excitation
kinetics was the highest with the leaves of the seedlings greening in the light for 12 hours (Fig.
2.1.11B). It was clearly lower (significant at the 0.01 level using t-test) at the beginning of greening (2
hours greening) and also after 24, 36 and 48 hours of greening.

Figure 2.1.11 [11]
st
Maximum of the 1 derivative of the excitation kinetics (Fig. 2.1.7) with primary leaves of barley seedlings
(Hordeum vulgare L. cv. Barke) for different times of greening in the light. The excitation kinetics was measured
with an initial LP of 20% of the maximum. F690 was used as reference band and kept constant by the active
feedback. The kinetics is the mean of 7 measurements with standard deviation. A) Time at which the maximum
st
rise of the LP kinetics was reached (x-coordinate of the maximum of the 1 derivative of the excitation
st
kinetics). B) Amplitude of the maximum rise of the LP kinetics (y-coordinate of the maximum of the 1
derivative of the excitation kinetics).

In general, the intensity of fluorescence (F) depends on the I0 intensity of the excitation light, the
absorption of excitation light (A) either directly by the fluorophore or by other pigment molecules
which transfer the absorbed energy to the fluorophore and the f fluorescence yield of the
fluorophore (e.g. Dau 1994).

During the time of a Chl-F induction kinetics (in general a few minutes), the absorption A can be
considered to be constant. By adjusting the intensity of the excitation light required to maintain a
constant fluorescence level, it is possible to individually monitor the changes of the fluorescence
yield during the dark-to-light transition of each leaf sample. The change of the fluorescence yield F
after onset of illumination shown by the excitation kinetics is a consequence of the increase of
photochemical and non-photochemical processes. These changes are monitored by the transient
starting from the peak fluorescence state (Fp) with a majority of closed PSII reaction centers (that is
almost entirely reduced QA electron acceptors) and the minimum of quenching. This leads to a steady
state (Fs) with an equilibrium between open and closed traps of the PS II reaction centers and an
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increase of non-photochemical quenching due to the onset of PS I activity, thylakoid pH gradient, LHC
dephosphorylation and Calvin cycle functions (e.g. Dau 1994).
In the first seconds of the kinetics (shortly behind the maximum Fp) the photochemical quenching is
almost zero and increasing afterwards. The non-photochemical quenching, which is low in the first
seconds, rises towards the end of the kinetics (PAM-measurements, data not shown, Maxwell and
Johnson, 2000). When LP has reached a constant level at the end of the excitation kinetics, the
fluorescence (which has the same level as after 1 s of illumination) corresponds to the known steady
state fluorescence (Fs) which would have been detected with the high LPe that is finally reached by
the FMM feedback regulation. At the Fs level the photochemical quenching is low, whereas the nonphotochemical quenching is high.
In contrast to classical fluorescence induction kinetics (‘Kautsky effect’), in excitation kinetics the
fluorescence after 300 s has the same amplitude as Fp which is achieved by a gradual increase of the
intensity of excitation light. This corresponds to Fs of the fluorescence induction kinetics with the LP
used after 300 s (LPe). The conventional measurement of fluorescence induction kinetics with a fixed
continuous intensity of the actinic (excitation) light leads to different results of the parameters
determined depending on the (constant) intensity of the actinic light applied with different
instruments (e.g. the photochemical quenching parameter is always high with low actinic light, but
low with high actinic light).
Generally, there is no rise of the LP when LP0 is chosen very low (i.e. at about the same level as with
the measuring light of PAM-fluorometers measuring the F0) because the low light does not induce
photosynthetic activity and no variation of the Chl-F would show up. In addition, no rise of LP should
be observed – even with higher LP0 – when photosynthesis is inhibited. The increase of LP during the
excitation kinetics becomes stronger with higher LP0 chosen at the onset of the measurement (see
Fig. 2.1.1).
The rise between LP0 to LPe was low for the primary leaves of barley after 2 hours of greening and
increased till 12 hours of greening. This can be explained by the rising of the photosynthetic
efficiency indicated by the increasing values for Fv/Fp (Tab. 2.1.1). The speed of the rise in the first
few seconds of the excitation kinetics is also highest after 12 hours of greening; see the first
derivative of this part (Fig. 2.1.11A, x-coordinate). Possible explanations are a high rate of electron
transport and a high non-photochemical quenching in this stage of greening. If the leaves have been
greening in the light for 24 hours and more, the higher amount of accumulated Chl requires less LP to
maintain a constant fluorescence yield. In these green leaves, the efficiency of energy transfer in the
antenna system is improved and less energy is needed to keep the fluorescence constant.
The rise of LP during the excitation kinetics is fast when the trans-thylakoidal proton gradient and the
state1/state 2 transition are established quickly. This is the case with leaf samples which have been
dark adapted only for a few minutes (see Fig. 2.1.2). A similar situation is found in this study with
leaves containing less Chl which have been greening in the light only for a few hours (Fig. 2.1.11B, ycoordinate). If the leaves have been dark adapted for a longer time before the onset of the
measurement, the rise of LP is rather slow and, in several cases, five minutes (the maximum
measuring time set by the instrument) are not sufficient to reach a final steady state of LP (see Fig.
2.1.2). This resembles the situation of the leaves having accumulated higher amounts of Chl.
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The few cases of decrease of LP in the later part of the excitation kinetics could be related to
limitation in the activation of ferredoxin-NADP+-reductase (Lazár and Schansker 2009), to a lack of
availability of CO2 (Walker et al. 1983) or to a gradual inhibition of photosynthesis taking place during
the time of the excitation kinetics (e.g. penetration of an inhibitor of photosynthesis, Lichtenthaler et
al. 1997).
2.1.5. Conclusions of the excitation kinetics experiments
Conventional fluorescence induction kinetics using constant light with the same fixed intensity for all
leaf samples represents a passive type of measurement. Depending on the sample, the intensity of
the excitation light might be too low or too high to properly initiate all steps of the photosynthetic
process at the transient between dark and light.
In contrast, the novel excitation kinetics affords a new look from a different angle which requires
further studies to better understand the regulation mechanisms of photochemical and nonphotochemical processes. Measurements of the excitation kinetics can be used to study the
efficiency of photosynthesis of an individual leaf. The feedback mechanism adjusts the excitation
light actively during the measurement to the actual photosynthetic capacity of the individual leaf
sample. Illumination with excessive light is thus avoided.
The new method delivers comparable information content with the other, conventional fluorescence
kinetic protocols. Furthermore, the novel method has some physiologically relevant, new
information against the conventional techniques, because its temporal kinetics is different from the
inverse function of the traditional Kautsky-curve. One further advantage of this method is that the
intensity of the excitation light is adapted to the actual need of the particular sample and becomes
saturating with regard to Chl-a fluorescence emission without applying exaggeratedly high quantum
flux density, which is often the case in the traditional methods and which can influence the
interpretation of the measurement results. In contrast to the existing protocols, this results a clear
difference between the two Chl-F wavebands immediately.
The excitation kinetics represent an active type of measurement which show the physiological
flexibility and plasticity of the individual leaf sample (being of high importance for basic and applied
ecophysiological research and making this methodology innovative and informative) and can also be
used to judge the effectiveness of light energy utilization of plants more clearly than other
conventional induction kinetics methods based on constant actinic excitation. The combination
possibility of the technique with conventional ones (e.g. PAM and/or intensive flashes) is described in
our patent [10].

2.2. Multicolor fluorescence imaging for early detection of the
hypersensitive reaction to tobacco mosaic virus (Thesis II)
2.2.1. Plants and treatments
Tobacco plants (Nicotiana tabacum L.) of the resistant cultivar Samsun NN and the susceptible
cultivar Samsun nn were grown from seeds in a greenhouse of the Botanical Garden of the KIT. They
were moved to the experimental room before virus infection and subsequent imaging. The
inoculation with TMV was carried out using a suspension of TMV in phosphate buffer of 20
mmol/dm3 (pH 7.0) using volcanic ash powder as an abrasive (Chaerle et al. 2004). TMV-inoculum
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and buffer (reference: mock-infection) were alternately applied to the interveinal (~1 cm2) regions of
the adaxial (upper) side of one leaf.
As complementary study, fluorescence emission spectra of pieces cut from intact leaves were
measured using a fluorescence spectrometer (Luminescence spectrometer LS52, Perkin-Elmer,
Überlingen, Germany). The measured leaf area was 2 mm by 8 mm. The fluorescence was excited
with UV (λmax = 340 nm) or with blue light (λmax = 430 nm). The slit width was set to 15 nm for the
excitation monochromator and to 10 nm for the emission monochromator. Measurements included
2 areas per leaf for both infection and control. Each area was measured in three different points
consecutively. This procedure was repeated with leaves from 3 different plants of comparable age.
For imaging, an attached leaf was positioned to enable coverage of several treatment sites (usually
covering all the 4 treated and the 4 control areas) within the 130x95 mm field of view of the camera.
Time-lapse image sequences were captured at regular intervals (1 hour for infection experiments and
10 minutes for treatment experiments with solutions) after treatment.
In order to determine, which key compounds caused the additional fluorescence signal, solutions of
salicylic acid (SA, SIGMA, Steinheim, Germany) and scopoletin (7-hydroxy-6-methoxy-coumarin,
SIGMA, Steinheim, Germany) were infiltrated into the leaves. Treatment areas were located between
the veins and typically had an area of 170 ± 60 mm2.
Measurements were carried out in a room with stable environmental conditions (temperature 20 °C
and relative humidity 60%).
2.2.2. Time-lapse fluorescence imaging of TMV-infection
2.2.2.1. Further development of the imaging system for this application
For this study, the image intensified camera, the RGB camera and the automatic sample changer with
a rotary table (TC0120G, Weiss GmbH, Buchen, Germany) were controlled via an opto-isolated digital
input/output (I/O) and counter board (ME-8100, Meilhaus, Puchheim, Germany). This hardware
development was part of my PhD work. After this improvement, the system was able to acquire a
series of images from video and/or from image intensified cameras, the latter with different
excitation and detection filters. One series of images is termed as an image sequence and after my
development the system was able to capture such sequences with pre-defined time intervals
automatically (in time-lapse mode).
The vast numbers of images require a semi-automated image pre-processing including the steps
described in the next subchapters.
Image management
The acquired image sequences were saved as ASCII files in a common folder. The file names help to
catalogue these images. The first 4 digits of the file name show the sequence number in the time
lapse. After a hyphen, two further digits code the excitation and detection filter used for an
individual image. The advantage of this storage approach is the following:
a) All of the resulting images can be opened in ImageJ rapidly using the “import all RAW files”
command. This makes a rapid check of the captured images possible and thus allows a fast correction
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of the imaging settings (particularly modifying the intensifier voltage of the image-intensified camera
can be necessary).
b) Images, named this way, can also be sorted into subfolders using a simple batch file. At this point,
one can profit from the fact that the files captured with the same setting have the same last twodigits. Images combined into stacks and the time of measurement is written into a .txt file.
Registration of the images
Plant leaves can move (or even grow) slightly during the experimental period (taking a total of about
5 days). Single images may need to be transformed before an analysis of a selected leaf region over
the entire experimental time period begins. Moreover, the slightly different imaging fields of the two
cameras are also compensated for at this step.
In my method, bilinear transformation is carried out, for which the minor leaf veins are chosen as
landmarks. My solution is using the Turboreg plug-in of the ImageJ, published by Thévenaz et al.
(1998).
Processing overview montages and videos
A small macro program was written using the stack combiner plug-in of the ImageJ software in order
to produce an overview image montage stack. This can visualize the temporal changes of the
simultaneously captured fluorescence and reflectance images (max. 12 images). The preparation of
this montage stack is necessary to have a quick opinion about the ongoing biological processes by
looking all pieces of the image information simultaneously. The images are subtitled with the
measuring time and file name (see Fig. 2.2.1).

Figure 2.2.1 [2]
One slide of the processed montage includes six of the captured image types and automatically labeled in
white with the most important details (name and time of the measurement). For this figures, additional
notations are added in black to clarify the type of the images. All the images presented in this figure were
captured 49 hours after the infection. Fluorescence images are shown in the first line, from left to right: UVexcited green fluorescence at 550 nm, UV-excited red Chl fluorescence at 690 nm and blue-excited red Chl
fluorescence at 690nm. Reflectance images are shown in the second line, from left to right: reflectance in the
green part of the spectra at 550 nm, reflectance in the near-infrared at 800 nm and an image captured with the
RGB camera. The symptoms are already clearly visible on the fluorescence images, but not in the reflectance
images.
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Finally, measurements are carried out for a ROI (region of interest) or for the whole leaf. If the whole
leaf needs to be measured than the leaf pixels need to be separated from the background pixels. For
my studies, it was sufficient to create a threshold mask using the image having the highest contrast
between plant and background from the 12 images of the image sequence. For all measurements,
the ImageJ analysis tools (mean values, histograms, profiles, and pseudo color presentation) as well
as its multi-measure versions were used.
For video presentations, the pre-processed stacks or montages are saved in an uncompressed .avi
file. The compression is done afterwards, using the freely available video processing software
VirtualDub.
A fast and easily modifiable image processing method is a fundamental requirement for a successful
time-lapse imaging study. The frequently changing imaging task (using different plants which mean
different leaf sizes, fluorescence and reflectance properties and experimental time) requires a
flexible, semi-automated image processing technique. My solution makes it possible to modify the
image processing method depending on the imaging task. The general course of the processing is
similar to the flow-diagram shown in Fig. 2.2.2. Using this approach, I successfully revealed and
studied pre-visual symptoms of TMV virus infection.

Figure 2.2.2 [2]
Flow diagram of the image processing used for the KIT multi-color fluorescence imaging system. The steps
carried out with ImageJ are marked in grey.

2.2.2.2. Fluorescence imaging results and its discussion
After TMV-infection of the resistant tobacco cultivar Samsun NN, a large increase in green
fluorescence (UVF550, Fig. 2.2.3a) was observed on the inoculation spots. The first pinpoint sized
increases in green fluorescence appeared on average 40h post inoculation. Blue fluorescence
(UVF440) rose simultaneously (data not shown). The area with increased fluorescence expanded
continuously during the progression of the HR. Fourteen days after inoculation, a decrease in F550
was detected in the centre of the lesions.
Chl-F excited by UV (UVF690, Fig. 2.2.3b) increased a few hours later than the green and blue
fluorescence and displayed larger, more diffuse spots at the same location as those observed in the
43

green channel (UVF550, Fig. 2.2.3a) with fairly high contrast. In comparison, blue-light excited Chl-F
(BF690, Fig. 2.2.3c) was visualized with better contrast than the UV-excited Chl-F.
The centre of the high-intensity BF690 spots gradually darkened. These darkened spots also showed
up in the near-infrared reflectance image (R800) starting 64h after inoculation (Fig. 2.2.3d). In the
reflectance images captured in the green spectral band (R550) at 64h after inoculation, spots could
hardly be discerned, but were clearly visible in the image taken 14 days after TMV-infection (Fig.
2.2.3e).

Figure 2.2.3 [4]
Images of the leaves of a resistant tobacco plant (Nicotiana tabacum L. Samsun NN) taken before and after 28,
45, 55, 64 hours, and 14 days of inoculation with TMV: (a) fluorescence at 550 nm excited with UV, (b)
fluorescence at 690 nm excited with UV, (c) fluorescence at 690 nm excited with blue light, (d) reference
reflectance at 800 nm, (e) reference reflectance at 550 nm. Each image shows a region of interest of about
41mm x 48 mm of the leaf.

Monitoring of the resistant TMV–tobacco interaction with a 4-channel FIS revealed presymptomatic
increases in fluorescence in all four wavelength bands. The response in the green fluorescence band
(UVF550) was the most robust throughout the time course of symptom development. The blue
fluorescence signal (UVF440) was less intense, owing to the half bandwidth of the F440 channel being
4 times narrower than that in the green F550 channel (data not shown). In addition, lower camera
sensitivity was revealed for UVF440 compared to UVF550 based on spectrophotometric measurements
with a fluorescence standard (see section 1.3.2.2). The highly fluorescent compound scopoletin,
known to accumulate early during TMV-infection, has higher blue fluorescence emission than green
fluorescence emission, as determined with spectrophotometry (Fig. 2.2.4). The contribution of the
increased level of the SA to total blue fluorescence is likely negligible, given its much lower
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fluorescence compared with scopoletin (Fig. 2.2.4). Furthermore, the SA is not fluorescing in the
green region; therefore the UV induced green fluorescence signal can originate only from the
scopoletin of these two candidates. Neither scopoletin nor SA had effects on Chl-F emission (data not
shown).

Figure 2.2.4 [4]
Fluorescence spectra of a 12.5 mM solution of scopoletin and salicylic acid (note: logarithmic scale) measured
with the fluorescence spectrometer using UV-excitation at 340 nm. The spectral range of the imaging system
(half bandwidth of the filters at the detection side) is indicated by grey areas. a.u.: arbitrary intensity units

The lack of UVF550 signal at the centre of necrotic lesions, observed at 14 days post infection (Fig.
2.2.3a), corresponds with previous observations that visible necrotic lesions (Fig. 2.2.3e) did not
display fluorescence under UV-light (Costet et al., 2002; Dorey et al., 1997). These authors linked the
accumulation of scopoletin to the zone of ‘Localized Acquired Resistance’ which represents the outer
front of the developing necrotic lesion. The associated blue fluorescence visualized with UV
excitation was described as a specific marker for this zone. Taken together, these observations most
likely indicate that scopoletin is the main component responsible for both UVF440 and UVF550
increases observed after TMV-infection.
The intensity of the blue light excited Chl-F gradually declined starting in the centre of the spots (Fig.
2.2.3c). These increases and subsequent decreases in Chl-F were comparable to the observations
made a robotized imaging setup, both in appearance and symptom evolution in time (Chaerle et al.,
2004). Infiltration of SA had no effect on Chl-F emission, which confirms previous results. In addition,
I found that the scopoletin infiltration also did not alter Chl-F emission.
The near-infrared reflection (R800) images revealed the dying leaf regions earlier than the green
reflection (R550) measurement, but still substantially later than blue-green (UVF440 and UVF550) or
Chl-F imaging. Near-infrared reflection is widely used for early detection of stresses affecting leaf
structure and, in particular, the intercellular air spaces (Gausman and Quisenberry, 1990; Peñuelas
and Filella, 1998). The delay between the detectability of lesions in the green part of the visible
spectrum and the first appearance of blue-green and Chl-F signals and was approximately 1 day (Fig.
2.2.3, 45h versus 64h).
For the sake of completeness, it is worth noting, that infection of susceptible tobacco (Samsun nn)
with TMV did not result in any pre-visual symptoms in blue-green fluorescence or Chl-F imaging. In
this case, the virus spreads through the susceptible plant and causes characteristic patterns (such as
mottling and discoloration) on the leaves (hence the name of the virus). However, using modulated
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non-imaging fluorometry highlighted changes in fluorescence emission in both symptomatic
systemically infected leaves and symptomless inoculated leaves from the same plant (van Kooten et
al., 1990). These measurements were carried out 4 weeks after inoculation to allow full systemic
infection.
I showed that presymptomatic responses to TMV infection could be observed with a multicolor
fluorescence and reflectance imaging setup. The onsets of increases in blue-green and Chl
fluorescence were comparable in timing, but the appearances of further symptom development
were strikingly different.
2.2.3. Comparison with spectrophotometry
2.2.3.1. Spectroscopic assessment of TMV-infection
Spectrophotometric measurements were carried out on excised leaf pieces 88h after TMV or mockinfection. The increase in UV-induced blue fluorescence during the HR to TMV infection was clearly
significant (assessed by a statistical t-test at significance level of P<0.05) above 400 nm when
compared to the control treatment (Fig. 2.2.5, upper left panel, Samsun NN). The difference in
fluorescence emission between TMV and mock-infected areas gradually decreased towards the
550nm region. Neither blue nor UV-excited Chl-F differ significantly between control and infected
areas (Fig. 2.2.5, upper right panels). These results were consistent for 3 independent repetitions.
Infection of the susceptible tobacco cultivar Samsun nn with TMV did not reveal any significant
change in fluorescence emission (Fig. 2.2.5, lower panel, Samsun nn).

Figure 2.2.5 [4]
Fluorescence spectra of infected and control leaf pieces of the resistant cultivar Samsun NN (upper panel) and
the susceptible cultivar Samsun nn (lower panel) tobacco (Nicotiana tabacum L.) plants, measured with the
fluorescence spectrometer. Results from a typical experiment are shown. The measurements were carried out
88 hours after infection with TMV (infection: dashed line) or without infection (treatment with 20 mM
phosphate-buffer pH 7.0: solid line). The spectra are averages of measurements repeated 3 times on 2 different
leaf pieces per treatment. Standard error bars are indicated. The fluorescence spectra between 400 and 650
nm (left part) were excited with UV (central wavelength: 340 nm). The spectra between 650 and 800 nm (right
part) were excited either with blue (central wavelength: 430 nm) or with UV. Note the different scale. T-tests
were carried out for both plant cultivars between infection and control treatments. A significant difference
with p< 0.05 is indicated as a bold line below the graphs. The spectral range of the imaging system (half
bandwidth of the filters at the detection side) is indicated by grey areas. a.u.: arbitrary intensity units
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Infected leaf areas were sampled for spectrophotometric measurements. Increases in fluorescence
emission were significant throughout the whole blue-green region of the fluorescence emission
spectrum (Fig. 2.2.5). Fluorescence imaging permits to visualize this spatial heterogeneity, whereas a
spectrophotometric measurement only provides an average value. Thus, the effect of fluorescence
increase can be masked by the concomitant decrease in the central regions of the developing HRlesions. This test emphasizes the real advantage of an imaging tool against a spot measurement
since, in the image, a complex pattern appears and not simply a changing average is monitored in a
larger measurement field.
2.2.3.3. Fluorescence of infiltrated phenolic compounds
When a 0.3 mmol/dm3 solution of scopoletin was infiltrated into the lower side of a leaf, the
fluorescence images taken from the upper leaf side immediately showed an increase in green and
blue fluorescence (F440 and F550) at the site of infiltration (Fig. 2.2.6). The zero time point
represents values before infiltration. Thereafter, the intensity decreased gradually to a constant level
at about 4h post-infiltration.

Figure 2.2.6 [4]
Kinetics of blue and green fluorescence after salicylic acid and scopoletin infiltration on the lower leaf side,
determined from leaf images acquired from the upper leaf side. Blue (UV_F440) and green (UV_F550) UVinduced fluorescence traces, calculated from time-lapse image series, are shown for treated and control
regions within the same leaf. a.u.: arbitrary intensity units

However, the SA-infiltration of the lower leaf side led to a delayed increase in blue fluorescence
(UVF440) detected from the upper leaf side starting only 1.5h after infiltration (see Fig. 2.2.6,
generated from time-lapsed image series). Measurements were carried out on infiltrated areas (see
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section 2.2.1). First, a diffuse increase in blue fluorescence was apparent (image not shown); its
maximum intensity was reached after 5h (average intensities for treated and control sites were 990
and 570 arbitrary units (a.u.), respectively). Thereafter, the effect redistributed to a few highintensity spots (maximum intensity) which subsequently disappeared. No increase in fluorescence
was visible on the image 18 h after infiltration, average intensities were 610 a.u., this is comparable
to the average intensity (590 a.u.) of the control area. When the lower side of a leaf was imaged after
SA-infiltration, an immediate nearly homogeneous increase in blue fluorescence (UVF440) was
recorded at the site of SA-infiltration, with a maximum intensity increase 5h after infiltration (data
not shown). Transport of SA to the adaxial cell layers likely explains the observed increase in blue
fluorescence when imaged from the adaxial side (Fig. 2.2.6).
At control treatment sites, slight local decreases in blue and red fluorescence emission were
observed immediately after infiltration gradually reverting to control levels after ca. 30 min.
The dynamics of fluorescence increase after SA-infiltration could be caused by transport (increasing
trend) and conjugation (decreasing trend). Conjugated SA is thought to fluoresce less than its free
form (Williams, 1959) and conjugation of SA is known to increase with time after infiltration (Lee and
Raskin, 1999; Martinez et al., 2000) with its maximum rate appearing hours after infiltration (thus
immediately after the maximum level of blue fluorescence).
In contrast, the conjugated form of scopoletin, scopolin was reported to display blue fluorescence
(Costet et al., 2002). The fast decrease of the signal should thus be due to degradation and transport
of scopoletin and scopolin out of the observed infiltrated region.
2.2.4. Conclusion of the early detection of the hypersensitive reaction to tobacco mosaic
virus
Summarizing, the UV-excited fluorescence imaging specifically allows visualization of the
accumulation of phenolic compounds, e.g. those associated with the HR to pathogens. I showed that
SA – which is known to be responsible for the thermographic signal – only caused a negligible green
fluorescence signal. In contrast, the scopoletin showed strong green fluorescence in the case of
spectroscopic measurements, and also if it was infiltrated into the leaf. Thus, the multi-channel
imaging system permitted to discern the key components SA and scopoletin and linked the recorded
blue-green fluorescence increases to the scopoletin accumulation. However, the Chl-F symptoms
could not be linked directly with either scopoletin or SA accumulation, but appeared as a
consequence of the breakdown of the photosynthetic system during HR.
This work proves the potential of multispectral imaging to unveil stress-associated signatures, and
the power of blue-green fluorescence imaging to monitor accumulation of secondary compounds.
The applications of fluorescence imaging in screening for disease and stress resistance have a clear
potential for quantitative assessment.

2.3. Epidermal UV-shielding and its distribution (Thesis III)
2.3.1. Plant materials and experimental methods
This part of my dissertation is using the FIS of the KIT, described in section 1.3.2 and some further
methods, described below.
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2.3.1.1. Plant materials of the beech experiment
Leaves of a single standing beech tree (Fagus sylvatica L.) located in the Campus of KIT (south-west of
Germany, 49°0' N, 8°30' E, 110 m above sea level) were collected for the measurements in early
September. Sun leaves were taken from the sun-exposed south side, shade leaves from the north
side shaded by other leaves. When possible, upper (adaxial) and lower (abaxial) side of the leaves
were measured separately. Each parameter was determined as an average of five leaves. For the
fluorescence images one representative sample is shown.
2.3.1.2. Plant material and design of the barley experiment
Seedlings of barley (Hordeum vulgare L. cv. Bonus) were grown from seeds under shaded conditions
in a greenhouse of the Botanical Garden of the KIT. Wild-type plants (WT) were compared to the Chl
b-less mutant chlorina f2 (clo f2). 7-day-old plants were transferred to full-sun outdoor conditions;
control plants were kept in the greenhouse in order to follow age-dependent changes. The pot plants
growing on soil were watered daily in order to avoid drought stress. The measurements were
performed on the primary leaves before as well as 1, 3 and 6 days after transferring the plants to
outdoor conditions. Intact plants from the pot were collected in the morning between 7 am and 8 am
local time and kept under dim light in the laboratory during the measurements.
This experiment was carried out in early June with predominantly bright sunny days. At solar noon,
the level of PAR (400-700 nm) and UV radiation (300-400 nm) in the greenhouse was only
approximately 9% and 2% of the outside level, respectively. The typical irradiances under outdoor
conditions during noon were approximately 1800 μmol PAR-photons m-2 s-1 and 150 μmol UVphotons m-2 s-1 and under greenhouse conditions 160 μmol PAR-photons m-2 s-1 and 3 μmol UVphotons m-2 s-1. The spectra of irradiance under greenhouse and outdoor conditions measured using
a portable spectroradiometer (LI-1800, LI-COR, Lincoln, USA) are shown in Fig. 2.3.1. Air temperature
in the greenhouse was in the range of 25-30 °C, whereas under outdoor conditions the daily average
temperature was lower and increased from 12.8 to 20.8 °C during the 6 days of the experiment
(Table 2.3.1). The daily net global radiation measured by a pyranometer (CM7, Kipp&Zonen, Delft,
Netherlands) was very similar for the duration of the 6 days experiment, except for the first day
which showed a lower value because of some clouds (Table 2.3.1).

Figure 2.3.1 [7]
Spectral irradiances within 300-1100 nm obtained during the experiment. Spectra were measured on a clear
day around solar noon in the greenhouse and outdoor conditions. The mean spectra from 6 measurements are
presented.
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Table 2.3.1 [7] Climatic field conditions throughout the experiment. Taver, Tmax, Tmin are the daily average,
maximum and minimum temperatures of air, respectively. Rn and GImax are the daily net global radiation and
the daily maximum global irradiance, respectively.

__________________________________________

_

6 June
7 June
8 June
9 June
_____________________________________
Taver (°C)
12.8
14.7
16.5
18.1
Tmax (°C)
16.8
20.0
21.1
23.3
Tmin (°C)
7.9
7.4
9.6
10.0
-2
-1
Rn (MJ m day )
21.8
28.4
28.7
28.2
GImax (W m-2)
983
989
971
906
_____________________________________________________

10 June
20.1
24.9
13.1
27.6
868

11 June
_______
20.8
25.1
15.5
29.9
921
___

2.3.1.3. Comperative methods
The fluorescence imaging was completed with additional methods to gain complex information
about the UV screening of the beech and barley samples.
Fluorescence and reflectance spectra
Fluorescence emission spectra were taken from intact leaves using a fluorescence
spectrophotometer (Luminescence spectrometer LS52, Perkin-Elmer, Überlingen, Germany). The
excitation wavelength was set to 355 nm and 430 nm for UV and blue excitation, respectively. The
slits of the excitation and emission monochromators were set to 15 nm and 10 nm, respectively.
Reflectance spectra were taken from the same intact leaves using a UV-VIS double-beam scanning
spectrophotometer with integrating sphere attachment (UV-2101PC, Shimadzu, Düsseldorf,
Germany).
Leaf pigment analysis
Chls and Cars were extracted from the leaves. Circular pieces of 10 mm diameter were cut from the
leaves by means of a cork puncher and extracted with 100% acetone using a mortar (except the
study of the beech samples, where the pigment content was determined on leaf area basis). The
extract was centrifuged for 5 min at 500  g in case of the beech samples in order to have a fully
transparent extract without light scattering by fibres and coagulated proteins. The concentrations of
Chls and Cars were determined spectrophotometrically (UV-2101PC, Shimadzu, Düsseldorf,
Germany) from the acetone extracts using the equation of Lichtenthaler (1987):
(

)
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where Ca, Cb, Ca+b and Cx+c are the concentration of the Chl-a, the Chl-b, the total Chl and the
carotenoids, respectively and A470, A644.8, A661,6 are the absorbance at 470, 644,8 and 661,6 nm,
respectively, V is the volume of the extract and S is the area of the leaf sample.
In case of the barley samples the extract was centrifuged for 6 min at 7000 g. Furhermore, in this
experiment, the pigment content was expressed per leaf area measured using a flat bed scanner and
the Cernota software developed by Kalina and Slovák (2004).
Photosynthetic energy conversion as sensed by PAM-parameters
In case of the barley experiment, a pulse amplitude-modulated fluorometer (PAM 101/103, Heinz
Walz, Effeltrich, Germany) was used to complete the study.
The room temperature Chl-a fluorescence of leaves was measured using a PAM fluorometer
equipped with the emitter-detector unit (ED-101BL) employing a blue light-emitting diode as a
source of excitation light with the maximum intensity at the wavelength of 461 nm (Štroch et al.,
2005). The fluorescence emission was detected for the entire range of Chl-a fluorescence above
660 nm. After 15 min of dark adaptation, the minimal fluorescence F0 was detected. Then the
maximum fluorescence under dark adaptation FM was measured during a saturating white light pulse
of 1 s duration with incident photosynthetic photon flux density of approximately
PPFD = 5000 μmol m-2 s-1 of a halogen lamp (KL 1500, Schott, Mainz, Germany). Subsequently,
saturating actinic white light of PPFD = 2000 µmol m-2 s-1 of another halogen lamp (KL 1500, Schott,
Mainz, Germany) was applied for 10 min to reach the steady state Fs, when another saturating 1 s
white light pulse was given to measure the maximum fluorescence FM’ under light acclimation.
Afterwards, the actinic light was switched off and the F0’-level was determined as the lowest
fluorescence during 5 s following illumination in the presence of weak far-red light of 735 nm.
The following parameters were calculated:
maximal photochemical eff. of PSII

Kitajima and Butler,
1975

non-photochemical quenching of FM

Bilger and Björkman,
1990

non-photochemical quenching of F0

Gilmore and
Yamamoto, 1991

PSII electron transport rate

(

)

Genty et al., 1989

where PPFD is photosynthetic photon flux density of actinic light, A is leaf absorptance and 0.5 is a
factor that assumes equal distribution of excitation energy between PSI and PSII (Krall and Edwards,
1992). Based on the measurements of reflectance and transmittance spectra of leaves using an
absorption spectrophotometer equipped with an integrating sphere (UV-201PC, Shimadzu,
Düsseldorf, Germany), leaf absorptance in the PAR region (400-700 nm) was 0.80 ± 0.01 and
0.64 ± 0.02 for WT and clo f2, respectively.
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2.3.2. Results of the UV-shielding experiment of the beech leaves
The sun leaves of the single standing beech tree were more than twofold smaller than the shade
leaves (Table 2.3.2). They had slightly (without significance using t-test) higher Chl content on a leaf
area basis, a significantly higher Chl a/b ratio and a lower Chls/Cars ratio (P<0.05). Thus shade leaves
are optimized for light harvesting by their larger light collecting leaf area and their higher content in
Chl-b an indicator of a higher proportion of light harvesting complex whereas sun leaves are well
adapted to high irradiance by their small leaf area and the relatively higher amount of Car accessory
pigments stabilizing Chls (Lichtenthaler et al., 1981; Walters and Horton, 1999).
Table 2.3.2 [3]. Parameters of the sun and shade leaves of a single standing beech tree (Fagus sylvatica L.)
located on the Campus of the KIT. The data were determined from the same leaves as used for the other
measurements. Mean and standard deviation of five replicates are given. (x+c = xanthophylls and carotenes =
total Cars). The differences in the leaf area, Chl a/b and Chls (a+b)/Cars (x+c) are significant P< 0.05, whereas
the difference between the Chl per leaf area values is not significant.

__________________________________________
Sun leaves
_____________________________________
leaf area [mm2] *
1720 ± 190
Chls (a+b) per leaf area [mg m-2]
367 ± 41
Chl a/b*
3.06 ± 0.05
Chls (a+b)/Cars (x+c)*
4.74 ± 0.20
_____________________________________________________

_
Shade leaves
_______
5690 ± 270
348 ± 25
2.66 ± 0.25
5.20 ± 0.29
___

The reflectance spectra (Fig. 2.3.2) show the typical form of green leaves, i.e. low reflectance in the
UV (300 - 400 nm) and the visible spectral range (400 - 700 nm) except for some reflectance in the
green (around 550 nm) and high reflectance in the near infrared (700 - 800 nm). The lower leaf side
of both sun and shade leaves had a higher reflectance in the visible spectral range (400 - 700 nm)
than the upper leaf side. There were only minor differences for sun and shade leaves when
comparing the reflectance in the visible spectral range for the same leaf side. In the near infrared,
only the reflectance of the lower leaf side of the shade leaf showed somewhat lower intensity
whereas the other spectra were similar. From the higher reflectance in the green spectral range
around 550 nm for both leaf types (Fig. 2.3.2), one can deduce that the lower (abaxial) leaf side, with
the spongy mesophyll, shows a lower Chl content than the upper leaf side, with the palisade
mesophyll. The constant base line of reflectance between 400 and 500 nm and in the 680 nm range is
caused by the leaf surface, whereas the variation in the spectrum between 500 and 680 nm is due to
the pigment absorption inside the leaf (Buschmann and Nagel, 1993). The surface reflectance of both
leaf types is higher for the lower leaf side than for the upper leaf side. The higher Chl content of the
sun leaves as measured from the extracts can be explained by the higher thickness of sun leaves. The
reflectance in the near infra red spectral range is influenced by the scattering of the leaf tissue. A
lower reflectance found for the lower leaf side of the shade leaf is interpreted in terms of a higher
scattering usually caused by the increase of the density of intercellular air spaces (Gausman and
Quissenberry, 1990).
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Figure 2.3.2 [3]
Reflectance spectra of sun and shade leaves of a single standing beech tree (Fagus sylvatica L.) located on the
Campus of the KIT. The spectra were taken from the upper (adaxial) and lower (abaxial) leaf side. Means of five
replicates are shown. The error bars represent the standard deviation (n = 5).

The fluorescence emission spectra excited in the UV (Fig. 2.3.3) showed maxima in the blue (around
450 nm), red (around 685 nm) and far red (740 nm). In the green spectral range around 520 nm, only
a small shoulder was visible. The fluorescence of one leaf side was always higher for shade leaves
than for the sun leaves. For both leaf types the fluorescence was lower for the upper leaf side than
for the lower leaf side. In particular, the upper leaf side of the sun leaves showed a very low
fluorescence. There was a clear decrease of the red 690 nm band in the spectrum of the upper leaf
side of the shade leaf compared to the spectrum of the lower leaf side of the shade leaf (spectra not
shown).

Figure 2.3.3 [3]
Fluorescence emission spectrum of a green leaf of a beech tree (Fagus sylvatica L.) showing the characteristic
bands at 440, 520, 690 and 740 nm. The spectrum was measured using the fluorescence spectrophotometer
with UV excitation maximum at 355 nm. Mean of five replicates of the abaxial side of a sun leaf normalized at
the fluorescence maximum is shown.
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The fluorescence ratios calculated from the fluorescence spectra and from the fluorescence images
are summarized in Table 2.3.3. When comparing the ratios for UV and blue excitation one can find a
remarkable similarity between the two measuring types. Sun leaves have a higher ratio
UV
F440/UVF690 than shade leaves. This difference (highlighted in the table) is particularly striking for
the upper leaf side. There is always a lower value for the ratio F690/F740 of the upper leaf side
compared to the lower leaf side. The ratio F690/F740 is somewhat lower if the fluorescence is
excited in the UV compared to blue excitation (except for the lower leaf side of sun leaves). The ratio
UV
F440/UVF520 is higher for shade leaves than for sun leaves.
Table 2.3.3 [3]. Fluorescence ratios of the sun and shade leaves of the beech tree (Fagus sylvatica L.) as
determined A) from the fluorescence emission spectra and B) from the fluorescence images taken with UV and
blue excitation. Each value is given for the lower (abaxial) and upper (adaxial) leaf side. Mean value and
standard deviation of five replicates are shown.

_________________________________________
Sun leaves
lower side
upper side
___________________________________________________
A) Ratios determined from the fluorescence emission spectra
______________________________
UV
F690/UVF740
1.47 ± 0.15
0.94 ± 0.06
UV
UV
F440/ F690
2.64 ± 0.72
9.17 ± 1.76
UV
F440/UVF520
1.84 ± 0.12
1.20 ± 0.24
B
F690/BF740
1.39 ± 0.16
1.09 ± 0.09
________________________________
B) Ratios determined from the fluorescence images
_____________________________
UV
F690/UVF740
1.50 ± 0.04
0.76 ± 0.12
UV
F440/UVF690
2.65 ± 0.44
7.11 ± 2.47
UV
F440/UVF520
3.42 ± 0.09
2.88 ± 0.32
B
B
F690/ F740
1.86 ± 0.04
1.58 ± 0.16
________________

____
Shade leaves
lower side
upper side
_____
_____________________
1.23 ± 0.06
0.89 ± 0.03
1.24 ± 0.12
0.99 ± 0.26
2.11 ± 0.06
2.18 ± 0.27
1.37 ± 0.07
1.07 ± 0.04
_____
__
1.31 ± 0.04
1.34 ± 0.06
3.78 ± 0.09
1.61 ± 0.07

1.01 ± 0.02
0.97 ± 0.09
4.09 ± 0.13
1.43 ± 0.22
_

The difference in Chl content for the two leaf sides is also reflected in the fluorescence ratio between
the two maxima of the Chl fluorescence emission spectrum at 690 and 740 nm (F690/F740). This
ratio decreases with increasing Chl content due to the stronger re-absorption of the fluorescence at
690 nm on its way to the leaf surface where it is detected (Lichtenthaler et al., 1990). The absorption
characteristics of the leaf are visible in the reflectance spectra (Fig. 2.3.2), the low reflectance at 680
nm is due to the high absorption of Chls. Inside the mesophyll (below the epidermis), UV light is less
absorbed than blue light. Thus, UV photons penetrate deeper into the leaf compared to the blue
photons and the fluorescence has a longer path out of the leaf resulting in its stronger re-absorption.
This explains why UVF690/UVF740 is lower than BF690/BF740.
The fact that sun leaves have a higher UVF440/UVF690 ratio than shade leaves is due to the increase of
the content of blue fluorescing fluorophores (Stober and Lichtenthaler, 1993; Tattini et al., 2004) and
to the higher UV-shielding which reduces the penetration of UV light into the mesophyll where the
Chl fluorescence is excited leading to a reduced Chl fluorescence (Bilger et al., 2001). The high
F440/F690 ratio in the leaf veins can be explained by the large amount of blue fluorescing substances
in the cell walls of the vascular bundle (Buschmann and Lichtenthaler, 1998). The UVF440/UVF520 ratio
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which is higher for shade leaves than for sun leaves is an indicator of the relative composition of blue
and green fluorophores, i.e. cell wall bound hydroxycinnamic acids and flavonoids (Stober and
Lichtenthaler, 1993; Lichtenthaler and Schweiger, 1998). The fluorescence parameters comparing the
Chl-a fluorescence excited by UV and blue wavebands (BF690/UVF690 or BF740/UVF740) or their
logarithmic functions (lnBF690/UVF690 or lnBF740/UVF740 that approximate the Lambert-Beer law) or
the reciprocal of any of the previous are related to the UV shielding effect the epidermis (see e.g.
Bilger et al. (1997; 2001), Ounis et al. 2001).
Figure 2.3.4 shows the distribution of fluorescence intensity over the lower side of sun and shade
leaves. Only the lower leaf side is given here since the upper leaf side of the sun leaves exhibited very
low fluorescence intensity. The blue fluorescence (UVF440) is always higher, whereas the red (F690)
and far red (F740) fluorescence is lower in the leaf veins than in the interveinal regions. The intensity
of F690 and F740 is lower for sun leaves than for shade leaves. These two fluorescence bands exhibit
much higher values when excited with blue light than with UV (see different scales).

Figure 2.3.4 [3]
Fluorescence images of the upper (adaxial) leaf side of sun and shade leaves of the beech tree (Fagus sylvatica
L.) excited with UV (A) and blue (B). Images are shown for the blue (440 nm, UV only), red (690 nm) and far red
(740 nm) fluorescence. Notice that the scales for UV and blue excitation are different.

The images of the UVF440/UVF690 ratio show higher values in the leaf veins for the lower leaf side of
sun and shade leaves whereas the F690/F740 ratio is homogeneously distributed over both leaf types
(Fig. 2.3.5). The UVF440/UVF690 ratio for the whole leaf area was higher in sun leaves than in shade
leaves.

Figure 2.3.5 [3]
Rational images of fluorescence emission excited with UV of the lower (abaxial) leaf side of sun and shade
UV
UV
UV
UV
leaves of the beech tree (Fagus sylvatica L.) for F440/ F690 and F690/ F740.
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The logarithmic ratio of the Chl fluorescence at 690 and 740 nm excited by blue light and UV
(ln [BF690/UVF690] and ln [BF740/UVF740]) was higher for sun leaves than for shade leaves (Fig. 2.3.6
and Table 2.3.4). This is valid for both fluorescence wavelengths (F690 and F740) and for both leaf
sides. The ratio is always higher for the 690 nm fluorescence band. In the frequency distribution, one
can see a clear separation of the ratios of sun and shade leaves (Fig. 2.3.7). The average value for the
upper side is higher than for the lower side. The variation in screening shown in Fig. 2.3.7 for one leaf
is meaningful because the logarithmic parameter can be calculated with a good signal to noise ratio
as a leaf profile (Fig. 2.3.8). The figures of the logarithmic parameters are representative as
demonstrated by the close match between Fig. 2.3.7 (frequency distribution for one typical leaf) and
Tab. 2.3.4 (average of the parameter for 5 replicates).
Table 2.3.4 [3]. Logarithmic fluorescence ratios indicating UV-shielding of the epidermis of the sun and shade
leaves of the beech tree (Fagus sylvatica L.) calculated from the fluorescence images as average for the whole
leaf area. The fluorescence was measured at the maxima of the chlorophyll fluorescence emission spectrum at
B
690 nm (F690) and 740 nm (F740). A ratio was formed between the fluorescence excited with blue ( F690 and
B
UV
UV
F740) and UV ( F690 and F740) light. The mean and standard deviation were calculated from the average of
all pixels of each of the 5 leaves.

____________________
Ratios

__________________________________________
____
Sun leaves
Shade leaves
lower side
upper side
lower side
upper side
________________________________
_______________________
________
ln(BF690/UVF690)
2.46 + 0.11
4.51 + 0.31
1.63 + 0.09
2.02 + 0.26
ln(BF740/UVF740)
2.24 + 0.11
3.73 + 0.23
1.43 + 0.06
1.68 + 0.13
__________
_________________________________
______________ _______
ln(BF690/UVF690)

ln(BF740/UVF740)

ln(BF690/UVF690)

Upper side

ln(BF740/UVF740)

Lower side

Figure 2.3.6 [3]
Images of the logarithmic fluorescence ratio indicating UV-shielding of the epidermis of the sun and shade
leaves of the beech tree (Fagus sylvatica L.). The fluorescence was measured in the maxima of the Chl
fluorescence emission spectrum at 690 nm (F690) and 740 nm (F740). A ratio was formed between the
B
B
UV
UV
fluorescence excited with blue light ( F690 and F740) and with UV ( F690 and F740 ). (A) upper leaf side, (B)
lower leaf side.
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Figure 2.3.7 [3]
Frequency distribution of the logarithmic fluorescence ratio between the fluorescence excited with blue and
B
UV
with UV lights measured at 690 nm (ln[ F690/ F690]) as calculated from a typical fluorescence image of the
upper (adaxial) and lower (abaxial) leaf side of sun and shade leaves of the beech tree (Fagus sylvatica L.).

Figure 2.3.8 [3]
Profiles of the logarithmic fluorescence ratio between the fluorescence excited with blue light and with UV
B
UV
measured at 690 nm (log[ F690/ F690]) calculated from the fluorescence image of the upper (adaxial) and
lower (abaxial) leaf side of a shade leaf of the beech tree (Fagus sylvatica L.). For this profile analysis, the image
of the lower leaf side was mirrored vertically in order to be able to compare the same tissue.

57

The distribution of the logarithmic ratio is homogeneous for the upper side of the sun leaf and it is
high in the leaf veins of the shade leaves. There are particularly bright areas at the leaf edge for the
upper side of the shade leaves and for the lower side of the sun leaves. This trend can also be
revealed in the corresponding profiles (Fig. 2.3.8). The high values of the logarithmic ratio are due to
the lower fluorescence when excited in the UV (see Fig. 2.3.4A). The same kind of profile was visible
when using the F740 nm signal (data not shown).
The intensity and distribution of UV-shielding within the leaves is shown as the logarithmic
fluorescence ratio ln (BF690/UVF690). The use of the logarithmic value on the one hand has the
advantage to correspond approximately to the relative absorption of the epidermis according the
Lambert-Beer law and thus eliminating shading effects, which is wavelength independent (Ounis et
al., 2001), on the other hand it is necessary for presenting the data in such a wide range with
differences of several orders of magnitude. This ratio can be calculated for both (F690 and F740) Chl
fluorescence bands. The logarithmic fluorescence ratio depends nearly exclusively on the epidermis
transmittance and not on the optics of the mesophyll as has been found by Bilger et al. (1997) when
measuring epidermis-free leaves from both leaf sides.
It appears reasonable that the UV-shielding is stronger for sun leaves than for shade leaves and
better for the upper side than for the lower side. UV-shielding was reported to be caused both by
hydroxycinnamic acids and by flavonoids absorbing in the UV range. The importance of flavonoid
absorption for UV-shielding was reported to be increasing with age (Burchard et al., 2000). The
leaves of the single standing beech tree exhibit higher UV-shielding at the leaf edge of the upper side
of the shade leaves and of the lower side of the sun leaves.
My study clearly demonstrates that by means of fluorescence imaging, one not only obtains a better
statistical confidence for fluorescence signals over the whole leaf area but also achieves a better
insight into the distribution of UV-shielding of different leaf sides and different leaf parts. I found that
UV-shielding is stronger for sun leaves than for shade leaves and better for the upper (adaxial) leaf
side than for the lower (abaxial) leaf side of both leaf types.
2.3.3. Barley experiment
Previously, I presented that the FIS of the KIT was successfully tested to be able to monitor the
resolution of the UV screening inside the leaf. Hereafter, I examined whether with this tool I can
study the temporal development of the UV shielding, simultaneously with the measurement of
carotenoid contents and photosynthetic parameters.
Content of photosynthetic pigments
At the onset of the experiment (before transfer from greenhouse to outdoor), the content of Chl-a
(Fig. 2.3.9.A) expressed per leaf area in clo f2 was approximately half as high as in WT. The amount of
total Cars (Car x+c; Fig. 2.3.9B) was even more reduced for clo f2, as was documented also by
significantly (P<0.001) lower Car (x+c)/Chl-a ratio (Fig. 2.3.9C). During the following 6 days of
experiment, the content of Chl-a and Car x+c changed only slightly in both WT and clo f2 for the
seedlings grown in the greenhouse. A day after transfer to outdoor conditions, the Chl-a content was
slightly lower in both WT and clo f2 seedlings compared to plants kept in the greenhouse. This
relarive reduction of Chl-a concentration was more pronounced and remained significant (P<0.01)
after 3 days following their outdoors in clo f2 plants. Subsequently, the Chl-a content increased in
outdoor plants and finally reached higher values than in the greenhouse ones (by 10% with P<0.05
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and 16% with P<0.001 for WT and clo f2, respectively). In WT barley the Chl-b content exhibited
similar variations as that of Chl-a (data not shown). Both types of plants showed an increase of Car
x+c when transferred to outdoor conditions. The content of Car x+c after 6 days outside was higher
by 27 and 52% for WT and clo f2, clearly significant with P<0.001, respectively. The increased Car
content was also visible in the highly significant increase (P<0.001) of the ratio Car (x+c)/Chl-a. The
most pronounced change of Car (x+c)/Chl-a during the outdoor treatment was observed already on
day 1, when Car (x+c)/Chl-a increased by 22 and 38% for WT and clo f2, respectively. The reduction
of this ratio was observed on day 6, particularly in clo f2.

Figure 2.3.9 [7]
(A) Chl-a and (B) total Car (x+c) contents per leaf area and (C) Car (x+c)/Chl-a ratio for barley wild-type (WT)
and chlorina f2 mutant (clo f2) grown in the greenhouse and transferred to outdoor conditions. Day 0
corresponds to 7 days-old plants. n = 6, ±S.D.
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Photosynthetic energy conversion as sensed by PAM-parameters
The initial value at the maximal photochemical efficiency of PSII (FV/FM; Fig. 2.3.10A) was significantly
higher (by 10%; P<0.001) for WT than for clo f2. During the growth in the greenhouse the values of
FV/FM did not change very much in WT but revealed an increasing trend in clo f2 that finally resulted
in nearly the same PSII photochemical efficiency for both variants. Upon transfer to outdoor
conditions, FV/FM of the clo f2 mutant decreased strongly on day 1, but recovered during the
following 5 days. The transfer of the WT plants to outdoor conditions showed the same tendency,
but with much smaller changes of FV/FM.

Figure 2.3.10 [7]
(A) The maximal photochemical efficiency of PS II (FV/FM), (B) non-photochemical quenching of maximal
fluorescence (NPQ), (C) non-photochemical quenching of minimal fluorescence (SV0) and (D) PS II electron
transport rate (ETR) for barley wild-type (WT) and chlorina f2 mutant (clo f2) grown in the greenhouse and
transferred to outdoor conditions. Day 0 corresponds to 7 days-old plants. FV/FM was determined after 15 min
in darkness, other parameters were estimated at the steady state of Chl-a fluorescence after 10 min of
-2 -1
illumination with actinic light of 2000 µmol m s . n = 6, ±S.D.
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The non-photochemical quenching at the maximal fluorescence (NPQ; Fig. 2.3.10B) was always
higher by more than 100% for WT than for the clo f2 mutant. In the greenhouse, both plant variants
showed little variations of NPQ throughout the experiment. The transfer to outdoor conditions
induced an increase of NPQ for WT, but a decrease for clo f2. Similarly to NPQ, the nonphotochemical quenching of minimal fluorescence (SV0; Fig. 2.3.10C) was also higher for WT than for
the clo f2 plants. During the experiment, SV0 remained unchanged for greenhouse-WT, but
decreased slightly for clo f2 reaching even negative values on day 6. There was a clear increase of SV0
for both plant types when transferred to outdoor conditions. Already on day 1, SV0 values were
approximately 2 times higher in outdoor WT plants and even 6 times higher in clo f2 compared to the
corresponding greenhouse counterparts. At the end of the experiment, SV0 decreased considerably
in both variants under outdoor conditions, particularly in the clo f2 mutant.
PSII electron transport rate expressed as parameter ETR (Fig. 2.3.10D) was not different for both WT
and clo f2 plants grown in the greenhouse. A rise of ETR was observed in both plant types after 3
days and more significantly after 6 days under outdoor conditions. This increase was more
pronounced for WT than for clo f2. After 1 day of outdoor growth, WT showed only a slightly higher
ETR in comparison to the greenhouse control, whereas for clo f2, the ETR did not differ between
outdoor and greenhouse plants.
Epidermal UV-shielding detected by Chl fluorescence
For the WT plants, the ratio of blue to UV excited Chl-a fluorescence (BF690/UVF690; Fig. 2.3.11) was
significantly (P<0.01) higher than for the clo f2 plants when grown in the greenhouse, except for day
3 and 6, when no significant difference (P>0.05) was observed. Upon transfer to outdoor conditions
B
F690/UVF690 strongly increased for both plant types already after 1 day and reached a saturation
level after 3 days. Under outdoor conditions, BF690/UVF690 was always clearly higher for WT than for
clo f2. The increase of BF690/UVF690 after 1 day under outdoor conditions was very similar for WT
and clo f2. But later on, BF690/UVF690 grew slowly in clo f2 than in WT. Consequently, the final
increase of BF690/UVF690 on day 6 in outdoor plants reached >200% for WT and <100% in clo f2 (Fig.
2.3.11) compared to their greenhouse counterparts.

Figure 2.3.11 [7]
B
UV
The ratio of blue- to UV-excited Chl-a fluorescence ( F690/ F690) for barley wild-type (WT) and chlorina f2
mutant (clo f2) grown in the greenhouse and transferred to outdoor conditions. Chl-a fluorescence was
B
UV
measured at the 690 nm maximum (F690). The F690/ F690 ratios were determined from fluorescence images
of the whole leaf area. Day 0 corresponds to 7 days-old plants. n = 6, ±S.D.
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For each leaf, the mean fluorescence values from the whole leaf area and from three equally long
parts along the leaf length (tip, middle region and base of the leaf) were calculated. Within the leaf
blade, BF690/UVF690 increased from the leaf base to the leaf tip as seen in the fluorescence images of
Fig. 2.3.12A and in the corresponding BF690/UVF690 ratios calculated from the images separately for
the base, the middle and the tip of the leaves (Fig. 2.3.12B).
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Figure 2.3.12 [7]
B
UV
(A) The representative images of the ratio of blue to UV excited Chl-a fluorescence ( F690/ F690) for barley
wild-type (WT) and chlorina f2 mutant (clo f2) grown in greenhouse and transferred to outdoor conditions. Chla fluorescence was measured at the 690 nm maximum (F690). In each image, the leaves are ordered in the
st
nd
following sequence: 1 leaf (top): WT grown in the greenhouse, 2 leaf: WT transferred to outdoor conditions,
rd
th
3 leaf: Mut grown in the greenhouse, 4 leaf (bottom): Mut transferred to outdoor conditions. The images
were taken before the transfer of plants (day 0) and 1 day, 3 days and 6 days after the transfer. (B) The
B
UV
F690/ F690 ratio for WT and Mut grown in the greenhouse and transferred to outdoor conditions. The
B
UV
F690/ F690 ratios were determined from fluorescence images of the leaves divided into three parts. The left
bars correspond to the leaf base third and the right bars correspond to the leaf tip third. Day 0 corresponds to
7 days-old plants. n = 6, ±S.D.

The kinetics of BF690/UVF690 development during the outdoor treatment was different for the
particular leaf regions, which can be expressed as percentage changes between days of observation
(Table 2.3.4). After 1 day under outdoor conditions, the increase of BF690/UVF690 was pronouncedly
lower at the leaf tip than at the base and the middle region of the leaf. The increase of BF690/UVF690
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at the leaf base still continued after 6 days in contrast to the leaf tip. As a result, it can be seen that
under enhanced PAR and UV radiations introduced by the outdoor conditions (refer to the
experimental design in section 2.3.1.2) after transferring the barley plants from the greenhouse to
natural conditions in the field, the gradient of UV-shielding along the leaf blade tended to decrease
(Fig. 2.3.12).
B

UV

Table 2.3.4 [7]. Changes of the ratio of blue to UV excited Chl-a fluorescence ( F690/ F690) for barley wildtype (WT) and chlorina f2 mutant (clo f2) transferred from the greenhouse to outdoor conditions for the
B
UV
individual leaf parts (base, middle part and tip). The F690/ F690 ratios were determined from fluorescence
images. The values (expressed as percentage differences) were calculated from the mean values taken from
Fig. 2.3.12.

__________________________________________
B
F690/UVF690 changes (%)
day0 – day 1
day 1 – day 3
_____________________________________
WT – base
114.5
59.7
WT – middle
96.8
65.2
WT – tip
65.0
56.5
clo f2 – base
102.8
36.8
clo f2 – middle
106.9
20.5
clo f2 – tip
68.6
26.4
_____________________________________________________

_
day 3 – day 6
_______
16.1
3.3
-3.3
7.3
5.2
-7.1
___

Figure 2.3.13
B
UV
Images of the ratio of blue- to UV-excited Chl-a fluorescence ( F690/ F690) for barley wild-type (WT; first line)
and chlorina f2 mutant (clo f2; second line) grown in greenhouse and transferred to outdoor conditions. Chl-a
fluorescence was measured in the maximum at 690 nm (F690). In each image plants kept in the greenhouse
(left part) are compared with plants transferred from the greenhouse to outdoor conditions (right part). The
images were taken for the same plants before the transfer and 1 day, 3 days and 6 days after transfer. In the
last column, the video images taken by the RGB camera (= visual impression) 6 days after transfer are
presented.

The development of the UV-shielding could also be detected on whole plant stands, as demonstrated
in Figure 2.3.13, where the same longitudinal gradient of UV-shielding could be observed as in Figure
2.3.12A. These results clearly demonstrate that the UV shielding can be detected not only at leaf
level, but it can also be followed up on stand of plants.
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Development of the WT barley and the clo f2 mutant grown in the greenhouse
Barley seedlings are rapidly developing from the seeds. The study was carried out only with the
primary leaves and started with 7-day-old plants. During the subsequent 6 days, the secondary and
tertiary leaves were developing. The Chl fluorescence parameters as indicators of photosynthetic
efficiency (FV/FM and ETR; Fig. 2.3.10A and D), the degree of energy dissipation (NPQ and SV0; Fig.
2.3.10B and C), and epidermal UV-shielding (BF690/UVF690; Fig. 2.3.11) did not change significantly
(P>0.01) during the growth in greenhouse. This indicates that during the experiment, the primary
leaves were in a fully developed, nearly homeostatic state.
The differences between WT and clo f2 in pigment composition and functional state of PSII
correspond to previously published data. The contents of Chl-a and Car x+c (Fig. 2.3.9A and B) were
reduced approximately to a half in clo f2 due to a much lower amount of LHCs in the mutant
(Harrison et al., 1993). FV/FM in clo f2 was typically lower compared to WT (Fig. 2.3.10A; Havaux and
Tardy, 1997; Štroch et al., 2004a). However, the lower FV/FM was not associated with the impairment
of the utilization of absorbed light in PSII photochemistry, as was shown by unchanged ETR (Fig.
2.3.10D).
During growth in the greenhouse, the UV-shielding (BF690/UVF690) was somewhat lower for the
clo f2 mutant than for the WT plants (Fig. 2.3.11). From my data, I cannot derive the cause of
reduction of the constitutive level of UV-shielding in clo f2 under low-light conditions. However, I
suppose that the lower PAR absorptance caused mainly by the 80% reduction of PSII absorption
cross-section (Harrison et al., 1993) can be a reason of reduced accumulation of UV-screening
compounds in the epidermis. The integral absorption efficiency in the PAR region was estimated to
be 0.80 ± 0.01 for WT barley leaves and 0.64 ± 0.02 for clo f2 leaves (data not shown). Lower
efficiency of UV-shielding obviously results in an enhanced excitation of Chl-a in UV-A region and to a
considerably lesser extent also in the complementary photosynthetic pigments in the mesophyll
chloroplasts (Bilger et al., 1997; Cerovic et al., 2002). This could compensate for the reduced
absorptance of clo f2 plants in PAR region as clo f2 has significantly lower UV shielding (P<0.001) in
the outdoor conditions than WT (see Fig. 2.3.11).
In both WT and clo f2, the UV-shielding was found to increase from the leaf base to the leaf tip (Fig.
2.3.12). The gradient can be explained by the fact that the leaf tip is more expanded and thus more
exposed to light than the enrolled base (see Fig. 2.3.13, RGB images). Furthermore, the leaf tip is the
oldest leaf tissue which is exposed to light for the longest time; this is characteristic for all grasses
with undifferentiated cells on the leaf base where growth can take place.
Adjustment of pigment composition and PSII function upon transfer to outdoor conditions
The transfer of plants from the greenhouse to outdoor conditions means not only an increase in the
daily temperature variation, but also an increase in the total radiation and, in particular, the UV
radiation (Fig. 2.3.1) which was strongly reduced by the glass of the greenhouse.
The increases of Car x+c (Fig. 2.3.9B) and of the ratio Car (x+c)/Chl-a (Fig. 2.3.9C) upon transfer of WT
plants to outdoor conditions reflect a photoprotective reaction of the plants. One effect of this
photoprotection could be the recovery of Chl-a after its reduction on the first day under outdoor
conditions (Fig. 2.3.9A). The higher contents of Chl-a and Car x+c per leaf area observed at the end of
the experiment in outdoor plants supports a successful acclimation to elevated irradiance
(Lichtenthaler and Babani, 2004). The increase of Car (x+c)/Chl-a correlated well with the rapid
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enhancement of the capacity of thermal energy dissipation jugded from the measurements of the
NPQ (Fig. 2.3.10B). In addition, light-saturated values of electron transport rate derived from ETR
values (Fig. 2.3.10D) increased gradually. Thus, due to the successive acclimation responses at the
level of thermal dissipation and the electron transport chain, WT plants were able to avoid efficiently
the excess absorption of light energy within PSII after transfer to outdoor conditions. Apparently,
enhanced photochemical de-excitation through PSII became the main and more important strategy
in the long-term acclimation to elevated irradiance.
Upon transfer to outdoor conditions, clo f2 plants exhibited a pronounced decrease of FV/FM (Fig.
2.3.10A) and a higher increase of Car (x+c)/Chl-a (Fig. 2.3.9C) than WT plants indicating a higher
demand for carotenoid-mediated photoprotection. This decline of the Chl-a content and the maximal
photochemical efficiency of PSII (FV/FM) after 1 day outside is a typical symptom of light stress. The
clo f2 mutant was more sensitive to its exposure to an enhanced natural solar irradiance than WT
barley. Nevertheless, clo f2 was also able to acclimate to these conditions as is clearly documented
by the significantly increasing trend of FV/FM during the outdoor treatment and by the recovery of
Chl-a content that was even more effective as in WT after 6 days under outdoor conditions. In
contrast to the increase of NPQ for WT plants, NPQ decreased in the clo f2 mutant under outdoor
conditions (Fig. 2.3.10B). Thus, the reduction of light-induced NPQ in clo f2 after transfer to field
conditions could be explained by the high contribution of permanent thermal dissipation persisting
overnight rather than by loss of the capacity of thermal dissipation. This is supported by the fact that
the non-photochemical quenching of minimum Chl-a fluorescence (SV0), indicating thermal energy
dissipation localized within LHCII, increased much more pronouncedly than in WT (Fig. 2.3.10C). In
comparison with WT, the increase of ETR in clo f2 appeared later after transfer to outdoor conditions
and was less pronounced (Fig. 2.3.10D). This delayed response can be explained by a greater stress
degree in the clo f2 photosynthetic apparatus and documents the less important role of ETR in highlight acclimation than in WT barley.
In addition to the FV/FM recovery during the outdoor treatment, the alleviation of stress is also
indicated by decrease of SV0 and the Car (x+c)/Chl-a ratio on day 6 (Figs. 2.3.10C and 2.3.9C) that was
more pronounced in clo f2 than in WT and reflected a lower requirement for photoprotection
mediated by Cars, in spite of the maximum irradiance dose at the end of experiment (Table 2.3.1).
However, it can not be ruled out that besides the reduced need for thermal dissipation, the
pronounced drop of SV0 in clo f2 may involve also its lowered ability to induce thermal dissipation. It
has been suggested that after the long-term acclimation to high light, LHCs in clo f2 are reduced to
such an extent that the mutant loses its ability to evoke thermal dissipation (Štroch et al., 2004a).
Taken together, the results confirm a very high potential of both WT and clo f2 barley to acclimate to
high irradiance.
UV-shielding development after transfer to outdoor conditions
The increase of UV-shielding estimated from the BF690/UVF690 ratio was obviously accomplished
after 3 days under outdoor conditions (Fig. 2.3.11). Although the initial increase of BF690/UVF690
after the first day outside was very similar for WT and clo f2, the final increase of UV-shielding was
lower in clo f2 by more than 50% in comparison with WT due to the reduced enhancement of
B
F690/UVF690 in clo f2 between days 1 and 3. Although I cannot exclude that the ability to enhance
UV-shielding in clo f2 is impaired to some extent, the observation that the period of suppressed
induction of UV-shielding coincided with the pronounced recovery of FV/FM does not support this
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possibility. It seems probable that a higher level of UV-shielding was not necessary for the long-term
acclimation of clo f2 to outdoor conditions as finally a negative impact on PSII function was not
observed.
I found that UV-shielding development in both WT and clo f2 depended on the position within the
leaf (Table 2.3.4) that can be related to tissues at different developmental stages along the leaf
length. I hypothesize that such differences, obviously present among leaves at different age
(described in section 1.3.2), might occur to some extent also within the leaf blade.
Contribution of UV-shielding and carotenoid-mediated photoprotection to the resistance of the
assimilatory apparatus to increased PAR and UV radiation
The main purpose of this comparative study with WT barley and clo f2 mutant was to find support for
the hypothesis that epidermal UV-shielding and carotenoid-mediated photoprotection can be
mutually complementary processes leading to a positive acclimation of the assimilatory apparatus to
increased PAR and UV radiation. As already mentioned, during the outdoor treatment, clo f2 showed
the reduced induction of UV-shielding (Fig. 2.3.11) and enhanced development of carotenoidmediated photoprotection (Figs. 2.3.9C and 2.3.10C) in comparison with WT. The complementarity of
these two photoprotective processes is reasonable as both responded to the environmental stimuli
in the similar time range.
I propose that the photoprotective action of de-epoxidized xanthophylls reduces demand on UVshielding induction and explains a resistance of PSII after prolonged acclimation (day 3 and 6) of the
mutant to high solar radiation. Thus, a resulting response of the assimilatory apparatus to increased
UV and PAR radiations depends on the cooperative efficiency of both photoprotective mechanisms.
Based on this assumption, the higher sensitivity of PSII in clo f2 observed after 1 day under field
conditions can be explained. The car (x+c)/Chl-a in clo f2 grown in the greenhouse was lower than in
WT plants (Fig. 2.3.9C). Thus, after sudden exposure to full sunlight, the reduced UV-shielding could
not be sufficiently compensated via enhanced carotenoid-mediated photoprotection.
2.3.4. Summary of the UV-shielding study
My UV-shielding studies clearly demonstrated that fluorescence imaging offers a better statistical
confidence for fluorescence signals over the whole leaf area as well as a better insight into the
distribution of UV-shielding. I found stronger UV-shielding for sun leaves than for shade leaves and
better for the upper (adaxial) leaf side than for the lower (abaxial) leaf side. The leaves of the single
standing beech tree exhibit higher UV-shielding at their rims of the upper side of the shade leaves
and of the lower side of the sun leaves.
The study also demonstrated that both UV-shielding and carotenoid-dependent processes have to be
studied simultaneously in order to understand the response of individual plant species to changes of
light environment (both light quality and quantity). However, in order to confirm the hypothesis on
the complementarity of UV-shielding and carotenoid-mediated photoprotection, the direct
estimation of the xanthophyll cycle function and quantification of the UV-screening compounds
during acclimation of clo f2 and WT barley to high irradiance is needed. Moreover, the observed
different dynamics of UV-shielding development along the leaf blade suggests that the increasing
direct UV irradiance from bottom to top of the plants and the different age of the assimilatory
apparatus can considerably influence the capacity to induce UV-shielding upon increased irradiance.
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The development of the UV shielding can be recorded on the leaf level as well as on entire stand of
plants.

2.4. In vivo assessing flavonols in white grape berries (Vitis vinifera L. cv.
Pinot Blanc) of different degrees of ripeness using chlorophyll fluorescence
imaging (Thesis IV)
2.4.1. Materials and calculation methods
2.4.1.1. Measured grape berries
I investigated berries from a grapevine cultivar that is normally employed in white wine production
(Vitis vinifera L. cv. Pinot Blanc). The vines were planted in 1998 in a vineyard close to
Weingarten/Baden-Würtemberg, south western Germany. Entire grape clusters (bunches) were
collected in October 2005 at the end of the harvest season. In the vineyard, bunches were stored in
dark and humid conditions in a covered Styrofoam box, and transferred to the laboratory where they
were immediately analysed or kept overnight at 4°C until examination. Prior to the experiments,
berries were allowed to reach room temperature.
Individual berries were taken from bunches and the peduncles removed. Each berry was then halved
using a razor blade so that one section contained the peduncle’s insertion point at its centre; because
this section originally pointed to the centre of a bunch, it will be called ‘non-exposed’ in contrast to
the opposite ‘exposed’ section. In total, 56 berries were examined by fluorescence imaging, and 32
berries were subsequently subjected to extraction of phenolics and sugars (see below). The half
berries were placed on the (0.1 x 0.1 m2) sample stage on their cut surfaces. Quantitative evaluations
of fluorescence considered the entire surface of individual samples except the insertion point of the
peduncle in non-exposed samples (peduncle relative to sample area was 6.5%; standard error=0.4%,
n=8).
2.4.1.2. Determination of sugar content and absorbance of extracted phenolics
After imaging, individual half berries were carefully squeezed to obtain some juice for determination
of light refraction in °Oechsle (hydrometer scale measuring the density of grape must) using a handheld refractometer (Hand Refraktometer N-1 α, Kübler, Karlsruhe, Germany). The values for
°Oechsle, DOe, were converted in concentrations of sugars, csugar, (mainly fructose and glucose; Kolb et
al. 2006) using an equation based on tabularized data for DOe and csugar measured with grape juice
(Vogt 1970):
[

]

[

]

[

]

[

]

with L standing for litre. Subsequently, skins were isolated by carefully scraping off the grape flesh
with a spatula followed by the punching out an 8 mm diameter skin disk from the middle of exposed
skin samples with a cork borer. In case of the non-exposed samples, disks were punched from
marginal regions because of the defect at the centrally-located peduncle-insertion point. Each disk
was ground with washed sea sand in a 1.5 mL Eppendorf-tube and 0.5 mL of extraction solvent
consisting of 50% aqueous methanol acidified with 0.01% HCl. After centrifugation (2 min at
12000·g), the supernatant was collected. The sediment was homogenized again together with 0.5 ml
of the extraction solvent and the supernatant obtained after another centrifugation was collected.
The latter washing procedure was repeated once more and all three supernatants were combined
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and clarified by centrifugation. For spectroscopy, an aliquot (0.8 mL) of the combined supernatants
was diluted with 2 mL of extraction solvent. Absorption spectra were measured using a UV-VIS
spectrometer (UV-2101PC, Shimadzu, Düsseldorf, Germany). Absorbance of extracts, ( ) , was
normalized to the berry skin area according to the following equation:
( )

( )

where VEx represents the extraction volume (1500 mm3), FD is the dilution factor used for
spectrometry (3.5), aS is the extracted skin area (50 mm2) and d is the optical path in the cuvette
(10 mm).
2.4.1.3. Assessment of relative quantity of phenolics
To determine phenolic contents, a two-step procedure based on fitting the absorption spectra of
pure phenolics to the A(λ) was applied instead of chromatographic separation: Step 1 considers the
absorbance by phenolics in the wavelength range of natural UV (295 - 400 nm) which, in white
berries, mainly arises from trans-caffeic acid tartrate (cf), trans-coumaric acid tartrate (co),
kaempferol derivatives (ka) and quercetin derivatives (qe) (Kolb et al. 2003). Using the absorbance
spectra of cf, co, ka and qe, normalized to unity at their long-wavelength maxima cf(λ), co(λ), ka(λ)
and qe(λ), respectively, A(λ) can be described according to Kolb and Pfündel (2005) as:
( )
( )
( )
( )
( )
where each factor, fcxy, considers the relative contribution of the spectral compound, XY, to A(λ)calc.
The ‘Offset’ takes into account that the addition of the four individual spectral components usually
resulted in a small offset error. The ‘Offset’ together with the fcxy are free parameters that were
estimated by fitting A(λ)calc to the spectrum of the extract, A(λ), using the software SigmaStat for
Windows version 2.03 (SPSS, Munich, Germany): to avoid arbitrary parameter estimates, only the
interval from 320 to 400 nm was considered for which excellent agreement between A(λ)calc and A(λ)
was achieved.
Step 2 analyses the A(λ) in the region from 260 to 320 nm which was incompletely described by the
absorbance spectra used above. Consequently, I introduced additional absorbing compounds, such
as monomeric catechins (catechin (ct) and epicatechin (ec)), because these phenolics can occur in
high amounts in white berries (Lee and Jaworski 1989; De Freitas and Glories 1999) and they absorb
strongly at wavelengths shorter than 320 nm (Ritter et al. 1994; Määttä et al. 2003). Specifically, with
the parameters estimated in step 1, the sum of absorbance between 260 and 320 nm by cf, co, ka
and qe was calculated and subtracted from A(λ). To the positive difference spectrum, the sum of the
absorbance spectra of ct and ec
( )

( )

( )

( )

( )

( )

( )

was fitted in an analogous fashion as described above but an offset error was not considered.
Absorbance spectra of pure ct and ec dissolved in water at pH 5.5 were kindly provided by Dr. Luc
Bidel, Station INRA d'Agronomie, Beaucouze, France.
2.4.2. Results of the grape studies
Chls and phenolics are the principal absorbers of natural radiation in grape berries. My study uses
fluorescence imaging to non-invasively gain information on the spatial and ripening-associated
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occurrence of these two groups of pigments in white grape berries. To classify the stage of ripeness,
the standard method of determination of total sugar concentrations was used (cf. Krstic et al. 2003).
All the berries used showed sugar concentrations higher than 120 g·L-1 signifying their entry into the
process of ripening (cf. Currle et al. 1983) and the range of 120 to and 300 g·L-1 (Fig. 2.4.1) spanned
from what is termed ‘barely’ to ‘fully’ ripen berries, respectively (cf. Kliewer 1967; Hrazdina et al.
1984; Soulis and Avgerinos 1984).
2.4.2.1. Sugar contents and fluorescence data
Similar concentrations existed in both exposed and non-exposed parts of the berries resulting in a
strong linear association between sugar concentrations in the two berry sides, which was
characterized by a slope close to 1 and an ordinate intercept near 0 (Fig. 2.4.1).

Figure 2.4.1 [6]
Sugar concentrations in exposed and non-exposed parts of individual berries are plotted against each other.
2
Straight line, equation and coefficient of determination (R ) results from linear regression analysis (n=56).

In individual berries, sugar concentrations varied little between exposed and non-exposed halves
confirming the homogeneous distribution of sugars within a berry reported earlier by Pope et al.
(1993) and Andaur et al. (2004). Therefore, sugar concentrations are suited to arrange exposed and
non-exposed half berries according to their degree of ripening and, thus, to distinguish between
ripening-associated and spatial variations in Chl and phenolic concentrations (Fig. 2.4.2).
Exposed and non-exposed half berries did differ when analysed by fluorescence imaging: Figs. 2.4.2A
and B show images of UV-excited (UVF690) and blue-excited fluorescence intensities (BF690),
respectively, taken with an array of 8 exposed and 8 non-exposed samples which were placed in an
alternating fashion as indicated in Fig. 2.4.2E. The peak intensities of BF690 were about 20 times
higher than that of UVF690 (see the colour scales in Figs. 2.4.2A and B). Within the UVF690 image,
fluorescence was strongly decreased in most exposed when compared to non-exposed half berries. A
comparable but clearly less-pronounced pattern was observed in the BF690 image. Therefore, the
calculated ratio image of UVF690/BF690 (Fig. 2.4.2C) retained the more dominant pattern of UVF690
rather than cancelling out the intensity variations observed in UVF690 and BF690 images, respectively.
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Figure 2.4.2 [6]
Exposed and non-exposed parts of 8 berries were situated alternately on a sample tray as outlined in panel E,
-1
which also shows sugar concentrations (‘s.c.’) in g · L for each half berry: blue boxes shown in E enclose
UV
sample pairs of the same berry. Panels A and B depict images of UV-A-excited ( F690) and blue-excited Chl
B
fluorescence at 690 nm ( F690), respectively. From the latter two panels, a ratio image was calculated (panel C:
UV
B
F690/ F690). From A to C, levels of original image brightness are represented using 16 pseudo colours. Each
colour can be translated into relative intensity (A and B) or fluorescence excitation ratio (C) by using the colour
scales supplied with each image. Panel D shows the RGB video image of the samples

Further, the UVF690 images of a number of samples showed conspicuous sickle- or half-moon-shaped
colour areas while the intensity levels of BF690 were more evenly distributed in most half berries (Fig.
2.4.2A and B). This visual impression was confirmed by statistical analysis of the heterogeneity of
fluorescence intensity within samples: the coefficient of variation (CV) of UVF690 was 28.812% but
the CV calculated for BF690 was 7.92.7% (standard deviation, n=112) and this difference was highly
significant (P<0.001; Student’s t-test).
2.4.2.2. Relationship between imaging data, A340 and relative quantity of phenolics
To quantify the effect of UV-absorbing phenolics on fluorescence signals, phenolics were extracted
from berry skins and the absorbance at 340 nm of the extract normalized to skin area (A340) was
determined: the 340 nm was chosen because it matches the central wavelength of our UV excitation
source (Fig. 1.3.2). In addition to the fluorescence intensities introduced in Fig.2.4.2 (UVF690 and
B
F690), my analysis also considers UV- and blue-excited fluorescence at 740 nm denoted as UVF740
and BF740, respectively (Fig. 2.4.3).
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Figure 2.4.3 [6]
Relationship between fluorescence data and normalized absorbance at 340 nm of methanolic skin extracts.
Data from exposed and non-exposed half berries are shown as solid black circles and grey squares,
respectively. Abscissa of all panels is the A340. Ordinate data of left and right-sided panels correspond to
fluorescence imaging data recorded in the red (central wavelength, λ = 690 nm) and far red region (central
B
wavelength, λ = 740 nm), respectively. Ordinates are blue-excited fluorescence intensities ( Fλ) in A and B and
UV
UV-excited fluorescence intensities ( Fλ) in C and D. The negative common logarithm of fluorescence
UV
B
UV
B
excitation ratios before, -log10( Fλ/ Fλ), and after correction by “S”, log10(( Fλ-S)/ Fλ), represent ordinates of
panels E and F, and G and H, respectively. The ‘S’ stands for the intensity of stray and reflected radiation sensed
UV
by the detector under UV excitation conditions. The levels of S were estimated independently for F690 and
UV
F740 for exposed half berries (curvilinear lines in Fig. 2.4.5.1C and D). The best fit curves were obtained with
UV
weighting data points of A340>6 and Fλ<150 by a factor of 32; the levels of S are drawn as grey horizontal
2
lines. In E to H, straight lines, R and P values were established by linear regression analysis to the data of the
exposed samples.

Overall, for the same emission wavelength range, blue-excited fluorescence levels are about one
order of magnitude higher than those excited by UV; and, under the same excitation wavelengths,
F690 red fluorescence levels are twice the intensities of F740 far-red fluorescence intensities (Fig.
2.4.3A to D). Furthermore, all four types of fluorescence intensities tended to decrease with
increasing A340, but this trend arises mainly from the behaviour of exposed half berries while
fluorescence intensities from non-exposed samples varied rather independently of A340 (Fig. 2.4.3A
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to D). Therefore, the subsequent analyses of fluorescence excitation ratios are confined to data from
exposed halves.
In exposed half berries, the –log10(UVF690/BF690) exhibited a moderate linear relationship with A340
but the –log10(UVF740/BF740) varied independently from the A340 (Fig. 2.4.3E and F). To explain the
inconsistent associations observed for the 690 and 740 nm emission wavelengths, I proposed that
minor intensities of strayed and reflected radiation, here denoted as S, could distort the fluorescence
imaging signals, in particular if fluorescence intensities are weak as is the case under UV excitation
for UVF690 and UVF740.
The levels of S in UVF690 and UVF740 measurements were estimated by fitting exponential functions
of the form y=S+A·e-B·x to data points from exposed samples in Fig. 2.4.3C and D, respectively.
Although the S values were determined independently for the two wavelengths, they differ so little
as a nominal S term can be used throughout. The best fit curves and the S derived from curve fitting
are graphed in the latter panels. Using the estimated S, the ‘corrected’ negative logarithm of UV-toblue fluorescence excitation ratios were calculated to be
(

)

and

(

),

respectively. For exposed half berries, the two latter expressions exhibited linear associations with
A340 which were characterized by coefficients of determination >0.5 (Fig. 2.4.3G and H). The slopes
of regression lines were 0.08 and 0.06 with F690 and F740 data, respectively, and both lines
exhibited an ordinate intercept close to 1.3.
Furthermore, the corrected excitation ratios for red and far red fluorescence, (UVF690-S)/BF690 and
(UVF740-S)/BF740, respectively, were nearly proportionally related to each other (Fig. 2.4.4B). In
comparison, the corresponding non-corrected fluorescence ratios exhibited a weaker association,
and the linear relationship intersected the ordinate axis at a considerably higher value than the
regression line of corrected excitation ratios (Fig. 2.4.4A).

Figure 2.4.4 [6]
Effect of stray and reflected radiation S on the relationship between excitation ratios for F690 and F740. In
panel A, the original UV to blue excitation ratios for F740 are plotted against the corresponding ratios for F690,
UV
UV
whereas in panel B, the S intensities contributing to the F740 and F690 signals were subtracted before
2
excitation ratios were calculated. Straight lines, equations and R values result from linear regression analysis.
Data points from exposed and non-exposed half berries are drawn as black circles and grey squares,
respectively.
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After correcting fluorescence excitation ratios for scattering artefacts, I quantified the relationships
between the –log10((UVF690-S)/BF690) and relative quantity of various phenolics (Fig. 2.4.5): here,
F690 data were chosen because, based on R2 values, they were better associated to the A340 than
the F740 data (compare Figs. 2.4.3G and H).

Figure 2.4.5 [6]
UV
B
Relationships between relative quantity of major phenolics and the –log10(( F690-S)/ F690). Panels A and B
depict representative examples of absorbance spectra of methanolic extracts normalized to the maximum
(black solid lines labelled ‘measured’) together with the best fit to the latter spectra of the sum of absorbance
spectra of six main grape phenolics (grey solid lines labelled ‘calculated’). For calculations, absorbance spectra
of phenolics normalized to unity at the long-wavelength maximum (panel C) were used: ct, catechin; ec, epicatechin, cf, trans-caffeic acid derivative; co, trans-coumaric acid derivative; ka, kaempferol derivative; qe,
quercetin derivative. In A and B, minor spectra illustrate the contribution of individual phenolics to the
calculated spectrum using the line types of C. Sugar concentrations of berries analysed in Panels A and B were
-1
196 and 276 g·L , respectively. Abscissa of D to H: factors ‘fcxy’ which corresponds to the factor used to multiply
the absorbance spectrum of phenolic ‘xy’ (see panel C) to yield best fit between measured and calculated
UV
B
spectra. Statistically significantly associations (P<0.05, linear regression) between –log10(( F690-S)/ F690) and
fcxy were only found in exposed half berries for ec, co, ka and qe (panels D to G). In the latter panels, straight
2
lines and R values do not consider data from non-exposed samples. The relationship
UV
B
between -log10(( F690-S)/ F690) and (fcka + fcqe) was described by the sum of a straight line and an exponential
2
function (Panel H: solid curve and R result from non-linear regression analysis). In D to H, black circles and grey
squares indicate exposed and non-exposed half berries, respectively.

Relative quantity of phenolics was assessed by analysis of absorbance spectra of methanolic extracts
using absorbance spectra of pure phenolics (see section 2.4.1.3). Normalized spectra of three classes
of phenolics were considered: flavonols, represented by kaempferol and quercetin derivatives;
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hydroxycinnamic acids, which include derivatives of coumaric acid and caffeic acid; and catechins
involving catechin and epicatechin (Fig. 2.4.5C). Two typical results in Figs. 2.4.5A and B showed
excellent agreements between the experimental spectrum and the sum of spectra of pure phenolics
in the 320 to 400 nm region. At wavelengths below 320 nm, the calculated and experimental spectra
deviated between 295 and 315 nm and again at wavelengths below 260 nm (Figs. 2.4.5A and B).
Calculated and experimental spectra, however, always agreed well at peak and shoulder positions
and accounted for, on average, 91  2% ( standard deviation, n=63) of the short-wavelength area of
the extract spectra.
Among the 6 different phenolics considered, statistically significant associations (P<0.05, linear
regression analyses) were observed in exposed half berries between the –log10((UVF690-S)/BF690) and
spectral contributions expressed as fcxy (see section 2.4.1.3) for epicatechin, coumaric acid,
kaempferol and quercetin (Fig. 2.4.5D to G); clear relationships (R2>0.5), however, existed only for
the latter two flavonols. Compared to quercetin, spectral contributions of kaempferol were smaller
and the regression line exhibited a steeper slope (Figs 2.4.5F and G). Consequently, the relationship
between the –log10((UVF690-S)/BF690) and the sum of spectral contributions of flavonols (fcka+fcqe)
was biphasic (Fig. 2.4.5H). Empirically, I found that the sum of a straight line and an exponential
function (drawn in Fig. 2.4.5H) was best suited to describe this biphasic behaviour (regression curve
drawn in Fig. 2.4.5H).
2.4.2.3. UV- to blue-excited fluorescence excitation ratios
Fluorescence imaging allows for the simultaneous analysis of exposed and non-exposed parts of
berries (Fig. 2.4.2). Already the visual examination of UV/blue ratio images revealed lower ratios of
UV
F690/BF690 in exposed compared to non-exposed half berries (Fig. 2.4.2C). Because radiation
centred in the UV-A spectral range was used to excite the UVF690 (Fig. 1.3.2), the low UVF690/BF690
data are most likely caused by inefficient excitation of Chl due to high in vivo absorption by UV-A
screening compounds.
Kolb et al. (2003) correlated the in vivo UV-A absorbance that of extracted flavonols (see section
1.1.5) based on spot measurements. Here, I compared in vivo absorbance –log10(UVFλ/BFλ) derived
from fluorescence images recorded at wavelengths λ=690 nm and λ=740 nm and compared these
values with the absorbance at 340 nm (A340) of extracted phenolics (Fig. 2.4.3). Notably, only the –
log10(UVF690/BF690) values of exposed samples were weakly associated with A340 (Fig. 2.4.3E and F).
That non-exposed half-berries failed to show associations between the –log10(UVFλ/BFλ) and A340 is
probably related to the fact that flavonols were not extracted from the central position of the skin
disk (see section 2.4.1.1). Because of the particularly high heterogeneity of fluorescence intensities
within images of the non-exposed half berries (see section 2.4.2.1 and Fig. 2.4.2), it is reasonable to
suggest that marginal sampling caused non-representative values for the A340 which masked any
association between fluorescence-derived absorbance and A340. Consequently, data from nonexposed half-berries were not included in quantitative analyses of fluorescence excitation ratios
(Figs. 2.4.2 and 2.4.5).
Although flavonols were extracted from central regions of exposed grape berries, the –
log10(UVF740/BF740) of exposed berry skins was not correlated to the A340. Also, in exposed half
berries, the strikingly different behaviour of in vivo absorbance derived from Chl fluorescence at 690
and 740 nm (Fig. 2.4.3E and F).
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The estimated absolute levels for S were similar at both emission wavelengths. Because of the lower
signal levels of the UVF740 compared to the UVF690, however, the S affected the former more than
the latter (Fig. 2.4.3C and D). Consequently, the different relative influence of false signals explains
the disagreement between –log10(UVF690/BF690) and –log10(UVF740/BF740) in exposed half berries.
That our approximations for S are reasonable is supported by the observation that the corrected
fluorescence excitation, (UVF690-S)/BF690 and (UVF740-S)/BF740), of all samples were almost
proportionally related to each other, which was not the case for uncorrected ratios (Fig. 2.4.4).
Further, correcting for S in exposed half berries established a significant association between the in
vivo absorbance derived from 740 nm Chl measurements and A340 (Fig. 2.4.3H). Also, the –
log10((UVF690-S)/BF690) of exposed samples was more strongly associated with the A340 when
compared to the previous non-corrected fluorescence data (Fig. 2.4.3E and G). In summary,
corrected fluorescence excitation ratios, (UVFλ-S)/BFλ, rather than raw fluorescence excitation ratios,
UV
Fλ/BFλ, must be considered when assessing the true in vivo UV absorption or concentration of
phenolics in berry skins.
2.4.2.4. Relationship between UV-A absorbance and transmittance in vivo and in vitro
Despite the linear appearance of the relationships between the (UVFλ-S)/BFλ and A340 of exposed half
berries, the scattering of data points does not permit exclusion of the possibility that the associations
between in vivo and in vitro absorbance are slightly downward curved (Fig. 2.4.3G and H):
curvilinearity would imply a heterogeneous optical behaviour of the UV-A shield of the berry (‘sieve
effect’) as was proposed for grape leaves (Kolb and Pfündel 2005). In grape leaves, the sieve effect
was explained by the presence of an optically heterogeneous UV-shield which is positioned in the
epidermis above the chlorophyllous mesophyll (Kolb et al. 2001). In grape berries, however, UVabsorbing phenolics and Chls are not separated but are distributed throughout the entire
multilayered berry skin (Kolb et al. 2003) thus rendering a pronounced sieve effect in the UV-shield
of the berry highly unlikely.
For both emission wavelengths, the relationships between in vivo absorbance ((UVFλ-S)/BFλ) and A340
of exposed samples intercepted to positive ordinate values which agrees with earlier data obtained
with leaves (Goulas et al. 2004; Kolb and Pfündel 2005). Most likely, these positive intercepts arise
from the presence of non-extractable UV absorbing compounds which interfere with Chl excitation in
the UV range (cf. Pfündel et al., 2006). Further, in exposed samples, the much lower variations of in
vivo absorbance compared to the A340 (Fig. 2.4.3G and H) might arise from absorption of most of
the UV radiation by phenolics located in the peripheral skin regions leaving those in deeper tissue
layers without screening function. Consistent with this idea, a significant screening function in the
visible range has been proposed only for the outermost anthocyanins in red grape berries (Agati et
al. 2007). All phenolics present in the berry skin might assume an additional protective role as
antioxidants (cf. Seyoum et al. 2006; Pourcel et al. 2007).
To derive from the (UVFλ-S)/BFλ information on operative UV-A transmittance in vivo, the efficiencies
of fluorescence excitation in the absence of UV screening compounds need to be comparable for UVA and blue excitation conditions. This requires for both excitation conditions: firstly, that similar
excitation intensities are applied; secondly, that constant yields for fluorescence emission exist; and,
thirdly, that absorptance (=1-transmittance) by Chl is comparable. My experimental conditions are
designed to meet the first two criteria (Fig. 1.3.2 and description in section 1.3.2.1) and the third
criterion is met at the high Chl content occurring in many leaves (Cerovic et al. 2002). However, at
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the relatively low Chl concentrations occurring in ripe berries (Fougere-Rifot et al. 1995; Aschan and
Pfanz 2003; Oliveira et al. 2004), the shape of absorptance spectra come closer to that of absorbance
spectra. In the UV-A range, Chl absorbance amounts to roughly 50% of blue light absorbance (Cerovic
et al. 1999). In the extreme case of very dilute Chl concentrations, therefore, my estimate for in vivo
UV-A transmittance would be too low by a factor of 0.5.
The lowest ratios for (UVF690-S)/BF690 were about 0.01 corresponding to 1% transmittance (Fig.
2.4.6A). By considering the extreme case of very dilute Chl concentrations, the true UV-A
transmittance would be 2% at most which is clearly lower than the minimum UV-A transmittance of
5% in grape berries as determined earlier with a XE-PAM fluorimeter (Kolb et al. 2005). The lowest
(UVF690-S)/BF690 values, however, agree with the minimum UV-A transmittance derived from
integrating sphere measurements of skins of field-grown apple fruits (Solovchenko and Merzlyak
2003). Supposedly, long-term acclimation to field conditions is involved in the exceptionally efficient
UV-A screening observed in a number of our grape berries. Hence, despite the reservation discussed
above, I consider my ratios of (UVF690-S)/BF690 as reasonable estimates for in vivo UV-A
transmittance in the berry skins.
2.4.2.5. Fluorescence excitation ratios and quantity of phenolics
Absorbance spectra of extracted skin phenolics were satisfactorily described by the sum of
absorbance spectra of six phenolic compounds (Fig. 2.4.5A and B), thus supporting the use of spectral
analysis to estimate relative quantities of the major skin phenolics. In agreement with my approach,
Bidel et al. (2007) have successfully described fluorescence excitation spectra of intact leaves using
absorbance spectra of isolated phenolics.
As expected from the comparison of absorbance spectra of the various skin phenolics (Fig. 2.4.5C)
with the spectral irradiance of UV excitation (Fig. 1.3.2), the in vivo absorbance of UV-A
radiation, -log10((UVF690-S)/BF690), was associated with the quantity of the flavonols, kaempferol and
quercetin (Fig. 2.4.5F and G): that the relative quantity of quercetin derivatives reached higher values
than that of kaempferol derivatives agrees well with the pattern of flavonol synthesis observed under
UV exposure in grape leaves (Kolb et al. 2001). Obviously, the curved relationship between in vivo
absorbance and the sum of quantity of both flavonols arises from the different relationships between
in vivo absorbance and kaempferol derivatives and quercetin derivatives, respectively (Fig. 2.4.5H).
Also the absorbance of coumaric acid is high in our UV excitation range (compare Fig. 1.3.2 with Fig.
2.4.5C), and a weak association between in vivo absorbance and coumaric acid was established (Fig.
2.4.5E). Probably, this weak correlation simply arises from similar concentration changes of coumaric
acid and flavonols because the relative quantity of coumaric acid is too small to significantly affect
absorbance properties of the berry skin (Fig. 2.4.5E to G). Also the weak association between in vivo
absorbance and epi-catechin (Fig. 2.4.5D) seems to arise from parallel concentration changes of epicatechin and flavonols because epi-catechin exhibits very low absorbance in the spectral region of
our UV excitation source (Fig. 2.4.5C). In general, flavonols are the determining factors for UV-A
screening in berry skins and the relative quantity of flavonols can be assessed from
the -log10((UVF690-S)/BF690) by using the empirical curvilinear function drawn in Fig. 2.4.5H.
2.4.2.6. Fluorescence intensity, Chl concentration and sugar content
Visible-light excited Chl fluorescence at the F0 level has been employed to non-invasively determine
Chl concentration in fruits (Smillie et al. 1987; DeEll et al. 1999). Chl-F in the red spectral region (i.e.
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<700 nm), however, can be largely re-absorbed by Chls (Cerovic et al. 1999). Consequently, I avoided
re-absorption effects interfering with assessment of Chl concentration by recording fluorescence
intensities at 740 nm (BF740).
Generally, Chl-F intensities depend on the absorption of photons by Chls which is related to the
absorptance of Chl (that is the ratio of the radiant flux absorbed by it, to that incident upon it) and
not to its absorbance (the logarithmic ratio of the incident monochromatic intensity to that
transmitted) which is proportional to Chl concentration. Owing to the logarithmic relationship
between absorptance and absorbance, Chl-F intensities are proportional to Chl concentration only at
low Chl concentrations: with increasing Chl concentrations, fluorescence intensities will progressively
more underestimate Chl concentrations. Because my samples were destroyed by extraction of
phenolics, the exact relationships between the BF740 and Chl concentration could not be established.
Therefore, I must accept that in samples emitting high intensities of BF740 (i.e., containing high Chl
concentrations), the relative Chl concentration is undervalued by fluorescence intensity
measurements.
Based on my Chl-F imaging results, I put forward the concept that flavonol synthesis in field-ripening
berries is largely determined by exposure to UV radiation but Chl degradation appears to be a part of
the global ripening process. Therefore, Chl-F imaging is an excellent tool to non-invasively classify
berry samples for further elucidation of ripening- and exposure-dependent effects on the physiology
and biochemistry of ripening berries.
Figure 2.4.6A shows that, with increasing sugar concentrations, the (UVF690-S)/BF690 in non-exposed
half-berries rose from about 0.02 to 0.05, but in exposed samples these data dropped from about
0.03 to 0.01. These opposite trends resulted in significant differences between non-exposed and
exposed half berries at sugar concentrations above 200 g·L-1 (P<0.001, Student’s t-test) but not at
sugar concentrations below 200 g·L-1 (P=0.202). Correspondingly, the difference of exposed minus
non-exposed data decreased with increasing sugar concentration (Fig. 2.4.6B).

77

Figure 2.4.6 [6]
Relationships between fluorescence data and sugar content are showed. Data from exposed and non-exposed
half berries are drawn as black circles and grey squares, respectively. In all panels, abscissa data correspond to
mean sugar contents of berries. Ordinate of panel A is the corrected fluorescence excitation ratio
UV
B
( F690-S)/ F690 which is related to UV screening of berries. The Y-axis data in C (fcka + fcqe) correspond to the
UV
B
relative quantity of flavonols which is derived from ( F690-S)/ F690 using the empirical function established in
Fig. 2.4.5H. Ordinate in E is blue-excited intensity of far red fluorescence. Exposed minus non-exposed
2
differences of all ordinate data are shown in the right-handed panels. Straight lines and R values were
obtained from linear regression analyses. Polynomial functions were fitted in C and D.

Using the empirical function established in Fig. 2.4.5H, the relative quantity of flavonols was
calculated from the data of (UVF690-S)/BF690 as shown in Fig. 2.4.6A. The relative flavonol quantity in
non-exposed berry halves dropped slightly with increasing sugar contents (Fig. 2.4.6C). In contrast,
most exposed berry halves with sugar concentrations >230 g·L-1 exhibited up to tenfold higher
relative flavonol quantities when compared to the levels observed at low sugar concentrations, but a
smaller fraction of exposed samples was also present which showed minimal relative flavonol
quantities. I used polynomial functions to highlight the trend of flavonols in exposed samples in Fig.
2.4.6C, and also in Fig. 2.4.6D which depicts the steep increase of the difference between exposed
minus non-exposed samples in relative flavonol quantity at sugar concentrations >230 g·L-1.
In the presence of a low fluorescence quantum yield (upon 0.13 and 0.15 W·m-2 total UV and blue
irradiances in contrast to the 270 W·m-2 outdoor ‘cloudy’ irradiance described in section 1.3.2.1), the
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concentration of Chl-a is a critical factor that influences fluorescence intensities excited by visible
radiation. In all samples, the BF690/BF740 tended to increase with increasing sugar concentrations
from roughly 2 to 2.5 (data not shown). The latter is consistent with decreasing re-absorption of
B
F690 during berry ripening.
In both the exposed and non-exposed samples, the BF740 dropped simultaneously with increasing
sugar concentration (Fig. 2.4.6). The relationship of exposed half berries, however, was downward
shifted relative to that of non-exposed berries so that 75% of my berries exhibited lower BF740 data
on exposed compared to non-exposed sides (Fig. 2.4.6F).
Figure 2.4.6 summarizes the relationships between information derived from fluorescence (as
discussed above) and sugar content (i.e., the degree of ripeness) data. In agreement with Kolb et al.
2006, fluorescence intensity declined in parallel with increasing sugar content (Fig. 2.4.6E). As a new
result, I demonstrate that fluorescence intensities in most exposed samples are lower than in nonexposed ones (Fig. 2.4.6F). Although fluorescence intensities are not directly proportional to Chl
concentration (see above), my data support the view that Chl degradation is part of the ripening
process in berries. While a direct stimulation of Chl degradation by high sugar concentrations has
been suggested for citrus fruits (Iglesias et al. 2001), no proof for a causal relationship between sugar
concentration and Chl degradation in grape berries has been established. Also, the reason for faster
Chl degradation in exposed than in non-exposed berry faces is unclear but could be due to higher
berry temperatures in exposed berry faces resulting in accelerated rates for the enzymes of Chl
catabolism.
In contrast to Chl degradation, exposure conditions are particularly important for flavonol
concentrations: at sugar concentrations higher than 200 g·L-1, about two-thirds of exposed half
berries, but none of the non-exposed halves, exhibited markedly increased flavonol quantity. About
one third of exposed half berries with high sugar contents (> 200 g·L-1) did not exhibit elevated
flavonol concentrations. The term ‘exposed’ was based on the berry orientation relative to the bunch
centre but, presumably, those ‘exposed’ berries exhibiting low flavonol accumulation developed in a
localised shaded light environment under which UV radiation intensities were too low to induce
flavonol synthesis. However, the virtual absence of high flavonol content in all exposed berries at
sugar concentrations smaller than 200 g·L-1 is difficult to be explained by shading alone and allows us
to speculate that UV-induction of flavonol synthesis requires that berry ripening is well advanced.
This latter hypothesis is consistent with the in vivo screening properties of the berry skin. As
discussed above, the corrected fluorescence excitation ratios can be viewed as rough estimates for in
vivo transmittance for UV-A radiation, which means that non-exposed sides of berries with low sugar
concentrations transmit only 2% of UV-A radiation and, thus, possess efficient UV screening
properties (Fig. 2.4.6A). That this transmittance increases to 5% in fully ripe berries might arise from
flavonol dilution by berry growth. Although our berries varied in diameter, we were not able to
establish a clear correlation between berry size and UV screening of non-exposed half-berries (data
not shown).
Finally, at low sugar concentrations, exposed half berries tended to exhibit small but consistently
higher in vivo UV-A transmittance than non-exposed ones (Fig. 2.4.6B) which is probably due to
flavonol destruction by scavenging of radiation-induced radicals (cf. Pietta 2000; Edreva 2005). In
essence, dilution and destructive effects might act synergistically in exposed berry sides to weaken
79

the originally efficient UV-shield and, therefore, these berries need to prevent the further
deterioration their UV screen, occurring during advanced ripening, by newly synthesizing flavonols.
2.4.3. Summary of the grapes studies
Exposed and non-exposed halves of field-grown berries of the white grapevine cultivar Vitis vinifera
L. cv. Pinot Blanc at various stages of ripeness were analysed using Chl fluorescence imaging. The
stage of ripeness was classified by the total sugar concentration which ranged between 120 and
300 g·L-1 for the different berries but was similar in the exposed and the non-exposed half of
individual berries. Fluorescence was excited in the UV-A and the blue spectral region and detected at
red as well as at far-red wavelengths. At both emission ranges, UV-excited fluorescence was weak
and required correction for the contribution of small false signals. After correction, in vivo UV
screening by berry skins was derived from the ratio of UV-A- to blue-excited fluorescence intensities,
and a relationship between in vivo UV screening and flavonol quantity was established: the quantity
of flavonols was determined by spectral analysis of extracted phenolics. A biphasic relationship
between the corrected logarithmic parameter –log10((UVF690–S)/BF690) and the relative contribution
of the spectral compounds kaempferol and quercetin derivatives could be established. Significantly
high flavonol concentrations, and effective in vivo UV screening, were detected in most exposed half
berries at sugar concentrations higher than 200 g·L-1 but not in non-exposed samples: this suggests
that radiation-exposure conditions determine flavonol synthesis. Based on the absence of flavonol
accumulation in exposed half berries with sugar concentrations smaller than 200 g·L-1, however, it is
suggested that berries need to arrive at an advanced stage of ripeness before responding to
radiation-exposure by synthesizing large amounts of UV-protecting flavonols. Chl degradation, which
was followed by blue-excited intensities of far red fluorescence BF740, progressed simultaneously
with the increasing sugar content thus suggesting that Chl degradation is associated with berry
ripening. In addition, exposure to sun light appeared to slightly stimulate Chl decay.
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3. Summary (Thesis)
The main results of my PhD work are summarized in the following thesis points:
1.) I developed a new chlorophyll fluorescence method (excitation kinetics Fig. 3.1.1) based on
a feedback technique realized in a fluorometer device for plant physiological studies. I
recognized that, after a dark adaptation, forcing the leaf with a given, moderate light
intensity to emit fluorescence and, subsequently, changing this excitation light reverse to
the trend of the resulting fluorescence change, the temporal behavior of the excitation
light gives information about the regulation of the onset of the photosynthetic processes.
The proposed feedback technique adapts the excitation light actively during the
measurement to the actual photosynthetic capacity of the individual leaf sample. I found
that the proposed method provides new, physiologically relevant information against the
conventional techniques due to the fact its temporal kinetics is different from the inverse
of the traditional induction kinetics of chlorophyll fluorescence ("Kautsky-curves") and
displays exceptional sensitivity to the differences between the two chlorophyll
fluorescence wavebands. [8, 10, 11]

Figure 3.1.1 [11]
Example for an excitation kinetics of the Chl fluorescence with a fully green dark adapted primary leaf of a
barley seedling (Hordeum vulgare L., greening in the light for 48 hours) measured using the FluoroMeter Modul
(FMM). It shows the fluorescence in the 690 nm (F690) and 735 nm (F735) bands as well as the LP during 300 s
of illumination. The LP during the first second (LP0) was set to 20% of the maximum (logarithmic scale); later on
(linear scale) it is adjusted by the feedback mechanism to maintain F690 constant at the amplitude reached
after 1 s. After 300 s LP reaches the final value (LPe). The fluorescence at the onset of measurement (F 0) and in
the maximum during the first second of illumination (Fp) are detected to calculate the ratio Fv/Fp = ((Fp F0)/Fp) as a measure of photosynthetic quantum yield.
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2.) I verified by fluorescence imaging (Fig. 3.1.2) that the early symptoms of the tobacco
mosaic virus can be recognized by UV excited blue-green fluorescence before visual
symptoms appear. I achieved this by further development of the hardware and the image
pre-processing method of a custom fluorescence imaging system. I proved that the
fluorescence method indicates the infection several hours before the appearance of visual
symptoms depending on the time course of the hypersensitive response to the virus. I
provided evidence that the recorded blue-green fluorescence is linked to increase
scopoletin accumulation and not to salicylic acid known to be responsible for the presymptomatic thermographic signal. [2, 4, 5]

Figure 3.1.2 [5]
Images of a tobacco (Nicotiana tabacum L.) leaf from left to right: before and 24 h up to 49 h after infection
UV
with tobacco mosaic virus. Rows 1 to 4, respectively: UV-excited blue fluorescence at 440 nm ( F440); UV
UV
B
excited green fluorescence at 550 nm ( F550); blue-excited Chl fluorescence at 690 nm ( F690); video image
taken by an RGB camera (= visual impression).
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3.) I recognized and proved that the ratio images of the blue- and UV-excited chlorophyll
fluorescence are adequate to monitor the UV screening of the plant leaves or the whole
plant cultivars in a non-invasive way from a remote distance of approximately 0.5 m. I
successfully monitored the accumulation of the UV absorbing pigments of barley leaves,
which reached its saturation 3 days after transferring the plant from the greenhouse to the
outdoor conditions. I found that the carotenoid-mediated photoprotection increased
parallel with the UV shielding, and the two processes are mutually dependent so that the
resulting response of the assimilatory apparatus to increased UV and photosynthetically
active radiations depends on the cooperative efficiency of both mechanisms. [3, 5, 7]
4.) I recognized that fluorescence imaging is a suitable method for characterizing grape fruits. I
found that, in the case of ripened grape berries (having sugar contents higher than
200 gL-1), their UV screening and the concentrations of phenols, influencing the fruit
quality, can be estimated from the ratio of the blue to UV excited fluorescence images. I
found a biphasic relationship between the corrected logarithmic parameter
–log10((UVF690–S)/BF690) and the relative contribution of the spectral compounds
kaempferol and quercetin derivatives. For this parameter I proposed a correction factor S
for minor intensities of strayed and reflected radiation. I also showed that the blue excited
chlorophyll fluorescence at 740 nm (BF740) decreases simultaneously with the degradation
of the chlorophylls and the increase of the sugar content of the berries, which actually
occurs during the ripening process of the grapes. [5, 6]
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6. Abbreviations
A – leaf absorptance
a.u. – arbitrary units
BME – Budapest University of Technology and Economics
Car(s) – carotenoid(s)
CFM – Chlorophyll FluroMeter
Chl (-a / -b) – chlorophyll (-a / -b)
Chl-F – chlorophyll a fluorescence
clo f2 – Chl b-less mutant chlorina f2
CWL – central wavelength
ETR – PSII electron transport rate
F0 – minimal fluorescence after dark adaptation
F0’ – the lowest fluorescence of light adapted photosynthetic system
F690 – fluorescence at 690 nm
F735 – fluorescence at 735 nm
FIS – fluorescence imaging system
Fm – maximal fluorescence to the saturating light
Fm’ – maximal fluorescence to the saturating light of light adapted photosynthetic system
FMM – FluoroMeter Module
FRET – fluorescence resonant energy transfer
Fs – steady-state fluorescence
FWHM – full-width-at-half-maximum
FV/FM– maximal photochemical efficiency of PSII
HR – hypersensitive response
KIT – Karlsruhe Institute of Technology
LHC – light harvesting complex
LP – laser power
LP0 – initial laser power
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LPe – laser power at the end (at 300 secundum) of the measurement
LPmax – maximal available laser power
max – maximal
MST – maximum spectral transmittance
NPQ – non photochemical quenching
NRET – non-resonant electron transfer
PAM – pulse amplitude modulation
PAR – photosynthetic active radiation
PPFD – photosynthetic photon flux density
PQ – photochemical quenching
PS – photosystem
PS I – photosystem I
PS II – photosystem II
RC – reaction center
SA – salicylic acid
SV0 – non-photochemical quenching of F0
TMV – Tobacco Mosaic Virus
UV – ultraviolet
WT – wild type

100

