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Zusammenfassung

Licht stellt die Grundvoraussetzung allen Lebens insbesondere des pflanzlichen Lebens
dar. Pflanzen sind sessile Organismen und den damit auf sie einwirkenden
Umweltbedingungen ausgesetzt. Durch Verdnderung auf molekularer bis hin zur
morphologischen Ebene konnen sie sich an die schnell verdndernden Bedingungen
anpassen.

Die vorliegende Dissertation ist Teil des Verbundprojektes “Innovative Gewachshiuser —
Forschung fiir bessere Produktqualitit und nachhaltige Nutzung”. Die Aufgabe bestand
darin, die Einfliisse verschiedener Lichtqualititen, insbesondere der UV-B Strahlung, auf
das Wachstum verschiedener Pflanzenarten (Nutz- und Modellpflanzen) zu testen. Die
Gewichshduser wurden mit unterschiedlich stark UV-B durchldssigen Materialien
eingedeckt. Als Kontrolle diente das in der Gartenbaupraxis am meisten genutzte
Floatglas. Eine Teflonfolie mit hoher Transmission im UV-B Bereich (ca. 80%) stellte die
»hoch UV-B-Variante* dar. Lollo rosso-, Eichblattsalat-, Tomaten- sowie Tabakpflanzen
wurden unter den verschiedenen UV-B Bedingungen im Gewichshaus angezogen und die
Entwicklung der projizierten Blattflache iiber einen artspezifisch, von der Morphologie
abhingigen, Zeitraum mit Hilfe des GROWSCREEN Verfahrens (automatisierte digitale
Bildaufnahme und Weiterverarbeitung) ermittelt. Als Reaktion auf erhohte UV-B
Strahlung konnte eine signifikante Reduzierung der Blattfliche sowie der Biomasse fiir die
Salat- und Tomatenpflanzen festgestellt werden, wéhrenddessen Tabakpflanzen keine
solch eindeutige Reaktion im Wachstum auf erhohte UV-B Strahlung zeigten. Unter zu
Hilfenahme anderer Methoden, wie der Chlorophyllfluoreszenz, konnten eine erhdhte
effektive Quantenausbeute und signifikant angestiegenes nicht photochemisches quenching
als Reaktionen auf UV-B Strahlung festgestellt werden.

An der kontinuierlichen nicht-invasiven Messung von Biomasse besteht bis heute grofles
Interesse. In technischer Hinsicht stellte die Entwicklung und Etablierung eines
Mikrowellenresonators ein zentrales Thema dieser Arbeit dar. Mit dieser Methode ist es
moglich, den Wassergehalt von oberirdischen Pflanzenbestandteilen auch iiber einen
langeren Zeitraum nicht-invasiv zu messen. Mit Hilfe von Kalibrierungen konnte ein
Zusammenhang zwischen gemessener Anderung im elektromagnetischen Feld und dem
Wassergehalt des Pflanzenmaterials hergestellt werden.

Die artspezifischen  Unterschiede in  Biomasse und  Blattfliche  unter

Gewichshausbedingungen, sowie die Variabilitit der abiotischen Umwelteinfliisse im



Zusammenfassung
Gewdchshaus, erforderten Experimente unter konstanten Umweltbedingungen. In den
Expositionskammern des Helmholtz Zentrums Miinchen war es moglich, ein anndhernd
naturnahes Verhdltnis zwischen UV-B und photosynthetisch aktiver Strahlung (PAR)
herzustellen. An Tabak- und Tomatenpflanzen wurde unter Kontrollbedingungen und
erhohter UV-B Strahlung kontinuierlich die Biomasse mit Hilfe des oben erwéhnten
Mikrowellenresonators bestimmt. Es zeigte sich eine deutliche Reduzierung des
Frischgewichts flir Tomatenpflanzen unter erhéhter UV-B Strahlung, die im Laufe des
Experimentes stirker ausgeprigt wurde. Im Wachstum von Tabakpflanzen zeigte sich
zunéchst jedoch kein Effekt in Reaktion auf UV-B Strahlung. Erst eine ldnger andauernde
Exposition unter erhohter UV-B Strahlung fiihrte zu einem Anstieg in der Biomasse. Es
zeigt sich hier ganz deutlich eine artspezifische Reaktion auf UV-B. Der tigliche
Wasserverlust von ca. 40% bei Tabak und hingegen nur ca. 10% bei Tomatenpflanzen
stellt vermutlich einen groBeren Stressor fiir Tabakpflanzen als die UV-B Strahlung dar.
Es ist sehr gut vorstellbar, die neuentwickelte nicht-invasive Methode fiir
Phénotypisierungen mit einem hohen Durchsatz unter verschiedensten Bedingungen, sei es
Trockenstress, Untersuchungen zu Herbivor-Pflanzen Interaktionen oder Wachstum bei
Pathogenbefall einzusetzen.
In einem gemeinsamen Projekt mit der Universitit Bonn wurden Eichblattsalatpflanzen
unter den bereits beschriebenen UV-B Bedingungen im Gewichshaus angezogen und das
Wachstumsverhalten sowie sekundire Inhaltsstoffe untersucht. Eine Reduzierung des
Wachstums konnte nur im April fiir Pflanzen unter erhéhter UV-B Behandlung gefunden
werden. Im jahreszeitlichen Verlauf konnte kein signifikanter Unterschied beziiglich der
Blattfliche gefunden werden. Pflanzen, die bereits als Keimling bzw. spiter als Setzling
UV-B Strahlung ausgesetzt waren, zeigten eine stdrkere Bildung von Flavonoiden
insbesondere Quercetin und Cyanidin. Bei einem Transferversuch ins Freiland konnte
jedoch gezeigt werden, dass sich diese Unterschiede bereits sechs Tage nach dem
Auspflanzen nivellierten.
Fiir die Praxis konnen diese hoch UV-B durchlidssigen Materialien trotz allem die Zeit der
Akklimatisierung vor dem Auspflanzen u.a. aufgrund der verstirkt ausgebildeten
sekunddren Inhaltsstoffe verkiirzen. Das antioxidative Potential in den Salatpflanzen erhoht

sich damit und hat somit einen fordernden Einfluss auf die menschliche Gesundheit.



Summary

Light is essential for life in particular for the life of plants and they in turn are substantial
for the thriving life on Earth. Plants are sessile organisms and have to respond to a wide
range of environmental factors. Their ability to adapt to a rapidly changing environment by
changing their molecular and even morphological levels ensures the survival under these
conditions.

The presented dissertation is part of the joint research project “Innovative greenhouses —
Research for improved product quality and sustainable use”. Main aim of this thesis was to
investigate the influence of light quality, especially increased UV-B radiation levels, on
growth of different plant species (horticultural and model plants).

Greenhouses were covered with materials showing different levels of transmittance in the
UV-B spectrum band: teflon foil showed UV-B transmission rates of approximately 86%,
rendering it an ideal cladding material for the high UV-B treatment. Floatglass, commonly
used in horticultural practice and almost intransparent for UV-B, represented the control
cladding material for low UV-B treatments. Lettuce, red oak leaf lettuce, tomato and
tobacco seedlings were grown under different UV-B treatments in the above described
greenhouses. The GROWSCREEN phenotyping platform was used to determine the
development of projected leaf area during a species dependent adequate time interval,
which also depends on the morphology of the investigated plant species. Under increased
UV-B radiation salad and tomato seedlings” projected leaf area was significantly reduced.
In contrast, tobacco plants showed no distinct growth reaction to increased levels of UV-B
under greenhouse conditions. Yet, other differences such as increases in quantum
efficiency of chlorophyll fluorescence and in non-photochemical quenching could be
detected for tobacco as well.

The non-invasive determination of plant biomass is still today in the focus of researchers.
In technical respect the development and establishment of a microwave resonator was a
central aim of this work. This method allows continuously determining the water content
of plant shoot biomass over a longer period. Via calibration measurements, a correlation
between measured changes in the electromagnetic field and plant water content was found.
The species-specific differences in biomass as well as the variability of the abiotic

environmental influences within the greenhouse required experiments under constant
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conditions. At the exposure chambers of the Helmholtz Zentrum Munich it was possible to
achieve a near-natural relation between UV-B and photosynthetic active radiation (PAR).
Experiments were conducted under constant environmental conditions. Tobacco and
tomato plants were objects of continuous investigation of biomass in response to enhanced
UV-B radiation via the above mentioned microwave resonator. After an acclimation period
to the conditions in the resonator, tomato plants showed a distinctly reduced biomass under
enhanced UV-B. The differences increased during the measurement period. In contrast to
these findings tobacco plants need a much longer exposure to induce an increase in
biomass in response to enhanced UV-B radiation. A species-specific reaction in response
to UV-B was found. Tobacco plants showed a high diurnal water loss of roughly 40% each
day during this experiment, while tomatoes lost only 10% of their fresh weight. It is likely
that the water balance in tobacco plants played a greater role than the application of
enhanced UV-B radiation.

It is quite obvious to use this newly developed non-invasive instrument for phenotyping at
high throughput under varying conditions such as drought stress, investigation of
herbivore-plant interactions or growth patterns during pathogen attack.

In a joint project with University of Bonn, growth patterns as well as the secondary
components of lettuce plants, grown under the above mentioned greenhouse conditions,
were investigated. A reduced growth in response to enhanced UV-B was found in April,
whereas during the season no differences in leaf area development could be determined.
Plants grown under high UV-B treatment showed increased accumulation of flavonoids
such as cyanidine and quercetin. After transplantation to field conditions the observed
differences in the greenhouses were already negligible after six days. However, the high
UV-B transmitting cladding materials can provide a benefit for the acclimation of
vegetable crop plants due to shortening of the acclimation period prior to transplantation to
the field. Moreover, the secondary compounds increase the antioxidative potential of these

vegetable crops, and this in turn has a benefit for human health.
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1 Introduction

Plants are essential for the thriving life on Earth. They provide the primary resource for
essentially all food chains and produce oxygen for almost all organisms on Earth. Since
ancient times mankind has a strong interest in plant culture and domestication, and plants
are the foundation of human nutrition.

Plants have to respond to several abiotic and biotic stresses. These stresses affect plant
performance, plant growth and crop production. The dimension of plant adaptation to
stress factors is depending on plant genotype, developmental stage of the plant, and the
degree of received stress. In general, one stress factor is followed successively by another
or is received in parallel, for example heat stress is often associated with drought stress
because of lack in water availability. Plants have to cope with these circumstances, and
therefore they developed mechanisms to avoid damages in multiple ways (Jansen et al.

1998, Stratmann 2003, Wood 2005).

1.1 Motivation and research aims

The present dissertation was part of a larger research project concerning development of
new and innovative greenhouses for horticulture (Joint project “Innovative greenhouses —
Research for improved product quality and sustainable use”), which was funded by the
Federal Ministry of Education and Research (german, BMBF). The project was divided
into three subprojects, 1) investigation of the influence of UV-B radiation on host/parasite
interactions (“Pest resistance” project at University of Wiirzburg, Kuhlmann & Mueller
2009a, b), ii) effect of enhanced UV-B radiation on secondary metabolites and flavouring
substances (project at University of Bonn), and finally iii) this dissertation which puts the
focus on non-invasive analysis of leaf and plant biomass generation.

The central aim of the study was to investigate the influence of different light qualities on
plant growth. One particular question to answer was: how do plants change their growth
patterns and biomass accumulation under enhanced UV-B radiation? The focus was set on
leaf development of the horticultural plants Lycopersicon esculentum (tomato), Lactuca
sativa var. crispa (red and green bowled lettuce/ Lollo rosso) as well as the model plant for
growth investigations Nicotiana tabaccum (tobacco). Experiments were performed under
two different UV-B conditions in small greenhouses (shown in Fig. 1) and under constant

environmental conditions in exposition chambers at Helmholtz Zentrum Munich.
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Figure: 1 Greenhouses at Forschungszentrum Jiilich covered with cladding materials differing in
transmittance of UV-B. The Float glass (control glass, first glass from the right) passes nearly no UV-B
radiation, MMAR glass (a multistructured glass, the second glass from the left) is the “intermediate”
treatment concerning UV-B transmittance, whereas newly developed ETFE foil (the second on the right)
showed high UV-B transmittance.

Further, a particular aim of this work was to develop and use non-invasive methods for
measurement of plant growth and development. For example the recently developed
method GROWSCREEN (Walter et al. 2007) for 2D leaf area development was

extensively used. This should finally resolve questions like:

o How useful are newly developed cladding materials with a high UV-B
transmittance for preadaptation of salad plants?

e Do they increase the probability of salad plant survival under field conditions after
acclimation in the greenhouses?

e Do plants have a diurnal pattern of biomass accumulation? If yes, how does
diurnal biomass accumulation of different plant species respond to different
Ultraviolet-B radiation?
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1.2  Abiotic stresses

The presented study is focused on stress response of different plant species. With the help
of non-invasive methods it was possible to investigate growth and biomass development of
different plant species. This allowed characterization of plant growth patterns under UV-B
stress or different other stress factors, which can influence plant survival. In the following
section different stress factors, which strongly affect growth behaviour will be explained in
more detail. Temperature, water and light conditions were in the focus of the presented

investigation.

1.2.1 Temperature and the effect on growth

Temperature strongly affects plant growth dynamics. Several recent studies were
conducted in greenhouses, which showed strong variation in temperature profiles during
spring and summer (Behn et al. submitted, chapter 3.1). The horticultural and model plants,
investigated in this thesis, displayed different growth patterns, which are affected
presumably by a number of different stress factors. Temperature is one of the important
environmental factors which can lead to stronger plant growth and biomass accumulation
in warm months. The responses of plants to heat, water stress and several other stresses
have direct relevance in the performed experiments. However, to eliminate high
temperature differences and their effects on plant development, we decided to perform
additional experiments in climate chambers (Tittmann et al. submitted, chapter 3.3).

For this work experiments were conducted under greenhouse conditions with cladding
materials differing only in UV-B transmittance. Greenhouse-related temperature levels and
fluctuations strongly depend on the season, causing different leaf growth behaviour of
greenhouse-grown plants in relation to the season (Britt & Fiscus 2003). Concomitant with
the different properties of the cladding materials the distribution of radiation and
temperature can be influenced. Even small changes are not to disregard.

Heat stress is often associated with drought stress because of the lack of water availability.
Plants have to deal with these situations in different ways (Wood 2005). They can survive
in a wide range of temperatures varying from -89°C to 58°C (Schulze et al. 2002), or even
higher temperatures that are found for example in deserts. To grow steadily, plants have
developed adaptations to survive ranges outside optimal temperature conditions. Most of
the metabolic reactions are strongly influenced by temperature, while some physical
processes like light absorption are relatively temperature insensitive (Jones 1992).
Photosynthetic enzymatic processes are the most temperature-sensitive part of plant

growth. Plants of temperate zones tend to have their maximum of net photosynthesis
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between 20°C and 30°C. Depending on the temperature to which plants are adapted, the
temperature optima for photosynthesis are higher or lower. Thermal instability causes a
species-specific time-dependent inactivation of the photosynthetic apparatus: Desert
species, for example, are more tolerant to high temperature, and up to 50°C no
inactivation of photosynthesis will occur. The time point and the duration of temperature
stress exposure are important for survival of the plant (Larkindale et al. 2005).
Photosynthesis is not only affected by temperature stress during the day; also high
temperatures during the night lead to reduced productivity. Plants often have to respond to
multiple stresses such as combined drought and heat stress (Larkindale et al. 2005). Higher
temperatures can change the pattern of protein synthesis and above a threshold the normal
protein synthesis is replaced by a rapid synthesis of a set of heat shock proteins (HSP)
(Jones 1992). The induction of heat shock proteins needs acute heat stress. Several
components, not HSP alone, are involved in the response to high temperatures. Increased
temperature alters enzyme activity and leads to imbalances in metabolic pathways. The
acquired ability to withstand higher temperatures for short-term exposure is an adaptation
due to a changing diurnal temperature regime (Larkindale et al. 2005).

Plant growth intensity depends on the surrounding environment, which can have a
reinforcing or inhibitory effect. The aboveground part of plants is exposed to varying
temperature and light regimes while the roots are strongly affected by physicochemical and
biological processes at nearly constant temperatures in soil (Walter et al. 2009). Roots
respond very fast to alterations in temperature, soil water potential and even to light
changes at the aboveground shoot. The growth of monocot leaves strongly depends on
temperature and vapor pressure deficit. The changes in the daily growth rhythm are almost
linearly related to temperature variations. In contrast to this, the growth pattern of dicot
leaves is driven by endogenous rhythms (Walter et al. 2009) and factors such as root
temperature: Low root zone temperatures result in distinct reduction in leaf area and
biomass (Poir¢ et al. 2010).

In response to low temperatures plants stop growth, germination or reproduction. The
damage after short exposure to freezing temperatures is reversible. The frozen water in the
cells causes typical freezing injury. Without acclimation, temperatures of already -1 to -
3°C can induce damage of the tissue while an acclimation period let plants survive up to a

temperature of -40°C depending on the species and the tissue.
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1.2.2 Water

In this work, water plays a crucial role in determining plant growth, beside the above-
described temperature. The investigation of biomass development was followed using a
new non-invasive method relying on the water content of plants. Hereby, changes of plant
water content were measured using a novel microwave resonator (Menzel et al. 2009,
Tittmann et al. submitted, and chapter 3.2 and 3.3 below). Moreover, changes of
transpiration rates of tobacco and tomato plants under different UV-B exposure were
followed in a climate chamber experiment (Tittmann et al. submitted). During the
experiment tobacco plants showed a strong effect with regard to water stress. This
particular result from the climate chamber experiment can also be an explanation for the
varying results of tobacco vs. tomato plants found in plants grown under greenhouse
conditions in response to UV-B radiation. The differences are likely due to different water
status with a strong water loss for tobacco plants but nearly no diurnal water loss for
tomato plants (Tittmann et al., submitted)

Water is essential for the life of plants, but also for all other organisms. It is a major
component of plant cells and depending on species, water content can vary between 10%
of fresh weight for dried seeds and 95% in some fruits and young leaves. Plants have
evolved many morphological, anatomical, biochemical, developmental and physiological
adaptations to cope with varying water conditions. They pursue for example a water stress
avoidance strategy.

Water is liquid at normal temperatures and a strong solvent. Because of this properties
water is a good medium for biochemical reactions and transport (Jones 1992, Wood 2005).
Water is also needed for important processes like photosynthesis. It was shown that plants
always lose water to the aerial environment. They are in disequilibrium with the
surrounding atmosphere because of the great difference of water content from “wet” plants
to the “dry” environment (Wood, 2005). The incompressibility of water is important for
growth. Volumetric growth depends mainly on cell expansion. The water flux into a cell
and growth is depending on the driving force of water uptake, the hydraulic conductivity of
the cell membrane. Therefore stomata play the major role in controlling transpiration.
When open, the pore space of stomata equals a fraction of 0.5-5% of leaf surface. All water
that is transpired by plants as well as CO, absorbed in photosynthesis has to pass the
stomatal pore space. Stomata are very sensitive to environmental and internal physiological
conditions. This allows them to optimize the balance between water loss and CO; uptake.
Frequency and size of stomata vary depending on the leaf position and growth conditions

and they can vary between different cultivars of one species. The movement of the stomata

11
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depends on changes in turgor pressure inside the guard cells and in the adjacent epidermal
cells. It happens as a result from a changing water potential of the guard cells or from
active changes in osmotic potential (Jones 1992). Changes in guard cells turgor cause an
opening or closure of stomata. Also an endogenous rhythm tends to affect stomatal
aperture independent from the environmental conditions (even under continuous light a
night-time closure can occur). Many factors like for example light, CO,, temperature,
water status and humidity influence the stomatal aperture. With decreasing leaf water
potential, increasing CO;, mole fraction in the intercellular spaces, and decreasing light the
stomata tend to close. Plants under drought conditions close stomata to avoid water loss.
The water loss after stomata closure occurs then only via diffusion through the cuticular
membrane (Wood 2005). The cuticle is a protective, hydrophobic, waxy layer produced by
the epidermal cells of leaves in plants. In conclusion, water is the driving force behind
plant growth, thus necessary for plant cell expansion. Even moderate water stress reduces
plant growth.

It seems that even relatively mild water stress can inhibit cell wall proliferation and
expansion growth — yet not by diminishing the production of cell wall material but by
inhibiting the coordinated incorporation of cell wall material (Alves & Setter 2004). Jones
(1992) defined this as “stored growth”. The reduced growth during a short-term stress
allows plants to recover their growth rate after re-watering (Jones, 1992). During this
process, growing cells do not reach the full size and also the number of cells per leaf is
reduced compared to well watered plants (Alves & Setter 2004). Whether the reduction of
leaf area is caused rather by reduced cell division or by reduced cell expansion, depends on
the developmental stage at which plants are stressed (Alves & Setter 2004, Schurr et al.
2000). Leaves, which are no longer involved in cell division, reduce cell expansion, which
in turn leads to a reduced leaf area caused by reduced mature cell size. In younger leaves

the inhibition of cell division leads to fewer cells per leaf.

1.2.3 Light - physical properties and agent for Earth's life

Solar light energy is the essential environmental resource for plants. As energy source,
light is needed for the photosynthesis, rendering plants as primary producers to the starting
points of almost all food chains.

In this study it was in the interest to investigate photosynthesis under different light
intensities and radiation qualities. Results from the continuous measurement of biomass
have shown that the identified differences in biomass accumulation are not based on

differences in photosynthesis. Tomato plants accumulated more biomass under low UV-B

12
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conditions whereas no significant increases in photosynthesis were observed (chapter 3.3).
Although photosynthesis provides the essential substrates (carbohydrates) for growth,
photosynthesis cannot be directly converted into shoot growth. Several other signals can
also affect the growth dynamics of plants. Starch deficit mutants of Arabidopsis thaliana
plants showed a changed diel leaf growth pattern caused by diel variations of carbohydrate
metabolism (Wiese et al. 2007) and the availability of substrates. Mutants showed an
increased growth rate in the afternoon induced by an excess of hexoses which are not
incorporated into starch storage. The reduced growth at the end of the night is due to the
inability to access carbohydrates from starch which leads to reduced growth (Wiese et al.
2007).

In general, the absorbed light energy can be used for photosynthesis, it can be dissipated
within the leaf via a range of biochemical reactions or it can be re-emitted as fluorescence
or as heat. Moreover, light triggers several processes such as developmental pathways, is
important during the seedling development, during cotyledon expansion and chlorophyll
formation (The Arabidopsis Genome Initiative 2000). A great part of this energy is
converted into heat and induces other radiation exchanges and processes like transpiration.
.As the wavelengths of light get shorter and the energy content increases, also the

biological damage on plant material will increase (Greenberg et al. 1997).

cl B | A visible light

10= 280

400-7T80nm F80nm-1mm
280-315

Figure: 2 : Light spectrum from ultraviolet over visible light to infra-red

The radiation, which reaches actually the Earth’s surface, is modified concerning the
quantity, spectral properties and angular distribution resulting from the absorption or
scattering by molecules in the atmosphere and by scattering or reflection from clouds and
particles (Jones 1992). Wavelengths greater than 290 nm reach the Earth surface and
wavelengths less than 290 nm are absorbed by various gases in the atmosphere (Greenberg
et al. 1997). The reflection and the transmission from or through for example leaves
change the radiation composition.

Ultraviolet radiation is a part of the light spectrum with a wavelength range from 100-
380 nm (Fig. 2). This part of the spectrum is not visible for the human eyes. It is part of the

electromagnetic radiation. The most energy rich part is Ultraviolet C radiation (100-

13
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280 nm). Almost none of this very short wavelength radiation reaches the Earth surface,
because of the absorption in the upper atmospheric layer. UV-C radiation is technically
used for sterilization and disinfection. At a wavelength of 270-300 nm (absorption peak of
most proteins) the amino acid tryptophan can absorb ultraviolet radiation, and at 260 nm
nucleic acids are most affected. Ultraviolet B belongs to short wave radiation ranging
from 280 — 315 nm. Most of the UV-B radiation is absorbed by stratospheric ozone. The
increasing depletion of the ozone layer enhances the fraction of UV-B radiation reaching
the Earth surface. A decrease of ozone concentration of about 1% results in an increase of
UV-B radiation of about 1.5% (Bavarian Environment Agency; german: Bayerisches
Landesamt fiir Umwelt, 2009). Ultraviolet B radiation varies strongly with season (Fig. 3)
and also with latitude and sun angle. Ultraviolet A is a longer wave length radiation (315-
400 nm). These waves reach the human dermis and can cause a direct pigmentation (short-
term brownness). UV-A can damage collagen and increases the risk of melanoma through
accumulation of free radicals. Ultraviolet A radiation level is relatively constant in the
solar spectrum and does not vary with latitude, altitude or season. UV-A will not increase

with the progressive depletion of ozone layer (Greenberg et al. 1997).
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Figure: 3 Global radiation at Forschungszentrum Jiilich 2008, daily mean values

The Photosynthetic Active Radiation (PAR; 400-700 Wm™) is the part of the spectrum,
which can be used by photosynthetic active organisms. The important pigments of the
photosynthetic apparatus Chlorophyll a and b absorb at 661.6 and 644.8 nm respectively.
The ratio of UV-B radiation and PAR fluctuates caused by changes in solar angle and
thickness of the ozone layer. The thickness of ozone layer in turn depends on seasonal
meteorological conditions and on latitude (Jansen et al. 1998). This part of the spectrum is

overlapping with the spectrum that is visible for humans (400-780 nm). Nearly 50% of
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global radiation accounts for this visible part of the spectrum. Global radiation is the sum
of direct and diffuse radiation incident on a horizontal surface (Jones 1992). On a clear day
diffuse radiation contributes between 10 and 30% of the total solar irradiance. The drier the
climate, the lower is the proportion of diffuse radiation. About 45% of the energy in the
direct solar beam at the Earth’s surface is in the photosynthetic active wavelengths. Diffuse
radiation tends to enrich in the visible wavelength. This is the reason for only an average
proportion of direct plus diffuse radiation in the PAR of approximately 50%.

In all three groups of the joint project (as mentioned above, chapter 1.1) one greenhouse
was covered with multi structured glass (MM glass), which let pass approximately 35% of
ambient UV-B radiation, a second glass with nearly no transmittance of UV-B radiation
(Float glass) and a foil highly transmissible for UV-B (ETFE). All materials have a high
transmittance for UV-A and PAR in common. Lettuce plants grown under diffuse radiation
(MM glass) achieved sometimes higher biomass than control plants under Float glass
conditions. This can be explained by the increased stress of direct incident light under
control conditions (Behn et al. submitted, chapter 3.1). Absorption, reflection and
transmission vary with thickness, age, water content, surface morphology and orientation
of the plants. For the following experiments only the materials with the greatest difference
(high and low) in UV-B transmittance were chosen.

Light as external trigger can influence growth and development of plants. It was shown
that plants adapt their developmental patterns in response to changing light regimes —
which is known as photomorphogenic response. This includes 1) Phototropism (directional
alterations in growth that occur in response to direct light stimuli), ii) Photonasty
(reversible light movements that occur in response to directional and non-directional light
stimuli), iii) Photoperiodism (non-directional developmental responses to non-directional
but periodic light stimuli) and 1v) Photomorphogenesis (other non-developmental
responses to non-directional and non-periodical light stimuli) (Jones 1992). The syndrome
of plant photomorphogenic reactions enables plants to establish efficient photosynthetic
machinery under permanently changing light conditions (The Arabidopsis Genome
Initiative 2000). Examples for these responses are the tendency to elongate stem height
under shade conditions that allows escaping competitors, the development of “sun” and
“shade” leaves, the biochemical and physiological characteristics and for example the

induction of flowering.
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1.3  UV-B - a specific stressor

1.3.1 Thinning of ozone layer and consequences for single plants and plant

communities by increased UV-B radiation

After the strong reduction in stratospheric ozone layer in the 1970’s, research was focused
on the effect of increased depletion of stratospheric ozone layer on plants. Recent studies
direct their focus to the effects of environmentally relevant UV-B doses to investigate the
plant responses (Wargent et al. 2009). The amount of UV-B radiation reaching the Earth
surface increases in response to further depletion of stratospheric ozone (Rozema et al.
1997). During the last decades a decrease of ozone concentration with an average rate of
6% per decade (Bjorn et al. 1999) was observed, therewith the interest of the influence on
plant development in response to UV-B radiation increased. The last years showed a slight
recovery of ozone layer compared to the rapid and dramatic decrease during the 1970s and
1980s (Fig. 4) caused by man-made increases of chlorofluorocarbon (Searles et al. 2001,
Bavarian Environment Agency; 2009). Not only human activities, also a change in the
height of the tropopause, atmospheric circulation patterns or the sun activity can be an

explanation for one third of the ozone loss (Bavarian Environment Agency, 2009).
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The study of Méder et al. (2010) and Eyring et al. (2010) delivers the first line of evidence
that the Montreal Protocol from 1987 shows a significant effect in reduction of the ozone
hole. Recent studies (Méder et al. 2010) could detect a thickening of the ozone layer over
the last decade. The complete ozone layer will need the whole century to recover while the
ozone hole over the Antarctic, which is built every year in September, still remains. The
new findings of the reduction in ozone hole provide us with new challenges. The different
studies have shown that after acclimation or under low fluence rate of UV-B, radiation
does not lead to damage of plant material every time.

The study of Rozema et al. (1997) has shown, that increased UV-B radiation is not only an
environmental stress but can also induce diverse other effects in plants. Direct and indirect
morphological and chemical changes of plants in response to UV-B were observed. The
response to UV-B radiation can differ between species and even cultivars. One crucial
point is the effect of these changes on the plant community composition in ecosystems
(Bornmann 1991).

The objective of this study was to understand the effect of increased UV-B radiation on
plant behaviour. Leaf growth, biomass accumulation and photosynthesis are affected by
UV-B to a varying extent, depending on the fluence rate (radiation per second) and
duration of exposition. With novel, non-invasive techniques, it became possible recently to
monitor biomass accumulation of tobacco and tomato plants with high temporal resolution
(Tittmann et al., submitted). Biomass accumulation differed strongly between the two
investigated species. Tomato showed inhibited growth under elevated UV-B radiation
already three days after starting UV-B exposure, while tobacco plants showed initially no
differences in response to UV-B radiation. A longer exposure of UV-B radiation is needed
to induce an increase of biomass in treated tobacco plants.

One possible explanation for the different response of tobacco and tomato to UV-B
radiation might be the different origin of the investigated species. Depending on the
original latitude to which species have evolved, plant species can react more or less
sensitive to UV radiation (Bornmann 1991). While plants with a genetic background of the
southern latitude show a more “resistant” response to UV-B radiation, species of the same
family from the northern latitude are more sensitive to enhanced UV- B radiation. A
greater effect would be expected for plants of temperate and high latitude regions. Thus
species of high latitudes would be more sensitive to increased UV-B radiation than plants
close to the equator, which are in general adapted to high amounts of UV-B radiation

(Bornmann 1991).
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The UV-B environment of terrestrial plants varies strongly in time and space. For example,
cloud cover has a significant influence on the amount of UV-B radiation (Bornmann 1991,
Rozema et al. 1997). Thinning of ozone layer is resulting in a shift towards shorter
wavelengths. If the wavelength becomes shorter this impairs the biological damage (Jansen
et al. 1998). It i1s believed that two different UV-B perception and signalling pathways
exist. One of them is triggered by longer wavelengths of the UV-B spectrum and another
by shorter wavelengths, the latter negatively interfering with the former (Ulm et al. 2004).
When the UV-B level is held at 1% of the visible light, Wilson & Greenberg (1993a) found
a strong adaptive response to UV-B in Brassica napus, even at lower light intensities. The
ratio of UV-B and PAR plays a major role for acclimation to UV-B (Wilson & Greenberg
1993a). Plants need a high fluence rate, Holst & Nagel 1997) of visible light to achieve
optimal acclimation to UV-B radiation (Greenberg et al. 1997).

The results of the meta-analysis from Seales et al. (2001) indicate a significant decrease in
shoot biomass at a simulated ozone layer depletion of minimum 20%. Otherwise no
significant change of plant biomass was observed at lower simulated ozone depletion (10-
20%). Since the ozone depletion beginning in the 1970’s is slightly recovering in recent
years, a further significant decrease in shoot biomass is not expected (Seales et al. 2001).
But monitoring of UV-B radiation was not conducted long enough to carry out a future
trend of UV-B development (Bjorn et al. 1999). Several studies have shown that crop
plants, which demonstrated a sensitive behaviour in response to UV-B under growth
chamber conditions, are nearly unaffected under UV-B in the field. Plants can reduce the
UV-B damage under field conditions. Nevertheless, UV-B induces plant morphogenic
effects, which in turn affect the competitive relationship between plant species. Because of
the higher content of more complex phenols in leaves in response to higher UV-B radiation
the decomposition of leaf litter is affected. The digestion of tannins and lignin by
microorganisms is decreased compared to plants grown under lower UV-B radiation
(Rozema et al. 1997). Furthermore, the induction of increased secondary compounds under
enhanced UV-B may change carbon cycling, herbivory and also symbiotic relationship
between higher plants and microorganisms (Rozema et al. 1997, Caldwell et al. 1998).
These changes in plant tissues and in the leaf components composition have impact on the
following steps of terrestrial biogeochemical cycles. There are some evidences that the
decomposition of plant litter was slowed down after several years of UV-B enhancement.
Evergreen plants, such as Empetrum hermaphroditum, seem acclimated to enhanced UV-B

radiation, and no changes on species composition could be established (Bjorn et al. 1999).
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1.3.2 Plant responses and molecular effects on the regulation of plant growth
caused by UV-B radiation
Leaves absorb the highest amount of UV-B radiation. Only small fractions are scattered or

reflected at the leaf surface or transmitted through the entire leaf. UV-B radiation induces

non-specific signals and photomorphogenic signals (Fig. 5).
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Figure: 5 Overview of UV-B signal transduction pathways (Jenkins 2009)

Increased UV-B radiation results in a wide range of changes in plants, such as inhibition of
photosynthesis, damage in membranes, protein and DNA damage, delayed maturation,
reduced growth and induction of flavonoid synthesis (Greenberg et al. 1997, Rozema et al.
1997, Caldwell et al. 1998). UV-B triggered changes can be distinguished between damage
(e.g. inhibition of photosynthesis) and acclimation reactions (e.g. flavonoid synthesis).
After exposure to high UV-B radiation stress signs were frequently observed, but under
low UV-B radiation plants seem acclimate to this light condition. After adaptation,
exposure to enhanced UV-B leads to a recovery of the photosynthesis. Higher UV-B
fluence rates introduce permanent damage and no acclimation of the photosynthetic
apparatus is possible.

Photomorphogenesis includes a wide range of light-controlled developmental responses
(Fig. 5). Photomorphogenic signals induce the expression of genes involved in UV-B
protection; therefore the survival of plants in a defined climate will be enhanced. Plants
have evolved different mechanisms of protection and repair mechanisms against UV-B
radiation. These mechanisms are effective and successful because damage of plants under
natural conditions was rarely observed. General responses include different mechanisms to

avoid damage of the leaf tissue. This includes thickening of the leaves, production of
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waxes and hairs, increasing the surface reflectance, alteration in leaf transmittance
properties and accumulation of UV-screening pigments (e.g. flavonoids, phenolic
compounds etc., Behn et al. submitted, chapter 3.1). UV-B influences epicuticular wax
composition and can increase the leaf wax content as a screening mechanism to reduce
UV-B transmittance through the leaves (Wargent et al. 2009). Seed germination, stem
elongation, leaf expansion, leaf area, leaf angle and plant architecture, the development of
chloroplasts and the synthesis of chlorophyll are affected by UV-B radiation (Greenberg et
al. 1997, Rozema et al. 1997, Caldwell et al. 1998, Britt 2004, Jenkins 2009, etc, Behn et al
submitted, Tittmann et al .submitted, chapter 3.1 and 3.3). Changes in leaf shape can
reduce the leaf area, which is exposed to UV-B radiation. Also smaller leaf areas, wrinkled
morphologies and waxy leaf surface can lower the penetration with UV-B (Greenberg et al.
1997). A central aim of this thesis was to follow the development of leaf area under
different UV-B radiation levels in greenhouses and climate chambers. Indeed, strong
reductions of total projected leaf area of tomato and salad plants were found while tobacco
plants showed no effect in response to enhanced UV-B under greenhouse conditions
(Tittmann et al. submitted, chapter 3.3). A different situation was found under climate
chamber conditions where tobacco plants also showed significantly reduced leaf area in
response to enhanced UV-B (not published, in progress).

Plants are able to gain energy from the sun, which is then useable to fix atmospheric CO,
into photosynthetic assimilates. UV-B exposure leads to reduced transcription and
synthesis of key photosynthetic proteins and an increase in proteins, which are required for
protective mechanisms. The changes in photosynthetic proteins are very fast and occur
within hours and they are observable over days. These reactions are dose dependent.
Degradation of the core protein of the PSII (D1) correlates with the fluence rate of UV-B
radiation reaching the mesophyll. Wilson & Greenberg (1993b) found a 50% lower
degradation of D1 protein and an increase in leaf flavonoid level for UV-B adapted plants.
Contrary to this Rozema et al. (1997) and Searles et al. (2001) for example found out that
enhanced UV-B radiation did not result in apparent reduction of photosynthesis, stomatal
conductance, chlorophyll fluorescence and plant growth. The findings in the present study
concerning the photosynthesis response support these results. However, growth was
reduced for tomato plants while tobacco plants showed no difference in biomass
accumulation under enhanced UV-B radiation (Tittmann et al. submitted).

During the early developmental stages of plant life growth depression can be observed in
response to ambient UV-B radiation. It seems to be elusive in nature (Rozema et al. 1997).

It is possible to estimate long-term net photosynthesis production. But photosynthesis is
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limited by the “slowest” factor of the system, which then can slow down the whole
process. This is known as the “Principle of limiting factors” (Blackmann 1905). Carbon
fixation is highly affected by UV-B exposure, because of the UV-B sensitivity of Ribulose
-1,5-biphosphate carboxylase (Rubisco), the central enzyme of carbon fixation pathway
(Greenberg et al. 1997). Strid et al. (1990) have shown a decreased Rubisco activity of
90% caused by 8d exposure to enhanced UV-B in Pisum. Allen et al. (1998) suggested
Rubisco and stomatal closure are more sensitive to UV-B radiation than photosynthesis is
affected. Keiller et al. (2003) described a reduction in expression and amount of key
photosynthetic proteins (including Rubisco), which resulted in a reduction in efficiency of
photosynthesis. Leaf expansion is also affected by UV-B radiation, which influences the
stomatal densitiy. High UV-B tends to cause stomatal closures and it thus can alter the
photosynthesis rate (Keiller et al. 2003).

Photosynthesis and transpiration of tomato and tobacco plants were not affected by
enhanced UV-B radiation during the climate chamber experiment but showed a species-
specific difference in the assimilation rate (Tittmann et al., submitted, chapter 3.3). The
leaf area of tobacco plants under greenhouse conditions were not affected by increased
UV-B radiation but chlorophyll fluorescence showed a reduced yield (see below chapter
3.4, Jansen et al. 2009). My research aim concerning UV-B related stress in plants was to
investigate the influence on growth and biomass patterns not on a molecular level, but on a
phenotypic level (see below). Further, the effect on photosynthesis level and also
chlorophyll fluorescence were of interest (see below, Jansen et al. 2009, Tittmann et al.

submitted, chapter 3.3 and 3.4).
UV-B induced accumulation of UV-B screening pigments

Mesophyll cells of many herbaceous species are penetrated by approximately 40% of the
incident UV radiation. These plants have a less effective ability to absorb UV radiation.
Plants are able to change their development in several ways in response to UV-B radiation.
It is possible that the exposure to UV-B radiation may enhance the tolerance to UV-B in
plants but it can also result in stress symptoms (Britt 2004). The accumulation of UV-
absorbing phenolic compounds reduces the penetration of UV-B radiation in epidermal
tissues. Plants can perform sunscreens in the epidermis layer, which selectively absorb
photons in the UV-A and UV-B range (Rozema et al. 1997, Jenkins et al. 2001).
Flavonoid, a protective pigment, limits the penetration of UV-B through the plant tissues
(Britt 2004). Flavonoids are involved in neutralizing radicals, which are formed by

absorption of UV-B photons (Britt 1996, Rozema et al. 1997).
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Abiotic and biotic stresses lead to an induction of genes encoding enzymes of the
phenylpropanoid and flavonoid pathways (Jenkins 1999). The shielding properties of
certain pigments and specific damage-repair systems are protective responses to enhanced
UV-B radiation (Caldwell et al. 1998). Landry et al. (1995) have shown that a few specific
flavonoid compounds are important in tolerance for UV-B exposure. Flavonoids have the
ability to absorb not only UV-B radiation but also visible light and serve as antioxidants.
The achieved “shading” protects tissues from photoinhibition during the development of
the photosynthetic apparatus and degradation of senescing leaves (Britt 2004).

Our research partner at University of Bonn (subproject 2) focused on the effect of
enhanced UV-B radiation on secondary metabolites and flavouring substances. In an
integrated study we showed that lettuce plants reduced their biomass, which was
accompanied with an increase in flavonoid content responding to enhanced UV-B radiation
(Behn et al. 2010 submitted). Moreover, flavonoids are of interest in applied horticultural
science as they provide nutritional benefits to humans, which are related to their
antioxidative capacities. These metabolites (quercetin and kaempferol) have nutritional and
pharmacological effects. The uptake of plant phenolics in human plasma has benefits for
health caused by the interactions of heavily modified phenolic structures with a range of
protein targets including human oestrogen receptor (Jansen et al. 2008).

The induction of the pigments is in agreement with the increased expression and enzyme
activity of the phenylpropanoid pathway when photosynthetic gene expression decreases
(Jenkins 1999). Experiments from Chapell & Hahlbrok (1984) showed an increase in
transcription rates of the phenylpropanoid pathway after UV-B exposure. The products of
these pathways are considered to be important in plant protection. They are known to have
also antipathogenic properties. It is still unclear why anthocyanins and flavonoids are
accumulated under stress conditions. Their antioxidant potential might be one reason. The
first enzymes of the phenylpropanoid and flavonoid biosynthesis pathway are
phenylalanine-ammonia-lyase (PAL) and chalcone synthase (CHS) (Jenkins 1999). PAL
catalyses the deamination of phenylalanin to form trans-cinnamic acid, the first step in
formation of more complex phenolic compounds like lignin. The CHS gene transcription in
response to UV-B radiation occurs mainly in epidermal cells, the location of flavonoids
generation. Chalcon synthase is a key enzyme in secondary metabolism (Jenkins et al.
2001). The CHS gene is also activated by several other environmental stimuli such as
fungal elicitors and pathogen attack (Greenberg et al. 1997). The metabolic cost to repair
damages related to enhanced UV-B radiation and the induction of protective mechanisms

is not fully understood (Rozema et al. 1997).
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Interaction with other stress signals

Gene expression induced by some UV-B signalling pathways overlap with other defence
mechanisms such as wound-response or pathogen-defence pathways. Ultraviolet-B
radiation can induce the production of phytohormones (salicylic acid, jasmonic acid and
ethylene). They are involved in the wounding and/or defence pathways (Jenkins et al.
2001). Several plant signalling components are supposed to play a role in UV-B response,
such as reactive oxygen species (ROS), jasmonic acid and nitric oxide but it is also likely
that they form parts of a general multiple-stress response network such as regulating
wound and defence signalling (Wargent et al. 2009). Our research partner at University of
Wiirzburg (subproject 1) focused on the influence of UV-B radiation in host/parasite
interaction and they found no effect of glucosinolates, which are characteristic secondary
components of broccoli plants, and protease inhibitors in response to UV-B radiation,
independent of the developmental stage of these plants (Kuhlmann & Miiller 2009a).
Furthermore, a significant increase in plant infestation by phloem feeding insects compared
to UV-B excluding conditions were observed (Kuhlmann & Miiller 2009a). Thus, the cell
content feeders were more abundant under -UV-B conditions. It seems that radiation
quality plays a more important role than the plant quality itself: Broccoli plants showed an
increase in flavonoid content, which was elicited by a radiation-protection mechanism and
not as part of a defence reaction against herbivores. After insect attack glucosinolate
content increased. This indicates a separate stimulus-specific response (Kuhlmann &
Miiller 2009b). There is an overlap in gene-expression due to UV-B and herbivore attack
but plants are able to differentiate between impact by UV-B or stress caused by
herbivorous feeding (Pandey and Baldwin 2008).

In the presented study the morphogenic responses and the reaction of the water status
relating to different UV-B conditions was the focus of my research interest. Nevertheless,
it is necessary to put the findings of the presented study in the context of the current
knowledge on the molecular responses of plants towards elevated UV-B which is done in
the following chapter. For more information, the reader is referred to the reviews by Britt
(1996), Caldwell et al. (1998) and Jenkins (2009) (and citations within).

Ultraviolet-B penetration varies with the developmental stage of plants. Younger leaves
attenuate UV-B radiation less than older leaves do (Caldwell et al. 1998). DNA can be
directly damaged at higher UV-B doses when radiation excites DNA molecules causing
aberrant covalent bonds to form between adjacent cytosine bases. This results in producing

a dimer. The misreading (AA not the original CC) causes a wrong replication, adding TT
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on the growing strand and summing up to a mutation (“classical C-T mutation”). DNA
strongly absorbs UV-B radiation, and the degree of damage depends on the type of
wavelength and the length of exposure. The most abundantly occurring modifications are
cyclobutan pyrimidine dimers (CPD) and (6-4) photoproducts (pyrimidine adducts) (Britt
1996, Caldwell et al. 1998, Bjorn et al. 1999), which inhibit DNA and RNA polymerase
and subsequently disables transcription. Despite the easy repairing of these two lesion
types a failure of repair will result in cell death (Bjorn et al. 1999). The inhibitory effects
on transcription and replication are more serious as the mutagenic effects related to plant
growth (Britt 1996, Britt 2004). Plants have developed a number of repair mechanisms
such as photo-reactivation and excision repair (dark repair) to reduce the UV-B induced
damages. The photoreactivation requires some photo-activated DNA repair enzymes (Britt
1995, Greenberg 1997; Bjorn et al. 1999, Mackerness 1999, Britt 2004). The DNA damage
is repaired by DNA photoylases. The enzyme photolyase reverses the cyclobutan-type
dimers, which constitute the main DNA lesion induced by UV-B radiation. To enable this
repair reaction a photon in the UV-A and/or blue range of the spectrum is required (Britt &
Fiscus 2003). Other DNA damages can only be repaired via excision. Dark repair replaces
the damaged DNA with new undamaged nucleotides. There are two major dark repair
mechanisms: 1) base excision repair and ii) nucleotide excision repair (NER). Compared to
the photo-activated mechanism of the photoylase it is a slow running and less effective
mechanism. Excision repair is predominantly used for repair of minor, non-dimer UV-B
induced photoproducts (Britt 1996, Greenberg et al. 1997, Britt & Fiscus 2003). Chen and
coworkers (1994) reported an Arabidopsis thaliana CPD photolyase activity only after
exposure to visible light. The transcription of the gene encoding the photolyase is regulated
by white light and UV-B, but is not simply induced by light - a day and night rhythm
seemed also required. Plants under continuous white light showed a successive decreasing

of photolyase protein level (Watherworth et al. 2002).
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Figure: 6 Overview of the influence of UV-B radiations on damage and induction of protection mechanisms
on plant levels (from Caldwell et al. 1998)

Many environmental organic contaminants are activated or even enhanced by light and
some have strong absorbance in the UV-B region. The damage caused by UV-B is induced
via active oxygen (ROS), photooxidation and free radical reactions, no matter whether the
UV-absorbing component is endogenous (protein, DNA) or exogenous (a xenobiotic
molecule) (Fig. 6). Singlet oxygen has the potential to attack any biomolecule and therefore
forms organic peroxides. Lipid peroxides, for example, can inhibit the membrane fluidity
and function (Greenberg et al. 1997). Damage of macromolecules such as DNA but also
the generation of ROS or the impairment of cellular processes is possible signals in
response to UV-B (Jenkins 2009). Oxidative damage to DNA results in lesions, which
cannot be photorepaired, but repaired by slow light independent processes (Bjorn et al.,
1999). Damage can lead to reduction in photosynthesis, plant growth or productivity,
anatomical or morphological changes (Caldwell et al. 1998; Mackerness & Thomas 1999).
These responses are mediated by non-specific pathways (Fig. 5). Photomorphogenic
responses on the other hand belong to the UV-B specific pathways. The thresholds of UV-
B to induce photomorphogenic responses are much lower than those causing DNA
damage. Responses to UV-B influence the plants architecture (morphology) or chemical
composition (e.g. 10-fold induction of flavonoids) (Gitz et al. 2005; Jenkins 2009) (Fig. 6).
This induction of secondary metabolites increases the adaptation of plants under ambient
and enhanced UV-B radiation.

Quality and quantity of light can have complex effects on plant morphology. Seedlings
grown in darkness become etiolated, which means they grow very long and pale. This is an

adaptation to extend above the soil surface into the light before expanding the leaves
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(Greenberg et al. 1997). The process of de-etiolation needs the activity of all three main
photoreceptor systems. The transcription factor ELONGATED HYPCOTYL (HYS), a
mediator of several photomorphogenic pathways, plays an important role in light regulated
de-etiolation. HYS is required for UV-B activated gene expression (Ulm et al. 2004,
Fig. 5). The following development is also light dependent and is controlled by
phytochrome and blue light system. Low irradiance causes maximum leaf development at
the cost of stem extension, and also increases the length of stem per unit weight, thus
resulting in larger but thinner leaves (shade avoidance) (Greenberg et al. 1997).

The CONSTITUTIVELY PHOTOMORPHOGENICI1 (COP1) protein regulates a range of
low fluence UV-B mediated gene expressions that lead to flavonoid accumulation and
inhibition of hypocotyl elongation. COP1 and HYS are involved in the regulation of signal
events in response to no UV-B and enhanced UV-B radiation stimuli. The UV
RESISTANCE LOCUSS8 (UVRS) signalling acts in the UV-B specific regulation of gene
expression (Wargent et al. 2009). UVRS is involved in the regulation of a wide range of
genes. Furthermore, UVRS8 regulates the transcription of genes related to terpenoid

biosynthesis, photoylase activity and photooxidative repair.
Photoreceptor

Plants respond to light via a range of complex signalling cascades that are specific for
certain fluence rates, wavelengths or doses of exposure (Wargent et al. 2009). The most
important photoreceptors in plants are chlorophylls, that are susceptible for a range of
wavelengths, while blue light is mainly perceived via cryptochrome (likely a flavoprotein)
and red light via phytochrome (red/far-red reversible chromoproteins) (Britt 2004). More
tolerant plants maintain normal levels of chlorophyll at higher UV-B doses. Plants grown
under UV-B light showed no inhibition in net photosynthetic carbon assimilation in
comparison with plants grown only under visible light (Greenberg et al. 1997). The
photoylase family is branched off to produce related genes, necessary for the regulatory
responses to light. These “cryptochromes” lack photoylase activity but keep their light
absorbing co-factors. They are involved in blue light perception (Britt 2004). Known
photoreceptors for UV-A/blue light are: cryptochrome 1 (cryl) and cryptochrome 2 (cry?2),
and the phototropism photoreceptor phototropin. The photoreceptor cryl is involved in the
suppression of hypocotyl or stem elongation by blue light. The extension and expansion of
several organs is controlled by cryl. At low fluence rates of blue light cry?2 is involved in
the control of stem extension. High fluence rates result in destruction of cry2. The

photoreceptor cryl induces genes of flavonoid biosynthesis and anthocyanins (Jenkins et
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al. 2001). The CHS expression is stimulated by UV-B and blue light, depending on species
and developmental stage. It can also be stimulated by red and/or far-red light absorbed by
phytochromes. Most responses of plants to UV and blue light are mediated by several
additional photoreceptors. (Jenkins et al. 2001).

The UV-B acclimation is mediated by the UV-B specific morphogenic photoreceptor, the
phytochrome and the UV-A/blue light receptor. The gene expression in plants in response
to UV-B radiation is likely connected to several pathways. Because of their UV-B
absorbing properties, phytochromes are required for diminishing UV-B effects (Kim et al.
1998, Jenkins 1999). In Arabidopsis thaliana plants only very young seedlings showed
phytochrome induction of CHS. This is not connected to the UV-B induced expression in
older leaves (Kim et al. 1998, Jenkins et al. 2001). Phytochrome deficient mutants show
the induction of CHS expression under UV/blue light. The presumption is that plants have
one or even more UV-B specific photoreceptors (Jenkins 1997). Plants use different
photoreceptors depending on their developmental stage. Many organic compounds in the
cell absorb UV-B. There are some indications that responses to UV-B radiation are
downstream events of absorption by a specific UV-B photoreceptor (Mackerness &
Thomas 1999). However, up to now no specific UV-B photoreceptor was identified in
plants (Jenkins et al. 2001, Ulm et al. 2004). The UV-B UV-A /blue light signalling
pathways are distinct and are different from the phytochrome signalling pathways

regulating CHS expression (Jenkins 1999, Jenkins et al. 2001).
Changes in growth and biomass in response to UV-B

Some of the UV-B effects contribute to a stimulation of growth of a specific tissue or
organ (e.g. axillary branching, leaf thickening) while other effects lead to an inhibition of
organ growth (diminished hypocotyl elongation). Monocots are more responsive to UV-B
than dicots are. Many morphogenic responses are induced by relatively low UV-B levels,
which do not impede growth and photosynthesis (Jansen et al. 2002). Most plant responses
are appropriate to neutralize the stress, repair the damage or lead to re-growing of tissue
(Stratmann 2003). Flint & Caldwell (2003) found decreased plant height and first leaf
insertion after exposure to enhanced UV-B radiation. Longer irradiation at higher fluxes
was necessary to produce effects at longer wavelengths, while plant responses were
substantial at shorter wavelengths even with short-term duration irradiation (Flint &
Caldwell 2003). The effect of the applied UV-B radiation depends on developmental stage
of plant growth. Growth of soybean was affected by UV-B during the transition phase

between vegetative and reproductive growth. UV-B radiation is detrimental to plant growth
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because some reallocation of resources to repair the UV-B related damage and induction of
protection mechanisms might occur (Teramura et al. 1987). One primary cause of growth
reduction can be found in the reduction of cell division rate.

Ultraviolet resistance locus 8 (UVR®) is required to maintain the leaf expansion under UV -
B exposure, which can be explained by the effects on cellular differentiation. UVRS is the
only known UV-B specific signalling component (Wargent et al. 2009). Wargent et al.
(2009) have shown UVRS controls aspects of leaf expansion as a result of effects on UV-B
mediated compensatory epidermal cell growth. UV-B regulates with the help of UVRS
several key developmental plant responses. This shows that UV-B is not only a damage-
inducing source of stress but can act as an environmental cue in higher plants. Ultraviolet —
B enables plants to regulate protection against several factors, including UV-B itself, high
light, drought and herbivory (Wargent et al. 2009).

The results of this thesis, which indicate a differentiated response of plant growth to altered
UV-B conditions, depending on the physiological framework of the plant, have to be taken
into account in future studies when the molecular framework of UV-B response is
elucidated in more detail. Mutants altered in single or multiple pathways of the above
mentioned signalling cascades have to be tested for their biomass growth response in
varying UV-B conditions to clarify the involvement of the signalling cascades for
improvement of crop yield or other applied purposes. With respect to the applicability of
the results of the above-mentioned molecular studies, two main points of criticism have to
be raised: First, numerous studies only report on hypocotyl growth (mostly of Arabidopsis
thaliana) and it is unclear, whether these results can be extrapolated to growth of other
organs in other species. Second, the exposition of plants towards altered UV-B regimes is
typically realized in laboratory conditions with irradiation spectra deviating strongly from
natural light regimes occurring in greenhouses or in the field. The following chapter relates
to this point and shows the benefit of certain greenhouse cladding materials that can
modulate UV-B in a controlled way, thereby simulating spectral regimes that can occur in

the field or in horticultural production.

1.4 New cladding materials and their benefit

Plants respond differentially to UV-B radiation under suboptimal PAR conditions (Rozema
et al. 1997). This knowledge is important for designing UV-B related experiments in
greenhouses or climate chambers. Early studies were conducted indoors under low PAR
conditions which results in reduction of plant defence capacity against UV-B radiation

(Teramura & Sullivan 1987, Paul & Jones 2003). An unnatural relation between PAR and
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UV-B radiation can lead to enhanced UV-B effects. For example, many reported damages
might be overrated in greenhouse and growth chamber experiments by using an unrealistic
high UV-B:PAR ratio applied by supplemental light sources (Rozema et al. 1997). In
general, plants grown under low light conditions thicken their leaves less compared to
plants under high light treatment as a result of suboptimal growth conditions (Bornmann
1991). In contrast to former experiments conducted under greenhouse conditions, in the
presented study innovative materials (such as ETFE foil) with a high transmittance in the
UV-B and also in the visible range were used, which allows to omit any additional source
of UV-B radiation. The aim was to investigate the growth behaviour under these
conditions.

In nature, depending on cloud coverage the UV-B:PAR ratio can distinctly vary. This UV-
B:PAR ratio is important in determining UV-B effects on plants. If UV-B to visible light
ratio is held at 1:100 negative effects of stress were not often observed, and plants showed
acclimation responses at this UV-B level. But at increasing UV-B radiation and thus
increasing ratio the effects became stronger and inhibition of photosynthesis and leaf
wrinkling often occur. Plant growth under greenhouse or climate chamber conditions can
lead to an increased sensitivity to UV-B radiation, caused by the reduced acclimation
ability as a consequence of low light conditions (Greenberg et al. 1997). Under field
conditions only modest responses were observed in response to altered UV-B radiation in
the ambient range (Paul & Jones 2003). The light and weather conditions in the field are
unpredictable and if even a supplemental UV-B source is used to simulate for example
ozone depletion and if UV-B is not reduced on cloudy days this can induce stress response
concerning an enhanced UV-B and PAR ratio. Using control treatments with entirely
excluded UV-B radiation, with a very low background UV-B and PAR, leads to unrealistic
observations. As mentioned above, UV-A radiation and visible light is necessary to
mitigate UV-B effects on plants (Flint & Caldwell 1996, Searles et al. 2001). The effects of
UV-B radiation under more realistic field conditions are smaller than expected from the
growth chamber experiments (Searles 2001). Ultraviolet-A radiation, similar to UV-B, can
induce a reduction of aboveground biomass and leaf area (Krizek et al. 1998).

Therefore, we decided to use specific climate chambers for UV-B experiments on tomato
and tobacco plants, resembling the natural spectrum of visible light (PAR) and varying
proportions of UV-B radiation under constant environmental conditions (at the Helmholtz
Zentrum munich, Tittmann et al. submitted).

One other aspect of the work was to investigate the influence of preadaptation of lettuce

plants to UV-B radiation in greenhouses and the effect after transfer to field conditions.
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Many of the above-described responses have direct impact for horticultural applications. It
is preferable to have UV-B adapted plants for sale and the possibility to transfer these
plants directly to field conditions with an increased likelihood of survival under ambient
conditions. Together with our research partner from University of Bonn we found
significantly higher quercetin and cyanindin content during the greenhouse phase in
response to enhanced UV-B radiation. But six days after transfer to field conditions the
secondary metabolites of UV-B pre-treated lettuce plants are levelled (Behn et. al.
submitted, chapter 3.1).

Foils with a modified Red: Far red (R:FR) ratio are available. The enhanced blue light may
be a useful tool in horticulture because of the increased inhibition of sporulation of many
important phytopathogens in response to blue light (Paul et al. 2005). The standard films
used in horticulture showed decreased transmittance the shorter the wavelength of the UV
range is. Plants grown under these conditions achieve nearly zero UV-A and zero UV-B
radiation. UV-B opaque films act against crop pests by interfering at the dispersal and
foraging behaviour in species that use UV in their visual system (Paul et al. 2005). The
intensity of infestation of some crop plants can be regulated with these films. Films with
enhanced transmittance of UV-B radiation induce significant crop responses such as
increased growth and yield, altered pigment composition and changes in herbivory and
disease. These new developed foils are an alternative to regulate growth in commercial
horticulture. UV-B transparent foils display also a possibility for growth regulation for a
range of ornamental species and can be an alternative to commercially used chemical
growth regulators. A crucial point in horticulture is increasing the crop quality and at the
same time improving biochemical plant composition. For some crops, this aim should
easily be reached by altering UV-B exposition. It is well known for example that UV-B
affects biomass and the taste of salad plants; but also pigmentation, or volatile oil content
in some herbs can be altered (Paul et al. 2005) (Behn et al. 2010). Using covering materials
with enhanced UV transmittance can also influence the biological control of disease
(Kuhlmann & Miiller 2009b). The results of this study demonstrated that the usage of
innovative covering materials with high transmittance in the range of UV-B radiation
effected biomass accumulation, leaf area development and induction of UV-screening
pigments accompanied with leaf coloration of diverse plant species (Tittmann et al.

submitted).
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1.5 Non-invasive determination of growth and biomass related to UV-B

stress

Although plant biomass is a logical proxy to extrapolate crop yield or to rate the effect of
an experimental treatment, only few experimental approaches have been elaborated to
determine the biomass of a living plant with high precision. Until today biomass is often
measured invasively, by harvesting parts of plants or even whole plants. To achieve a
better picture of biomass accumulation, methods with higher temporal resolution are
needed. Several approaches have been established to estimate non-invasive parameters of
plant growth such as LIght Detection And Range (LIDAR) to determine tree height using
airborn photography (Osama et al. 2003), electronic registration of tree diameter (Ceramak
et al. 2007), or organ surface expansion by digital imaging sequence processing (DISP,
Walter & Schurr 2005, Walter et al. 2009). In another approach, Van Ieperen (1996) used a
balance system to investigate the dynamic patterns of growth and transpiration. Two
communicating vessels, filled with a nutrient solution, were placed on two balances, where
water uptake and transpiration were measured simultaneously. For plant researchers, an
online method for the non-destructive determination of fresh and dry weight over a longer
period is highly desired, to observe plant biomass changes in response to changing
environmental factors (Walter et al. 2007) or to determine developmental differences of
genetically different plant species (Meyer et al. 2004).

One main objective of the present dissertation was to develop a system, which can be used
for non-invasive measurements of plant biomass with a high temporal resolution. The
system we have developed is using a microwave resonator. A microwave cavity
resonator, microwave electronic module and correlation libraries for different plant species
are the main components of this system. The dielectric permittivity is a measure of the
extent to which a substance concentrates the electrostatic lines of flux. Imposing a static
electric field across a medium, the relative dielectric permittivity denotes the ratio of the
amount of electric energy stored in the medium relative to vacuum. The theoretical
background of microwaves and microwave resonators is described for example in the work
of Zinke & Brunswig (2000). The dielectric properties of water molecules and its fast
reorientation in a field were used. Transfer of plant biomass into the resonator results in a
reduction of resonance frequency. The differences between empty resonator and
measurement of sample material were calculated. Relative and not absolute values to

estimate plant biomass development were used (Menzel et al. (2009), chapter 3.2).
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The application under different light qualities was the next logical step. We were interested
in the different types of biomass accumulation in response to varying UV-B radiation and
therefore new ways to determine biomass were used (Tittmann et al. submitted, chapter
3.3). With the help of a microwave resonator (Fig. 7) a continuous measurement of
biomass accumulation pattern over several days is possible. In combination with different
other methods “real-time” biomass, transpiration, and photosynthesis were measured, and
an overall picture of plant performance under distinct light and environmental conditions

was determined.

Figure: 7 View inside the opened folding resonator with a tomato plant grown in agar filled magenta box
under enhanced and control UV-B radiation (exposition chambers at Helmholtz Zentrum Munich)

Experiments of forb species have shown different responses related to UV-B radiation.
Biomass can be stimulated, decreased or unaffected under higher levels of UV-B (Musil
1996) depending on the species with which the experiment were conducted. The biomass
of tobacco plants in the presented study showed no clear difference during the first days,
whereas a longer duration of exposure under enhanced UV-B radiation led to an induction
of biomass accumulation for treated plants. In contrast to this the diurnal water loss was
significantly higher from beginning of the experiments on for tobacco in comparison to
tomato (Tittmann et al. submitted chapter 3.3, Fig. 5). Tobacco plants lose approximately
40% of their plant weight via transpiration each day independent of the treatment, while
tomato plants showed not such a strong response. The water loss is likely the most limiting
factor for growth whereas the influence of UV-B radiation plays a minor role. However,
the growth of tomato plants is limited by the carbon supply in response to UV-B (Tittmann
et al. submitted, chapter 3.4, Fig. 5).
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Beside the importance of non-invasive determination of biomass under different
environmental conditions the development of leaf growth is still of major interest. In the
study of Walter et al. (2007) leaf area and growth rate were measured using
GROWSCREEN. The measurement of leaf area in this method is based on automatically
captured pictures from a camera (Fig.8a) placed above the tray with plants. In some cases
no changes under certain environmental conditions in leaf area development were found,
but initially experiments indicated differences for example in photosynthesis or
metabolites. Experiments under enhanced UV - B radiation showed no induction of
changes in leaf area of tobacco plants but a reduced quantum yield was detected with the
newly developed GROWSCREEN FLUORO. Hereby, the photosynthesis efficiency
(F\/Fm) can be an indicator for stress responses (see chapter 3.4, Jansen et al. 2009, Fig.

8b).
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Figure: 8 Non-invasive leaf growth measurements using (a) GROWSCREEN and (b) GROWSCREEN
FLUORO to measure total projected leaf area (a and b) and chlorophyll fluorescence (b).

The goal in recent and future investigations is to combine and integrate multiple different
methods in single systems to estimate the effect of several factors on plants performance.
These two new methods allow a high throughput screening of genetically different plant
material (mutant screening), or to test plants for example on drought resistance which
becomes more important in the near future because of the increasing temperature and
longer periods with high temperatures. Plants tolerant to water deficit will become more
necessary for the conditions which will be expected in the next decades. Tolerance is the
ability to survive under certain environmental conditions (Wood 2005). Several stress
applications are thinkable. In summary, these systems are interesting tools for phenotyping

because of their fast and accurate measurements.
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A great part of plant research focused during the last years on effects of enhanced UV-B
radiation as consequences of the thinning of the stratospheric ozone layer. The following
table (Table. 1) gives a short summary about the already known effects on plant behaviour

and the results found in this study.

Overall this study shows that the response in relation to UV-B radiation is species specific
concerning biomass accumulation and leaf growth development. With different non-
invasive techniques the influence of UV-B radiation on growth was investigated. The study
could also show that cultivation under newly developed UV-B transparent cladding
materials resulted in reduced growth and led to increased accumulation of secondary
components such as flavonoids of lettuce plants under greenhouse conditions. The
transplantation to field condition induced a severe growth reduction but a strong
enhancement of flavonoids. In the greenhouse observed differences were overridden within

few days.
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Table 1: Overview of the effects of enhanced UV-B radiation on plant performance

“known” effects

Results of this study

UV-B can induce changes in
(depending on fluence rate):

e leaf growth

e  biomass accumulation

e Shoot biomass (significant
reduction at simulated ozone
depletion of 20%)

e  Thickening of leaves

e Changes in leaf shape, leaf
angle

e  Stem elongation

Under enhanced UV-B the
following changes were measured

e Reduction of leaf area and
biomass  accumulation  in
greenhouses for horticultural
plants but increased growth for
tobacco plants

e Diurnal differences in biomass
accumulation between tomato
and tobacco plants

e Water loss of 40% of plant

Plant .
morphogenic photosynthesis weight for tol?acco plants ‘
responses e Induction of more complex ® NoO changes in photosynthesis;
phenols in leaves which leads only. differences  between
to changed decomposition of species not related to UV-B
leaf litter level
e Secondary compounds (UV- ® Higher stomatal conductance
screening pigments) and transpiration for tobacco
e  Production of waxes and plants
hairs e Increased level of flavonoids
e Plant infestation by phloem for = lettuce ~ plants  in
feeding insects greenhouses, six days after
transfer to field differences
were negligible between high
and low UV-B
e  Protein, DNA damage
e Delayed maturation
e Degradation of core protein
Nonspecific of PSII ) ) .
signalling . RQS, Jasmonic acid, nitric
oxide
e Cyclobutan pyrimidine
dimers (CPD) and (6-4) phot-
products These parameters were not
e Induction of the expression of investigated in this study
enes involved in UV-B
Molecular § rotection
level e HYS5,COPI, UVRS
e Expression and enzyme
Pglle(:::?cn;?;f;g_ activity of the phenyl-
propanoid pathway

e  Chalcone synthase activity
e  Production of phytohormones
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The project partner from the University of Bonn investigated among others the
composition and yield of oil from leaves of Peppermint (Mentha * piperita L) under
different PAR and UV-B conditions in exposition chambers. They reported highest yield
during flowering at high PAR and ambient UV-B radiation, while low PAR and the
absence of UV-B induced a reduction of menthol and an increase in menthone content
accompanied with decrease in oil quality. The results of that study allow the conclusion

that high level of natural light intensity is necessary to achieve qualitative high oil.

Partners from the University of Wiirzburg were interested in the influence of UV-B
radiation on Broccoli plant performance, secondary compounds, composition of the leaf
wax layer and mainly the infestation and growth of herbivores. It was shown in the end
that young plants were affected by UV-B to a higher extent than older plants, but no
differences in secondary metabolites such as glucosinaltes were found in response to
enhanced UV-B. Herbivore insects showed species specific preferences for plants under
high or low UV-B conditions respectively. Ultraviolet-B radiation hardens plants adverse

herbivores and can lead to an increase in concentration of valuable herbal ingredients.

Altogether, we could show that the spectral light composition of the innovative cladding
materials, with high transmittance in ultraviolet radiation and visible light spectra,
influenced crop plants in terms of an optimized plant growth. Investigated plant species
exhibited a more compact plant growth under enhanced UV-B radiation and showed

increased content of secondary compounds compared to control plants.
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Summary

In Europe lettuce (Lactuca sativa L., asteraceae) is commonly raised in greenhouses and
transplanted to the field at the age of two to four weeks in order to prolong the growing
season. The sudden exposure to outdoor conditions including altered temperature, radiation
levels and rainfall events is extremely stressful for non-acclimated seedlings. Particularly
the increase in ultraviolet-B radiation is considered a serious threat. A new approach to
pre-acclimate seedlings to ambient ultraviolet-B radiation is the use of ultraviolet-B
transparent covering materials. In order to estimate the benefit of UV-B pre-acclimation,
lettuce plants were raised in greenhouses covered with three different materials varying in
ultraviolet-B transmittance and transplanted to the field at the age of three weeks.
Ultraviolet-B exposure during the greenhouse period led to a reduction in growth (leaf
length, leaf area and leaf number) and an increase in flavonoid content. Transplantation to
the field induced a strong enhancement in flavonoid content and a severe growth reduction
overriding differences between UV-B treatment groups within a few days. At the time of
harvest plant fresh weight was therefore independent from previous ultraviolet-B
treatment. Effects of UV-B acclimation on plant performance immediately after

transplantation require more detailed examination.

Key words: Lactuca sativa, biomass, flavonoids, leaf area, leaf length, lettuce, UV-B

radiation
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Introduction

In order to extend the growing season in Europe, sensitive horticultural crops such as
lettuce (Lactuca sativa L., asteraceae) are commonly raised in protected cultivation and are
transplanted to the field at the age of two to four weeks. Transplantation causes severe
stress to the seedlings due to sudden changes in the biotic and abiotic environment coupled
with possible mechanical injuries (SOUTH and ZWOLINSKI 1997; KORKMAZ and
DUFAULT 2001; MITTLER 2006). Among abiotic stress factors increased UV-B (280-
315 nm) radiation may be particularly harmful to non-acclimated seedlings (ROZEMA et
al. 1997). UV-B radiation is a minor component of sunlight but may cause severe damage
due to generation of reactive oxygen species (ROS) and absorption by biologically active
molecules such as nucleic acids, proteins (aromatic amino acids) and lipids (SCHMITZ-
HOERNER and WEISSENBOCK 2003; ULM and NAGY 2005). Plant UV-B responses
generally aim at protecting sensitive tissues from UV-B penetration and repairing UV-B
induced damage (JANSEN 1998). UV-B protection is mainly achieved by epidermal
accumulation of UV-absorbing flavonoids and hydroxycinnamic acids (CALDWELL
1983; LOIS 1994). Repair of UV-B induced damage includes induction of enzymatic and
non-enzymatic scavengers of ROS and activation of DNA repair mechanisms (JANSEN et
al. 1998; BRITT 1999).

In horticulture diverse strategies have been developed to pre-acclimate greenhouse grown
seedlings to ambient or above-ambient UV-B levels and thereby increase the plant’s stress
tolerance and facilitate coping with outdoor conditions (DEL CORSO and LERCARI
1997; HOFFMANN 1999; TEKLEMARIAM and TERENCE 2003; CHALKER-SCOTT
and SCOTT 2004). A new approach is the use of recently developed covering materials.
These innovative foils and glasses allow for pre-acclimation due to an increased UV-B
transmittance (KUHLMANN and MULLER 2009a). Several recent studies have addressed
the effects UV-B transparent covering materials on growth and metabolism of lettuce.
Biomass was reduced while flavonoid content was enhanced with increasing UV-B level
(KRIZEK et al. 1998; GARCIA-MACIAS et al. 2007; TSORMPATSIDIS et al. 2008).
Yet, performance of lettuce seedlings after transplantation to the field has not been
examined so far.

Habitus and flavonoid content of lettuce plants are not only critical for the plant's stress
resistance at transplantation but also for product quality at harvest (RYDER 2001). Both
affect optical appearance and durability of harvested lettuce (COUTURE et al. 1993).
Flavonoids are supposed to exert health-promoting effects since the intake of flavonoid-

rich fruit and vegetables was found to be negatively correlated with the occurrence of
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cardiovascular disease and certain forms of cancer (HERTOG et al. 1993; HOLLMAN
2001; GRAF et al. 2004). This effect is attributed to the radical scavenging capacity of
flavonoids (RICE-EVANS 1996). In European diet, lettuce is an important source of
flavonoids (CROZIER et al. 1997; FERRERES et al. 1997, LLORACH et al. 2008).
Particularly the red varieties, such as red oak leaf lettuce, are rich in antioxidants, mainly
quercetin and cyanidin derivatives (CALDWELL 2003; LIU et al. 2007).

The present study was therefore based on the hypothesis that UV-B exposure during
greenhouse cultivation enhances flavonoid content and reduces either leat growth or leaf
number of lettuce seedlings in a dose-dependent manner. Particular interest was also
focused on effects of UV-B acclimation on plant performance after transplantation to the
field.

The experiment was therefore divided into two consecutive phases: A greenhouse and a
field period. Lettuce plants were first raised from seed in greenhouses covered with three
materials differing in UV-B transmittance. At the age of three weeks half of the lettuce
seedlings were transplanted to the field while half of them remained in the greenhouses.
During the greenhouse period leaf length and area, leaf number, plant fresh weight, and
flavonoid content of the seedlings were continuously determined, while during the field
period plant fresh weight and flavonoid content were assessed. The experiment was
performed three times in April, May and June 2007, which allowed for an estimation of the

seasonal impact, as well.

Materials and Methods

Plant material and cultivation conditions

Experiments were performed in newly developed greenhouses providing ideal features for
examination of plant responses to solar UV-B radiation (design: Gerhard Reisinger,
University of Bonn, construction: Siedenburger Gewichshausbau, Rahden, Germany). The
experimental greenhouses, installed at Marhof Experimental Station in Wesseling
(Germany), were characterized by a light-weight construction in order to minimize shading
and a small ground area of 4.2 x 3 m. Six greenhouses were covered with three different
materials (two greenhouses each) substantially varying in UV-B transmission: ETFE film
(“high UV-B” treatment, ethylene-tetrafluoroethylene, 100 um, Asahi Glass Green-Tech,
USA, China, South Korea, Japan) and MM glass (“intermediate UV-B” treatment,
microstructured low iron glass, CENTROSOL MM; Centrosolar Glas, Fiirth, Germany)
exhibit a UV-B transparency of about 86 and 30%, respectively, whereas the conventional

Float glass (“low UV-B” treatment, Siedenburger Gewidchshausbau, Radhen, Germany)
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almost excludes radiation in the UV-B range (Table 1) (see also KUHLMANN and
MULLER 2009a).

Table 1: Proportion of UV-B radiation transmitted by Float glass (low), MM glass (intermediate)
and ETFE foil (high UV-B).

Treatment Covering Transmission (%)
material
UV-B PAR
low UV-B Float glass 0.7 89.1
intermediate UV-B MM glass 30.1 91.3
high UV-B ETFE foil 86.2 93.1

Transmission spectra of Float glass, MM glass and ETFE film, determined in the range
between 280 and 750 nm by means of a UV/Vis spectrometer (LAMBDA, Perkin Elmer,
Massachusetts, USA) are given in Figure 1.
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Figure 1: Transmission spectra of Float glass (low), MM glass (intermediate) and ETFE foil (high UV-B
transmittance) from 280 to 750 nm, measured with a UV/Vis spectrophotometer

Red oak leaf lettuce (L. sativa, L. cv. Bughatti) (Hild Samen GmbH, 71672 Marbach,
Germany) was grown from seed in trays with 100 small press pots placed on tables inside
the greenhouses. Manual irrigation with well water was done every morning. On day
twenty-four, twenty-one and twenty after sowing (in the April, May and June experiment,
respectively) 200 seedlings from each greenhouse were transplanted to four field plots (50

plants to each plot), while 200 seedlings were kept in the greenhouses.
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Solar radiation was monitored inside the greenhouses and in the field with an X1,
Optometer (Gigahertz Optik, Puchheim, Germany). Triple radiation sensors (detecting UV-
B, UV-A and PAR separately) were positioned on plant height in the centre of the
greenhouses. Temperature and humidity were measured using dataloggers (ELV
Elektronik AG, Leer, Germany); values were comparable under the different covering

materials.
Growth monitoring

Determination of leaf area and length as well as the rate of leaf formation was restricted to
the greenhouse period while assessment of plant fresh weight was continued during field
cultivation.

For growth analysis three to four trays per greenhouse were screened photographically
every second day and total leaf area per plant was calculated. Images of entire germination
trays were acquired using a digital camera (Panasonic DMC-FZ7), installed in a fixed
position on a tripod. In order to avoid any influence of the circadian rhythm pictures were
always taken at the same daytime. Picture analysis was based on the method of
“ColorSegmentation”- an analysis tool developed at Forschungszentrum Jiilich, ICG-3.
The amount of green pixels characterizing the leaf area was transformed into units of leaf
area by the use of an internal standard where 2285 pixel correspond to a leaf area of one
cm?. Color segmentation between green leaf area and brown/black background was
performed on the basis of hue, saturation and value (HSV) -formatted images. They were
transformed from RGB (red, green, blue) images provided by the camera. For more details,
see WALTER et al. 2007. Due to leaf curling and overlapping, photographic examination
of leaf area was restricted to early stages of plant development (stage 13 according to
BBCH code, FELLER et. al. 1995).

Leaf lengths of 20-day old plants were measured starting with the oldest (referred to as leaf
number 1) and proceeding to the youngest leaf (number 6 or 7). 80 replicates were taken of
each treatment group. The number of leaves per plant was counted between day 14 and 28
after sowing.

Determination of plant fresh weight was started during the greenhouse period and
continued throughout the field period until harvest. Fresh weight of above-ground biomass
was assessed by cutting the entire plant just above the roots. Six replicates per treatment
were taken during the greenhouse period and eight replicates were taken during field

cultivation. The calculation of relative growth rate is based on following equation:
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R (LN(FW:)— (LN — FWha)
- (t2—1) .

RG

(1)

(FW= fresh weight, t= timepoint)
Determination of flavonoid content

Samples for flavonoid analysis were collected three times during greenhouse cultivation
and twice after transplantation between day 15 and 30 after sowing. Mixed samples of
three to twelve whole plants (Ngay 14 = 12, Nday 17= 6, Nday 20 = 6, Nday 26 = 3, Nday 33 = 3) Were
frozen in liquid nitrogen and stored at -25°C. Frozen plant tissue was lyophilized and
subsequently ground in a swing mill (MM 2000, Retsch, Haan, Germany) to fine powder.
The powder (0.25 g) was extracted with 3 and 2 ml 62.5% aqueous methanol (AppliChem,
Darmstadt, Germany) and centrifuged at 4000 rpm for 10 min. The combined supernatants
were washed with 2 x 4 ml petrolether (AppliChem, Darmstadt, Germany). Acidic
hydrolysis of flavonoid glycosides was performed by addition of 3 ml of 18.5% HCI (2 M
in total) and incubation at 70°C for 2 h (see Hertog, 1992). Extracts were brought up to a
volume of 10 ml with methanol. Before HPLC analysis samples were filtered though
syringe filters (polypropylene membrane, 0.2 um, VWR International GmbH, Darmstadt,
Germany) and stored at -25°C.

Samples were analyzed using an Agilent (Santa Clara, California, USA) 1100 series
automated liquid chromatography equipped with a MWD. A C;g column (LiChrosorb RP-
18, 125x3 mm, 5 pm, Chromatographie Service GmbH, Langerwehe, Germany) served for
reversed phase separation. The mobile phase performed a 42 min. gradient, (15-100%) of
0.1% formic acid (solvent A) and acetonitile (solvent B, both purchased at AppliChem,
Darmstadt, Germany) at a flow rate of 0.8 ml min". Compounds were identified by
comparison of retention times and absorption maxima with standard substances. Utilized
standard substances were cyanidin chloride and quercetin (purchased at Carl Roth GmbH

& Co. KG, Karlsruhe, Germany and Fluka AG, Buchs, Switzerland, respectively).
Statistical Analysis

Significant differences in the growth parameters between plants of the three treatment
groups were tested and compared by means of a one-way ANOVA (Tukey Test) using
SPSS 11.5 (SPSS Inc., Chicago, USA). Analysis of flavonoid data was performed by the
use of SPSS 17.0 (SPSS Inc., Chicago, USA). An overview of the statistical dataset is

given in the supplemental table 1.
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Results

Radiation measurements

Radition levels in the UV-B range under the three different covering materials were
continuously recorded. During each of the three experiments the degree of UV-B
transmission showed highest values under ETFE film (9-12 kJm™), intermediate under
MM glass (2.8-3.5 kJm ) and lowest under Float glass (0.7-0.8 kim™2, Fig.2). Minor
differences were detected in the transmission of ultraviolet-A (UV-A,) and
photosynthetically active radiation (PAR, data not shown). The proportion of UV-B
radiation transmitted by the three covering materials was comparable in all experiments

although variability was higher in May and June as compared to April (Fig. 2).
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Figure 2: Mean UV-B radiation level (kJ*m™) transmitted by Float glass (low), MM glass (intermediate) and
ETFE foil (high UV-B transmittance) in April, May and June. Radiation was recorded by means of a triple
sensor (UV-B, UV-A and PAR) for five days at a frequency of one minute.

Growth analysis

Total leaf area per plant was gradually reduced with increasing UV-B exposure at all four
time points (day 8, 12, 14 and 16) in April. The reduction in leaf area accounted for 6 and
14 % when grown at 30 and 86 % UV-B transmission, respectively, compared to the
control group kept in a UV-B free environment (day 16, Fig. 3 a-c). This difference in total
leaf area was found in April but not in May and June.

Leaf lengths were significantly lowered by UV-B exposure in all three experiments. In
almost every leaf position, a clear reduction in leaf length was found at high UV-B
treatment compared to UV-B exclusion. Plants exposed to the intermediate UV-B level
ranged between the extreme treatments (Fig. 3d-f). In general, leaf area and length

increased at a higher rate in May and June than in April. In May and June the projected
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leaf area per plant on day 14 accounted for 7.5 cm?, whereas it was only about 4.8 cm? in
April (Fig. 3a-c).

Leaf number of lettuce seedlings was significantly lower at high compared to intermediate
and low UV-B conditions on day 27/28 in all three experiments (Fig. 3 g-j). The previous
measurements (day 14/15 and day 18/21) showed the same results except for two

measurements, which didn’t show any differences.
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Figure 3: Morphological parameters. a-c) Total leaf area per plant (cm”) between day 7 and 16 of seedling
development in a) April, b) May and c) June, mean +SD, n=104; d-f) Leaf lengths (cm) of leaf positions 1
(oldest) to 6/7 (youngest) of 20-day old lettuce plants in d) April, ¢) May and f) June, mean+SE, n=40; g-1)
Total leaf number between day 14 and 28 after sowing at high, intermediate and low UV-B conditions in g)
April, h) May and i) June 2007, mean+SE, n=40. Statistical analysis were performed by ANOVA, followed
by a tukey post-hoc test, stars denote significant differences between low and high UV-B treatment, *: p <
0.05, **: p< 0.01, ***: p<0.001.
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Table 2: Relative growth rate (% d-1), based on fresh weight data, between day 20 and 25 and
between day 20 and 29 under greenhouse and field conditions.

Day 25 Day 29
greenhouse field greenhouse field
low UV-B 29 18 20 15
intermediate UV-B 27 21 19 15
high UV-B 25 22 19 18

Plant fresh weight did not differ significantly between UV-B treatments (Fig. 4) although
the relative growth rate calculated from fresh weight data between day 20, the day of
transplantation, and 25 indicates a slight growth reduction under + UV-B conditions (Tab.
2). After transplantation to field conditions, the plant fresh weight of all treatment groups
was strongly reduced compared to plants kept under controlled conditions. Plant fresh
weight of field grown plants was 25% lower compared to control plants in the greenhouse
after four days of outdoor exposure (day 25, Tab. 2). At the stage of harvest (age: 61 days)
plant fresh weight did not vary between UV-B treatment groups (see supplementary

information).
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Figure 4: Plant fresh weight (g) of different UV-B treatment groups on day 17, 20, 25 and 29 in the
greenhouse and on day 25 and 29 in the field (indicated by grey boxes) during June experiment. Mean+SE,
n=6-8. Data were statistically analyzed by ANOVA and tukey test. No significant differences.
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Flavonoid content

The main flavonoid aglycones detected in extracts of red oak leaf lettuce were quercetin
and cyanidin. During greenhouse cultivation, cyanidin and quercetin content were
gradually elevated with increasing UV-B level in the order low > intermediate > high UV-
B transmission (Fig. 5, data obtained in June). On day 20, plants exposed to intermediate
and high UV-B showed an increase in quercetin content by 19 and 45% and in cyanidin
content by 23 and 78%, respectively, compared to plants kept at low UV-B. Six days after
transfer to the field, quercetin content was increased by 97% and cyanidin content by
104% (average of the three treatment groups), respectively. This strong enhancement was
coupled to an equalization of differences between treatment groups. Between day 26 and
33 quercetin and cyanidin content declined by 26 and 3%, respectively. These observations

were comparable in all experiments, independent from season.
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Figure 5: a) Cyanidin and b) Quercetin content (umol/g DM) of lettuce seedlings from different UV-B
treatment groups between day 14 and 33 after sowing at greenhouse and field conditions (indicated by grey
boxes). Mean + SD, Ngay 14= 12, Ngay 1720 = 6, Naay26/33 = 3.
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Discussion

Greenhouse period

During greenhouse cultivation flavonoid content as well as leaf growth and leaf number of
lettuce seedlings were clearly affected by the specific proportions of solar UV-B radiation
transmitted by Float glass (low), MM glass (intermediate) and ETFE film (high UV-B
treatment). The induction of flavonoid accumulation observed in the intermediate and high
UV-B treatment group (Fig. 5a, b) is a common response to UV-B radiation, found in
numerous plant species including lettuce (CALDWELL 1981; LOIS 1994; KRIZEK et al.
1998; GARCIA-MACIAS et al. 2007). Our results are consistent with the assumption that
flavonoid induction is a dose-dependent response (TSORMPATSIDIS et al. 2008) as
flavonoid contents seemed to be gradually elevated with increasing UV-B level (Fig. 5).
The most abundant flavonoid aglycones found in extracts of red oak leaf lettuce are
quercetin and cyanidin, which in vivo are mainly represented by quercetin- 3-O-(6""-O-
malonyl)-glucoside and cyanidin-3-O-(6""-O-malonyl)-glucoside (GARCIA-MACIAS et
al. 2007; LLORACH et al. 2008). Flavonols such as quercetin provide UV-B protection as
epidermally deposited UV shields (CALDWELL 1983; LOIS 1994), whereas anthocyanins
such as cyanidin are supposed to contribute relatively little to total UV absorbance
(WOODALL and STEWART 1998). Both, quercetin and cyaniding, possess strong
antioxidant activity in vitro (RICE-EVANS 1996). Yet, their contribution to the mitigation
of UV-B induced oxidative stress in vivo is difficult to estimate since they are for the most
part localized in epidermal vacuoles and thereby isolated from ROS generation in the
chloroplasts of the palisade mesophyll (GOULD and LISTER 2006).

The reduction in total leaf area per plant found at intermediate and high UV-B conditions
is obviously due to two processes: A decrease in leaf number and a decline in leaf
expansion as indicated by lower leaf lengths (Fig. 3a-i). Both is consistent with previous
studies reporting UV-B treated lettuce plants to show a reduction in leaf number and leaf
area which is often coupled with an increased leaf thickness (KRIZEK et al. 1998;
ROUSSEAUX et al. 2004). UV-B induced changes in leaf morphology are supposed to
diminish UV-B exposure of sensitive tissues (JANSEN 1998). The decline in leaf length
was observed in most leaf positions indicating that this response is independent of the leaf
developmental stage in 20-day-old plants. Plant fresh weight was expected to be reduced
by UV-B exposure as described by several other authors (KRIZEK et al. 1998; GARCIA-
MACIAS et al. 2007; TSORMPATSIDIS et al. 2008), but the differences we found were
not significant (Fig. 4).
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Planting month was also found to affect growth and growth responses to UV-B. The
finding that leaf length was reduced by UV-B exposure in all three months whereas leaf
area was only affected in April (Fig. 3 a-c) might be due to changes in leaf morphology
(e.g. stronger curling) and methodological limitations. For the analysis of the projected leaf
area a nearly planar leaf surface is necessary to avoid underestimation of the real leaf area.
With increasing curling of leaves, the accuracy of the method decreases. In general,
relative growth rate (based on fresh weight) was higher in May and June than in April,
indicating a higher photosynthetic productivity in early summer (Fig. 3, Tab. 2). This
effect may be due to elevated temperatures (MEDLYN et al. 2002; WALTER et al. 2009).
This is in contrast with results obtained by TSORMPATSIDIS et al. (2008) who found no
interaction between vegetative growth and planting month in experiments conducted in a
more northern region.

At the time of transplantation lettuce seedlings grown at intermediate and high UV-B
showed an increase in quercetin content by 18.7 and 45.3%, an elevation in cyanidin
content by 23.2 and 78.4% (day 20, June experiment), respectively, and a decrease in total
leaf area per plant by 6 and 14 % (day 16, April experiment), respectively, compared to
plants grown in the absence of UV-B radiation (Fig. 5 and 3 f). The increase in epidermally
deposited flavonols, such as quercetin, and the decline in leaf area reduce the penetration
of harmful UV-B radiation into metabolically active tissues (BURCHARD et al. 2000).
Elevated flavonoid contents contribute to the elimination of stress-induced ROS (RICE-
EVANS et al. 1996). Therefore, these compositional and structural changes might possibly

enhance the plant’s stress tolerance under outdoor conditions.

Field period

Transplantation to field conditions induced rapid and strong compositional and
morphological responses in propagation plants. The increase in flavonoid content by 97%
(quercetin) and 104% (cyanidin), respectively, and the reduction in fresh weight
accumulation by 25% compared to greenhouse cultivation within four to five days indicate
that sudden exposure to outdoor conditions is quite challenging for plants raised in
protected cultivation (Fig. 4 and 5). Reduced biomass and elevated flavonoid content are
well defined responses of field grown compared to greenhouse grown lettuce plants as
previously described by ROMANI et al. (2002). These non-specific stress responses are
supposed to be induced by a broad array of biotic and abiotic stress factors including

pathogen attack, increased UV-B level, altered temperature, humidity, availability of water
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and nutrients, wind and mechanical injury (RABINO and MANCINELLI 1986; ROZEMA
et al. 1997; MITTLER 2006; TREUTTER 2006).

The coincidence of flavonoid induction and growth attenuation in lettuce has been reported
in former studies (KRIZEK et al. 1998; GARCIA-MACIAS et al. 2007;
TSORMPATSIDIS et al. 2008) and is generally explained by the ‘growth-differentiation
balance hypothesis” postulating a trade-off from growth to defense due to the induction of
protecting metabolites (HERMS and MATTSON 1992). This resource allocation
mechanism is particularly found in young plants with limited stock reserves
(KUHLMANN and MULLER 2009b).

UV-B acclimation during the greenhouse period had no long-term effect on growth and
flavonoid content under field conditions (Fig. 4 and 5). In several studies addressing pre-
adaptation, UV-B treatment during seedling development had proven beneficial, e.g. in
terms of an enhanced stress tolerance (DEL CORSO and LERCARI 1997,
TEKLEMARIAM and TERENCE 2003; HOFFMANN 1999).

A more positive effect of UV-B pre-adaptation on plant performance under field conditions
is conceivable under generally more stressful conditions. If lettuce plants would have been
exposed to more adverse environmental conditions after transfer to the field, which often
occurs in practice, increased flavonoid content and reduced biomass might have been
beneficial for plant performance. Assessment of specifically stress-related parameters, as
well as a higher temporal resolution of the data obtained immediately after transplantation
might have shown clearer differences between UV-B treatment groups.

The present results confirm the hypothesis that UV-B exposure during greenhouse
cultivation leads to a reduction in leaf growth and leaf number as well as to an increase in
flavonoid content of lettuce seedlings in a mostly dose-dependent manner. Previous UV-B
treatment had no long-term effect on the plant’s response to field conditions after
transplantation. While former studies on performance of lettuce at different UV-B levels
are restricted to greenhouse cultivation, our work includes subsequent transplantation to
the field and therefore represents a first approach to estimate the effects of UV-B pre-
acclimation on performance of lettuce seedlings under outdoor conditions. In future
studies, the benefit of pre-acclimation to near-ambient solar UV-B radiation will be
investigated in more detail along the lines of the experimental procedures described here,

taking a closer look at stress tolerance and product quality.
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Supplemental Table 1: Significance level of leaf area, leaf length and leaf number of all three experiments.

Leaf area April May June
d.a.s 8/12/14/16 d.a.s 7/9/12/14 7/9/12/14
Intermediate High UV-B Intermediate UV-B High UV-B Intermediate UV- high UV-B
B
Low UV-B 0.09/0.047/0.04/0.33  0.05/0.08/0.00/0.017 0.034/0.23/0.978/0.38  0.00/0.00/0.012 0.985/0.961/0.911/ 0.548/0.888/
/0.227 0.96 0.927/0.974
Intermediate 0.903/0.490/0.039/ 0.006/0.003/0.0 0.645/0.979/
UV-B 0.171 09/0.923 0.999 0.999
Leaf length Leaf 1-7 Leaf 1-6 Leaf 1-6
Low UV-B 0.994/0.00/0.976/ 0.028/0.00/0.00/0.00 0.0/0.0/0.0/0.051/0.02/ 0.00/0.00/0.00/ 0.112/0.00/0.00/ 0.809/0.00/
0.849/0.485/0.96/ 0.00/0.00/0.68 0.685 0.00/0.00/0.001 0.252/0.997/0.636  0.00/0.00/00/
0.289 0.001
Intermediate 0.037/0.019/0.00/0.0 0.00/0.01/0.00/ 0.346/0.411/
UV-B 0/0.00/0.00/0.31 0.00/0.00/0.00 0.308/0.052/
0.00/0.01
Leaf number d.a.s. 15/21/28 d.a.s. 14/21/27 d.a.s. 18/26
Low UV-B 0.735/0.000/1.0 0.926/0.000/0.000 0.286/0.756/0.135 0.144/0.756/0.0 0.007/1.0 0.000/0.000
Intermediate 0.501/0.001/0.000 0.002/0.331/0.0 0.000/0.000
UV-B
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Supplemental Figure 1: Fresh weight (g) of plants of different UV-B

treatment groups at harvest in the a) April; b) May and c) June
experiment. Mean+SE, n=70.
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Non-invasive determination of plant biomass with
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ABSTRACT

Now-invinive and rophd deicrminstion of plasi biomes
wonlil e beneficial for a aumber of recarch aims. Here, ne
present a sovel device 10 non-invasively determine plamt
water content as @ proxy for plami biomass. li b based on
changes of dicleciric properties imside 3 microwave cavity
resonator induced by inserfed plant material. The water
content of serted shoots leads 1o a discrete <hilt in the
cenire frequency of the rosonstor, Calibration messone-
meents with pare water shawed good spatial bomogrncits in
the detection yvolume of the microwave resonaton and cear
correlations between water content amld contre froquencs.
whifi. For cul tomato snd tobscon shoots, lincar correlations
between fresh weight and comtre frequency shift were
eutablivhed, These corrclations were wsed 1o continursdy
monitor dicl growth paticens of intact plants and o deice
mine bumass increase over seversl doyva Interferences from
sl @l rood water were excladed by shickling pots with
copper. The presented proof of principle shows that micro-
wave resonabonrs are promising fooks (o guantibstively deleal
the water comtent of plants and (o determine plant biomass.
As the method s pon-imvasive. infegrative and fasa, @t
provides the opportunity for detailed, dynamic analyses of
plant growih, waler status amd phemots pee.

Kev-wordn: bvomass; cavity nesonmator; diclectne propertes:
miCTOwaEYe; Mon-invasive analysis waler conlent.

INTRODUCTION

The plant’s capability 10 produce biomass determines crop
yicld and plant vigowr. Procedures 1o determine the
increase in pland biomass (growth) or the amount of stand-
ing crop biomass have thes been developed and applicd
throughout human history. but they sre generally destroe-
tive. I paraliel 1o an increasingly refincd molecular under-
standing of plant growih processes { Norge & Mabool J06),

Correyponidence: I Giilbwee. Fav: « 30 2860 60 2002 ¢ ol | gilimerss
fz -prorlarh.ide
*Buth suthors contributed equally 10 this work

there i a clear noed for methods that allow plant growth
moniloring with higher iemporal resolution {(Schmundi
et ol 1998). Conscquently, various approachcs have heen
established, allowing non-invasive determination of param-
clers serving as a realistic proay for overall plamt growth
such as Llght Dietection And Range ( LIDA K j-observations
ol tree height (Omasa o ol 2003}, electronic registration of
tree dinmeter (Lweilel, lem & Hasler 200 ; Cermak er ol
2007), interferomeine analysis of plani beight (Jiang &
Staude 1989) or crgan surfsce expansion | Walter & Schurr
2005 ). Yel. non-invasive analysis of fresh weight (FW) o
dry weight (DW) imcrease remains largely  unexplored,
in particular when data on the whole-plant scale are
requesied. Some attempls have been made W determine
plant  biomass  non-invasreely  via weighing  methods
(Simooncau ofal 1993 Van leperen & Madery 19064)
where, in the work of Van leperen & Madery [ 1994), growth
of tomato plants wis determincd by placing two communi-
enting vessels filled with o nuirent solution on balances.
COine of the vessels contained a plant whose friesh weight was
determined by the difference of transpiration (summary
loms of weight) and water uptake (woight difference evolv-
ing between ihe two balanoes).

Tossls for non-imvasive analysin of plant biomass and its
automation woald contnbule not only 10 "oaline” detection
of single-plant fresh weight but abso 10 the emerging ficld of
plant phenotyping (Lewter ef ol 199 Giramber, Aguirmea-
bal & Chenu 2006: Walter. Scharr & Gilmer 2007). For thal.
it s o contral aim 10 scan the standing beomas or the
increase in heomass of a large number of individual plants ai
user-defined inlerval (0 observe cither resctions of plants
trwands aliered eavironmental conditions (Gramcr o7 ol
2006; Walter of of XN0Th on 10 determinge developmental
dilferences between genctically doferent plant hacs (Mever
ot ol 2004 ). This chearly can not be achieved via dilfercatial
weighing methods., Total projected leal arca extracted from
automuated imaging methods & 8 good proay for omass
determination as long o plants are in 8 vegolative roselle
stage, such as in Arabidopsis thafiama (Lester of al 1999)
of in young seedlings of Nicotane sabacum (Walter of of
NNT). Yet, the coirelation between viable leal arca and
plant biomass i guestionable for other plam architectures
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that do not allow simple, quantitative visealozation of total
beal arca. Hence, it was our aim 1o establish a non-invasive
and casy-tovuse method having the potential for automa-
tion, based on clectromagnethe felds for determining the
fresh weight of a plant body,

Mebon and co-workers discussed the “varistion of diclec-
tric propertics (of grain and soybeans ) os functions of mons-
ture content, fregquency, temperature, and bulk density”
(Melon 1991 ); they especially focused on ihe measurement
of i bectric properties of grain and oilseed using lreespace
mcasurements in the GiHe range | Trabelsi & Nebson M08 ).
Although this approach has found widespread wse in food
processing (Hu, Toyoda & Thara 2008}, it has not yet been
sdapted to & wselul wol in plant biology. Remote airhore
active and passive microwave sensors (Fermmenoli of al 1992)
were employed to relate biomass to microwave backscatier-
ing and emission: however, Lhis approsch revealed sensitivity
toy plant geomaetry in prediction of wator contont and hence is
applicable mostly at large plot scales | Wigneron er sl 2003),
Jones pad co-workens reviewed several approaches which
cither derive the waler content of hiomaterials from com-
parison of unknown material with test materials of known
permittivity of correlate transmission differences {lones
i al. 2006). They realired a free space syslem operaling in
the range off 30090 MHz. but needed sophisticated statis-
tical methodds to find strong comrelations between signal
attenuation because of water and reference measurements,

The approach taken here is 1o use o micTowave cavily
resonator o determine waler content of & plani. a principlc
that has proven its applicability i inspection of builiding
matcrials {Herrmann, Sikora & Zange 1997, Leschnik
199)). With an approprisle resonator design, different
modes can preferentinlly be excited. reacting with high sen-
sitivity to changes of the dizlectric properties of the reso-
nator cavity when a plant is inseried | Krause of ol HE6). In
order 1o evaluate possible impact of microwave ficld geom-
ctrics on measurement sccuracy, the spatial distribution of
the clectromagnetic liehds inskde the resonator was deter-
mined systematically using a tesi sample. Several series of
ménsuremenls on pure waler samples, harvested plant parts
and intact plants were performed in order 1o evaluate the
applicability of the method for water content measurement
of planits as a proxy lor boimiass, fresh or diry weight. These
parnmeters can be deduced from plant-specific calibrations
with good reliability, As the presented method is non-
invasive and fast, chamges in growth patterms of intact plants
can be moailored on a time scale ranging between minules
and days, allowing monitoring of diumal growth patierms
Examples of such mensunements are presented here and
discussed in terms of fulure use and poteniial,

The messurcment sysiem for pon-invisive biomass defer-
miralion with a microwave resonator comsists of three main
components: (he microwave cavity resonator, the micro-
wive clectronic module (laboratory sct-up, miniaturied
vershon and softwaie ) and correlation libradies for different

pamt species. For a description of the theory of microwaves
and microwave resomalors. the reader i referred 10 the
rebevant Ierature (for instance Zinke & RBrunswig 2000 as
an gxtended review of the underlying methid is beyond the
scope of this paper.

Microwave resonator design

The diclectre permittivity i o messure of the exient o
which o substance concentrates the electrostatie lines of
fMux. In the case of imposing & static electric field pcross &
medium, the relative diclectric permittivity denotes the
o of the amoum of eleciric energy stored in the
mediom reltive 10 vacuum. Placing a material with a high
dieleciric constant (e water) in an electric field leads 1o
reduction of the field amplitede. Therelore, inscriing
biomass (which contains high amounts of water) info a
cavity resonator vields a reduction of the resonance fre-
quency of the resonator,

The peneral design and propertics of the cavity resonator
{wall thickness: 1.8 mm ) is dephcted in Fig. 1a with properiies
listed in Table 1. The openings of kengih L, are chisen
smaller in dinmeter than the main body (£ ) of the resonator
im order 1o stabilize the resonant modes. Plants and samples
inserted via the openings should not exceed L in height. To
restrict samples 1o the most homogencous part of the el s
cylinder of plastic foil (diameter: [F; - nol shown in Fig. 1)
has been fixed inskde the cavity resonator, which also prevent
plant samples from louching the coupling colls. Inside the
resonalor, two coupling coils al opposite sides (10 minimice
direct spurkous coupling ) st central height couple the circu-
Iating clectromagnetic feld into and oul of the resonator.
Via SMA-connectors (SubMimature version A, suited for
high-frequencics), these coib are connected to the radio
Irequency { RF)-clectionic module. The lowest mode, the
transversal-magnetic T™Mos, made (with lowest resonance
Irequency, fie), s preferably excited. To first order appno-
mation, the resonance freguency of the mode is calculated
according W the theory of cavity resonators in a completely
clomed evlinder of diameter I (see Fig. 1a)sorrounded by a
perfect electric condocton, acoording to

mm-;,f-;% (1)

Here, xy = 24088 denotes the first rero-crossing of the
Beasel function Lilx), ¢ = 29979« 10F més is the velocity of
light im vacuam, 4, is the relative magnetic permeability and
£, i our variable of interest referring o the diclectric per-
mittivity of the medium inside the cavity resonator, Table |
compares the theorctically calculated resonance freguen-
cies fom 10 the expenimental result for the given profotype.

Sample container and pot shielding
For sample positioning during calibeation, a cylindrical

Perspex-container (height, 6 cm; outer diameter, 15 em;
wall thickness, S mm) was buill (Fig b} s position
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) ] 18]

Figure 1. Design of the microwave
tesomalis sel . s 5 lsrmmatic ol &
yescamator waih Qimsensions 13, 1 [ amd

Lo listed sm Table 1. (b)) Schematic of the
Perspoy-containct fof water calibration
and cul shools measuioment. (¢) Schomatac
ol e coppet shield positiogsing. comtamdng
o walhy ot pland. (d) Fhisto of tae
messgivmanl w ||l||'| |.l|I teri ik I||1.||u- 1
Iaisitonm, measuromseil compter, losatio

Lt wiih cappeer shield snd micowase

vy Fosnbalin

relative 1o the resomtor s sdjustable m height. For shoot

biomass delermination of intact plants, the plani ol roots
and possably humid sl were shiclded by a oviindrical
copper shicld (Fg 1) construected with removable cap
and fecd-through for the plant stem (shickling dusmelcr
138 cmi; height, 128 o malenial thickaess, 2.5 mam).
Figure 1d depacts the measurement sel-up with resonmton
(P2, s also Table 1) and plant sithon the pot/sonl shiekd
Perspex distance mings wore used fo ensure reproducible
FN |ulnll|||‘|g il I|'|1.: |~|.|Hl qlnl '\“II.'I\,]II'IE‘ w11 M !!Il. FosOdia Lo

System characterization, data acquisition
and analysis

The transmission charsctersties of the cmply cavily reso-
nator were snulveed with 5 network analveer {2V B4 Vot

Metwork Analveer, Rohde & Schware, Uologne, Crgrmany |
ladtially, within the range of M0 kHz ap to 4 GHr, complex
mpedance versus fregquency. was scanned (o wdentily e
frst stable resonance-peak (the T™M moade), Bascd on
this stable ewmnance, measurements of the emply o
banded resonalon were conducted wilthin a smaller frange of
© 25 MHz in steps of 2.5 kHz. The following variables were
acguired from the measured complex spectra (see Fig. 2a)
the contre o resonance Trequency [ the bandwidith AfF (at
1di limx) the '\I_[,'".I] q1].1.|||j|. = I Al and the resonance
frequency shilt, delua centie frequency (AL F)

ACF = flempiy )~ [fisampic) = CF, - CF; (2

Using a LabView-based (National Instruments Uorpora
thon, Austin, TX, USA ) programme, the measurement wis

Table 1. Hesonatod dimensiosnm and

(¥ I ! | Fonod 1) Fed €AP)  pemnance lreguemaes of thiee tesonalon
PPriostokype vorseon (mm (mm} {mm) (mm} { M) (MHr ) prototypes (F2-P4)
rn L] L] 1] 126 MS.0 HI2&
"3 i, | | | S0 I78 1] a7 e W
"4 1 i 4 alh [ 13749 1

The dimeconions are iflastrated in Fig 1o fedtheo) refem 10 the caboulatod rosonmnce fre
juency of ihe primary mode scoonding 1o Egn. | while fedexp) shows the cxperimental

rosalt for e grven ool v
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Figure 2. Schematios of memsaremont principle,

(8} Tennsmission curves of microwave tesonator P2: emply (solsd)
and with sample {doshed ). Sample couses o relitive Freguency
shilt ACF=CF, - CF, (b Spatinl variation of first mode centre
freguency fi o resonstor F2 in xy-plane o1 position £ = 244 mm,
rakntive Do ceniie of rewsspior (2 =0}

automited and the sequired complex spectra were trans-
ferred Trom the metwork analyser 10 the controlling PC and
stored. The main part of the measurement duration was
reguibred for sample positiening, the compley spectra acgui-
sition dccarred within seconds, so thil o domplele measure-
ment including  positioning  could be completed  within
approsimately 208 By using o Matlab-based {The Math-
works, Matick, MA, USA) programme, the speciral daia
wiere analysed, From the somplex spectram, the logarithmic
nraplitude A was calvulated pecording (o Eqn, 3

A= 20 log, (Wreal part” + imaginary part” ) i3

Diepending on (he amplitude's signol i nodse mtio, low pass
filtering in Fowrier space was applicd. The maximum of the
remomance spectum in the rnge of the selected mode wis
determined via the first derlvative and its change of sign,
with € an guality factor, In o series of measurements, the
resomance [requency and amplitude, the bandwidih and ihe
quality factor were automatically stored in spreadsheet
files

This set-up with resonmtor 172 indicaied thae the First
stable resomance is located in the ramge between 750 MH:

and KBS0 MHz depending on the amount of water or biomiss
within the resomatior, Based on this information, the multi-
functional setwork analyser could be replaced by a lews
expensive and mintaturieed electronic module. The fre-
quency range of lurther resonator prototypes (3 and 14)
ha 1o be detected accordingly.

Miniaturized electronic module and data
analysis system

For  routine  messurements, o ministurieed  electronic
maodule was developed containing the basic functionality
of the network analyser but reduced 1o the minimum
regutrements of our application. It constitutes a mindatur-
ization in size ns well ns in cost, The electronic module
comprises 0 microwave source, o splitter, an amplifier
attenuntor chain and a gain and phase demodulator, As
i high-frequency source, o voltage-controlled  oscillator
(VOO selectiod secording (o the regquired lregquency range
I8 wsed, For frequency adjustment and stabilization, the
VOO is phase-locked by o quarte-controlled fractional-M
frequency synthesizer chip. SKYT2302 from Skyworks
Solunons Ing. (Woburn, MA, USAL The absolute fre-
quency precision of 2 mg g is limited by the stahility of
the quarts reference. The relative fregqueney precision of
TOHz (e better than 00 mg ') is determined by the
divider values programmed to the frmctional-N divider of
thi synthesizer. The RF output is split; one branch is fed 1o
the resonator vin an adjusinble sttenostor and o 20 JB
amplifier, thie other branch is supplicd o the demodulator
chip alter passing o second adjusiable sttenustor. The
power leval of the reference signal is adjusiod 1o =30 dBm
(1 W), The demodulntor part of the clectronie maodule is
hased on the gain and phase detector chip ADEIN2 from
Analog Devices { Norwood, MA, USA). The chip vields the
amplitude and phuse of the BE signal transmitted through
the resonnior, relative 1o the supplied referonce signal. The
amplitude mnge s 60 A0 with o logarthmic gain scale. and
the phase is measured in all four quadrants The high-
freguency section of the electronie module s mounted in
o RF-tight aluminium casing,

The RF-clectronies module b connected 1o a touch pancl
computer based on the microcontroller Tiny Tiger from
Wilke Technology (Aachen, Germany ). The implemented
programme containg subroulines for selting the frequency
of the synthesizer, for adjusting the KF levels for excittion
and reference, and for amplitude and phase signal readout
from the demodulator chip vim [6-bit Analog/Iigital con-
verters The user interface includes o routine for measuring
w eomplete spectrum and for comvenient peak tracking.

Because the resomance peak of the cavity resonmor is
well deseribed by o Lorentzian peak fi (Egn. 4), the trasck-
ing programme matches the mensured data to such o
Lowenteion peak which is contimuously updaied in order o
trock the peak position (f centre frequency), the peak
width { Af half width half maximum), which also yields the
quality factor, and the peak helght (A the transmbssion loss
in the peak).
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The wracking routine i implemented a8 darl rouline
which performs o scan over the total frequency range, a
search for the maxamum, and from there a search of the lef
and the right =3 dB points (shoulders). This routine is con-
tinuously repented. involving the precise measurement of
the three characteristic points (maximum and both shoul-
ders). uveraging. an analytic determination of the Lofen-
trian which rums exactly through the messurcd points, a
calculation of the new maximum and the new =3 dil points
from the Lorents curve, and a calculation of the running
nvernge menn value and standard deviation. If the peak
tracking routine kwes the peak, i automatically starts again
with the measurement of the whole spectrum,

This module fanctions like a network analyser but i
redvoed in its freguency range and provides only the ciscn-
tinl measuring functions at significantly reduced costs. 1t is
designed and built by J50 GmbH (Jalich, Germany ) for the
prospeciive use in biomass determination experiments.

Growth conditions - plant material

Tomato { Lycopersivon excaelentum L) and Tobaceo | Micot-
ama fabacwm L) plants were used ax model planis in this
study. Plants were germinated in standard sofl for cultivation
(type: EDTA Einbeitserde, Balster Einheitserdewerk, Frin:
denberg, Germany ) and grown under 100- 150 pmol m~ 5/
photosymihetic sctive radiation in 2 growing room in-house
with controlled relstive humidity { RH: %) and temperaiure
(T ") Condensation, leading 1o measurement artclncs,
was not observed inside the resonator under the sclecied
coniditions, Il plants were harvested aller of prion Lo o mca-
surgment, the fresh weight (FW; g) was determined with an
analytical balance ( Mettler Toledo, Giessen, Germany ), The
plant material was then dried at 75 °C for 72 h in an oven
(Heracus Kulrer, Hanmu, Germany) and the div weight
(W ) wan determined. The relative witer content (RWC:
W) was determined sccording 1o

RWC = (FW - DWW = 1001% (5)

The regressions for all ststistical analysis wore performaed
using SigmaPlot 1000 (Systat Software Inc, San Jose, CA,
LSA)

AU S AA )= (4)

RESULTS

Spatial electromagnetic field distribution

Because the clectne ficld dwinbubon vanes within the
resordalor because of posithon and observed mode, the sen-
sitivity of the experimental sct-up had 1o be tested with
respect 1o these parameters. To characterize the spatial
ficld distribution of the first four modes within the reso-
nator, & reference sample wis wsed (0 scan the whaole
memsurement volume for cach mode, These experiments
were carmied oul wsing o hollow Perspex cube (outer cdge
length: 25¢m) filled with 73 g of distilled water as a
reference. The cube was sttached 10 a compater contrislled
three-dimensional  (30)) moving stage (Owis  GimbH,
Staufen, Germany ) and supported in the volume of inter
esl with a Perspex rod (diameter 8 mm). All measare-
menls were  cmmicd oul  ml room  tempersiure
(mpproximately 22 °C). Two sets of spatinl  distribution
memurements, one with and one without the Perspex
sample container, were comploted by avtomatically posi-
tioning the reference sample on o predefined grid within
the resonator via the 30D moving stage. The clectnumag.
netic fickd distribution, that s the resonance froguency
semsilivity townrds  water, was  scaaned in o horizonial
xy-pluncs for & radius of 55 mm with Perspex sample con-
toiner and 75 mm withoul sample container ol different
positions (stop widih: 6 mm with sample container, 25 mm
wilhoul sample codtainer) on the #-aki covering a height
of 163 mm with sample container and 200 mm withou
sample container. The full resonance spectrum  was
recorded ot cach grid position and analvsed. resulting in
A1 data sets representing the spatial distribution of rese-
nance freguency. width and amplitude for the first four
moddes of the resonator. Figure 2 shows an example of
plot of the data for the spatial distribution of the firs
mode in an xv-plane in the middle plane of the ovlindrical
detection volume. Over the full volume, for cach vertical
slice, the maximal deviations of resonince freguencies
from the reference Trequency defined al the centre of the
resonatin are summanized in Table 2. These devintions
defing the inherent freguency sensitivity and accurscy of
the messurement. The relative freguency ermor due (e
sample position was smaller than 0.3% Tor the st four
resonance Irequencies of resonator P2 (see Table 1) The
homogeneity of the spatial distribution of resonance

Table 2. Hesmanos Dreguencies of

Mode # fiax (MHz) fuie (MHz) fon (M Hz) Afows (MHz) Mo cwmaton 172 depending oo the mode sl
] J—_— — — 73 0296 the position ie the mcasutiog volume

b 13415 1417 11447 in 0262

3 1481 8 14508 14824 1 o8

4 1K1L0 1818 18123 o7 anw

I g Resnnance frequency ai ofynn {centie of resonaton §; fa., mimimum resonance fregueny,
Fome, PAAEIATUM Pesomance (MAJUERCY, M = fue = e, Manimuam shill ol esonance fre-
dacncy mude the measuring volame: Afl.. dhill in resonance Nogueacy relative 1o freguency

A1 TN (L),
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frequencics can thus he considerod 1o nod markedly influ-
ence waler content determination. Al but cspecially the
higher modes (>second mode) showed s spatially uniform
resonance frequency distnbution so that modes 1 1o 4
have been evaluated lor further experiments.

Measuring waler content in the
microwave resonator

Based on the spatial dsiribution of the resonance [fre-
quency scsitivity ientified shove, & central messuremen
position was fixed for all following experiments. This
ensurcd a reproducible positioning of the woler or plant
sampile. To this end, the Perspex container botiom was posi-
tioned in the geometric centre of the resonator, In onder 1o
cvaluaic the dvnamic range. that i the minimal and
maximal water amount being measurable, the Perspex oyl-
inder wiis filled successively with increasing amounts of
waler and the resonance spectrum was recorded (or the first
for modes (Fig. 3). The most noticeable observation s the
presence of discontinuitics in the resonance Irequency as 4
lunction of the water amount for the highor modes (=1).
These discontinuitics can be cxplaincd as follows: with the
presence of more polarizable material within the resonator
= the resonance frequencies of the higher modes shift 10 o
higher extent and therelore collide and reform with each
other, delivering unrchable resulis, As the primary mode
(™ mode) wus stable over a wide range of water
amonnt, it was chosen for furher messurements. The
obscrved linear correlation between resonance requency
shilt ACF and water content (0300 g) in the sensitive
vidume of the resonator was cvaluated using Sigmalflol
1040 { Systml Software) using o lmear (it

f=w+ax {6}

ap ™ / 1] —sd B0
&0
- 20 § "
4D
g o :
20
0 —=— model I = moded |g
e} (dr
a5 0
10
- 15 s 2
0 *  modad —es- mpded |0
D Y00 200 300 @ WOD F00 3J0D

Water (g)

Figure 3. Corelations betwees wales combeil and
corresponding delia centre frequencies (ACF) for fira o fownh
micTUavE teslmator msde in pancls &, bc and d, respectively

& tomate
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W] v stmsed toninic plissis {'ﬁ
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Figure 4. Covelstions botween frosh il dry weight of the
investigated plant species lomato and Iohaceo. A wiler-stressod

puopulation whows & significantly chaged correlation.

The correlation cocfficient was excellent (R =0.9897,
P01 for mode 1, which proves the capability of a
microwiive resonator for precise determination of water
content.

Measuring fresh weight of cut shoots

Shoots of tomato and tobacco plants of different develop-
mental siages were messured in the resonalor immediaiely
after harvesting and fresh and dry wemghis were determincd
with a balance. The tomato and tobacco shoots showed a
clear linear correlation between FW and DW (Fig 4; a =
005, w. =001, B =097 for lomato and @ = 0,07, w=-012,
R=098 for whacco planis) over three orders of magni-
tude which provided the hasis 1o simply caloulate winl and
relutive waler contents of the plant samples. For a water-
stressed  population of tomato plants with high  (resh
weights, differemt correlation cocfficients apply (Fig. 4,
black triangles, o = 0L18, v, =065, K =087).

The correlation between ACF and FW ol womato shoots
in the mnge of 1-22¢ FW (Fig. Sa) is lincar. Depending
on plant size, this correlation (ACF versus FIWV) ranges
from fmr quakity for very small plants (FW < 1 g a = 900,
¥o = (0029, B = 0,42) plints 1o good quality for imermediate-
sized planis (FW 1-5 ga = T29.3, w= 1168, &' =1093) which
are within the 95% prediction band (see Fig. 5b),

For the very small planis, the (nir correlations could be
cuplained by the fact thul, depending on sir humidity,
they rapidly lose water through evaporation afier being
cutl which leads (o a significant error in the non-automated
balance procedure, For very large plants, a significan
portion of piant moterial is scattered in the confined reso-
nator spoce, (hus interacting with slightly differemt Hield
sirengihs. Furthermore, the presence of extended conduc-
tive structures (plant stems ) may lesd 1o a distortion of the
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Figume 5. Calibration and testing of tomato fresh weight
determination. (a) Calibwation of the ACF signal for shoots up 10
22 ool fresh weight. (b) Comparion betwoen determined froh
wenghit caloulated from near regresion (up 10 % g sec Fig %a)
anl baslance-mewasred livsh weight,

resonalor modes. As carbohydrates abo constitute polar
modecules, it could be assumed that larger carbolydrate
conlents in large plants also contribule o the diclectne
resonance shill. We assume that all three mechanisms
coniribuie to the observed deviation from the lingar corne-
lation. Hence, for (omatoes, the semsitive measuremient
range of the resonator (P2) is 1-3 g Smaller or larger plants
could be analysed more benclicially in smaller or larger
resonators, respoctively. Based on the it cocficients
(Egn. 6). it is posaible o calcalate the FW from the ACF
with an crror of 10% (K° =0.93),

Comparable resulis were obtained for wohacco plants
(FW < 10 g g = 1006, = 164, R = (L8], sce Fig 6a). Plants
with a fresh weight larger than 10g are outside of the
95% prediction band (Fig 6a). The memured and the
determined fresh woight (oblained from the data fined
with Sigmal™lot 1iLiL) show a good corrclation for plants
from 1 g 1o 10 g fresh weight (R = 0L78) (sce abso Fig. 6b),

With theve exporiments, we could demonstrale that i s
possible 1o determine the FW of tomato and tohaceo plants
with the help of the resonator, which in turn allows deter-
mining of the DW (sce Fig 4), as the calculation of plant
biomass from waler conlenl requites 8 known relative
water content of the plant. From Fig 4, we can suggest
that velative water content shows better correlation 10

(8) wcm o 0 cgrmmmen b R
o U e e

Frash weight (g)
4

R Frelicie Bang
—_— w.*.l“-

I'.Il o0 200 300 400 kil
A Contre froquency (kHr}

ml =gy n e
- o VR i 1 f

Frash weaght ()

] 2 i . ' " ]
Dsimrminad freah waight (g)

Figure 6. Calibration and 1esting of tobaoon fresh weight
determination. (8) Calibrsteon of the ACF signal foi dhiobs up 16
il g tresh waight. (b) Comparmon between determined frosh
weight calculsted from linear regression (up o 10 g, sce Fig ba)
and halance-measancd frosh wenght
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environmental conditions thun 1o developmental stages.
Oiptimal results wore obtained under most stringently con-
trolled environmental conditbons {lemperaiure. humidiiy.
wnter supspdy to the root )

Measuring fresh weight in intact plants
(soll and pot shielded)

T deieet the entire shoob of larger planis while masking
(he root nnd soil waler volume, we fosted the set-up
with sl and pot shiclded from the resonstor. Previous
cxperiments suggested that reproducible positioning of
the shicld is essential, therefore, we used Perspex rings
differing in height 1o oplimize pol posithoning lowards a
detection of all shoot parts. After the measuremont the
plants were harvested and OW and FW were determined
m ahove. There s good correlation between measiire
ments performed on intact shiclded plants |/ = 0.59)
and harvested plints (R = 047} placed inside the resomi-
tor without pot or shield (see Fig 7). Shiclded tomato
plants cnly showed an absolute freguency offsel in com-
parison b0 harvested shoots, which s irrelevant for the
determinaiion of FW through ACF, Using shiclling, the
blommss of the aboveground pieces of o plant can he
determined.

Growth dynamics in intact plants

Hepeated measurements of water confent in intaet planis
allow monitoring of blomass increose over tme (growth).
Memsuroments of 20 intect wmato plants over 6 d and 9
imtict toshwsceo plants over 10 d show an incrensing value of

B840

820-

L ] shimided plants

8] harvested shoot
regrosslan

95% Prediction Bang

Centre frequency (MHz)

Fresh weight (g)

Figure 7. Contie lroguency oflsel duo 1o pol shee lding i intoct
lane miensire ments ws componed 10 harvesied shoot
messremenits. Slkope and ACF pot signdficantly changed.
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bt bnadevacind tommato (o) o fobacoos () pliosks over me

(&) Compurson between determined und balance-memured fresh
welght of wobscon shoots al day S8 alter sowing,
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ACF (see Fig Sa.b). A clear divergence of growth between
individual plants of the populistion was observed, which
inereased with time, Biomass dilferences resched at the end
of the experiment mmtched harvested values very well
(Fig He),
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To evaluate the reliability of the determined fresh
weights (hased on ACF), every second day, mine tobacoo
shoots were measured and st the end of the expeniment, the
fresh weight was messured ofter harvesting the whole
shoot, ACF incressed continuously with the progressing
micasurements, so does (he dependent parameler “deter-
mined fresh weight”, Measured and determined fresh
weight for o growth experiment is compared in Fig 8¢
Figure Sa.b depicts a representative pan of growth, Tobaceo
plants (Fig. 8¢} were harvested S84 after sowing, The
baamass wits determined al the end of the experiment on
horvested plants, The ermor average is 1'% (excluding plant
#3), The calculated value i typically higher than ihe ‘teal’
fresh weight, therefore, overestimating the plant growth,

Continuous monitoring of diel growth pattern

The continuous measurement of single plants (meisiire-
ment interval 10 min} over several days under climate
chambér conditions with 12 W12 h ight'dark cyele and daily
irmigation {light conditions SAMV20600, watering st 100
shows n clearly rhythmie inerease in fresh weight (Fig 9),
For tomato, fresh weight does mot decresse markedly
during the doy, indicating that net loss of water doe 1o
transpirution s compensated by incresse of biomass in
provwth processes (Fig. %), At night, fresh weight incresses
strongly. reaching o 0% higher valoe within 24 h ol the
beginning of the plant development and 20-30%, ar the end
ol the experiment. The growlh conditions for ihe tabacens
experiment were the snme as described for the continuously
monilored tomato plant. (For example, Fig %b shows
records for 2 d). During the day, fresh weight decrenses,
indicating 0 loss of water due (o transpiration, [uring
the night, fresh weight incroases. After 24 b, fresh weight
increased from 192 ¢ FW o 2.2 g FW, which corresponds
o an anerease of 15.5% of the initial plant Momass. The
disrnal varitions of temperature and humidity, 10 which
plants of both species were exposed were similar and did
motcorrelate directly with bivmass variations, This indicates
thit fresh weight increase is uncoupled from the small-scale
dynamics of tempernfure wnd humidity variations i the
environment.

In this study, we were able 1 show o clenr correlation
between ACE and plant fresh weight, demonsiriting the
applicability of the established non-invasive method for
plant biomass determination. The measurement principle
allows for rapid detection of plant bomass (within several
seconds) which b an wmportant prevequisite for lutiire
high-throughput applications of the method. Here, we
first demonstrated the capability of the device (o register
plant fresh weight evolution throughout some days with
high temporal resolution. A netl incrense in Diomass
win observable throughout 24 b corresponding, to typacal
provwth mtes of the investigated plants reported before

{tohaceo: Walter & Schurr 1999 tomato; Nagel, Konings &
Lambers. 2000 ), Within a diel cvele (24 h), the detected
fresh weight did not increase monotonieally, indicating
altcrations in plant water status superimposed on growih:
The water bulance of o plant is chamcierzed by U= £ =
G Howhere U and B are the transpiration and waler
uptake fuxes, and € and M are the “storage Nuxes” for
growth and rehbvdration (or dehydration), respectively
(Bover 1985). During the day, there is a nel water loss in
tobacoo but not in tomatos This does pot imply negative
growih throughout the day in tohaceo, but it indicates Ut
the relntion between prowth and doily change in hvdration
differs berween the two speaes, The dilference in the
dynamics of fresh weight evolution between tobacen and
tomute during (he  snalysie interval (Fig 9) indicates
clearty that joint applications of this method and methods
ditermining plint water status will allow differences 1o be
resolved i growth dyonamics of the mvesthigaied planis,
Similar investigations based on differentinl weighing of
peach trees have led o an improved understanding of tree
physiclogy and o suggestions Tor improved irrigation
management (Simonnenu o ol 1993), A dramilic effect
of altered transpiration timing on the timing of growth
processes has beéen réported recently for the faculintive
Crassulncean Acid Motabolism (CAM) plant Clusiia minor
{Walter eral 2008), There, maximal growth activity shifted
friem early night o early day when the plant switched
from Oy o CAM-masde of photosynthess during drought
stress. This indicates (hai the dynomices of growth pro-
ceskes gan only be revealed, when water stalus and growth
are investigated in parallel. reguiring non-invasive, high-
resolution methods for joim annlyses

A possible explanation for the obsened difference in dicl
fresh webght increase of tobaceo and tomato is that their
diel growih behaviour might differ o phasing; 1obsceo
beaves expand strongest st down (Walter & Schurr 24005),
with maximal intensity lasting [rom some hours before
onsel of lights to some hoors after onset of lights, During
this timie intervil, shood Tresh weight st increases stromgly
{durmg the end of the night, Fig. 9) and then decreases
again (beginning of the day) while ot the same time, ciarbo.
hydrates necessary for dry weight increase ore produced
again vie photosynthesis (beginning of the day ). The strong
boss of fresh weight duning the day, which s caused by
transpiration being higher than the sum of water uptoke
nnd growth, might make i mmpossible for obacoe o keep
up high growth rates. In tomato, this diomal loss is pot as
pronounced as in tobacco, making high growth durng the
day more favoursble and potentially leading to an increase
of leal expansion during davtime, Such an increase has boen
reporied in other species before (poplar Matsubara er of
2006, soybean: Alnsworth e al 20060 Also for lomalo,
high rates of fresh weight increase towards the end of the
disy mnad at night have been reported before (Van leperen
& Madery 194), A dear sdvantoge over the method
described in Van leperen & Madery (1994) is that our
appronch allows rapid analyses of several plunts grown in
different conditions, is the measurcment device s portable,
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Figure 9. Continuous non-invisive messurennnt of fresh weight o moaitor divemal growih of (a) b istact lmato plant over o period
ol 4 d and (bj an imact tobacen plant over a period of 2 d. Al temperature and relative humidity were monitoved in parallel. Grey areas

imdicate dark periods,

while the hydroponically based sctup of Yan leperen and
Madery (s well ax the sct-up deseribed for tree growih
evaluation by Simonncau o al 1993) reguires the plant o
e cultivated within the analvsis device. This flexibility of
the set-up has been utilieod for the calibration procodures
depicted in Figs 57, for which several planis were analysed
sequentially. Il has 1o be pointed out though, that the
correlation hetween ACF and real plant fresh weight has to
be re-cvaluated at different points in time throughout

the diel cycle and not only at one point in time (6 per-
forme here).

Owir rescarch plans for the future are twolodd. The first
aim is 10 cstablish the described method o w tool for plant
phenotyping. Here, the technical challenge i the extension
of the method 1o plant species and organs with pro-
niunced differences fn waler conlent per tissue volume
(e fruits vemus sklgrenchymatic leaves) and the devel-
opment of a rehable data base of underlying correlitions.
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This application would greatly benefin from multiplexing
of the experiments {automated plant screening with mul-
teple and multiplexcd resonston) in ofder B0 aulomati-
cally scan high replicate numbers of plants Tor growih
analyses ma well s for optimiced imigation schemes.
Second. hinged resonatons will be constructod, which can
casily be opencd, mounled around a planl and clised
wgain. This will allow easber handling of the devico and will
hence facilitate, for cxample, ficld experiments. Although
such devioes are no real technical challenge, thair applica-
tion wall require carclul calibrations and constraints in
sample positioning.

The measurement of diclectric propertics of a cavity reso-
aator with inserted plant material provides a povel 1ool 10
measure the waler conlent of plants which can then be
related 1o shoot growth under controlled environmental
conditions. Although the mothod s indireet, relating
diclectric properties of a microwave rosonator fo fresh
weight, it is in many aspects superion 10 weighing proce-
duores or other less applicable and less reliable remoie-
soming-hased  non-destroctive methods described in the
Introduction. In foture expeniments, this procedure will
be applicd for phenotyping of different genctic material,
for analysis of fresh weight distribution within ihe plant
(scannbng single organs) and it will be developed into a
fichd method, using larger resonation with custom-tailored

The authors recogaire and appreciate support Through
funding by Technology Transfer Department, Forschung-
srentrum Jilich and support through providing a minia-
turized electronic module by Julicher SOUTT GmbH.
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Abstract

Plants respond in a number of ways to ultraviolet-B (UV-B; 280-315 nm) radiation.
Among other processes, UV-B affects secondary metabolite composition, cell cycle and
biomass growth in many plant species. In horticultural plants, compact growth with
reduced leaf expansion is often desirable, and is often detected at increased UV-B. In our
greenhouse experiments, broccoli, lettuce, tomato and tobacco plants were cultivated
under different types of cladding material with high and low transmittance for UV-B,
respectively. The leaf area and biomass growth in young broccoli, salad and tomato
plants (Lycopersicon esculentum), but not in tobacco (Nicotina tabacum), were
significantly higher under low UV-B radiation. To elucidate the reason for this
discrepancy between species in more detail, we investigated tomato and tobacco plant
biomass non-invasively and with high temporal resolution using a newly developed
microwave resonator. These experiments were performed in controlled UV-B exposure
chambers in which the ratio between UV-B and photosynthetic active radiation (PAR;
400-700 nm) corresponded to that of natural light. Biomass growth differences between
tomato and tobacco were confirmed under controlled conditions. The dynamics of diel
(24 h) biomass accumulation differed strongly between species: Whereas a strong
decrease of plant water content was observed in tobacco during the day, tomato plants
grew more steadily. Together with investigations of leaf gas exchange, these results
indicate that strong fluctuations in water content inhibit the growth potential of tobacco
plants to a much stronger extent than detrimental effects of UV-B, which inhibit carbon

accumulation, leading to reduced growth in tomato.
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Introduction

Some plants show a pronounced reduction of growth when exposed to elevated UV-B
radiation. This reduction can be linked to a decrease in assimilation that is reported for a
lot of species (Teramura & Sullivan 1994, Correia et al. 1999) and that results from
damage in photosystem II (Takahashi et al. 2010). Yet, not all species show comparable
responses to elevated UV-B (Paul & Gwynn-Jones 2003) and it is controversially
discussed whether an increase in UV-B — resulting from a depletion of the ozone layer —
would lead to a decrease in overall plant growth and crop yield (Fiscus & Booker 1995,
Allen et al. 1998). The response to enhanced UV-B radiation also depends on the extent
of adaptation and prior acclimation to UV-B as well as on the fluence rate and
wavelength of UV-B. Apart from damage of photosystem II, unspecific damage of DNA
can occur and a number of specific signaling pathways can provoke photomorphogenic
responses (Tevini & Teramura 1989, Jenkins 2009). Some years ago, the hypothesis was
raised that UV-B related photomorphogenic responses are induced by flavonoid
aglycones and phenol-oxidizing peroxidases that affect auxin transport and metabolism
and hence plant architecture (Jansen 2002), while at the moment, the COP1- and UVRS-
related expression of the transcription factor HYS is considered as the prime element in
the regulation of genes involved in photomorphogenic UV-B responses (Favory et al.
2009, Jenkins 2009).

Plant growth occurs in an ever-changing environment and — in dicotyledonous plants — its
timing is strongly controlled by the circadian clock (Nozue et al. 2007, Poiré et al. 2010).
As under field conditions, the degree of UV-B exposure also fluctuates strongly
throughout the diel cycle (24 h), it was the aim of this study to investigate, how the
dynamics of growth patterns are affected by UV-B in species that differ in their response
to elevated UV-B. Rather than putting the focus on putative molecular response chains
and on morphology and architecture, the physiological framework in which growth
reactions occurred was investigated, when these species were exposed to different levels

of UV-B that were applied with a timing and an extent that simulates field conditions.
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Material and Methods

Greenhouse experiments

Plants were sown and cultivated in low and high UV-B conditions in two different
greenhouses at Forschungszentrum Jilich GmbH (ICG-3; Fig. 1a). Greenhouses are
covered with cladding materials differing in UV-B transmission. One of them is covered

with commonly used “float glass” with low UV-B transmission (approximately 0.6%)

and the other with ETFE foil, allowing a high UV-B transmission (86%; Fig. 1b).

v

low UV-B il

hugh UY-B

Broccoly Lollo rosso l'_:r:,n,n 51 Ll‘u.l Tomato Tobacco
bowl

Figure 1: a) Greenhouses covered with different cladding materials from high to low transmission of
UV-B radiation. Below the images of the greenhouses the corresponding views inside are shown. b)
UV-B transmission of the used two different cladding materials. The ETFE foil (high UV-B; black
triangle) had the highest UV-B transmission during all experiments (from April to June) followed by the
float glass with lowest transmission of UV-B radiation. No differences in UV-A and PAR transmission
were found for the different materials (data not shown). The image in ¢) indicates the influence of UV-
B radiation on the pigmentation of lettuce plants. Plants standing under high UV-B radiation (ETFE
foil) are smaller and showed strong, red color corresponding to the higher amount of scavenging
pigments compared to plants under low UV-B radiation (right sight of the image). and in d) different
plant species measured with the 2D GROWSCREEN and after colour segmentation.
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During the growing seasons triple sensors (Gigahertz X1, Gigahertz Optik GmbH,
Puchheim Germany) placed at leaf level, were used to measure photosynthetic active
radiation (PAR; 400-700nm), ultraviolet-A (UV-A; 315-400 nm) and ultraviolet-B (UV-
B; 280-315 nm) radiation simultaneously. These analyses confirmed that the materials
only differed with respect to their transmittance in the UV-B range. The amount of UV-B
radiation reaching the plant level is shown for four exemplary days in Fig. 1 b. Treated
plants (high UV-B) received far more UV-B radiation compared to plants grown under
control conditions (low UV-B). Lollo rosso plants (Lactuca satviva var.crispa convar.
Secalina Alef) showed typical reactions to UV-B, such as deeper red leaf coloration and
more stunted growth when cultivated at high UV-B (Fig. 1c¢).

Green oak leaf lettuce (Lactuca sativa var. crispa), Lollo rosso and broccoli (Brassica
oleracea L. convar. botrytis) plants were sown in pressed pots produced at the University
of Bonn (Versuchsgut Marhof). After sowing, broccoli pots were placed in the cooling
chamber at 4°C for three days to induce germination. Afterwards pots were directly
transferred to the different greenhouse conditions. . All growth experiments were
repeated three times. For germination of tomato (Lycopersicon esculentum L. Harzfeuer)
and tobacco (Nicotiana tabacum L. Samsun) plants ED73 soil (Balster Einheitserdewerk,
Frondenberg, Germany) was used. Plants in all greenhouses were irrigated automatically.
Leaf area was determined non-invasively with 2D GROWSCREEN (Walter et al. 2007,
Fig. 1d) over a period up to 22 days after sowing depending on plant species. At the end
of each experiment, fresh and dry weight was determined. For dry weight analysis, fresh

plant material was dried at 70°C for 5 d.

Experiments in exposure chambers

The experiments were performed from October to mid December 2008 in an exposure
chamber at the Helmholtz Zentrum Miinchen (Department of Environmental
Engineering). The exposure chambers provide an irradiance spectrum very close to the
natural global radiation from the ultraviolet through to the infrared spectrum. They are
therefore commonly referred to as “sun simulators” (Thiel et al. 1996). The natural
photobiological environment was simulated using a combination of four types of lamps
(metal halide lamps, quartz halogen lamps, blue fluorescent tubes, and UV-B fluorescent
tubes). The lamp types were arranged in several groups to obtain the natural diurnal

variations of solar irradiance by switching appropriate groups of lamps on and off.
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Plants were grown in a sun simulator to study the biomass development and
photosynthesis of tomato and tobacco plants in response to enhanced and low UV-B
radiation at controlled environment with temperatures of 25/20°C (day/night) and with a
relative humidity of 50/70% (day/night).

For the enhanced UV-B treatment, an ETFE foil (ethylene-tetrafluoroethylene, 100 um,
Asahi Glass Green-Tech, USA) of a high transmittance (86%) from the UV-B to PAR
was used. A commonly used float glass (nearly no transmission in the UV-B range; 0-
6%) constituted the control material of the low UV-B treatment. The two regimes were
achieved by separating the sun simulator by UV-B absorbing acrylic glass into two zones
of UV-B radiation: 0 and 3.6 W m™. For both treatments UV-A radiation was 6.4 W m™
and PAR 700 pmol m™s™. The length of the day was 12 h and the duration of the UV-B
exposure was set to 9 h; starting 1.5 h after the onset of day. PAR-intensity was gradually
increased and decreased during periods of 3 h at the beginning and end of each day.
When analyses of biomass were performed, using the microwave resonator (see below),
plants inside the microwave resonator were exposed to a somewhat shaded light regime
due to light reflections at the copper walls of the resonator. Control plants outside the

resonator were then put under similar shading.
Plant material

Approximately one week after germination at low or high UV-B, respectively, tobacco
seedlings were potted in single pots and were grown in ED73 soil (Einheitserdewerk
Balster GmbH, Frondenberg, Germany) from then on for ten to fourteen days before
transferring them into the microwave resonator. The irrigation of tobacco plants was
performed automatically via an irrigation system twice a day. Tomato plants were sown
in magenta boxes filled with agar (10 mmol N). Tomato plants, which were used for
sampling, were sown and cultivated in soil and grew under the same light conditions in
the exposure chamber. At the end of the experiment the shoots were harvested and
biomass was determined (plant material were oven dried, see above). To calculate fresh
weight of plants inside the resonator from microwave resonance readings, calibration
analyses were performed with plants grown in the same exposure chamber at the same
settings. Afterwards the biomass was calculated using the regression of the calibration
and compared with the fresh weight getting after harvest of measured plants in the

resonator (for more detail of the calibration see Menzel et al. 2009).
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Gas exchange measurements

Transpiration and assimilation measurements

For transpiration and assimilation measurements LI-COR6400 (Licor, Nebraska, USA)
was used. The second youngest leaf of tomato and tobacco plants was measured over the
course of three days at ambient light using the clear bottom chamber of the LI-COR
6400. Before starting the continuous gas exchange measurement, a light saturation curve
was measured to calculate the maximum net assimilation rate (Amax) under different UV-
B radiation regimes. Therefore, the leaf surface was irradiated in several steps from 0 to
2000 umol m™s™'. The measurement started one hour after switching on the UV-B lamps.
Prior to gas exchange analysis, leaves were adapted to the chamber conditions of the gas
analyzer. Leaf temperature within the chamber was adjusted to the ambient temperature
(22-24°C). CO, concentration was set to 400 pmol CO,m™s™, with a flow rate of

500pmol m™s™.

Statistical Analyses
For comparison of averages, t-tests were made with SigmaStat 2.03 (SPSS Inc., Chicago,

USA).

Results

Greenhouse experiment

Leaf area and biomass of two salad varieties, tomato and tobacco as well as broccoli
plants showed a varying response to high UV-B radiation (Fig. 2): Leaf area and biomass
differed considerably between treatments for some species, while for other plant species
the differences between treatments were very small. Yet, in four species, except tobacco
plants, enhanced UV-B induced reduction in leaf area. Correspondingly, fresh and dry
weight were reduced at high UV-B with most prominent differences between treatments
in tomato and least in green salad bowl. Caused by the shape of salad leaves the leaf area
could be observed only throughout two weeks after sowing. Yet, already during this
limited time period, a significant reduction in leaf area and biomass was measured in
response to enhanced UV-B (Tab. 1). For tobacco plants, total leaf area, fresh and dry
weight were increased under high UV-B (Fig. 2¢,h) compared to plants grown under low
UV-B. To elucidate the physiological framework of these different response patterns of

species, tomato and tobacco plants were selected for an in-depth growth analysis under
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controlled conditions in exposure chambers with a natural relation between PAR and UV-

B radiation.
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Figure 2: Different plant species were compared under greenhouse conditions in low and high UV-B
conditions in a-e) total projected leaf area and f-j) Fresh and dry weight under different UV-B radiation. a)
Total projected leaf area of Lollo rosso plants; b) Tomato plants; c) Tobacco plants; d) Lettuce plant and e)
Broccoli plants under different UV-B conditions; f) Fresh and dry weight of Lollo rosso plants; g) Fresh
weight of Tomato plants; h) Fresh and dry weight of tobacco plants; i) Lettuce plants and j) Broccoli plants
under low and high UV-B conditions at harvest (n=50-100 + SD)
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Tab. 1 Development of plant leaf area of different plant species, using the 2D GROWSCREEN, measured under different UV-B radiation in
differently covered greenhouses. Three categories were defined: leaf area under low UV-B treatment is greater than under high UV-B, nearly
the same results were found under both treatments and thirdly leaf area of low UV-B treated plants is lower compared to plants under high
UV-B conditions

Broccol Lollo rosso Lettuce Tomato Tobacco
Final total
projected P, P P> p, t-test
Leaf Area -UV-B| +UV-B| t-test -UV-B +UV-B t-test -UV-B +UV-B t-test -UV-B +UV-B -UV-B +UV-B
-UV-B> 78.5+3.6| 44.4+2.8 | <0.001] 4.29+0.06 | 2.86+0.05 | <0.001 6.225+0.34 | 3.809+0.21 | <0.001
+UV-B 70.4+3 | 60.95+2.5 0.02 1.68+0.03 | 1.54+0.03 | 0.002 4.92+0.23 | 3.66+0.19 | <0.001 7.55+0.24 5.6£0.28 <0.001
140.7+£7. 79.4+8.7 | <0.001] 3.21+£0.07 | 1.97+0.04 | <0.001 5.18+0.37 4.05+0.3 0.03
-UV-B = 8.55+0.47 | 8.71£0.47 | 0.8
+UV-B 224+0.7 20.7+0.7
2.76+£0.13 | 3.1+£0.14 0.09 1.68+0.09 | 1.8+0.1
-UV-B < 5.96+0.2 8.79+0.3
+UV-B
n per pop. 20/28 20/28 113/19 134/19 38/22 38/22 44/19 42/19 40/14 40/14
(from top to 20/24 20/24 103/14 83/14 86/16 91/16 40/18 33/18 35/27 38/27
bottom)/ 20/31 20/31 81/12 87/12 89/13 87/13 20/19 20/19 30/24 30/24
days after
sowing
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Exposure chamber experiments
Near-natural light climates were realized in specialized UV-B exposure chambers as
described further above. Growth, gas exchange and hydration status of tomato and

tobacco plants were monitored there.
Gas exchange measurements

Assimilation was affected by UV-B in both species to a comparable extent (Fig. 3). For
example, at a light intensity of 700 pmol m™-s™, both species had assimilation rates of
roughly 12 umol m™-s" at elevated UV-B, while assimilation rates of roughly 14 pmol
m™-s" were detected at low UV-B, indicating a hypothetical daily loss of assimilates of
more than 10% under elevated UV-B. At low light intensity, differences between
treatments were more pronounced in tobacco, while at high light intensity, assimilation

was affected by UV-B to a stronger extent in tomato.
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Figure 3: Assimilation in tomato and tobacco: Light response curve were measured to estimate the light
saturation. a) Tomato plants showed higher photosynthesis rate under low UV-B radiation, whereas b) for
tobacco plants no difference were measured under low or high U-B condition (n=2-4).

Diel analyses of gas exchange showed a much less pronounced effect of UV-B on
assimilation in both species (Fig. 4a, b). Only during a few hours, plants exposed to high
UV-B showed a markedly reduced assimilation rate and overall, differences between UV-
B treatments were not significant and rather in the range of 1% instead of the range of

10%. Tobacco showed a more pronounced reduction than tomato during the hours of
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most intense light intensity. At night, respiration did not differ strongly between
treatments, but again, in tobacco potential differences between treatments seemed to
exceed those found in tomato: Tobacco plants at high UV-B had a slightly decreased
assimilation compared to plants at low UV-B, but at night, carbon loss via respiration was
also less severe compared to carbon loss at low UV-B, thereby possibly compensating
diurnal differences in carbon assimilation. Transpiration rates were comparable between
treatments (Fig. 4c,d), but they were higher in tobacco compared to tomato. Growing
tomato leaves transpired with rates of maximally 3.5 mmol m* s while the analysed
tobacco leaves reached maximal transpiration rates that were almost 50% higher (5 mmol
m’s™).
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Figure 4:Transpiration and photosynthesis rate of tomato and tobacco: Daily transpiration rate were
measured for a) tomato and b) tobacco plants under low and high UV-B radiation (n=3). Diurnal pattern of
photosynthesis under different UV-B radiation were measured for c¢) tomato and d) tobacco plants (n=3).
Both species showed no difference between the UV-B treatments but between species. Tobacco plants had
higher photosynthesis rate than tomato plants.
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Biomass determination

Finally, we determined the diel gain in fresh weight via microwave resonator analyses.
These results clearly confirmed the findings of the greenhouse experiment and showed on
a much finer time scale that in tomato, elevated UV-B radiation led to a decreased rate of
biomass production when compared to plants treated by low UV-B radiation (Fig. 5a). In
tobacco, no clear difference between treatments was observed during five to six days of
analysis (Fig. 5b). During the last two days of analysis, fresh weight of the plants in high
UV-B even exceeded fresh weight of low UV-B plants (inset of Fig. 5b). Moreover, a
pronounced difference between biomass gain in tobacco and tomato was observed with
respect to the diel cycle of fresh weight development: Tomato plants increased their fresh
weight almost permanently, with only small diurnal net losses of fresh weight, while
tobacco plants experienced an enormous loss of fresh weight each day (Figs. Sc, d):
Tomato plants lost roughly 9% of their maximal nocturnal fresh weight during the
following day, while tobacco plants in average lost 40% each day. These findings are in
accordance with the results from the gas exchange measurements, where the transpiration

rate of tobacco plants exceeded that of tomato plants strongly.
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Figure 5: Non-invasive determination of plant biomass (Fresh weight) using microwave resonators.
Continuous measurement of plant biomass a) of tomato and b) of tobacco plants under low and high UV -
B radiation over several days with an enlargement of the last two days of measurement. c) Diurnal water
loss in % of tomato plants and d) diurnal water loss of tobacco plants under different UV-B conditions
(n=3).
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Discussion

Greenhouse experiment

Plants investigated in the greenhouses showed species specific UV-B responses in
biomass and leaf area development. Confirming the overall conclusions of Caldwell et al.
(1998) the response of plant species to UV-B can differ strongly, sometimes even
between varieties. In our experiments, horticultural plants, such as tomato, two salad
varieties and broccoli, reduced their biomass and leaf area when exposed to elevated UV-
B radiation, while tobacco did not. A lot of earlier studies reported in literature have been
conducted using additional UV-B light sources in greenhouse conditions or in growth
chambers. The relation between UV-B and PAR is not recorded in a lot of studies, and if
reported, it is not always mimicking field conditions, to which plants have evolved.
Hence, UV-B effects can be overestimated and cannot always be transferred from lab to
field conditions (Krizek 2004). Lower intensities of PAR reduce the defence capacity of
plants against detrimental UV-B-effects (Paul and Gwynn-Jones 2003), which can affect
the final results of such studies strongly. Yet, the ratio between the intensity of PAR and
UV-B radiation is not only deviating from field situations in such studies, but also in
horticultural practice. There, typically cladding materials are used that exclude or reduce
UV-B radiation to a stronger extent than PAR, which can result in lower yield and crop
quality (Paul et al. 2005). Both experimental situations provide pitfalls that were avoided
in this study by the selection of a special cladding material. The selected foil with its high
transmission in the UV-B range allowed to work without an additional source of UV-B
radiation, thereby making sure that two appropriate species were selected from the
greenhouse experiment, for which more detailed investigations were conducted in

exposure chambers with nearly natural PAR and UV-B ratio.

Exposure chamber experiment

Growth and Biomass development

The diel growth pattern of dicot plants is very dynamic, is clearly connected to the
circadian clock (Dodd et al. 2005) and it has probably evolved in the context of plant
adaptation to prevailing diel fluctuations of multiple environmental factors such as
temperature and light (radiation) regime (Walter et al. 2009). As sessile organisms plant
cannot escape and have to withstand a wide range of environmental fluctuations. While in

several studies, leaf expansion is used as a best proxy for plant biomass accumulation, we
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decided to analyse the diel evolution of fresh weight using a novel device based on
microwave resonance principles (Menzel et al. 2009). Leaf expansion, fresh weight and
dry weight, respectively, can all be considered as proxies for the increase of plant
biomass, with specific advantages and disadvantages associated with all three parameters.
In horticultural plants, such as tomato, the water status is an important indicator for plant
development and fruit quality and it is analysed by various groups in multiple ways (Van
Ieperen and Madery 1994, De Swaef and Steppe 2010). In this study it was shown that
the diel water status fluctuations of tomato and tobacco plants differ enormously. This
fluctuation exceeds any potential effect of UV-B radiation on biomass gain strongly (Fig.
5) and it indicates that transient water stresses in plants such as tobacco might play a far
more prominent role for decreasing plant growth potential compared to plants such as
tomato, which show much smaller fluctuations of water status and biomass. The latter
plants might be more susceptible to an additional stress such as high — but not ‘unnatural’

UV-B exposure.

Gas exchange

The results of the gas exchange analyses confirm this view: Transpiration and
assimilation are somewhat reduced in both species when exposed to high UV-B. Yet, in
tobacco, nocturnal respiration differences might compensate for diurnal differences in
assimilation, thereby leading to comparable biomasses in both treatments. In contrast to
this, tomato seems to assimilate more efficiently at low UV-B and seems to allow for
higher transpiration rates at low UV-B, compared to high UV-B, respectively. Overall,
the gas exchange differences between treatments are small, confirming the conclusions of
several authors (Banes et al. 1990, Jansen 2002, Gitz & Liu-Gitz 2003) that low UV-B
radiation levels do not markedly affect photosynthesis and transpiration, but are mainly
inducing photomorphogenic responses. However, the differences in leaf area and biomass
development detected in the greenhouse experiment and confirming the puzzling and
variable response of various species towards elevated UV-B exposure, need to be
substantiated by associated differences in carbon assimilation and diel biomass evolution
when treatments are compared for different species, which was successfully achieved

here.
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Conclusion

We conclude, that even at the moderate level of UV-B irradiation applied here, tomato
biomass gain was limited by assimilation of carbohydrates, while tobacco biomass gain
was rather limited by water supply. This trade-off between water- and carbohydrate-
limitation of growth would explain why species differing for example in water use
efficiency show differing reponses towards elevated UV-B. Moreover, it would explain
why the degree to which UV-B radiation can affect growth depends strongly on
environmental conditions: When water supply is severely limited, also plants such as
tomato will in general reduce growth and differences in response to UV-B radiation will
disappear. This is confirmed by field studies with limited water access in soybean
(Teramura & Sullivan 1994).

Overall, carbon metabolism and water status interact in a complex way and the trade-off
between water- and carbon-limited growth differs between species. Model assumptions,
how alterations of environmental factors affect plant growth need to take this balance into
account, demanding for an improved basis of our physiological understanding of plant

growth.
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Abstract. Stress caused by environmental factors evolies dynamic changss i plant phenotypes. In this study, we
Mmﬁm&hmdmmmmummmm.m
approach which combines cxisting imagmg technologies (GROWSCREEN FLUORO). Three different abiotic stress
mmmﬂbﬂnﬂdﬂmmhhﬁuﬁddﬁmﬂ»dﬁhﬂuhhﬂme&tﬁuhﬂmﬂ}mﬁ
12) chlormphyll-fluorescence., or (1) both of these sspects of the phenotype. In 3 drought stress experiment with mone than
300 plants, polyl ADP-ribosc) polymense (PARP) deficient lincs of Aradddogrin thaliona (L) Hovah showed incressed
relative growth rates (RGR) compared with C24 wild-type planss. In chilling stress, growth of PARP and C24 lines
decreased mpidly, followed by a doorease im FJ/F,,. Here, PARP-planis showed 8 more pronounced decrease of FUF,
than C24, which can be iterpreted as a more cificient strategy for survival in mild chillmg stress. Finally, the reaction of
Nivoriong tahacum 1. 10 shered spectml composition of the mtercepted light was mositored 35 an cxample of 3 moderate
stress situation that affects chiomophy ii-flucrescenoe relsted, bt not growth-related parameters. The examples mvestizmted
in this study show the capacity for improved plant phenotyping hased on an sutonated and simulaneous evaliation of
growth and photosynthesis ot high throughpat

Addifional keywords: chilling stress. droughi, dynamic processes, mage processing, NMeolima febacum, PARP,

phenomics.

Introduction

Plant phenotypes imtegrate penomic featunes of a plant with
envimonmentsl fBotors scting on the plont |Sultan 20001 As
internal  plant features and extermal factons Muctuale with
chamctertic  dynamics. the sclection of n  approprisie
tempon resolution & crucial for a meanimz ful amalysis of plant
Mpedhehwm[w-haﬂﬂ 20wy, Leafl growth and
ﬂmmdhphuphnﬂwpt

Growth and interact with cach other on
different semporal and organisational kevels (Schure of al. 2006).
Drought i the most scvere abiotic stress factor roducing
ghobal crop vickds (Bover 19821 It s medialed via osmmotic
changes, mggenng a signal mansducnon nctwork in the plans
cells (Knight and Knight 2000; Zha 2002; Scki o ol 2007).
These signalling pathways include calcium ions, protein kinase
cmscwdes, phospholipid signalling and the formanon of resctive
onygen species (ROS; Xiong of of 2002) Osmotic stress
signalling abso induces the production of abscisic acid (ABA)

which sctivates droughit-mducible genes via special imnscorpton
factors (Scki ef al 20071 As well as their signalling function,
ROS are i o plant cells, and act by oxidising onganic
molecules, membranes and nucleic acids, which can kead 10
cell death (Noctor amd Fover 199K; Mimler 2006) ROS-
induced DMA damage activates pelyil ADP-nbosc) polymense
(PARP) (Berglund 1994; Kim o ol 2005} PARP & 3 nucle
enryme catalvsing ADP-nbosylation of osclf mnd of moclor
pobvmerase (Scovassi of al 1986 Lepinies o ol 1995)
Morcover, PARP & mvolved in DNA synthesis and ropair
(Satoh e al 19904; Schicber o al J006)L Stress-induced
PARP activity consumes cnergy by diminshing  celhlar
concenirations of NAD" and ATP (Roegvaun o ol 2003}
Recemily, it was reponted that silencing of PARP-gones
in wamspenic Arabidapyis thaliana (L) Heyoh ond Bravica
mapis L. plants enbancs tolemance o abiotic stiess {De Block
erad 2003; Vanderswwera eral. 2007). Tolerance of these PARP-
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deficient plants 10 abiofic stress was assigned 10 enhanced
energy homeostisis. Lower encrgy © afler abiotic
stress, and lower fregquency of cell death were found in those
strens tolerant plants. In addinon, changes in siress signalling
and  ABA  Jevels occumed  in PARP<deficlent  plants
(Vanderavwera or al, 2007).

Several other abiotic stiess {actors, such s salinity, cold
stress, ogone exposiite and suboptimal light regimes, also
offect plani pedformunce wnd crop vield  Pland broeding
approaches often take growth and phitosynthesis analyses into
account when assessing ablotic stress tolerance. Growth and
photosymthesis can be analysed non-destructively via imaging
micthods, which is o necowary preroquisite for sensitive
mmabvses of thetr dynamic reschions wwands alicrations of
environmental parameters.  Therefore, the development of
rapid and robust methods o detoct stress tolermnce in realistic
environmentil scenanios (Granier of af. 2006; Monies of al. 2007,
Walter of al 2007; Rajendran of ol 2009) is of increising
importance for baxic science and breeding for stress-tolemnt
plonts alike (Mittler 2006). Increased process understanding
will be guined only il the development of improved methods
is supporied by refined concepts to interpret the bivlogical
dota. Moreover, it i desirable to impose relatively mild
imwiead of extreme stress trestments in the experiments as
these mre more relevant for feld-related guestions,

Mon-destructive growth analyses hove bocome possible
with the advance of imaging-hased technologies throughout
the lant decade (Letster of af. 1999, Granier of ol 2006; Waher
of al. 2007, Rajendmun of af 2009). Analysts of chlorophyll
fluorescence imoging has become a widely used tool 10
chamacterise  the respotse  of  photosynihesin 1 differem
environmental factoes (Osmond ef af, 1998, Chuerde and Van
Der Strncten 2000; Baker and Rosengvis 2004; Raker 2008,
Wost et al, 2008), 1t s also used to screen for mutiants, which are
aliered e in non-photochemical quenching (Nivogl of of
199%) or i acclimation to hght environment (Wallers er af.
20001, Yet, combined approaches o monitor growth and
photosynthesis-related  parameters ol the same lime and in
meaningful eovironmental scenarios are still mre but ugently
needed. Sclection of promising lines could be accclermed
enormaously via non-mvasive chamcterisation of the dynamic
respomise of plamts to allered environmental condithons,

Hemoe, the aim of this study was 0 combine amd apply
enisting technologies of chlorophyll fuorescence  imaging
pnd of automated plant growth analysis 1o a tool for amaging-
basod plant phenotyping. Using this platform, which allows
sutomatic analysin of moughly 60 plantsh ' (GROWSCREEN
FLUORD; Fig. 1), we tested the hypothesis that PARP-
deficient lines show o better performance than wild-type
plants, even wider mild drought stress conditions; and we
aimed for an eviluation of the use of this technalogy for ather
stress conditions and other plant material,

Materials and methods

Flant cultivation

Plants of Arobidopsis thafione (L) Heynh ecotype C24,
and transgemc plants overexpressmg on KNA-mter{eronce
PARPL (PARPI-planis) or PARPY (PARP2-plants) construet,

respectively, (De Block of al 2005) were grown under
vontrodled conditions at 22/18°C, 170 umolm ~ s * PAR, and &
B0 b day night regime. Adter cotyledon unfolding, single plants
wiere tramsfermed (pricked out) o pots Glled with a mixture ol
potting soil and sand [67% (v)] poming soll (De Ceaster
Mestsioffen SANY, Grobbendonk, Belgium: 3% (v) sand
(quarts, grain siee 0.7-1 4mm, Rheinische BaustofTwerke,
Woillerswist, Cermanyi]. Thiny pots (7 =7 x Bom)  wene
wrranged on o tray and were walcred thoroughly immediaiely
after pricking o of the plants. Aflerwards, water wis withheld
until ol plust trays had los 20% of the weight they had ar the
time plants were pricked out. The time until this pofnt wis
reached varied between experiments: il took 1-2 wecks afier
pricking out the plants. Weight Joss was checked dmly by putting
the entire plant tray an o balance wherely tray, pots and the
water-drenchied soil constituted the bulk of the weight (=10kg)
and the plants thermselves imuximally 10 g: hence, Jess than 1%
of the total weight) acoowted only Tior o marginal contribution,
When the trays reached 20% weight loss, control plants wers
walered regularly 1o keep this level of soil water content by
replacing any further weight loss with equal amounts of witer,
whereas plamts desipnated fir drought stress did not receive
further imigation. Cold stress was applied by pln:in} the pots
in a cooled growth chamber (3°C, B0-100umolm = ' PAR;
/16 b day might regimie).

Nivogiana tabacsn L, ov. Samsun was caliivated in o samd-
soil-minture (as above) oo climate-controlled  greenhouse
(24-25/16-18°C, 168 h day/mighth. Drought and cold stress
wiere applied in the sime mannes as for 4, thaliana plants.

For the UV-1 experimend, V. dabacum plants were cultivaied
i woil (ED73, Einheitserde, Balster Einbeitserdewerk,
Frindenberg, Germany) for 1 weeks in two  differen
preenhouses, One was covered by floar gluss
(CENTROSOLAR GLAS GmbH and Co. KG, Fiirth,
Cermany) with low  transparency  for  ubiraviolet (UV)-B
mdigtion (6% tmnsmittince i the  wavelengih  mnge
20315 mm ) and the other was ¢overed with ETFE fail ( Asal
Ciliss Cireen-Tech Co. Lid, Chiyoda-ku, Japan) with high
tronsparency for UV-D mdintion (68% transmittance), The
transmimances for PAR and UV-A were m 95-97% for both
glass mutenals. Therefore, the only difference m both plant
repulations was the quantity of LI'V-1 mdistion,

Hardhwiare setup

Measrement  images  wore  taken  ustng 8 chlorophyll
fhuorescence imaging svstem (Imaging-PAM M-Serics, Maxi
vorsion, Heine Wale GmbH). This consists of o black-and-
white charge-coupled device (CCD) comern (Dolphin F-1450,
Allied Visdon Technologies Gmbl, Sundioda, Genmany ) with &
progressivie sean CCD-sensor (Sony Corporateon, 1392 = 1040
pinel physically with d-pixel-hinning, resltiig in G40 = 480
pixnel final resolution), & 12.5mm Comount objective lens
i Pentax, Humibaerg, Germany ), anda 300 W LED-array with pulse-
mosdulated excitation, serinic and saturation palse light. Highly
hemogeneous illumination (muximal deviation = 7% from mean
vanlue) i achieved af o working distance of 185 mm resulting in
am imaged area of approx. 78 = 104 em A conic, black, metal
shading hood of 185-mm height was fitted 10 the LED-array
in order to wvoid illumination of neighbourmg plants (Fig. 1).
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wre scguired ol esch mdiyvahesl plost sl are evabusied for (6) eotald progected Leal area (4, white inscis)

sl () pestewiial quesstuam youkl of IPSIOF, P

A diaplboement stage (Pico-Mmi, Laser 2000 GmbH,
Minchen, Ceermany ) allowed hiting and lowenng the ST T
syaem i s-drechion. Three lmat swilches emured that the
stage stoppod when the shading hood b the ground. In all
cxporumciils pols wore [‘-|_L|.'1.| such thatl the hisodd 1ouiched the
plastic of the pots. Plants wore pottod such that thelr average
beght posson was approxmmatcly at the op adpss of the pots
Thia resulied m an aVCTuge working dntance of 183 = 1mm
(rwpacal vanabon ), where the mam sanations come from diffevent
keal hewghts and small vanabons mosl fill kevel. Each pol
corresponded 1o a leal arca of (L0266 mm” <M

Thc lifiable mmaging syutom was drven to preset - y-posstions
via two limear dnq\l_n:cllh'nl sliges P Nlimi, Laser 00
CimbH b thal were mownied 1o a solad metal stand (X935, Lmos
Photonecs, Geiatingen, Cremmany |

et -Cundanld aracts

SHTW AN VI el
Posstioming of the imaging sysiom, measurcment protooo] and
dats snalysis were sulomated via 4 databsse-dnven  cliemt
server apphcation writhen i T . Python, SOL and MS
Vsl Basic simialar as the one desonbed i mone deta] by
Biskup o al. (2009). The server syslem comsisded of two
compuiers: a datshase server running Suse Linux 10.2 and a
computer running Windows NP (Micrsoft  Corporstion,
Rodmond, WA, USA) wed s file sonver and for image
acquisition, They were interoonnectod by Crigabat cilsormst

The database (MySOL. MYSOL AB, Uppsala, Swoden)
sdorod wscr-defined and syslem-deponding paramcten, current
YRS slale, p:lh\. o thie Lqul!n,l Lea ¥ T e, anad muitowmatecall -
caloulated results. Paramecters for posioning, imaging and data

analyss as well @ svslem stale schedule were wer definad via a
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multiuser GUI igraphical user interface) clont soffware mmning
on any computer connected fo the server via intranet.

On the database server two Python programs periodically
checkind the databuse for systom stale changes. The first one
checked for positioning and Imaging cvents and  executed
them. For imaging, communication with the chlorophyll
fluorescence  imaging system was done via Imaging Win
(version 2126, Heine Wake GmbH) runming on the Windows
computer. Imaging Win was controlled via o M5 Visual Basic
script triggenad from the first progrvms on the Linux machine.
Using Imaging Win ensurcd operation of the measurement
system os intended by the manuficturer, Settings of the
chlorophyll fluofescence  imaging  system  were  oplimiscd
for the plants scconfing 1o the recommendations of the
manufscturer. In sddition, the client allows flesible setting of
the fluorescence measarement protocol, where durstion of dark
ndaptation, actinic light imensity, timing and frequency of
repetition of dark and light mensurements are specified for the
muﬂednppﬂ-cnlm

Measurermenl proto ol

Trays of up to 30 plants were placed

GROWSCREEN FLUORO system for image

were removed tguin immedintely thereafter Fﬂrm-nh

Fo/Fq, plants were dark-adapied for ot leust 30 min; the last
i,

of five steps: (i) camera positioning, (i) image scquisition;
(1) bmage sepmentation for growth analysis, (iv) caboulating
morphologicul parwmeters and parameters rebated 1o chlorophyll
fuorescence from single images: and (v) calculating RGR from
COMBECLIIVE iMages.

Camera positioning was realised by moving the detection
heail (consisting of the camera, ilhamination and shading hood;
Fig. 1) via the v- and v-displocement stages to cach predefined
position. The detection head was then lowered by |50 mm until
the working distance of 1 85 mm between pol surfice and camera
was reached. Then, the shading hood enclosed the brim of the
pat completely, therehy preventing the hyght pulses from affecting
neighbouring plants. When the detection head had reached its
final position, Fy; and F, ( for passmeter definition see Mawwell
wnd Bohnson 2000; Scheeiber 2004) were scquired using the
standurd  protocol of the chlorophyll Huorescence Imaging
systemm (saturation palse intensity setting: 107 duration: 0.8 ),
Colour-coded images of FF,, can be scaled on demand using
a muinbow lookup able (Fig. 1) which allows 4 more detailed
visual depiction of differcnces. gradients and heterogeneitics
n FF, compared with the colour-code depiction options of
ihe munulacturer. For analysis of effective quantum yield of
PSI iquantum viekd: for parameter defininon see Genty of af
1989) and non-photochemical quenching (NPGY, for parameter
defintion wee Maxwell and Johnson 20000, the shading hood

wis nemoved amd  an oambient  light  infensity  of
0pmol PARm 78 was roalised via HPET plus 400 W
(Philips, Kiln, Germany) lamps. When image acquisition wis
fimished, the detection head wis mised aguin and was driven
tor the next position. For F/F,,, the analysis of cach individual
plant needed 40 s, whereas tmin were needed per plant for the
analysis of quantum vield and NPQ.

Image sepmentation for growth analysis wis performed via
a global threshold segmentstion of the £, mages. Valoes
above 30 were defined s ‘object” (leaf material); below 50
a5 ‘beckground’. App nnukuhndhrmhplyu?lh
number of object pixels by 00266 mm’. RGR (% day ") was
calculated from consecutive images of the smgle plaits by
RGE = 100 = 11 = Inf A4, ) with ¢ inchcating the time between
the acquisitions of A; and A4,

Finally, the morphological parameters: (1) beal’ numbser;
(h) surfice coverage, and (1) stockiness were caboulated. Leal
number was defermined by counting leafl contre points. Leaf
contre points wene caleulated s local maxima of a distance map
containing distances between each obyoct pinel and the nearest
hackground pixel, using the open source lhibrary VIGRA
(Computer Vision Library, University Hamburg. Germany)
Artefact maxima on petioles were suppressod via o threshoki
on the local distance. It was possible o count all unocchuded
leaves of the rosetie. Surfee coverage equals the mtio between
the convex hull and App of cach plant. The convex hull was
calculated using the function cvConvexHull2 of the open
source library OpenCV (Intel) which i based on the Sklansky
algorithm, This algonthm detects the shortest line around o
given object. Surface coverage illustrates the compoctness of a
rosette. Stockiness ks another mensure fir the compactness,
which considers leafl shape to o larger extent than surface
coverage as il relabes Apy to the lengih of the borderdine L of
thhe entire leaf nosete (the length of the outline), snd, hence, also
o structures maide the conves hull. Swckiness equals the
riti between dfidy and L7, e 4 cwcular object has a
stockiness of 1. For cxample, when two planis with the same
total leafl area and similar leal shape but difforing petiole longths
are compared, the rosette with shor petioles will render a higher
surface covernge and o higher stockiness. When, as another
exmmple, two plants with the same total leal arei and the same
mmmmutmﬂmummmm

wotild be the seme but the plant with more
mﬂehhlwcmldhwnhu}mmﬂmmhphu
with mone mcised or fracthonated leaf shape.

Statistical analysis
Treatment effects were snalysed using one way ANOVA or
f-test [SigmaStat, Systat Software Inc., Richmaond, CA, USA), as
specified in the text. Where indicated, posr-hoc comparisons of
freatmient ¢ffiects were performed within cach group using the
Tukey adjustiment.

Results
Calibsratron of growth analysis

To evaluate the precison of chiorophyll fuorescence based

plant mmages acquined with a state of the ant chlorophyll
Muorescence imaging machine (Imaging-FAM M-Series, Maxi
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version, Honz Walz GmbH), leaf arca snalysis was calibmsed
agamst an custing technology, Total projected leall arca (dpp)
of 340 plants from different developmental stages of 4. thaliong
and of 220 plants of N mbocem was amalysed from the
fluorescence images capiured with GROWSCREEN FLUOROD
(Fig. 21 The same plamis were analvsad somse minutes kiter
with o sutomated device measuring Apy from coloar images
of plants ilhuminated with white hght (GROWSCREEN; Walter
ef @l J00T). When the data pairs from the two instruments
wore  compured,  fimear comelations  were ohtsined  with
corclation  cocfficeents of =092 for 4 thalions and
=099 for N tobacum, fespectively. Deviation of the
mmﬁmﬁlmmmmummmm
different procedurss  porformed by the two
mstruments. To determme Ay, GROWSCREEN FLUORO
ke each pingl mto account, which exceods a cenain
fluorescence threshold. Nearly the entire leafl matenial of all
plants s covered by this procedure (compare F./F, mases
in Fig. 1), bt a5 some pinels may nol exceed the threshold
value, dpy has 2 tendency to be smaller than the rue projected
leaf anca. GROWSCREEN m tum scparstes keafl area from the
backpround via a colour-dependent sepmentation procedure
Due o difforont colours of leafl blade, veins and tnichomes that
lead 1o a higher number of “anefact prucls”, # s nocessary to fill m
gaps that are smaller than a certin threshold area. Ths n tum
can fead 0 an emoncous detection of background s leaf
musterinl. when leaf blades ond petinles soround 3 small spot
of background (compare the situation m Fig. |, where these
‘mclusions’ are nol assigned o Apr). Such erroncous inclusions
mcrease Apr and they ooor more often m 4. dhafions than n
N pesharum due 1o the leaf shape and rosetie stractune of the plants.
However, they do not affec the hincarity of the it Iimex. Growth
compansons between trestments wore mainly done on the
basis of RGR which » directly finked 3o the mortase of dpy.
Therefore, the deviahon of the morease ol the fit lines from unity
iFig- 2) does mot affect result interprotation. Generally, we
note that frm: certan developmental stages on younger leaves
can overlap with older ones amd the projeciad leall anca (dpy)
5 less than the ioiml leaf srea Despiic some overlap, dpr
comrciaies slmost linearly with the plant biomess. in the mnge
of planit sizes investigated in this study (Leister er af. 1999

u'n']

Walter er ol 2007). To daic, # has not beem possible to
amalyse plant dry weight nos-mvasively, so leaf arca and the
mcrease of keal anca relative 1o the stndimg kealarea, which iz a
RGH, is the best proxy available 1o quantify plant growth non-
destrsctively and with high throushpet.

Dvoughi stress iolerance of PARP lines of A_ thaliana

As a fGrst apphcation of combined amalysss of growth
and chlorophyll fleomescence, a sonics of drought stress
oxpenments was perfomcd. In these, drowpht stress was not
intended to be close to lethality for the imvestigated plants. To
reduce complexaty, only one of six rephcate drosghl siness
experiments is reporied in detail bolow;, key results of the
rephicate expermments are displayed whore approprate. Growth
of Apy and the potential guantum vickd of PST photochenistry
(F/F.. Butler 1978 Schrober 200H) were analysed
A rthaliona with decreased pobvi ADP-nbose) polymemse-
levels (PARP-lines) in the associated wild-type C24 iFig. 3)
Mwmmmmmmhmm
stopped prowing. In the expenment depacted in Fig 3, plants
were pricked 16 days afier sowing (AS)L and drought stressed
planis were not watered any more from then on. Growth came
w0 a halt 29 days AS, and in the other rephicale expenments
RGR decreased o zero between 25 and 42 days AS. When
RGR reached zero, plats did not show sy signs of wilting
of nexrss. In prelmmmany cxpenments,  profonged  drought
induced leaf rolling in all populstions, which in tum led to
‘negative” RGRs 15 dpy decreased . Plants wore still ahic to
recover completely spon rewalermg I these T
expermments. Approvimately | week after RGR dechmed 10
zero, the majonty of plants were not ahle 10 recover from
droushi siress any mone.

Between 20and 25 days AS, 4 p; was similar in all populations
iFig. Ja). At 26 davs AS, the growth curves of well watered
and drought stressed plants stwried o diverze. From day 27
o day 29, these differcnos increased,. leading 10 sigmficanthy
smaller feafl sizes of drought stressed planis compared with
wdl watered plants (P<0.001, ~est, for C24 and FP<0,001,
r-iest, for PARP2. respectively ). At day 39, planis were re-watened

® [ y=osssrs
| A=p@im

g 0K

Ay (GROWSCREEN FLUO
= w & B

5 0 i5

M 25 W B El LU

Agy (GROWSCREEN, cm®)

Fig. L Calibration of el ahe defectum of GROWSCREEN FLUORD. Totd prosectad keaf srea
ey} of drodudypas thodamng anad Naoooong sebusse plams g differest stapss of development wess

suseed vuge i driferen s eckmguees
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and they recoverad fully thercafler (data nol shown). RGR
time courses of the well watered plants of both genotypes
showed oscillanons and a wndency w decrease with tme
(Fig 3b) The drought stresad plants showed 5 strong
decrease of RGR from day 24 on (Fig. 351 In drought stress
conditions, the decresse of RGR was more prosounced for
C24 than for PARPY. The deciease of RGR lad w0 the
definmon of an “cvalmbon penod” of twor measurcoment
mtervals before ROR decremad 4o rovo (days 25-28) that was
wiod 10 calculate dertved parsmetons caplained helow,

RGR of the well watered PARPY (14.8% day ') plasts was
lower that that of the C24 (183% day ') plants during
the evaluanon penod (Fig. 3¢) Drought sressed PARF2
plants had an enhanced RGR (9.2% day ') compared with
the sressed C24 plants (72% day ') “Relative growth
performances” of drocght sressed  plants were  cakoulated
fimally by taking the rstio of the RGRs of drought stressed and
well watcred plants: RGRpe RGRww: (Fig 3d) This ratio
relates RGR determined during droughi stiess o RGR reached
ot this developmental stage by well waterod plants exposed 10

e same set of oavironmenial conditions as the droughi
C24 plants showed a relative growth performance of 39.4%,
whereas PARP2-plants reached o significantly higher selative
growth perfomunce of 62.3% (7= 0,001, i)

When all six replicate experiments were taken o accounl,
PARFI and PARP2 showed significantly enhanced relative
growth porformance compared with C24 dunng the evaluation
period (F=000014; ANOVA; Tukey test; Fig. 4). Note well thar
in cach rmeplicale experiment, 15 individual plants were
aulomatically evalusted and the relative growth performance
wis calculaed as the miko of the mean valoe of two
populations. This means that for cach of the three plant lines,
W well watered and 90 drought stresed plants were taken into
account (in total 540 plants)

Potential  quantum  yield  (FUFL)  was  determined
automatically for cach individual plant after o dark adaptation
of al keast 30min by calkculating the avenage F/F, for the
entire ractte (compare Fig. 1) FJF,, moreased slightly in all
populations. dunng the experment (Fig. 3e). During the
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aluation  penod,  drought stircssed  C24 plants  showed
WI} higher values comparcd with well watered C24
plants in this cxpernment (P=0021, ~test), whorees the
difference betwoen drought stresacd and well watered PARPZ
plants was ol significant

When all replicate expersments were taken into account,
FF reached values between 0,75 and 0,76 i well walered
plants of all genotypes durmg the evalustion penod (Fig. 5)
Drought stressed €24, PARPL, and PARP2 plants showed
FJ/Fe valies hatween 077 amnd 078 dunng the cvalustion
period. However, differcnces. were significant nevther between
penotypes (= 0.854) nor between well watered and drought
strcssed plants (= 0258 ANOVA)

Withm the populabions. difforences between  mdrvaduals
wore somall o Fig 1 fir a typical populstion of 1wo
developmental stages). The average FF, of the o most
extreme individuals ofien differed no more than the valucs @
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meatmun @ cach oporument], mesn valees  f A, Do agnificen
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ANDVA)Y
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the base amd the tip of an mdividual leal (soe enlanpoments
in Fig. 1) Individual lesves of an inermodiate developinenial
stage (nol the youngest and nof the oldest leaves curmently
present ot & given plant) often showed clear hase-tip gradients
of FJF, Bocause of these developmental gradicals and
bocause the entire wactle arca wis aken into account, FJF,
values reponied here did not achicve the theoretical maximum
of 0LEL.

To gt an extimate of the remaining water m the pols relative
to the ital soil-drenching upon pricking out the plants, the
pl-containing  travs wore weighed repularty. Horeby, the
incrcase of weight of the plants was negligible, as the plam
Biomass made up lo than 1% of the total weight of the tray.
Weaght lows of the tray was related o water cvaporation and
transpiration and could be taken as an indicstor for decreasing
water content in the soil, ar - from the view of the plam -
mecrcasng drought. Rolastions between drought tolorance and
soil wader conbent were oblained by plotting relatrve growith
porfommance agmns relative weight loss of plant cultivation
trays (Fig. 6} The growth performance is the ratio of the
growth rate of the droaght stressexd plants 10 the growth nee of
well waterod plants &t the same age. As long o relstive weight
loss bl modt exceed =2T% of the mitial mass of the culitvation
tray, all genotypes showed a relative growth performance of
almost 100% Relative weight bess of more than 27% was
corrclated with a decrcase i relatroe growth performance. Al
werght bosses of 27% and more, data points of C24-plants (black
cirches in Fig. &) clustered at fow growth performances. Data
points of PARP2 (white tnanghes in Fig. &) chstered ot higher
performances and those of PARPL (hlack squares n Fig. &) lay
in between. This distibution indicates that lowest nelutive
growth performances were obtained for C24 plants, while
PARPI and PARP? plants showed higher relative growth
perfirmiances when ihe soil water content was reduced

T30 12 M 10 18 20 72 24 26 28 30 32 34 38 2
L —

Fig. & Relane prowih porfimmence of divught srcosed drabadom
shaafloma 2 iblmh ciclmi, PARF] (pey squares). and PARFT (whike
mamghes) m oscleten b0 pelalvy wonpht hoe of pla oultivethon ey
Wt boss was Wlom b monaon the ks drmogrhe dee o waker s
by vmp il Armrep i = & enedepeonhont experimonts i |  plants
por trcatsienl in cach oo i mwan values e
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In addmon o differences n performance of growth and
photosynithesis, some mormphological pammeters chamcensing
the shape of the msette were analysed (Fig. 7). Three parameters
cibculited from the images were (1) the number of leaves per
plant, {n} surface coverge ( leaf-covered area inside the comves
hull of the plant b, and () stockiness (nito of leal area (o the
square of rosetie outhine)

In drought stressed plants, there was o reduced numbser of
lenves por plant, an increase of surface coverage and an merease
of stockiness;, mdicating reduced petiole length. In the well
wirlered state, C24, PARPL, and PARP2 had similar numbers
of lesves per plant, whereas under drought stress, PARPZ
tended to have more leaves than the other genotypes: however,
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this effect was not significant (ANOVA, P=0448) Surface
coverage was wdentical for well watered  plants of  all
genotypes. In droughi siress, both PARPL and PARP2 tended
i have enhanced comparod  with 24 (ANDVA
F=0.220) The stockiness of PARPZ plants was higher than
that of PARPI and C24 i both well witered and droughi
stressed populations (ANOYA, F<00050), mdscating shght
differences in leaf shape

walucs

Dwvnamic reaction of C24 and PARPT In chilling striss

As PARP-lincs were reporied o perform better than wild type
plants under a wide range of stress conditions (high Fghi,
drought, and beat), their perfonmance was also fested in g
second stress sifuation thut acts on o different lemporal scalbe
:|r||| I||ial ok ol 1\"\!\1' hl'li:nl:l -'|.|1]'n|:_|._|;h ||||~||;.__'|'|I sliess ||ru_'|n|1-\.
gradually in the held, chillmg stress can start abruptly. When U724
] PARP] planis were transferred 10 5°C, RGR decreased io
almeost zero mmmediately, and FF,, decreased more gradunlly
(Fig, &), For RGR, no pronounced differences between the two
e |1|~|'\.|I-L"- were oblained, F, nr"". decreased faster in PARPI
compared with C24. Although af day 18, PARP] alrcady
showed values around 0.70 which remamed on this level
throughout the next 5 davs, FF, of C24 chillmg-treated
plants was compurable to that of control plants and onby
72 uritil day 23

decrensed 1o 0

Stress detection in N tabacum

e resction of growth and chlorophyll luorcscence 1w different
.Ihililrll. SLreas SILEDONS Wis |||'\-A.| cv ||||htll.".= |-|.'\| "u I'n'll'\n': e Ill
drought stress, n simlar pattern as A ligna emerped
although leaf growth of drought stressed wald-type plants
derrcased some davs after water was withheld, FOF. miber
increased without deviating markedly from the values of well
o satid lar reachion patiem

watered FI |r||-‘|'i'|l__' L] I=|.-L'||||||||_|; sligs
ns 111 A, thalicra was observed: leaf growth declimed rapidiy toa
constant RGR close to zero, whereas FJF, showed a gradual,
almwst lincar decline i siressed [~|.|1II-\.

For A, tabacwm, a third tvpe of stress was applicd throughout
culivaied under

greenhouse  cladding  were

I|'n: I,I:'I-IIIE_'.\,'II:-' il 11|;|,u.|n.
ultrmvialet (LW )-B-transparent
compared with plants grown under o standard  greenhouse
-.|.J||;:|II|_\|_'__ which is almost opague to Uv-H ||11||r Herg, in
contrast o the situwstions m drought and chilling stress, grvwth
did mot differ significantly between the two  populations
{Fig, 10a}). Mareover, after & dark adoaptation of 30 nun, F/OF,
showed no sigmficant differences  between plants grown ot
v jumd |'|=|-_;||| VB immsmittance {(first data ol |'||_.'_ [iTa]
Yet, effcctive with the oensct of actimic light of 500 pwmaol m T,
plunts grown of lagh L'V -H exiubited a hogher AlFFm- {eflective
-.1||.1r||u|1| wield of PSIL) -:'|.~I|||'r.'|:a.'nF ity |'.| ifils Rk at I
UW-B. A smmilar and even more pronounced effect was foumd
for non-photochemical guenching | NP 1 NPO was significantly
incregsed by up o 30% in plants exposed w0 high UV-B

vogmyg  plmnks

compared with plonts grown al low levels {Fig, 10, P=1005,
Pl ) This .|r|.||_'. % ||..'|||-.-||-1s:|.|.'..| the .:|",1||. ability ol lh-;
device  for  automated chlorophyll-
flusrescence-relited parameters other than FOF,. Thus, ii
shows o third combinathon of repction patterns of growth amd

micasurcments ol
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photosynthesls) to growih reacthon, but b clear renction i
chlorophyll-Nuorescence-related paraméeters,

Discussion

Girowth and photosyrthesis were affectod differently by the
three stress sitwations investigoted in this study, Fist, drought
stress reduced siomatal aperture, not leading to photoinhibition,
i FUF, values remunined unalToctad, Cnly when very severe
drought stress was imposad, were chronie photosinhibition and
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quantyim yiekl of PRI (FFL The experiment was repeibes] with siomilas
rewuitn; o= 30 80 plunis per trgakovens; mepn values & o

wn elfect of FJF evoked (Baker and Rosengvist 2004 ), When
this was detected, leaves wiere often lethally damaged (Woo
ef af 2008), Growih (and erop yield) was alfected more
directly  nlready in situntions o maoderate drought siress,
Although this is w triviality that holds true for each field erop,
it s difficult 10 quantify the reduction in growth under typical
Iaboratory simtions and 10 s difficult o simualate the complex
syndrome of drought stress for model plants (Crnier o o,
200y, Here, it wias possible to laborite o very simple and

108



Fourth Publication

I igh U8B mdation
[ ] L L-B racissibon

tal

18 - | |

Ay lom®)

(b}
or dp—  Hign LY-B medinson

——  Low UNV-B madiabon

0.6

04 --_.'E: -G'#
0.3 .;E::$

.3

oz 5 #,f

iR _ﬂ"/

yiid

on T T T
(=]
S o
.26 '_? é-‘:’" ¢_§ )

g‘:ﬂﬁ'

010 i

0.08 . f/g
0.00 Jr S

o 50 1m0 BED #Kl 250 L 450

Tirma {8)

Flg, 0. Effeet of light quality on lel growth and chlsrophyll fuorescence
related parariweters in Micotiomd Snboeam. (0] Total peojected leaf ane (Apg)
ut the time of fluoresconce measurement. () Effective quimbum yeeld of
TSI dquanmum ey, (o) Nom-photochemical quenching (M) of plants
grovwnh bn preenbntses with LY - tunsmissible thigh UV-B mdiation | and
UV-H opagise (low UV-B rcdiation) cludding, respectively, o =910 plants;
mastn vilies £ g

H00 prmol m = !

Mexible droughi-stress profocol Tor tny plants of A thadiang and
to demonatrate the supenosty of PARP-hnes compared with C24
in this situation (Figs 3-6) Only via highly sensitive growth
analyses applied to o meaningful number of replicates, was it
possible o demonstrate the growth effect m oan automuted
and rapid way, Although she application of GROWSCREEN

FLUORD is restricted o rosette-like developmental stiges of
dicot species, it s important 1o cloborte such o technigue os a
firnd step bo joint analyses of growth and photosynibesis in crop
species, O the one hand, investigations of mutants, transgenic
approaches and of elfects of chemical additives in the model
species A praliong will elucidote principles helpful to improve
the performance of crop plasts, Cn the other hund, experiences
wiithered with this teclnology will lelp 1o devise misre powerfiil
solutions for stress deteetion and improved  breeding pre-
selection able 1o chameieris¢ growth and photosynihesis also
im upright, often distorted leaves of monocol crop species and
in more gomplex and self-occluded conopies of liter stages of
plant developament

Dyl slfross

The reaction mechonism aliered i PARP-deficient plam
lines prowades more energy (o the stressed plant on cost of 4
Tnigher risk of DN A-damage, In A fhaffang and 8, ey, it was
repored  tht ROS-amduced DNA-damage and  cell  deuth
increnses, although MAD" and ATP are increasingly available
i e prlaunit { De Block ef od, 20005 Vanderaswern ef e, 2007, This
wdvantage of PARP-deficient lines over wild-type lines was
elearly confirmed in our experinents by applying the flexible
concept of the growth-dependunt evaluation penod. Moreover,
the experiments clearly demonstruted o gradual and almos
linear resction of relative growth perfomuance to soil drying
(Fig. &)

The time-comrse of FOF, (Fig 3e) revealad that F/F-values
imcrewsed with plant wze but did not differ between lines,
conlinming thut FJ/F, s only affected by severe droughi
stress. Although young plants exclusively consist of immusture
leaves ghowmg low FAF, values, older plants represent 4
mixture of muture and imoture leaves, Older beaves, in tum,
have hagher £ -vilues than young leaves (OWalter o al 20045,
The observalion of slightly incressed FJF, i droughi
stressed  plants might comespond  to their reduced  growth,
which, in turn, leads to an carbier leal differentintion and 1o
o higher fraction of leaf material with £0F,, values typical for
full-grown leaves, This is underfined by the Ffuorescence
iiages of o plunt Wy ot iwo points in G and by the time
course of one of these plants (Fig. 1), Here, vounger plants show o
higher fraction of ‘green’ pixels (encoding for low FJF)
compared  with older plants, Within  individual  rosetbes,
youngest leaves In the centre of the rosetie typacully show
Ipwer values than older leaves; sometimes even within single
leaves clear grsdients mre apparent, It would excesd the seope off
this mnuscrpl W0 interpred and discuss these gradients 6
dotail bat the depiction of gradiems of FUF, oo lirge
number of plants o different developmental stages provides a
usetul analvtical tool n dsell, winch can be exploited in fture
studies,

Analysis of momphological parimeters revealed thit droughe
mot only decremsed plant size bat also the number of leaves per
phint (Fig. 7). In addivon, drought stressed plants showed a
somewhat more compisct growth habit than well watered onis,
which can be quantfied vin surface covernge and stockiness,
Incressed values of drought stressed  plants are related to
shorter leaves, 0 more stunted growth habit and o higher
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fraction of beal overlap. Agam, the possibility 1o quantify suich
differences between phenotypes provides o powerfiul toal for
fuuture analyses of  varcty of plants.

Chilling stress
Chilling stress affiects all plant processes in o very direct way
(Pearce 19993, and also decrouses £,/ F, (Oquist and Huner 20003,
Ehlert and Hincha 20085, On the background of & generally
reduced metabolism, # is expected that in chilling stress, an
immiodiate, harsh growth reaction was observed (Figs 8, 9) In
comtrast 1o the drought stress resction, £,/ F decreased following
the onset of stooss, but the reaction wins slower compared with the
growih reaction. Within one week, FF,, decreased by only
=] %, Monoover, FJ/F,, deoreased (aster m PARPI than in C24,
Thin indicates thit IROS-induced damage, which is ke prevenied
in PARPines companed with C24, can sct faster on the
photosynthetic machinery in PARP] compared with C24, At
the sume time, PARP 1-plants invest less encrgy than 24 plants o
avied detrimental effocts of stress. Therefiore, the energy “saved”
by PARP-plants might be used 1o metabolise storaps composnids
impontant for survival of the plamts i chilling stress would persist.
This situstson may be comparbie 1o sastained downregulation of
efficiency observed under low  temperatune
{Adams of af. 1995, Gilmore and Ball 2000),

UV lighr effect
Deletenous crop roactions induced by ingreased UV-H have
been discussed intenscly in the comtext of sratospheric osone
depletion. coming 1o the overall conglusion that crop yield, plant
growth and photosynthesis ane not markedly affocted by this
kind of stress (see reviews by Fiscus snd Hooker 1995; Allen
of ol 1998), Yet, increased UV-B mcreases the production of
various secondary metabolites such as flavonoids playing a
role agauinst UV -damage (Rosema of al. 1997). This, in lum, is
o desirable festure for  homicubuml  plants  cultivated in
groenhouses. There, cladding material & typically opague for
LUW-H, leading to less intenscly coloured plants and 1o vegetables
less  valusble metabolites  than  Beld-grown
plants, Henoe, plant resction was monitored here under an
illumination  almost  evempt  of UV-B,  simulpting  an
environmental scenario that should not lead 10 8 significant
decrease of growth, buf o an shercd way of dealing with the

mmnm«dml In this scenario, s
wirs |huwl'l

reduced ot low UV-H. Hence, the detected reactson patiorm
might be o valuable prowy for the production of secondary
metabolites such as anthocyamins, carmenoids and flavonoids,
which are known to dif¥er between plants cxposed o different
intensities of U'Y-B, Because of the time needod 1o adapt plants
1o light, snalyais of yvield and NPOQ in ah sistomsted manner
imes  mone  time plant and the throughput of
GROWSCREEN FLUORC s Jower compared with the
analysis of FJF, (10 v 6Oplantsh '), Nevenhcless, the
experiments clestly demonstrate the capability of the approach
o analyse sl more complex pammneters of chlorophyll
Nuorescence and W deteat  small  differences  between
populations by increasing the experimental throughput.

Methocodogical advances

The approach to analyse growth and chilorophyl-Meorescence-
related al the same time has been reslised before
(Barbagallo ef af 20033, but not in a way that allows plam
cultivation in i environmentsl scenanos. Barhagallo
et al (2003) used microtiter plates 1o coltivate plants ( 200 pl
Murashige-Skoog-medium per plant), but the plants of our
experimonts were grown in soil-filled pots. The latter provided
much higher experimental flexibility than other studies, as
roseties of diametens up 1o 10 cm can be anslysed, the method
will be usclul nod only for A sheliane, bt also for othor plants
and seedlings of several crop and model spocies, as has boen
demonstrted here with & fabocum, As single images are ken
of ench plant, the resolution is sulficient for o detailed mnalysis
of momphalogical parameiers such an rosetie leafl mumber,
individual beal’ siee and for the hetorogeneity of chilorophyll-
fluorescence related The degree of automation
reachied here allows for dynamic messunements; o feature
has been crugial for the establishment of the cvaluation period
for drought-stress detection.

Conclusion

Abiotic strows can act on plamt growth and photosynthesis in
several wavs. Methods 1o decipher the plant stress. reaction arc
urgently needed and should ideally combine the potential for &
range of phenotypic parameicrs 10 be detected. In this study, we
msscined the offect of three different stress sconanos on
A thallang and N tabucum plants with & single methodology
that allowed for a relatively high thvughput and that revealed
characteristic features of the different stress types, PARP-lines
inddoad provvend 1o be more stress resestant than the wild type when
exposed o moderaie drought stress. Furthermore, planis exposed
to chilling stress and to an ahiered spectrl comgosition ol mmbiont
fight also showed clear differences between trestments with
respect 1o growth und chlorophyll lusrescence.
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4 Synopsis

It was the aim of this study to investigate the influence of different light quality on biomass
accumulation and growth behaviour of horticultural and model plants under varying UV-B
levels. The first part of the project was conducted under greenhouse conditions using
innovative cladding materials with high transmission in the UV-B (86%) and visible
spectra, which allows omitting any additional UV-B source. Horticultural plant species
showed a reduction in leaf area and biomass in response to UV-B, while tobacco plants did
not show such a reaction. To elucidate these unexpected differences found under
greenhouse conditions, experiments under controlled conditions in exposure chambers
were performed. The exposure chambers of the Helmholtz Zentrum Munich provide a
near-natural relation between UV-B and photosynthetic active radiation (PAR).

The non-invasive determination of biomass accumulation was investigated using a new
developed method via microwave resonator. The development of this instrument and the
establishment of this method was a central part of my PhD (Menzel et al. 2009). Under
constant environmental conditions tomato and tobacco, the two investigated species,
showed a different biomass accumulation pattern in response to UV-B radiation. A short
time period was sufficient to induce a reduction in biomass for tomato plants but a longer
duration of exposure was necessary to increase the biomass in response to UV-B in
tobacco. It was found that tobacco plants lost 40% of the fresh weight each day via
transpiration compared to 10% for tomato plants. These findings suggest that the water
balance of the plant system is more important than the applied UV-B radiation. It seems
that the effect of UV-B as stressor is lower compared to the influence of the plant water

balance (Tittmann et al. submitted)
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5 List of abbreviations

A
BBCH

BMBF

CHS
COP1
CPD
Cryl
Cry2
D1
DISP
DNA
Dw

ETFE
Fw
Fy/Fm
HYS
LIDAR
NER
PAL
PAR
PSII
R:FR
RNA
ROS
Rubisco
UV-A/UV-B/UV-C
UVRS
2D

Net assimilation rate

Federal Agency, Federal Office of Plant Varieties and Chemical

Industry; german: Bundesanstalt, Bundessortenamt und CHemische

Industrie

Federal Ministry of Education and Research

german: Bundesministerium fiir Bildung und Forschung

Chalcone synthase

Constitutively photomorphogenicl
Cyclobutan pyrimidine dimer
Cryptochromel

Cryptochrome 2

Core protein of photosystem II
Digital imaging sequence processing
Desoxy ribulose acid

Dry weight

Transpiration rate
Ethylene-Tetrafluoroethylene

Fresh weight

Optimal quantum efficiency
Elongated Hypocotyl5

LIght Detection and Range

Nucleic excision repair
Phenylalanine-ammonia lyase
Photosynthetic active radiation
Photosystem II

Red: Far-red ratio

Ribonucleic acid

Reactive oxygen species

Ribulose — 1,5-biphospphate carboxylase
Ultraviolet —A; B Ultraviolet; Ultraviolet-C radiation
Ultraviolet resistance locus8

Two dimensional
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