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Potential of fluorescence techniques with speciakference to fluorescence lifetime determination
for sensing and differentiating biotic and abioticstresses in
Triticum aestivum L.

The key objective of the present thesis was toyem$ess physiological modifications of wheat gahie

to biotic and abiotic stresses by means of norrdeste fluorescence measurement techniques.
Experiments at leaf level were conducted under ritboy conditions, whereupon two economical
important biotrophic fungi in wheat productioRuccinia triticina and Blumeria graminis, as well as
nitrogen deficiency as the most significant fadtorterms of nutrient management, were selected for
representative studies. The first chapter addresisedhypothesis that the PAM-fluorescence imaging
technique enables a discrimination of susceptibterasistant wheaTiticum aestivum L.) cultivars to the
leaf rust pathogef®. triticina. Two inoculation methods under consideration & $pore density were
tested in order to evaluate the responses of thmtgmes on the basis of fluorescence readings.
Furthermore, the masking effect of fungal inoculomchlorophyll fluorescence parameters was assessed
With the purpose of cultivar differentiation, th&/4ihduced fluorescence spectra between 350 and820
and the lifetime of fluorophores at selected wavgiks were examined. Similar studies aiming attmy
detection and differentiation of genotypes havingtinct resistance degrees to powdery mildey (
graminis) were conducted. In a last step, the challengthefdifferentiation between stresses caused by
pathogen infectionR, triticina or B. graminis) and N-deficiency occurring simultaneously washhghted

by UV-induced fluorescence spectral measuremerite reBsults obtained and outlined in the single
chapters can be summarized as follows:

1. Experiments with the PAM-imaging system showed tiee quantum yield of non-regulated
energy dissipation in PSII (Y(NO)) is the most pisimg parameter for screening wheat plants for
leaf rust resistance. Measurements revealed agstrgpathogen-triggered increase of the Y(NO)
values in the susceptible than in the resistartiveml Thereby, the most appropriate time for a
reliable differentiation between was two days aftesculation. Preliminary experiments with
densities of up to 20 000 spores per ml in casgiffluorescence kinetic parameters, and up to
100 000 spores per ml in case of slow kinetic patars, revealed that changes in the fluorescence
signals were not related to physical masking.

2. The assessment of fluorescence lifetime and UVidad spectra were adopted for the detection of
leaf rust Puccinia triticina) in three resistant in comparison to four susbdpticultivars. A
combination of spectral and lifetime charactersstievealed pre-symptomatic alterations of
fluorescence indicating changes in the contenthdbrophyll and secondary metabolites. The
determination of the B/G amplitude ratio seemethéathe most appropriate parameter for early
detection of fungal infection. Discrimination be®veresistant and susceptible cultivars to the leaf
rust pathogen might be feasible by monitoring thelitude ratio of B/R fluorescence at three
days after inoculation. In addition, mean lifetime440, 500 and 530 nm should be considered;
these parameters revealed a more pronounced diffetgetween control and inoculated leaves in
the resistant cultivars.

3. UV-induced spectral signature as well as mearrderence lifetimes are suitable approaches for
sensing powdery mildewB(umeria graminis) as early as one day after inoculation. The deega
amplitude ratio B/G as well as the increased G/& @fFR half-bandwidth ratios in inoculated as
compared to control leaves, were appropriate pasamo detect fungal development. In addition,
the increased mean lifetime in inoculated leavesh wavelength range of 500-620 nm may
enable a distinction between healthy and diseasadet. Additional experiments revealed an
increased mean lifetime of the green fluorescerceaaly as ten to twelve hours after the first
host-pathogen interaction.

4, Fluorescence intensity measured between 370 aha®0provided to be a useful tool to address
the challenge of discrimination between nitrogefictEncy and fungal diseases. Precisely, the
amplitude ratio R/FR was suited for early detectieamd gives a basis for discrimination between
N-full-supply, N-deficiency, N-full-supply + patheg and N-deficiency + pathogen. In addition,
the blue-green fluorescence yielded important mfdion targeting a possible discrimination
between the evaluated multiple stress factors.dBssiseveral more fluorescence amplitude ratios
and half-bandwidth ratios for leaf rust as wellhadf-bandwidth ratios for powdery mildew were
found to be applicable for early detection of bd#laf rust and powdery mildew infection,
irrespective of the nitrogen status of the plants.
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Potenzial von Fluoreszenztechniken unter besonderd&ericksichtigung der Fluoreszenzlebenszeit-
Bestimmung zur Erfassung und Differenzierung biotishen und abiotischen Stresses in
Triticum aestivum L.

Zielsetzung dieser Arbeit war es, mittels Fluoragzilesstechniken am Beispiel von Weizenpflanzerddieh
biotischen und abiotischen Stresss induzierten iplogischen Verdnderungen zu ermitteln. Die Versuch
wurden unter Laborbedingungen auf Blattebene daféingt, wobei zum einen zwei 6konomisch bedeutende
biotrophe, pilzliche Erreger des Weizenanbdgcina triticina und Blumeria graminis, sowie zum anderen
Stickstoffmangel als bedeutendster Vertreter ddw$téffmanagements, fir reprasentative Studieneauggt
wurden. Das erste Kapitel adressiert die Hypothdass mit der PAM-Fluoreszenz-Imaging Technik eine
Unterscheidung zwischen BraunroBt {riticina)-anfélligen und -resistenten Weizensorténit{cum aestivum

L.) moglich ist. Unter Berlcksichtigung der Sporiehte wurden hierzu zwei Inokulationsmethoden nat d
Zielsetzung getestet, eine Differenzierung der ®grem auf Basis der gewonnenen Fluoreszenzdaten
vorzunehmen. Des Weiteren wurde ein moglicher neaskier Effekt des pilzlichen Inokulums auf die
Chlorophyllfluoreszenz-Parameter geprift. Mit derrel Zder Sortenunterscheidung wurden UV-induzierte
Fluoreszenz-Spektren (FS) von 350-820 nm sowie Fligoreszenz-Lebenszeit (FL) bei ausgewahlten
Wellenlangen bewertet. Vergleichbare Studien wurdam friihzeitigen Erkennung und Differenzierungivo
Genotypen mit unterschiedlichen Resistenzgradeergdger Echtem MehltalB(graminis) durchgefiihrt. Eine
Herausforderung stellte letztlich die Differenzieguzwischen zeitgleichem Auftreten eines Pathogatibe&P.
triticina oder B. graminis) und einem Stickstoffmangel auf der Grundlage spék Messungen der UV-
induzierten Fluoreszenz dar. Die erzielten undén dinzelnen Kapiteln dargestellten Ergebnisse é&bnmie
folgt zusammengefasst werden:

1. Die Versuche unter Einsatz des PAM-Imaging Systengaben, dass die Quantenausbeute der nicht
regulierten Energieabgabe in Photosystem Il (Y(N@g) vielversprechendste Parameter fur das
Screening von gegeniber Braunrost resistenten Weflaezen ist. Die Messungen dokumentieren,
dass der Pathogen-induzierte Anstieg von Y(NO)danahfalligen Sorte stérker ausgepragt war als in
der resistenten Sorte. Der geeignetste Zeitpunkeifie verlassliche Differenzierung war zwei Tage
nach der Inokulation (dai). Vorangegangene VersuuiteSporendichten von 20.000 Sporen/ml im
Falle von Parametern der schnellen und von 1008@0ren/ml bei Parametern der langsamen
Fluoreszenzkinetik haben gezeigt, dass die Andemrig den Fluoreszenzsignalen nicht auf eine
physikalische Maskierung zuriickzufiihren waren.

2. Die Erfassung der FL und UV-induzierten Spektrenrdeufiir die Erkennung von Braunrod®. (
triticina) bei drei resistenten im Vergleich zu vier an§#h Sorten eingesetzt. Eine Kombination von
spektralen und zeitlich aufgelésten Charakteristiiderte pra-symptomatische Anderungen der
Fluoreszenz, die auf Anderungen im Chlorophyligebaie sekundaren Metaboliten hinwiesen. Die
Erfassung des B/G-Amplituden-Verhaltnisses schdait geeignetste Parameter zur Friherkennung
einer pilzlichen Infektion zu sein. Eine Unterscheig zwischen gegeniiber Braunrost-sensitiven und -
resistenten Sorten erscheint mittels Erfassun@desAmplituden-Verhaltnisses 3 dai mdglich. Dabei
sollte allerdings eine zuséatzliche Aufnahme dertlengn FL bei 440, 500 und 530 nm
Bertcksichtigung finden; diese Parameter zeigtemlich bei den resistenten Sorten ausgeprégtere
Unterschiede zwischen Kontroll- und inokulierteratBtrn.

3. UV-induzierte spektrale Signaturen sowie die Mitlé-L sind geeignete Ansatze zur Erfassung von
Echtem MehltauB. graminis) bereits einen Tag nach Inokulation. Das erni¢dr®/G-Amplituden-
Verhaltnis sowie die erhohten G/R- und G/FR-Halliglmeiten-Verhaltnisse, in inokulierten im
Vergleich zu Kontroll-Blattern, waren probate Paeten zur Erkennung des Pilzbefalls. Des Weiteren
scheint die erhthte Mittlere FL in inokulierten B&in im Wellenlangenbereich von 500-620 nm eine
Unterscheidung zwischen gesunden und erkranktetteBiazu ermdglichen. Zusatzliche Versuche
lieBen eine erhohte mittlere Lebenszeit der Grinmfeszenz bereits zehn Stunden nach der ersten
Wirt-Pathogen-Interaktion erkennen.

4, Die Fluoreszenzintensitat, gemessen zwischen 3d08006 nm, stellt einen geeigneten Parameter fur
eine Diskriminierung zwischen Stickstoffmangel upitzlicher Erkrankung dar. Das Amplituden-
Verhéltnis R/IFR repréasentiert eine gute Grundisg®ohl fur die Friherkennung als auch fur eine
Differenzierung zwischen N-Vollversorgung, N-MangeN-Vollversorgung+Pathogen und N-
Mangel+Pathogen. Weitere vielversprechende Ansfiizeeine mdgliche Diskriminierung zwischen
den evaluierten multiplen Stressfaktoren lieferie Blau-Grin-Fluoreszenz. Dartber hinaus wurden
mehrere  Amplituden- und Halbwertsbreiten-Verhafiais fir eine Friherkennung der
Pathogeninfektion, unabh&ngig vom Stickstoffveraogggrad der Pflanze, als geeignet befunden.
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A Introduction

1 Demand for sensors in precise agriculture anadt feeeding

Nowadays wheat is cultivated on over 240 million m@re land area than any other
commercial crop. Annual global production of wheateeds 0.6 billion tons (Dixoet al.
2009). As every plant wheat is often affected bgsses that can stem from biotic or abiotic
factors. In order to ensure high yields, farmergeh® apply pesticides to prevent excessive
losses due to pathogens. Similarly, the applicatbrertilizers is a pre-requisite for the
economical viability of the production. The commaay to determine pathogen infections
and nutrient deficiency is by on-site visual obsg¢ions. By this, impairment of the crops is
detected in a late stage when plants are alreagyieagd. Effective detection systems that
identify plant stresses at earlier stages wouldobenormous advantage and allow more
effective applications.

In addition to the precise and timely applicatidragrochemicals and fertilizers, the
use of cultivars which are resistant against smedfress situations, is of fundamental
importance. As part of breeding programs, the tast® of new cultivars to pathogens is
tested over several years in field experimentsyirggy a high input of time and money
(Schnabekt al. 1998). However, the exact experimental conditiaresnot reproducible, and
the evaluation is somehow subjective. Thereforeqgthestion arises, if other techniques are
available to support the assessment of the ressstaltegree to stresses in breeding
programmes. Thus, it is generally agreed that tleeeegreat demand for a rapid, automated
and objective screening method as breeders arer undeermanent pressure to release
cultivars with improved resistance (Scholes anddr2009).

Biotic and abiotic stress factors can change IgaiCal properties in different ways,
and several approaches have been established leatevdhe occurrence of stress non-
destructively (Westt al. 2003). The output of several research activitiescaies that three
types of detectors - reflectance, fluorescencetla@danal sensing - are suited for this purpose.
Reflectance measurements reveal information aligatgnt content and leaf area (Mahlein
al. 2010) and might be used for the non-destructismation of the efficiency of
photosynthetic light use (Rascheral. 2007). The principle of thermography is based on
differences of temperature. Hence, stress-induteahatal closure results in increased leaf
temperature which can be detected especially bygimgasystems (Lindenthat al. 2005).
The third technique, fluorescence spectroscopy, visrsatile analytical technique widely used



to examine in vivo autofluorescence (Kumke and Lohmannsroben 2009sidBs
particularities, advantages and disadvantages df esthod, we focused on fluorescence
techniques in the present study.

The fluorescence of plant tissue can be succegsfuied to evaluate the
photosynthetic capacity, chlorophyll content andoafuantitative modifications of plant
secondary metabolites fluorescing between 350 &dnn (Buschmanet al. 2009). Over
the years, for detection of nitrogen deficiencg|dicapable sensors based on reflectance as
well as fluorescence readings, became commer@atijlable. Thereby, nitrogen deficiency
leads to changes in chlorophyll content as welt@stent of plant secondary metabolites
(Cartelatet al. 2005). Further developments in optical technolegpble a differentiation
between healthy and diseased areas of the crothascseveral research groups provided
results of a successful recognition of pathogers. @®odriaet al. 2002; Bravoet al. 2004;
Chaerleet al. 2004; Kuckenberget al. 2009a; Ludekewrt al. 1996; Westet al. 2003).
Thereby, the detection of fungal infection befohe bccurrence of visual symptoms is of
major importance and has to be further optimizadxperiments under controlled conditions,
the effect of compatible and incompatible pathogkmt interaction ofPhytophthora
infestans (Koch et al. 1994) Blumeria graminis (Swarbricket al. 2006),Cercospora beticola
(Chaerleet al. 2004, 20073)and tobacco mosaic virus (Chaesteal. 2007¢) was evaluated.
Upon contact of fungal spores with the leaf surfad@anges in metabolic pathways are
initiated very rapidly (Bergeret al. 2007; Yarwood 1967). Thereby, the response of
susceptible and resistant genotypes might varyp@ed, as well as the amount and type of
substances which are modified, accumulated, ohsgited. Moreover, photosynthetic rate
or electron transport chains are also affected ndurearly host-pathogen interaction
(Swarbricket al. 2006).

Under real field conditions it is not exceptionabt more than one stress factor
influences simultaneously the plant physiologyf&o one of the major fields to be addressed
in sensor application is to distinguish betweeffedént concomitant stressors. In this context,
evaluation of fluorescence characteristics shoveedden a way for objective information
about extent and nature of the impact of stregsifac\When targeting at the early detection of
disease and nutrient deficiency, fluorescence ngadproved to provide a higher potential

than other non-destructive sensor techniques (Ghateal. 2007b).



2 Biotic and abiotic constrains for wheat produatio
2.1  Fungal pathogens as biotic stress factors andlevance of host plant resistance

Fungal pathogens cause more economic damage in meopps than any other
microorganisms (Horbac#t al. 2010). Pathogens have many effects on plant ploggcal
functions like photosynthesis, translocation ofevand nutrients in the host plant, host plant
respiration, plant growth, etc. (Agrios 2005). Pans in general affect photosynthetic
electron transport or the downstream metabolicti@as but very often, chlorophyll content
is reduced whereas the photosynthetic activityhefremaining chlorophyll seems to remain
unaffected (Agrios 2005). Generally, two major typef resistance in pathogen-host
interaction can be distinguished. On the one haathogen resistance due to physiological
races that can overcome resistance gene (combihatiohe host, can occur, and on the other
hand the host or non-host plant resistance. Iptbogen is compatible (virulent) to the host,
it can spread in a susceptible cultivar. Plantsipce a large variety of secondary products
including phenolic compounds which play a key roleearly stages of infection (Marschner
2002) and may serve as defence compounds (Ketigdr 2002; Taiz and Zeiger 2007). For
example, accumulation of phenolic compounds innthks of epidermal cells that are in close
contact with the invading fungal hyphae have beaseosed (Cerovic 1999). The content of
phenolics is often high in N deficient plants wreats content and thereby the fungistatic
effect can decrease in case of large nitrogen guidérschner 2002). By this, resistance
expression in plants might be active or passiveraithe phenolic compound is present in the
plant and is not further metabolized but may bengkd by the pathogen in the latter case. In
case of the active system, a preformed substandegisaded or metabolized to a different
compound by the host directly after pathogen att@¢krmerris and Nicholson 2006).
Moreover, cultivar resistance can vary, as “actmesistance comprises a series of
interconnected processes which, following recognitare induced in the host cell through its
continuous irritation by structures or productshe pathogen and which results in exclusion,
inhibition or elimination of the pathogen” (Heitas&i1997b). At the genetic level, resistance
can be controlled by one (monogenetic), a few majominor genes (oligogenetic) or by a
series of minor genes (polygenetic). Moreover it ba effective against some (race-specific,
gualitative, vertical) or against all (race-nonsfiec quantitative, horizontal) races of the
pathogen. Thereby, one has to distinguish betweedling-, adult plant-, complete-, and
partial resistance. Preformed structural and chaeimbarriers (e.g. phenolics), cell wall
modifications in relation to resistance (e.g. dapibrmation), the hypersensitive resistance



reaction (rapid, local cell death), pre- or postdtarial resistance, durable resistance and
induced resistance are well known resistance tgidesefuss 1997b).

Resistant cultivars are often the only way to pr¢vesses due to diseases (Heitefuss
2001); so far, progress in breeding for diseasisteexe of wheat was very effective against
mildew and rusts (Hartled al. 1997).

2.1.1 Pucciniatriticina

The following information is based on the book ediby Obst und Gehring (2002).
Puccinia triticina, with a huge amount of physiological races, belobtgsthe class of
Basidiomycotina. As an obligate parasite it ovetesis on living host tissue in form of
mycelia or urediospores. These urediospores am@sded by wind or rain on new host plants.
After germination of the urediospores, 4-8 h a@tentact with host leaf surface and optimum
environmental conditions (Boltost al. 2008), the germ tube searches for a stomatalimgpen
(Fig. 1A). There it produces an appressorium andadut, a thin penetration peg in the
substomatal cavity of the stomata. Following, assoimatal vesicle, infection hyphae and
haustorial mother cells enter the neighbouring mplglb cells. Haustoria form within leaf
mesophyll cells as the major feeding structureughowhich nutrients are taken to support
fungal colonization without killing the host cellBolton et al. 2008). Infectious hyphae are
spreading in intercellular spaces till the myce@ampacts to uredia. Within 8-10 days after
infection, urediospores rupture the epidermis (Fi@ and C), and the typical reddish-
brownish pustules can be seen at the leaf surfia@eldition, chlorotic spots become apparent
around these pustules. Wind and rain can now dispagain the spores and initiate new

infection.

Fig. 1. Environmental scanning electron microscopy (ESpMjures of leaf rustRuccinia triticina)

infection on wheat leave$) Spore germination and penetration of stomataltgaB) andC)
Leaf rust pustules rupture the leaf epidermis. {[Bgr unpublished observations).



The development of a rust epidemic is stronglyuieficed by the resistances present in
the field and by environmental factors. The follog/itemperatures and relative humidity are
optimal for the respective developmental phase &kt al. 1999) of the leaf rust pathogen:
germination of urediospores 15-21°C (threshold 2=32 infection 15-18°C (threshold 4-
25°C) and 100% relative humidity > 4 h, myceliawgtio 20-26°C (threshold 2-35°C), total
development 15-25°C. During summer, several cyalesfection can proceed.

At the end of vegetation period, sexual lifecycketlie pathogen begins, which is
indicated by teliospores that appear on the abdeafl side. In spring, these teliospores
produce basidia and basidiospores which are retiarthe alternate ho3talictrum flavum
(Ranunculaceae). Aecidiospores that are created trough recomioinaif genetic information
are able to infect the wheat host plants.

Leaf rust occurs in all growing areas, especiallyvarm areas and on late maturing
cultivars, and is the most important rust varietgridwide (Kolmeret al. 2009). The
tremendous genetic variation for virulence andvifred-dissemination of the pathogen makes
breeding for stable leaf rust resistance a conlinchallenging task. In addition to race-
specific resistance, the development of cultivaasying non-specific resistance genes to
provide effective durable resistance is of maienast in wheat research (Kolnetral. 2009).

So far, a huge number bf genes are known (Boltat al. 2008). Resistance response to leaf
rust is characterized by small uredinia surrounbgahlorosis or necrosis or by a batch of
hypersensitive flecks produced in response to nifiection (race-specific resistance). Non-
hypersensitive resistance on the other hand isactenized by fewer and small uredinia with
no or varying amounts of chlorosis or necrosis cama@ to a susceptible response (Bokbn
al. 2008). Moreover, haustoria fail to develop ora@ep at a slower rate. In this context,
abortion of infection structures and reduction ofcelium growth due to partial resistance
(Jacobs 1990) as well as relatively more collagsdastomatal vesicles and collapsed primary
infection hyphae in tissue of a resistant line @ha Rijkenberg 1998) have been observed.
Moreover, a smaller number of haustorial mothelsarlhypersensitive and partially resistant
genotypes (Jacobs and Buurlage 1990) due to higlemiage of infection units aborted early
(Martinez et al. 2004) and a prevention of haustoria formationtly fungus and papilla
formation from prehaustorial resistance (Anker &xiks 2001) have been reported in
comparison to susceptible cultivars. New races okat rusts have recently emerged
worldwide which makes the efforts to develop restistant cultivars more challenging.



2.1.2 Blumeriagraminis

A second economically important and worldwide sdredieat pathogen is the causal
fungus of powdery mildewBlumeria graminis f. sp. tritici (Huang and Rdoder 2004). The
following information is based on the book edited ®bst und Gehring (2002Blumeria
graminis belongs to the class of Ascomycotina and is angatd ecto-parasite. By wind,
conidio- or ascospores of the fungus reach emesginggr corn. There they germinate during
2 h after contact with the leaf surface (Eichmand Huckelhoven 2008) and produce a short
hypha with an appressorium at its end. Out of #tisicture, the infection hypha directly
penetrates through the leaf surface into the epidewhere it develops a finger-like
haustorium. These feeding structures export nugrienthe leaf surface where new haustoria
are developed. Conidiophores with around eighttliiggbogether adhering conidiospores
develop on narrow branched hyphae that are cloagignged besides each other. The
respectively mature tip-spore is disconnected hydwBY this, up to eight infection cycles
during cereal vegetation period can take placeicBygymptoms to be seen macroscopically
are the whitish mycelia structures on the leafaef At the end of the vegetation period male
and female sexual organs are formed in old mycdlfter sexual combination, so called
cleistothecia occur, in which up to 25 tubes (asdth eight ascospores each mature. These
structures can outlive hot summer and after-harpesods. In humid autumn conditions they
can rip, and ascospores are expelled activelyaohremerging winter corn where the fungus
overwinters in form of mycelia or cleistothecia ¢Bér 1990).

Following temperatures and relative humidity aretirogl for the respective
developmental phase of the fungus (Kluge al. 1999): conidia germination 5-20°C
(threshold 0-30°C), infection 20-25°C (thresholB@C) with relative humidity > 95%,
pustule growth 15-20°C (threshold 4-31°C), spdmufa 15-20°C (threshold -30°C) with
relative humidity > 95%, overall development, 15Q0

Extensive plant damage to susceptible cultivars aamur under climatic conditions
favourable to the pathogeBlumeria graminis f. sp. tritici has acquired a high degree of
specialization with races attacking specific c@ts: The use of host resistance is the most
effective, economical and environmentally safe mdtlof management (Bennett 1984),
whereas emphasis must be placed on methods idegtifyurable host-plant resistance
(Marshall 2009). By now, a huge number Rrh genes is known (Hsam and Zeller 2002;
Marshall 2009), whereupon breeding for partial amdce-nonspecific resistance,
polygenetically controlled, is of major interestogking the penetration or reducing the size



of haustoria and thus limiting the growth and speifon of colonies are typical effects
(Bushnell 2002; Gustafson and Shaner 1982; Lin Bddvards 1974). In race-specific
resistance, mainly more or less plant cells undéngmersensitive cell death (Bennett 1984;
Bushnell 2002). Also, larger and earlier papillae produced at attempted penetration sites
(Skouet al. 1984), whereas speed of papilla formation playsnaportant role in non-race
specific resistance (von Ropenattlal. 1998). Thereby, lignin and other phenolic comptaun

in the papillae and haloes, established in resptmfiee pathogen attack, have been detected
(Heitefuss 1997a; Thordal-Christensen 2000).

2.1.3 Fungal inoculation for experiments under aigd conditions

As indicated for leaf rust and powdery mildew, fahgathogens have specific
environmental requirements for distinct developnstages of their infection cycle. This has
to be considered when planning and conducting @xgeerts to ensure optimal conditions for
disease development. Further practical aspectsdadhe in-time production of inoculum to
inoculate the experimental plants.

Powdery mildew spores are applied to whole plantgant organs as dry inoculum or
in suspension (Nicogt al. 2002). Thereby, shaking or blowing conidia framfected plants
(Liu et al. 1999) or more convenient by using settling towetsn Roépenack 1998) are
sometimes coupled with prior spraying of the tamants with water. Leaf-to-leaf contact of
infected and target plant is one of the most simmp¢hods (Reifschneider and Boiteux 1988).
Contradictory results on spore germination rate ehdeen reported when preparing
suspension in order to calibrate their concentnadiod to avoid formation of clumps (Niogit
al. 2002). To get a more precise local depositionalspaint brushes have been used to
remove conidia from infected plant organs in ortdedeposit them on target plants (Edwards
and Allen 1966). Advantages are given especiallgmwlocally restricted examinations are
aimed at since the inoculation site is easily tadantified, which is hardly possible in the
previously described approaches. Leaf fixation rptio inoculation procedure is often
employed for further optimization (Sander and Hags 1998). After inoculation plants are
usually kept under controlled conditions of 15-20°C

Similarly, several inoculation methods might be @ted for inoculation of single leaf
rust isolates or pathotype mixtures. Freshly hdaedesirediospores from infected host plants
are used for inoculation, but spores can also dedtunder defined conditions up to several
years (Roelfst al. 1992). Atomization with water or mineral oil agose carrier with or



without regulation of air pressure is a widely usggbroach (Kloppers and Pretorius 1997).
Determination and adjustment of the spore density ascounting chamber is a very common
procedure (Kloppers and Pretorius 1997). Howevapli@ation of a defined weight of spores
through a settling tower (Anker and Niks 2001; kscd990; Martinezt al. 2001) with
downstreamed moisturization (Zhang and Dickinso®l2Gs also practiced. In the latter case,
often talc (Southerton and Deverall 1990)Lgcopodium spores are added (Anker and Niks
2001; Jacobs 1990; Martinez al. 2001). Localized application can be achieved &gl a
camel hair brush (Southerton and Deverall 1990 wisequential moisturizing of the leaves
(Zhang et al. 2003). Settling towers provide little control ofoculum density but also
spraying of spore solution can result in a modifara of predefined concentration due to
junction of droplets and spray run-off. In orderetamine spatially resolved changes in plant
tissue a highly precise and accurate inoculatioedsiired. Thus, uniform and reproducible
inoculation is necessary for quantitative evalugtiwhich is extremely important in breeding
plants for disease resistance (Reifschneider aniB01988). Therefore, the application of
monodroplets with defined spore density seems tadéal. In this context the surfactant
‘Tween'’ is used to enable application of spore sasn to very hydrophobic surfaces. Leaf
fixation prior to inoculation is used to avoid effe of leaf inclination and gravity on the
distribution of spores inside the droplet spreagha/After application of droplets to the leaf
surface, plants are kept for 16-24 h under 80-108Rtive humidity at 15-20°C to ensure

maximum spore germination.

2.2 Nitrogen management as abiotic factor

Regarding all mineral nutrients, nitrogen is quatittely the most important for plant
growth (Amberger 1996) and grain yield in wheat Ig@dat al. 1969). As highlighted by
Cassman,

“the global challenge of meeting increased food aiesn and

protecting environmental quality will be won or fog cropping

systems that produce maize, rice, and wheat. Atlgesynchrony

between N supply and crop demand without excesteficiency is

the key to optimizing tradeoffs amongst vyield, rofand

environmental protection” (Cassmeiral. 2002).



The main functions of nitrogen in the plant areirtlwonstituency of amino acids,
amides, proteins, nucleic acids, nucleotides camesy chlorophyll and cell walls (Taiz and
Zeiger 2007). Except drought, no deficiency is setic in its effects as nitrogen deficiency
(Epstein and Bloom 2005). Due to chloroplast degtiad and dislocation in the youngest
tissues, the older leaves may get completely ye{lBahilling 2000). The chlorophyll content
of wheat leaves and leaf N are closely relatechagphotosynthetic machinery accounts for
more than half of the N in a leaf (Evans 1983).iBesthe knowledge that leaf chlorophyll is
low under N shortage and increases with N suppiynget al. 1996), the N supply influences
also the synthesis of proteins and polyphenolicsrififann and Weaver 1999). Nitrogen
influences carbohydrate source size by leaf groantd leaf area duration and also the
photosynthetic rate per unit leaf area and thesshyce activity. Moreover, the sink capacity
in form of size and number of vegetative and geinerastorage organs is affected (Engels
and Marschner 1995). On the other hand, excesamelys of nitrogen leads to N losses and
thus negative impacts on the environment (Cargtlat. 2005), and can decrease the quality
of the harvested product or reduce plant growthyaeld due to enzyme deficiency (Schilling
2000). Moreover, losses due to fungal infectiomy.(Buccinia triticina, Blumeria graminis)
might be increased when pathogens are able tornpémemultiply and develop more rapidly

in succulent tissue due to an excessive nitrogpplgu

3 Fluorescence
3.1  Principle of the fluorescence

Upon excitation with light of distinct wavelengteeveral molecules absorb energy
which they emit after a time difference (lifetimey radiation energy. As a rule, the resonance
condition has to be fulfilled for absorption to ¢alplace: AE = hv, with AE, energy
difference between ground and excited stiat®lanck quantum; ang frequency of radiation
(Kumke and L6hmannsroben 2009). At room temperatacdecules have a low energy level
in the so called ground electronic singlet statg) @hd thereby usually in the lowest
vibrational level (Noomnarm and Clegg 2009). Whdasaabing a photon, excitation of a
molecule from $takes place in < I8 s and raises the molecule mostly to many different
vibrational levels of the first electronic excitsthglet state S(Fig. 2), depending on the
distribution of the excitation light. Molecules cafso be transferred to higher energy levels
(Sz,...n) from where they relax to the highest vibratiolelel of the $ electronic state via
rapid internal conversion and then to the lowestational level of the Sstate (13? s). From
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the metastable ;Sevel where the molecule remains at most $Qit returns to the ground
state through one of many pathways. If the moleeulés a photon, the molecule will usually
relax to one of many different higher vibrationavéls of the § which results in a broad
fluorescence spectrum. Also here, the energy oéthitted photon must equal the change in

the energy levels.

ibrationa

bevels of 3

segond
ted

::::eersz-. _ Internal
o 3 Y, conversigy

Wibrglicnpl

relasatio

ibrational
levels of
first
excited
state (S4q)

i

\Vibrational relaxation

Fluorescence

Absarption

Absorption

L Vibrational
lvals
of ground
state (Sq)

-RTW"."[ f—

Fig. 2. Perrin-Jablonski diagram indicating the energyelewf the ground (unexcited) and excited
states in a molecule, and the possible photopHygiogesses in molecular systems (source:

Noomnarm and Clegg 2009).

Every fluorescing substance is characterized bypescific excitation and emission
spectra as well as the average time the molecateain in the excited state. The latter is the
so-called fluorescence lifetime. By definition, the&rescence lifetime is the time span after
short-pulsed excitation when the number of molexirethe excited state has declined from
the initial maximum to 1/e. This results from thepenential decay law I(t) =" (I =
intensity, t = time), when setting t—Lakowicz 2006). However, when the fluorophores ar
in complex biological samples, the fluorescencegaase is typically not a simple single-
exponential decay but may follow more complex ruéeg. a sum of exponential terms with
different amplitudes and lifetimes. This is becatls fluorophores are located in disparate
locations and a sum of different fluorescing speéesecontributing to the total fluorescence
signal. The single fluorescing species are charaetk by their specific lifetimes and the
percentage or fraction with which they contributethie total signal. The occurrence of new
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compounds might result in elongation or shorterohghe mean lifetime, depending on the
lifetime of the new substances. Time-resolved mmeasents turn out that much of the
molecular information available from fluorescensdast during the time averaging process
(Lakowicz 2006).

Because of fluorescence emission is, in contraseflection, of longer wavelength
than that of the absorbed light (stoke shift), tmice of excitation light determines the
fluorescence information which is obtained. There inumber of irradiation/excitation light
sources and detectors for the estimation of flimese emission properties (Cerowetcal.
1999; Lenket al. 2007). In general, excitation of a leaf with blaered light allows the
determination of chlorophyll fluorescence, wherdas UV excitation enables the additional
detection of blue and green fluorescence. Therefohen excited with UV light, commonly
four fluorescence peaks can be determined: the ge#a& (~ 450 nm), the green shoulder (~
530 nm) and the two chlorophyll peaks at ~ 690-ai@@0 nm as presented in Fig. 3.

Fluorescence [rel. units]

400 500 600

Wavelength [nm]

Fig. 3. Typical UV light-induced fluorescence emission @pem of a green leaf (modified after
Buschmanret al. 2000).

Possible light sources for fluorescence excitatom lasers, lamps (xenon, halogen)
and LEDs. Pulse-modulated light sources have thearddge of possibly eliminating
background signals. Also, the extremely short tiscales of fluorescence decay curves
(lifetime) can only be measured with short-pulsasets or LEDs. The electronic systems
needed for measuring nanosecond decay curves iplexmAn acusto-optic tunable filter

(AOTF) can be used as emission monochromatoraitstnits light in a narrow bandwidth
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only. The choice of the transmitted wavelengtheasedmined by a variable frequency of an
electric signal that induces a diffraction gratimgthe AOTF-crystal. After blocking the
undiffracted light, the fluorescence can be detkéstdectively at the desired wavelength. The
variety of potential detectors includes photomlikns, photodiodes, diode-arrays and CCD
cameras whereupon the latter provides additionalrnmation of the spatial resolution in
contrast to the other mentioned point measurements. order to resolve
nanosecond fluorescence lifetime information, teeector's signal needs to be analyzed with
an ultrafast digitizer or with highly resolving g&j techniques. Therefore, by using a gated
integrator, sequentially delaying of the gate posienables to sample the fluorescence signal
with a very high resolution and to acquire highdgalved fluorescence decay curves.

When measuring fluorescence signals several imptoirtluencing factors have to be
considered. At first, the fluorescence intensitylisectly proportional to the intensity of the
excitation radiation, at least at first approxiroati Moreover, with increasing temperature,
the possibility of deactivation of molecules in tegcited state is increased, resulting in a
decreased fluorescence intensity and lifetime. Heumhore, the intensity of the excitation
radiation and of the fluorescence emission decseasth increasing distance of the light
source and sensing optics from the sample (Fig. 4).

120x10°

2 mm distance

L | eeeeesene 1 mm distance
100x103 A <~ '-. = == == Contact

80x103

60x103

40x10° A

20x10°

Fluorescence [rel. units]

—— — — ~
hat - s._._‘______. . :

0 B%=

400 500 600 700 800

Wavelength [nm]

Fig. 4. Influence of the distance (2 mm, 1 mm or contaetwveen sample surface and probe on the
fluorescence emission spectra of a wheat leaf exciwith a pulsed Nlaser at 337 nm

wavelength (Birling, unpublished observations).
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Therefore, several commercial systems such as AM-series of the Heinz-Walz
company (Effeltrich, Germany) are designed witlamgle holder in order to set the distance

between sample and sensor to provide optimum miegstonditions.

3.2 Chlorophyll fluorescence

Plant leaves contain pigments such as chloropply#nols, carotenoids, and cell wall
components which emit fluorescence at differentel@wgths. In this context, chlorophwl
fluorescence of leaves is a non-destructive prabehotosynthetic efficiency which can
reflect the impact of environmental factors on anpl(Cerovicet al. 1999; Schurret al.
2006). Since several abiotic and biotic factors lead to modification of the photosynthetic
apparatus, specific chlorophyll fluorescence sigreg have been identified as indicative of
plant stress (Lichtenthaler and Miehé 1997). TBisxplained by the fact that the three
processes, photochemistry, heat dissipation, alwtaghyll fluorescence, are in competition
with each other, when light energy is absorbed blprophyll molecules (Maxwell and
Johnson 2000). If photochemistry is reduced, flaoeace and heat increases; therefore
chlorophyll fluorescence can be used as indicatotife exposure to and intensity of stress.

In the process of photosynthesis numerous pigmentsombined action (e.g.
chlorophylls and carotenoids) serve as antennht (tigrvesting complex), collecting light and
transferring its energy to the reaction centregre@tby chemical reactions part of the energy
is being stored by transferring electrons from rcphyll pigment to an electron acceptor
molecule (Taiz and Zeiger 2007). An electron doti@n reduces the chlorophyll again.
Under normal conditions more than 80% of the cautuphotons are used in the
photosynthetic light reaction and the associategttedn transport to build-up ATP and
NADPH, which are the essential substances for éur@Q assimilation in the Calvin cycle
(Lichtenthaleret al. 2005). Nevertheless, 1-2% of the absorbed lightlissipated as non-
radiative heat and red fluorescence light duringrgy transduction (Maxwell and Johnson
2000). Thereby, fluorescence is of longer wavelerngan the excitation light, and at room
temperature more than 90% of the chlorophyll flseemce comes from PSII (Gitelsetral.
1998). When leaves are kept under dark conditipnmary quinone acceptor of PSIl (1)
becomes maximally oxidized and the PSII reactiontres are open, which means that they
are capable of performing photochemical reductioh @, (Baker 2008). Hence,
photochemical quenching is maximal and nonphotoatenguenching minimal (Schreiber

2004). If dark-adapted leaves are then exposed tweak modulated and nonactinic
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photosynthetically active photon flux density (PRF& ca. 0.1 pumol fA s*, not driving
photosynthesis measuring beam, a minimal levelluaréscence, & can be measured, F
thereby originates exclusively from light harvegtoomplex Il (LHCII) (Lichtenthaler 2005).
If thereafter a short pulse of actinic light chaesized by high PPFD of several thousand
pumol m? stand usually less than 1s is given, maximal fluczase level f is reached due to
maximal reduced Q and both LHCII and the reaction centres of PSk @volved
(Govindjee 2004). PSII reaction centres with reduc® are termed as ‘closed’ and are
unable to perform photochemistry. The ratjgHg/Fq,, estimates the maximum quantum yield
of Qa reduction which is related to the PSII photochémisAfter the fluorescence rise from
Fo to Ry, chlorophyll fluorescence declines to a low stesidye level due to full activation of
photochemical quantum conversion which includeso at®n-photochemical processes
(Lichtenthaleret al. 2005). If under this situation a leaf is exposedontinuous actinic light,
the fluorescence level F' can be measured. By appliprief saturating light pulses that
maximally reduce @ such that photochemical quenching is completebpsessed (Schreiber
2004), F’ rises to the maximal fluorescence levugl Fhe difference between,fFand F' is
referred to § and is a result of & quenching by PSIl photochemistry. Thereby/fFy,' is
proportional to quantum vyield of PSII photochenyishefore application of the saturating
light pulse. Determination of .’ can be used for the estimation of non-cyclic &l@c
transport rate through PSII (ETR).

In addition to the previously described chlorophifllorescence induction Kinetic,
several more chlorophyll fluorescence parametett®ys, and quenching coefficients can be
determined. All indices provide information on tHenctionality of the PSII and the
photosynthetic apparatus (see Baker 2008; Lichadertlet al. 2005); particular chlorophyli
fluorescence ratios are indicators of specific espeof the photosynthetic apparatus
(Buschmann 1999).

In fact, different approaches can be used to indand measure chlorophyll
fluorescence under laboratory conditions. One moe is used to evaluate as above
described the fluorescence induction kinetic astpmi imaging measurements. This approach
is called pulse-amplitude-modulated (PAM) chlordpHyorescence, and a typical result of a
chlorophyll fluorescence quenching analysis is ghawFig. 5. Another way is to determine
the chlorophyll fluorescence emission spectra akrate the ratio between two chlorophyll
peaks as indicator for chlorophyll content (Buschma007). Particular for this system is the
determination of two maxima, in the red region 8-%90 nm and far-red region at 730-740
nm. At higher chlorophyll concentrations, with ieasing chlorophyll concentrations the
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chlorophyll fluorescence increases and is mainljected in the range of 730-740 nm,
whereas in the range of 685-690 nm fluorescenceedses after a while due to re-absorption
of the emitted red fluorescence by the chloroptabkorption bands. As result, lower
fluorescence is recorded at 685-690 nm with inengashlorophyll content. The phenomenon
of re-absorption is caused by the overlapping efréd fluorescence emission spectrum with

the far-red fluorescence absorption spectrum.

— Measuring light alone
—— Saturating pulse, PS |l closed
— Actinic light, PS Il partially closed

Baseline

685 pmol photons m™s™

1 Time (min) I
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Fig. 5. Typical result of a fluorescence quenching analysin healthy leaves using modulated

fluorescence (source: Baker 2008).

3.3  Blue-green fluorescence

Whereas the red and far-red fluorescence emanabg$rom chlorophylla located in
guard cells chloroplasts in the epidermis and dmtasts in palisade and spongy parenchyma
cells, several other compounds located in the leytiepidermis and vascular bundles
contribute to the emission of the blue-green flsoemce (Goodwin 1953; Larey al. 1991,
Rost 1995). Thereby, ferulic acid is the main fesming compound but also other products of
the plant secondary metabolism can significantlptdbute (Lichtenthaler and Schweiger
1998). These products comprise hydroxycinamic acgldbenes, coumarins, flavonols,
phenolic acids, and many more. Coming from the isfake pathway, they are
biosynthetically related and are generally nameahtpphenolics (Ceroviet al. 1999).
However, their contribution to fluorescence depemshe concentration of the fluorophore,
its’ localization in the leaf, its absorption anghission spectrum, the fluorescence quantum

yield as well as the fluorophore’s environment (penature, pH, polarity, etc.). As absolute
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fluorescence signals are strongly affected by degta(Fig. 4) and leaf geometry, ratios
between fluorescence maxima are more reliable #imolute intensities, and proved to be
suited for characterization of plant-stress (Busahnet al. 2009). Thereby, ratios of blue or
green fluorescence to red and far-red fluorescasceell as blue to green fluorescence can be
calculated.

As shown, the stress-induced accumulation of gigtieg or new synthesized
secondary metabolites in the epidermis can increéaseblue and/or green fluorescence
intensity (Lichtenthaler and Miehé 1997) and chatingefluorescence lifetimes. However, the
presence of compounds in the epidermis with high &bsorbtivity attenuates the UV
excitation of chlorophyll molecules in the mesopli¢haerle and Van der Straeten 2000). As
a consequence, the UV-induced chlorophyll fluoreseeis decreased, resulting in a lower
ratio of blue-green to chlorophyll fluorescence. retover, by this the presence of green
fluorescence reabsorbing compounds can increasebltieto-green fluorescence ratio,
whereas the re-absorption of the blue-green flommse by chlorophyll molecules can also
influence the respective ratios (Laetgal. 1991). In addition to pre-existing, accumulated a
newly synthesized blue-green fluorescing compoundthe leaf tissue, also some biotic
stressors themselves, like fungi or bacteria, nmi autofluorescence (Rost 1995; Zhang and
Dickinson 2001). Furthermore, during plant-pathogateraction, phenolic compounds
proved to play an important role in plant defenceechanisms (Nicholson and
Hammerschmidt 1992; Vermerris and Nicholson 2006kusceptible as well as resistant
cultivars. Thereby, several identified substancesumulate or are newly synthesized in
response to pathogen attack. As observed by mdafisooescence microscopy, leaf rust
infection can cause lignification of stomata sunaing cells (Fig. 6).

Fig. 6. Fluorescence microscopic examinations of wheatefeanfected withPuccinia triticina. A)

Lignification (yellow) of stomata surrounding cetlse to pathogen attack (bluB); Leaf rust
pustules rupture the epidermi8) Distribution of pathogen structures (blue) anchifigd
tissue (yellow). (Burling, unpublished observatipons
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As representative for abiotic stressors, high vl nitrate increase the chlorophyll
concentration but reduce phenol and lignin productiBrown et al. 1984), resulting in
changes of the fluorescence signature.

3.4  Data processing

The common approach for processing fluorescencetrspes to determine the peak
amplitudes for calculation of fluorescence ratiokiclftenthaler and Miehé 1997).
Nevertheless, the half-bandwidth of a peak can aklscan indicator for modification of
amount and composition of fluorescing substanced,changes might lead to modifications
of the ratios amongst the peaks. Usually, a nogalircurve-fit like the Gaussian fit can be
used to define position, amplitude and the halfelwadth of the fluorescence peaks.

Furthermore, recording of the fluorescence lifetisma suitable method in plant stress
evaluation (Cerovicet al. 1999). Fluorescence lifetime data have to be ggeed by non-
linear curve fitting and a deconvolution processdoh on specific algorithms like the
Levenberg-Marquard (Kress al. 2003). As outcome, fluorescence lifetimes, theicentage
contribution to the mean lifetime, and the meaatilhe itself are obtained. As shown by
other authors, up to four lifetimes with a fast,dmen, a slow, and a very slow component
have been detectedvivo (Goulaset al. 1990; Holzwarth 1986).

In contrast, data processing of fluorescence ima&gasmore complex topic. Usually,
commercial imaging systems have their specificvgafe which allows a pixel by pixel or
region of interest calculation, and analysis obfescence parameters. However, a number of
general and more specific image processing softwaris are available (Len& al. 2007).
Nevertheless, calculation of mean value and standawiation of the whole image or of
regions of interest are the tools restricting imagmlysis. Meanwhile, image processing
methods have been extended and automated algorghmdd make image analysis more
comfortable and accurate (Leakal. 2007).

3.5 Fluorescence spectra and lifetime and the uséimaging technique for evaluation

of the physiological status of plant tissues

As mentioned above, several amplitude ratios betwegious peaks proved to be
sensitive for stress detection. Some abiotic steitsmtions like nutrient deficiencies and
water stress (Chappelét al. 1984a, 1984b; Subhash and Mohanan 1997) aretdeke by

means of fluorescence spectra. The use of lasacaddfluorescence (LIF) spectra for rapid
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detection of nitrogen deficiency (Tartachnyk andd&aacher 2003) as well as cadmium-
(Mishra and Gopal 2005) and nickel-induced (Misainal Gopal 2008) stress in wheat plants
are well known examples. Similarly, early recogmtbf nematodes in sugar beet (Schreitz
al. 2006) and the detection of fungal infection offaetent plants by LIF (Belasquet al.
2008; Ludekeret al. 1996) have been successfully accomplished. Workwih wheat,
Tartachnyk and co-workers have shown that LIF3$s alited for the differentiation between
nitrogen deficiency and pathogen infestation (Tamtgket al. 2006).

In addition to the assessment of spectral signature determination of lifetime of
fluorescing constituents is an important tool talenstand the plant reaction to impacting
stresses. Nevertheless, only little informationsbress-induced changes on chlorophyll- as
well as blue-green fluorescence lifetime is avadam the literature. Early decay-time
measurements taken after application of the hel®IBICMU showed a strong increase of the
slowest of four chlorophyll fluorescence lifetimemnponents (Schmuckt al. 1991).
Moreover, water stress (Schmuekal. 1992) and iron deficiency (Moralest al. 1994)
caused distinct changes in fluorescence lifetiraegongst others due to flavin accumulation
(Moraleset al. 1994). Experiments on the effect of fungal melitd® on leaves as detected
by chlorophyll fluorescence suggest that decay-tngasurements have significant potential
as non-intrusive probe of leaf damage by fungalkiaites (Kshirsagaat al. 2001). Hence,
further work is needed to examine application pumbses for evaluations of distinct
impairment of plant health status.

In general, the use of imaging techniques provatkdtional information, especially
the spatial and temporal changes of stress infedsiing plant development (see e.g. Chaerle
and Van der Straeten 2000; Sankaegaal. 2010; Scholes and Rolfe 2009). The response of
plants to several adverse situations like droulgbgzing, salinity, chilling, high temperature
and irradiation, nutrition, and herbicide applioatihave been studied employing chlorophyll
fluorescence imaging (Baker and Rosenqvist 2004scBmnann and Lichtenthaler 1998;
Heiselet al. 1996; Jansent al. 2009; Kuckenbergt al. 2007; Lichtenthaleet al. 1997).
Considering biotic stress factors, Chaeatl@l. (2007b) confirmed the suitability of imaging
chlorophyll fluorescence for early detection of magium deficiency an@otrytis cinerea
infection in common bean, as compared to thermdl\adeo camera detection. In studies
with wheat, a foliar disease could be detectedietd fexperiments (Bravat al. 2004).
Moreover, PAM chlorophyll fluorescence imaging aled the early detection of leaf rust and
powdery mildew on winter wheat leaves, respectiviiiyee and two days prior to appearance
of visual symptoms (Kuckenberg al. 2009a). Furthermore, the potential of fluoreseenc
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measurements for discrimination between nitrogeitidacy and pathogen infections was
shown (Kuckenbergt al. 2009b). Fluorescence ratio images calculated fraages of the
blue, green, red, and far-red spectral region Ieesn demonstrated for several types of stress
(for review see e.g. Buschmaehal. 2000, 2009). Furthermore, the early detectiothef
hypersensitive reaction to tobacco mosaic virubiasc stress factor (Chaer& al. 2007c)

has been accomplished by multicolour fluorescentaging. This technique displayed the
power to monitor the accumulation of secondary caumgls synthesized by the plants upon
stress (Lenlet al. 2007). Whereas imaging of fluorescence intensitgn established tool in
plant stress detection, imaging of fluorescencetifife on macroscopic level for such
purposes is rudimental. In contrast to lifetimeleation at microscopic level, no commercial

system is available.

4 Objectives of the study

Nitrogen management as well as the control of teat and powdery mildew are
cultivation methods of major significance in whembduction. In this context breeding of
new cultivars that are resistant to specific abi@nd biotic stresses has received more
attention. Therefore, detection of plant stresdfeintiation between compatible and
incompatible pathogen-plant interaction as weldssrimination between biotic and abiotic
stress is essential. In this context, non-destrectoptical, sensor based systems for
evaluation of plant physiological status have bdeweloped and adopted. However, several
challenges are still remaining, and existing appinea need to be improved and their
potential further exploited. In this study the Rulmplitude-Modulated (PAM) fluorescence
imaging and the Laser-Induced-Fluorescence (LIENrigue were used to elucidate temporal
and spatial modifications in fluorescence signgt®ru stress events in wheafriticum
aestivum L.) genotypes cultivated under controlled conaisioThe influence of economically
important pathogensB(umeria graminis and Puccinia triticina) and N-deficiency as
representative biotic and abiotic stresses affgcpfant photosynthesis and quantitative
changes in plant secondary metabolism was thersl@giigated.

Aim of the study was to elucidate the following byigeses:

1. Wheat T(riticum aestivum) cultivars with distinct levels of resistance taf rust

(Puccinia triticina) can be discriminated between by imaging chlordiphy
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fluorescence. As basis for these experiments, nigadt of inoculum density in a

multi-temporal approach on the characteristic #iscence readings of sensitive and
resistant genotypes was examined. As there iskaofaimformation, we addressed the
guestion of whether there is a physical maskingat¢ftiue to spore layer and density

on absolute and relative chlorophyll fluorescenammeters.

2. Assuming pathogen induced changes in the claaistat spectral fluorescence
signature between 350 and 820 nm, we hypothesiegditiorescence spectroscopy is
a suitable method to early detect leaf ru&ic€inia triticina) on wheat. Based on the
specificity of pathogen-plant interactions, we péstied that determination of
fluorescence ratios and mean lifetime of fluorogisoenables a reliable discrimination

between susceptible and resistant wheat cultialesaff rust.

3. In a following study we hypothesized that thenbemed information of UV-induced
fluorescence spectra and fluorescence lifetime lesathe detection of powdery
mildew (Blumeria graminis) infection on wheat plants shortly after inocudati We
furthermore claimed that discrimination among wheanotypes that are either

resistant or susceptible to powdery mildew is felasi

4. Finally, we hypothesized that differentiationtvieeen the physiological reaction of
wheat plants to N-deficiency and leaf ruBugcinia triticina) as well as N-deficiency
and powdery mildewRlumeria graminis) might be accomplished by means of UV-
induced fluorescence spectral measurements inltiee ¢reen and yellow range (370
to 620 nm) in addition to the chlorophyll fluoreace (640 to 800 nm). Thereby we
focused on a slight N-deficiency and the early esagf pathogen infection, justifying
the need of sensors to detect pre-symptomaticssindsced modifications.
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B Quantum yield of non-regulated energy dissipationn PSIl (Y(NO))
for early detection of leaf rust (Puccinia triticina) infection in

susceptible and resistant wheafl{riticum aestivum L.) cultivars

1 Introduction

In the context of precision agriculture, accuratsitu detection and differentiation of
stress symptoms resulting from pathogen infectfon,example, are essential for starting
appropriate prevention measures such as the tiagghjication of pesticides. One aim of
precision agriculture is to develop techniquessite-specific fertilizer application as well as
weed and disease control (Auernhammer 2001; PardéNowak 1999). Specifically, several
approaches such as hyperspectral measurementasareiriduced chlorophyll fluorescence
(LIF) have been tested, developed and optimizeceutaboratory and field conditions to
enable more precise evaluation of a plant’s notrél status and development of diseases
(Kuckenberget al. 2009a, 2009b; Lt al. 2010; Mahleinet al. 2010). In this context
noticeable progress of the ‘so called’ nitrogensses enable thén situ detection of N-
deficiency in cereals anoh-line variable-rate application of fertilizers (Steiretral. 2008;
Tremblay et al. 2009). However, the development of non-invasivel aon-destructive
technologies requires a good understanding of tiesiplogical status that underlies the
measured signals in living tissues (Buschmann acisténthaler 1998).

On the other hand, preliminary measures that tags@irate site-specific procedures
are of increasing importance (Lutticken 2000), dsample the selection of resistant cultivars
to specific stresses such as those caused by gahoare an integral component of modern
and precise agriculture (Auernhammer 2001; @blkhl. 1994). In this context, appropriate
genotypes may contribute to reducing variabilitghe crop and that due to diseases, both of
which are important factors in precision agricutufZhanget al. 2002). In breeding
programs, the resistance of new cultivars is test@dl several years in field experiments that
require high inputs of time and money (Schnaeal. 1998). In general, the severity of plant
disease is assessed visually with ordinal ratinglesc This time-consuming, qualitative
evaluation can be subjective and does not indicatisible damage to the photosynthetic
mechanism of the plant. Furthermore, the rapid ackes of genetic engineering and tailored
plant breeding, with their potential impact on ps&m agriculture (Auernhammer 2001),
underline the demand for rapid, objective and npyeeise methods of screening to quantify
resistance to stress (Scholes and Rolfe 2009;3ttial. 2008).



32

Recently, chlorophyll fluorescence devices havenhesed to evaluate plant resistance
to different abiotic stress situations such asliobil freezing, ice cover, heat and high light
intensity (Petkovaet al. 2007; Schapendordt al. 1989; Smillie and Hetherington 1983), as
well as salinity (Belkhodjat al. 1994; Hunschet al. 2010). Furthermore, Schnabetlal.
(1998) used an imaging chlorophyll fluorescenceesysto estimate the resistance to stress
from infection byPhytophthora infestans on leaf disks of potato cultivars. It is rare @ntire
leaves to be affected at once by pathogen attadékist¢nthaler and Miehé 1997). Therefore,
changes in plant physiology may be suitably reatroe imaging fluorescence systems that
provide spatially resolved information. On this isaghe responses of susceptible and
resistant barley leaves infected with powdery nldeve been assessed by electron transport
rate (ETR), non-photochemical quenching (NPQ) affielceve PSIl quantum yield (Y(II))
(Swarbrick et al. 2006). However, this work focused on the obs@wmatbf metabolic
consequences and started with the occurrence oélveymptoms. Similarly, Chaeré al.
(2007) assessed the plant-fungus interactioGap€ospora beticola on attached leaves, leaf
stripes and leaf disc assays of sugar-beet cudtivaih different levels of resistance using
imaging chlorophyll fluorescence and thermal ardkoi cameras.

Regardless of the extensive use of the PAM teclgyoilo physiological surveys, the
potential of chlorophyll fluorescence imaging foetearly detection of leaf rust as well as the
discrimination between wheat genotypes based anléwel of resistance has been neglected.
Wheat is one of the three most cultivated cereatieg worldwide, and leaf rust is one of its
most common and widespread diseases. Yield losflestrmainly the periodic occurrence of
the disease and susceptibility of cultivars (Degallal. 2008). One plausible alternative for
maximizing the yield is to select wheat genotydest thave adequate resistance to leaf rust
(Kolmer et al. 2007). In addition to the usual approach for ¢kaluation of genotypes and
new cultivars, we hypothesize that whehttfcum aestivum) cultivars with distinct levels of
resistance to leaf rusP(triticina) can be discriminated between by imaging chlordiphy
fluorescence. Screening of genotypes under coett@bnditions ensures the reproducibility
of the timing of infection and minimizes to a largetent the possibility of simultaneous
occurrence of other stresses (Huastgal. 2005; Paweleet al. 2006). Furthermore, we
studied the impact of inoculum density in a mudtiaporal approach on the characteristic
fluorescence readings of sensitive and resistanotgpes. It is well known that specific
pigments in the cuticle or epidermal cells, suclaathocyanins, may mask the fluorescence
signal from chlorophyll molecules in the deepenr t&yers (Lichtenthaleet al. 1986). As
there is a lack of information on the impact of dah spore suspension density on
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fluorescence imaging readings, we addressed thstigneof whether there is a physical
masking effect due to spore density on absolute ratative chlorophyll fluorescence
parameters.

2 Materials and Methods
2.1  Plant material and growth conditions

Experiments were conducted in a controlled-envirenimcabinet under a 14 h
photoperiod and 200 pmolfrs* photosynthetic active radiation (PAR; Philips PL36 W
fluorescent lamps, Hamburg, Germany), day/nightpemature regimes of 20/15 + 2°C and
relative humidity of 75/80 + 10%. Seeds of wintdmeat {riticum aestivum L. emend. Fiori.
et Paol.) were sown in 0.44 | square Teku-Pots gBipann GmbH & Co. KG, Lohne,
Germany) filled with perlite, at the rate of 5 sequér pot. Selection of cultivars was based on
the resistance degree (RD) given by the German r&kdBlant Variety Office
[Bundessortenamt] (2008) on a scale ranging from tonnine. The rust-susceptible cultivar
Dekan (RD = 8) and the rust-resistant cultivar R€RD = 3) were chosen. Emerging plants
were provided with a Hoagland nutrient solutionrgvsvo days. Twenty days after sowing,
when plants had reached the three-leaf stage,dtegest fully expanded leaf of one plant

per pot was selected for inoculation with leaf rust

2.2 Chlorophyll fluorescence measurements

Readings of chlorophyll fluorescence were takerhwaitpulse amplitude modulated
(PAM) imaging chlorophyll fluorometer (Heinz-Walzn@bH, Effeltrich, Germany). The light
source for fluorescence excitation and actinicmiiation contains 96 blue light diodes
emitting at 470 nm. The fluorescence images wererded by a black and white CCD (8.458
mm chip with 640 x 480 pixels) camera operated Qrbit-mode at 30 frames per second.
Daily measurements of the fast fluorescence paemelk (ground fluorescence), .F
(maximum fluorescence) and the slow fluorescendadtion kinetic parameters were made
on plants adapted to the dark for 60 min until fir small red-brown pustules appeared in
the centre of chlorotic spots. Details of the meaguprocedure, pathogen inoculation, as
well as data evaluation and analysis are givervhelo

In general, parameters of the slow chlorophyll feszence kinetic are more sensitive
in the early detection of stress (Schreiber 2084¢liminary tests to evaluate both cultivars,
Dekan and Retro, indicated reliable discriminati@mtween control and infected leaves with
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the fluorescence parameter Y(NO). The Y(NO) dessrithe quantum yield of non-regulated
energy dissipation in photosystem Il (PSIl) andcadculated according to Kramet al.
(2004) by the equation:

Y(NO) = 1/(NPQ+1+@(Fn/Fo-1)), (1)
where

NPQ = (F-Fw')/Fr’ (2)
and

L = (Fw-F)(Fm-Fg) x FoIF. 3)

2.3 Experiments using undefined spore concentration

With this approach an undefined large amountPofriticina spores (non-specific
mixture of spores produced on wheat without knoesistance genes) was applied with a
fine-brush on a predefined area of horizontallyedixleaves to form a layer of spores.
Following this, water was atomized above the leams the plastic micro chamber in which
plants were allocated was closed for 24 h to readtigh relative humidity (RH > 98%).
Thereatfter, the visible spore coat was removedfaidyeising water and a fine-brush.

Fluorescence acquisition started with the deterainaof ground fluorescence {F
blue light excitation at an intensity of 0.5 pmof s PAR) and maximum fluorescence(F
blue light saturation pulse of 2400 pmof st PAR for 800 ms) before initializing the actinic
illumination (265 pmol M s* PAR) after a delay of 40 seconds. Thereafter ratom pulses
(2400 pmol rif s* PAR for 800 ms) were applied with repetition evéfy s for the whole
recording time of 340 seconds. The last of 17 m@&drimages was analyzed by ImagingWin
v2.21d (Heinz-Walz GmbH, Effeltrich, Germany), with= 20 areas of interest (aoi). Digital
pictures of the leaves and fluorescence images wszd to interpret the results. Localized
modifications in relative fluorescence values, segchanges in colour (Fig. 1), were marked

as circular areas of interest. Corresponding aei®\set on the control leaves.
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Fig. 1. Image of the impact of leaf rust on the spatial tamdporal variation of the quantum yield of
non-regulated energy dissipation in PSII, Y(NO)aswed with a pulse amplitude modulated

imaging chlorophyll fluorometer on the cultivar Ret

2.4  Experiments using defined spore concentration
2.4.1 Optimization of spore density

Single droplets of spore suspensions were appled ithe wheat leaves to evaluate
the extent of physical masking Bf triticina inoculum in relation to the spore density and its
impact on absolute and relative chlorophyll flueessce parameters. A non-specific mixture
of dead and inactive sporeshftriticina was suspended in distilled water containing 0.01%
(w/v) of Tween 20 (Merck-Schuchardt, Hohenbrunntr@any). The spore concentration was
estimated microscopically with a FueR®senthalcounting chamber, and subsequently
diluted to the highest concentration required (@ 000 spores per ml). From this suspension,
dilutions of 1:25 (40 000), 1:50 (20 000), 1:75 @38), 1:3 (330 000) and 1:9 (111 111) were
prepared and droplets applied immediately to preddfareas on the wheat leaves. Two areas
per leaf 6 = 6 leaves) were marked with a felt-tip pen in thieldle of the adaxial leaf half,
and within each of these zones a 6 pl droplet efatcordant spore solution or of distilled
water + 0.01% Tween 20 (equates O spores per mb@sol) was deposited gently after an
initial fluorescence measurement. The &d K were determined as described above,
followed by the actinic illumination (PAR of 265 joinm? s') after a delay-time of 30
seconds. Saturation pulses (2400 pmdlshPAR for 800 ms) during kinetic induction were
applied repetitively every 45 s; the total duratiah recording was 165 seconds.
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Measurements were made when droplets had driedhauneafter application. The masking
effect was quantified by setting a circular areantérest (aoi) in the images recorded before
and after application of droplets containidgriticina spores or water + Tween 20 solution as
reference. The kinetic parameters of the last imageorded after 165 s were analyzed.
Maximal fluorescence @) was selected to represent the absolute fluorescparameters
whereas for relative parameters the quantum yiettbo-regulated energy dissipation in PSII
(Y(NO)) was chosen.

2.4.2 Inoculum density for differentiation betwesrsceptible and resistant cultivars

In these studies a non-specific mixturePofriticina spores was suspended in distilled
water + Tween 20 solution as described above, abdegjuently diluted to 100 000 spores
per millilitre. From this stock solution three dilons were prepared using a dilution factor of
5, resulting in 20 000, 4000 and 800 spores pdilitrél. Two 6 ul droplets were applied onto
the adaxial leaf lamina in the middle of the learidth, on one halin(= 6 leaves). Control
plants were treated with droplets of distilled wateTween 20. During the inoculation period
of 24 h, plants were maintained in the climate dbamunder a plastic cover at almost
saturated relative humidity.

Fluorescence measurements were made as outlingd abthe section ‘Experiments
using undefined spore concentratiomhereas the biological assessment was made usng th
last of 17 images recorded 300 s after startingniactllumination. If pathogen-induced
changes within the droplet application site wersenbed, circular areas of interest (aoi) were
marked on the infected points and one additioneas marked on the healthy tissue next to
the application site to serve as reference. Forahalysis, the aoi's within the droplet
application site were regarded as ‘modificationcohtrol. If no changes were detected in
response to the application, one aoi covering thelevapplication site and one aoi beside this

circular area were marked.

2.5  Statistical analysis

The experimental data were analyzed by One-way ANONMth SPSS (PASW
statistics version 15.0, SPSS Inc., Chicago, US¥Xpphs (mean + SE) were designed with
SigmaPlot 8.02 (Systat Software Inc., Richmond, CSA). In the masking experiment,
fluorescence means before and after droplet applicavere compared by analysis of

variance (ANOVA,p < 0.05). In the experiment on biological efficacyegression analysis
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was done for data recorded at 2 dai (days afteciimn) for each wheat cultivar, with the

spore concentration (Ln) as a quantitative factor.

3 Results
3.1  Undefined spore concentration

With this method of inoculation, clear spatial ar@mporal differences in fungal
development on the susceptible and resistant ewdtivcould be established. Visual
evaluations of the pathogen development indicaée fitst chlorotic spots 4 dai in both
cultivars (Fig. 2). In the susceptible cultivar, Kaa, the first small red-brown pustules
appeared 6 dai; these became larger and moredtistithe following days. In the resistant
cultivar, Retro, the chlorotic spots became progvedy larger, conspicuous and were
partially necrotic, and by thé"tai a few pustules became apparent (Fig. 2). detid of the
experiment almost the whole leaf of Dekan showad est symptoms, whereas the resistant

cultivar, Retro, showed an irregular distributidrnirdected spots on the leaf lamina.

Dekan Retro
7" dai

Fig. 2. Digital photographs showing the development of teat on wheat leaves of the susceptible
cultivar, Dekan (left) and the resistant cultivBetro (right) on the, 4", 6" and 7" day after
inoculation (daiwith P. triticina.

Measurements of chlorophyll fluorescence startethi2 when differences in Y(NO)
values in infected leaves reached 12.7% comparedrtol leaves in the cultivar Dekan and
7.9% in leaves of the cultivar Retro (Fig. 3). Dgrithe following two days inoculated leaves
of both cultivars Dekan and Retro showed signifigamigher Y(NO) values than the
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respective controls, but no difference between dhiivars was recorded. Thereatfter, for
Dekan values declined from 11.3% (5 dai) to 3.4%48, and they finally peaked at 21.5%
at the end of the experiment. On the other handR&iro the sharp decline to 4.1% and the
following increase occurred at 5 dai, which was dag earlier than for Dekan. In addition,
evaluations from 5 to 7 dai indicated that differes between the control and inoculated

leaves were statistically significant.

Modification of Y(NO) [% of control]

2 3 4 5 6 7
Days after inoculation [dai]

Fig. 3. Modification of the quantum yield of non-regulatedergy dissipation in PSII (Y(NO)), given
as % of control) in leaves of the susceptible wiseéttvar Dekan (circles, dashed line) and the
resistant wheat cultivar Retro (triangles, solieé)iinoculated with an undefined concentration
of P. triticina spores (Mean + SE). Adapted from Burlieigal. 2009.

Although leaf rust was detected successfully aly ear2 dai and both cultivars tested
could be differentiated between, there is still souncertainty because the spore density
might have had a significant influence on pathoméection and physiological responses of
the plant. The method of inoculation used in thxigegiment does not enable spore density to
be quantified and is, therefore, not reproducibléerms of applying the same spore amount
per unit of area. This limitation accounts for tadlowing experiments using the droplet
application procedure with defined concentratiohspores.
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3.2 Physical masking of fluorescence witRuccinia triticina spores

Our investigations showed that concentrations ¢h® 000 and 1 000 000 spores
per ml have a significant effect on the absolut@rféscence parameters, reducingvilues
from 0.7 to 0.64 and 0.69 to 0.23, respectivelyb{@&d). Similarly, light absorption was less
at the highest spore concentratidaté not shown). At densities of 20 000 and 13 333 spores
per ml, no significant effect on the parameterdwatad was observed. On the other hand, the
highest inoculum density (1 000 000 spores per negulted in a significant increase of
Y(NO) values (Table 1). It is noteworthy that inh @lher treatments no significant difference
was recorded between Y(NO) values before and dftgrlet application.

Table 1. Maximal fluorescence (ff and quantum yield of non-regulated energy dissipan

PSII (Y(NO)) measured on wheat leaves before amer afpplication of 6 pl single droplets with

defined density oP. triticina spores. Measurements were done 1 h after drompéication.

Spore Fum [rel. units] Y(NO) [rel. units]
density
Before After Before After
[spores
application application application application

per ml]
0 0.716 £ 0.005 0.714 + 0.005 0.311 +0.010 0.386048
13 333 0.699 + 0.009 0.682 + 0.008 0.347 £ 0.027 0.312020
20 000 0.696 + 0.007 0.692 + 0.007 0.340 + 0.027 0.3M044
40 000 0.701 = 0.007* 0.644 + 0.008 0.365 + 0.021 0.331025
1 000 000 0.698 = 0.009* 0.237 £ 0.025 0.305 = 0.024* 48% + 0.039

* significant differences between values measumfdre and after application according to ANOVA,
p < 0.05; Mean * SE.

In additional experiments inoculum densities of 333 and 111 111 spores per ml,
which are between the two highest levels of theiptes experiment, were chosen. For these,
no statistical change in the measured fluorescpacameters was observed. Based on these
results, it was decided not to exceed 100 000 sppee ml for assessing the physiological
response of plants.
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3.3  Biological assessment of leaf rust on suscepgitand resistant cultivars
3.3.1 Evaluation of visual symptoms

Visual assessment of leaf rust confirmed the distiaffect of the inoculum
concentration for disease establishment and fushgedlopmentr{ot shown). In this context,
plants of the cultivar Dekan inoculated with 10@0fr 20 000 spores per ml had their first
chlorotic spots at five days after inoculation. $tespots became larger and more distinct
during the next day, and by th8 @ai small red-brown pustules were observed até¢nére of
these lesions. Plants treated with 4000 sporespéead chlorotic spots one day later (6 dai).
For these plants, pustules also appeared on'tii7but to a lesser extent than at the higher
spore densities. Plants inoculated with 800 sppezsml showed no visible symptoms until
the end of experiment.

The effect of spore density was also confirmedtf@ cultivar Retro rfot shown).
Here, plants inoculated with 100 000 or 20 000 spqgyer ml showed their first chlorotic
spots one day later than the susceptible cultivekad (6 dai), and they became larger and
more distinct within the next 24 hours. In contras observed for Dekan, the spots had a
necrotic appearance. At 7 dai, the first pustulgseared on plants inoculated with 20 000
spores per ml, whereas plants inoculated with 4080800 spores per ml remained healthy
until the end of the experiment.

3.3.2 Quantum yield of non-regulated energy diggpg Y (NO))

During the pathogen-plant interaction assessedhentwo wheat cultivars, Y(NO)
showed changes in plant physiology earlier andh greater robustness than others such as
NPQ or Y(ll). Similarly, as in the experiment witbhndefined amounts of spores,
physiological changes were detected in infectedeleaof both susceptible and resistant
cultivars on the first date of measurement (2 ddgwever, the degree of modification in
Y(NO) clearly depended on the inoculum density.sAewn in the regression curves (Fig. 4),
the cultivars tested have distinct models whenutaeted with low or high densities of spores.
Accordingly, the resistant cultivar, Retro, showyaminor changes compared to the control,
whereas the susceptible cultivar, Dekan, showsifeignt differences with increasing spore

density.
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Fig. 4. Modification of the quantum yield of non-regulateergy dissipation in PSII (Y(NO)), given
as % of control) in leaves of the susceptible wiee#ttvar Dekan (filled circles, solid line) and
the resistant wheat cultivar Retro (triangles, @dsline) two days after inoculation with
triticina. Inoculation densities (spores per ml): 800 (L6.%), 4000 (Ln = 8.3), 20 000 (Ln =
9.9) and 100 000 (Ln = 11.5). Mean + SE.

Plants of the susceptible cultivar Dekan inoculatétt 20 000 or 100 000 spores per
ml show a similar response during the whole evauaperiod (Fig. 5A). Two days after
inoculation, the modification in Y(NO) peaks at 3% and 14.5% in the 100 000 spores per
ml and 20 000 spores per ml, respectively. In tilewing two days the values decrease to
9.2% and 8.7%, respectively. The values of Y(N@}eased up to thé"7dai and reached a
modification of 14.8% and 14.1%, respectively. Aswsn in Fig. 5A, the dose of 4000 spores
per ml induced changes in fluorescence, howevarlésser extent compared to 20 000 spores
per millilitre. Furthermore, the loweit triticina spore density (800 spores per ml) induced a
progressive decrease of Y(NO) values. In the aitRetro, densities of 4000 and 800 spores
per ml show a similar response with a slight inseel the modification of Y(NO) at thé®
dai, followed by a slight reduction in the perceg@amodification, which then remained
constant until the end of the experiment. In castirdne two higher doses of fungal inoculum,
20 000 and 100 000 spores per ml, induced signifigagreater changes in Y(NO) values in
the period of pre-visual symptoms (Fig. 5B). Tharfer dose of inoculum initially induces a
modification of about 3% which increases to 6.3%irduthe following 24 hours. At the end
of the measurement period these values reach hd&ved% and 9.7% at thé"@and 7" dai,
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respectively. An overall increase in modificatiohY{NO) also occurs with a concentration
of 100 000 spores per millilitre. In this case, first two days of measurement show a
modification of 4.3% and 4.6%, respectively, ang tb almost double by the next day at up
to 8.8%. Modifications of Y(NO) decrease to 6.3%ilthe 7" day after inoculation.
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Fig. 5. Modification of the quantum yield of non-regulatelergy dissipation in PSII (Y(NO)), given
as % of control) in leaves ofA&) the susceptible wheat cultivar Dekan d&)dthe resistant
cultivar Retro inoculated with different densitie$ P. triticina spores during biological
assessment (Mean = SE). Solid circles 100 000 spmeeml, open circles 20 000 spores per

ml, solid triangles 4 000 spores per ml and opiamgtes 800 spores per millilitre.
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4 Discussion

In the present study, the suitability of imagindgacbphyll fluorescence was evaluated
as a potential tool for screening wheat genotypitls efferent degrees of resistance to leaf
rust. The common approach for screening genotymegigease resistance is costly and time-
consuming, and also prone to changing environmetalditions and the simultaneous
occurrence of other undesirable biotic or abiotiesses. Hence, the development of fast,
accurate and objective evaluation protocols to adletress supports a precision agriculture
approach, by for example, enabling rapid screewiitiy a high throughput of new genotypes
that are more stable and less prone to the vatiabdused by pathogens in the field.

In our preliminary studies on the masking effecttltd inoculum, the highest spore
density of 1 000 000 spores per ml caused a sigmifiincrease in Y(NO) values (Table 1);
this resulted from the strong decrease Jrakd F;, values that were used to calculate Y(NO)
(Eg. 1). Kuckenbergt al. (2009a) described a strong reductionJrafd F, concomitant with
the appearance of pustules on the leaf surfacehefivleaves because of the shielding of
plant tissues from excitation light. Alternativelhe main parameters of slow induction
kinetics of chlorophyll fluorescence have been ussed extensively in the literature, but
information on the value of Y(NO) to assess hoshpgen interaction is lacking. As
described by Klughammer and Schreiber (2008), Y (N&igcts the fraction of energy that is
dissipated passively as heat and fluorescence lyriagcause of closed PSII reaction centres
at saturating light intensity. In this context, darvalues of Y(NO) reflect a suboptimal
capacity of photoprotective reactions.

The results of our experiments using either uneéefior defined spore concentrations
showed that at the beginning of pathogen infectiencapacity of photoprotective reactions,
indicated by increased values of Y(NO), was mofecédd in the susceptible cultivar Dekan
than in the resistant one Retro (Figs. 3 and 5)ddeer, the cultivars showed differences in
the temporal development of Y(NO) depending ondbse of inoculum (Fig. 4). With a high
spore concentration, the larger values of Y(NO)ha susceptible cultivar at 2 dai were
followed by a decrease, indicating a delayed on$dehe defence mechanisms. At 6 dai,
chlorosis was evident on the leaves of the cultivekan, together with the strong decrease in
Y(NO). Changes in leaf optical properties might daised by, for example, the loss of
chlorophyll or the development of pustules undetim¢lae leaf surface as well as changes in
plant or cell physiology resulting from the pathogefection. One day earlier (5 dai) when

chlorotic spots became necrotic in the resistaiitvan, values of Y(NO) also decreased. In
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recent studies on leaf rust susceptible wheatvauttj an increase in chlorophyll fluorescence
after pathogen inoculation has been documenteddsfonptoms appear (Bodetal. 2002;
Kuckenberget al. 2009a), which has been attributed to chlorophydlakdown within the
chlorotic patches. As reported for sugar beet tefiéavith Cercospora beticola, after an
increase in chlorophyll fluorescence a decreaskedinto cell death has been observed
(Chaerleet al. 2007).

According to our results, the lowest density of rggodid not induce any locally
defined plant reactions as recorded by PAM-chloyifluorescence imaging. The number
of spores in a 6 pl droplet (theoretically an ageraf 4.8 spores) was probably not large
enough to establish the disease. Considering tfferehce in response between the
susceptible and resistant cultivars, genotype s@rgeshould be done using controlled
inoculation densities of 20 000 or 100 000 sporrsnpillilitre. As shown in Fig. 5, the larger
the number of spores the stronger is the effeghmtosynthetic disturbance in the susceptible
cultivar. This resulted in a greater differencewssn the tested cultivars because the resistant
one remained at a more or less continuous leveicélethe results suggest that the resistant
cultivar could avoid damage to PSII more effectvblan the susceptible one.

In the past, several research programs adoptedscmpic observations to analyse the
development oP. triticina in susceptible, partially resistant and resistamat cultivars, and
contributed to the elucidation of some of the tasise mechanisms (Jacobs 1989; Martatez
al. 2004; Poyntzt al. 1987). In this context, it was shown that thetygethogen interaction,
which depends on the genotype of both plant andusndetermines the resistance to a great
extent (Boltonet al. 2008; Kolmer 1997; Mcintos#t al. 1995; Rubiales and Niks 1995). As
already known, genes can increase the early ahodiosporelings as well as reduce the
number of haustoria per sporeling and the rateaoktorium formation in the early stages of
infection due to papilla formation or a low rateitercellular hyphal development (Rubiales
and Niks 1995). A reduction in the percentage geaton of spores as well as cell collapse,
cell disintegration and finally necrosis has alsemobserved (Garcia-Lagal. 2007).

In contrast to most studies on pathogen resistavitde well-defined monospore
strains, we chose a multispore inoculum. The sjpoyeulation led to differential pathogen
development in the susceptible and resistant eukjvand early changes in chlorophyll
fluorescence values occurred (Fig. 3 and 5). Higlassively dissipated fluorescence and heat
emission indicated a stronger disturbance of thié lR&ction centres. At the end of the test
with undefined spore concentration, stronger cldstorather necrosis, with just a few

pustules in the resistant cultivar Retro indicgbegilla formation and cell collapse. Analysis
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of the genetic background of the two cultivars anidroscopic observations can begin to
elucidate the reasons for the higher Y(NO) valuethe susceptible cultivar. Moreover, the
need for an accurate inoculation protocol, inclgdapore strains and spore density, should
not be neglected.

5 Conclusions

Our results show that the quantum yield of non-le&gd energy dissipation in PSII
(Y(NO)) as measured by a PAM imaging fluorometevatuable for screening wheat plants
for leaf rust resistance. The susceptible cultib@kan showed a stronger modification of
Y(NO) than the resistant cultivar Retro. The mogiprapriate time for a reliable
differentiation between the cultivars is th¥ 8ai, when differences are large and changes in
leaf optical properties are negligible. This isoassipported by the fact that both inoculation
methods reveal the same trend for this point oétiaven if differences in development over
time (2 to 7 dai) were noticed. The use of spomsiies of up to 20 000 spores per ml with
fast fluorescence kinetic parameters and up toQD@spores per ml with slow fluorescence
kinetic parameters are adequate without producmg physical masking. Nevertheless, to
establish an accurate and reliable evaluation podtdurther assay optimization, essentially
on symptom development, and a wider selection dfivaus need to be investigated.
Therefore, several wheat genotypes known to diffeéheir reaction tdP. triticina should be
evaluated at the first stage to test the accurétlyeatechnique to differentiate compatible and
incompatible pathogen-plant interaction. Followiigs a differentiation between genotypes
with different levels of resistance or susceptibishould be determined. The adoption of
screening protocols as suggested in this study kalle a positive impact on precision
agriculture both directly and indirectly. Howeveahe use of such methods under field
conditions requires the development of complex rumentation for non-contact
measurements. Other aspects of precision agrieuttave shown that there is about ten years
between the first research activities and the dgraént of commercial sensors (Reghal.
2002). Our studies are in the initial phase oftgyio understand physiological changes due to
cultivar resistance. In the future, new matheméatdgorithms and further developments in
sensor technology could enable fast and robustrrdetation of complex fluorescence
parameters such as Y(NO) to be implemented in sergesystems with a high throughput.
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C UV-induced fluorescence spectra and lifetime detmination for
detection of leaf rust Puccinia triticina) in susceptible and resistant

wheat (Triticum aestivum) cultivars

1 Introduction

Cultivars resistant against specific stresses, sigcipathogen infection, are integral
components of modern agriculture. As a decisivp efebreeding programs, the resistance of
new cultivars is tested over several years in feetderiments, requiring a high input of time
and money (Schnabet al. 1998). Since this approach is highly subjectiad ¢he results
might depend on inoculum type and density as welleavironmental conditions at the
experimental plots, breeders are looking for raguiceening systems that enable to distinguish
between compatible and incompatible pathogen-ptdatactions, as they are in a permanent
pressure to reveal cultivars with improved stressistance (Scholes and Rolfe 2009).
Considering the great demand for rapid and objectareening methods for stress resistance
and the parallel development of non-invasive anudestructive technologies for plant stress
evaluation (Belasquet al. 2008; Janseat al. 2009), the question arises, if the spectral and
time-resolved fluorescence spectroscopy is suitémedetection of fungal diseases and
discrimination of genotypes differing in the degoég@athogen resistance.

For many years, determination of fluorescence $ighave proven to be a very
sensitive tool for early stress indication reflagtichanges in photosynthesis and plant
secondary metabolism (Lichtenthaler 1996). Moreptle non-destructive character allows
monitoring of changes in tissue’s health status @véong time. Excitation of green leaves
with ultraviolet light (UV) induces two types olubrescence signals: blue-green fluorescence
(BGF) in the range of 400-630 nm and chlorophylbfescence (ChIF) in the range of 630-
800 nm. While the latter is related to chlorophglimolecules, blue-green fluorescence
originates from several fluorophores, mainly polypbls (lists of the most important
fluorescing substances in plants are presentedog.Gerovicet al. 1999; Langet al. 1991;
Rost 1995). Since the absolute fluorescence irtteasmay vary between samples due to
optical characteristics of the leaf tissue and stieng influence of external factors such as
measurement setup, ratios between fluorescence pealcalculated for reliable comparisons
of treatments (Ceroviet al. 1999). The common approach of handling fluoreseepectral
data is to determine the position of peaks andodak amplitudes, on which basis, a number

of fluorescence ratios is calculated. Furthermdetermination of half-bandwidth as well as
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amplitude-to-half-bandwidth ratio could also reveabnges in plant tissue. As shown in
earlier experiments, the F450/F530, F690/F740, FB9D, and F440/F740 amplitude ratios
are very sensitive to stress events and reflectiéigeadation of chlorophyll and accumulation
of secondary metabolites which emit blue-green rlsoence (Buschmanet al. 2009;
Cerovic et al. 1999; Lichtenthaler and Miehé 1997). Thereby, th&o between the
chlorophyll fluorescence peaks F690 and F740 ioadgnverse indicator of then vivo
chlorophyll content (Buschmann 2007). Contrastiigre is lack of information about the
usefulness of the green to red and green to faengalitude ratio for stress detection. When
exposed to biotic stress, plants often accumulgecic compounds of the secondary
metabolism as part of their defence mechanism. r§elamumber of these compounds is
known to emit fluorescence in the blue-green spécange when excited with UV light
(Chaerle and Van Der Straeten 2000). Moreover, ifutsglf might show a specific
autofluorescence as indicated by a UV light-indubeidght blue fluorescence from fungal
structures of wheat leaf rust (Zhang and Dickin2601).

Determination of the fluorescence lifetime provid®s alternative method to the
fluorescence ratios and yields valuable informabonchanges in plant metabolism (Cerovic
et al. 1999). Single fluorophores exhibit specific lifeés and the enhanced accumulation of
one or more of them may lead to changes in thetgmage fraction, whereas the synthesis
of new compounds might result in elongation or shng of the mean lifetime, depending
on the lifetime of the synthesized substance. Nbetss, modifications of the pH-value or
the localization of substances in the cell/cell partiments can also cause changes in
fluorescence lifetime (Ceroviet al. 1999). In this context, studies have shown tham i
deficiency increased the contribution of the slamekic component of the BGF in sugar beets
due to accumulation of green fluorescing flavingh@ leaf mesophyll (Morales al. 1994).

In terms of biotic stresses, the type and mitgnof the plant response to fungal
infection depends greatly on the specificity andmpatibility of the pathogen-plant
interaction. For example, plants might accumulasdicglic acid and phenylpropanoid
compounds (e.g. cinnamic acid, stilbenes, coumaand flavonoids), which are key
substances in plant disease resistance. As shownClwerle and colleagues, the
hypersensitive reaction (HR) of resistant tobactants to the tobacco mosaic virus was
followed by pre-symptomatic changes of blue-greew @&hlorophyll fluorescence as a
consequence of phenolic compounds i.e. scopoletimraulation and of the breakdown of the
photosynthetic system during HR, respectively (Cleast al. 2007). Other studies showed a
hypersensitive reaction expressed by localizedds=dth leading to necrotic lesions, limiting
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the further pathogen development (Jabs and Slusar@900). In addition to papilla
formation, lignification, suberin production, acculation of phytoalexins, and induction of
pathogenesis related proteins (PR-proteins) ararmomresistance mechanisms in pathogen
defence. By comparing wheat cultivars, a strongerease of the enzyme R3-1,3-glucanase
concentration due tBuccinia recondita f.sp. tritici infection was detected in resistant plants
than in susceptible plants (Hu and Rijkenberg 1998)rthermore, linolenic acid and
jasmonic acid play important roles in signal trarebn for defence reactions (Berggtral.
2007; Somssich and Hahlbrock 1998). Several preddrdefence substances, such as phenol
derivates, lactones, saponines and stilbenesnaoé/ed in various host pathogen interactions
(Agrios 2005). However, phenolic compounds mightdoseumulated as a stress response
even in susceptible cultivars (Lerk al. 2007). As consequence of the pathogen-induced
changes of amount and composition of fluorescingypmunds in the affected tissue, in
addition to the autofluorescence of the fungalcttmes, a pre-symptomatic increase of both
blue and green fluorescence in wheat leaves digatoust infection is expected.

Until now, the use of non-destructive laser-induckabrescence for detecting
pathogens focused on measurements at red anddfavagelengths, and only limited
information on pathogen-triggered changes of thee-gireen spectral signature is available.
Studies on the mean fluorescence lifetime are missing in context of non-invasive fungal
detection. Assuming pathogen induced changes inchiaeacteristic spectral fluorescence
signature between 350 and 820 nm, we hypothesizadfluorescence spectroscopy, is a
suitable method to early detect leaf ruBt (riticina). For this purpose, a number of
fluorescence ratios as well as decay at previosslgcted wavelengths were evaluated. Based
on the specificity of pathogen-plant interaction®g postulated that fluorescence ratios and
the mean lifetime of fluorophores enable a reliadikcrimination between susceptible and
resistant wheat cultivars to the leaf rust pathdgetniticina. Hence, the time after pathogen
inoculation was considered as important factor tedefore readings were taken in a time

series.

2 Materials and Methods
2.1  Plant material and growth conditions

Experiments were conducted in a controlled-enviremincabinet simulating a 14 h
photoperiod with 200 pmol fs* photosynthetic active radiation (PAR; Philips P136 W
fluorescent lamps, Hamburg, Germany), day/nightpemature of 20/15 £ 2°C and relative
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humidity of 75/80 + 10%. Winter wheatrjticum aestivum L. emend. Fiori. et Paol.) seeds (

= 5 per pot) of each evaluated cultivar were sawpats (0.44 ) filled with perlite. Selection
of cultivars was based on the resistance degre¢ &RE&brding to the descriptive variety list
of the German Federal Plant Variety Office [Bundetsamt] (2008), in a scale ranging
from one to nine. Following, the rust-susceptibldticars Dekan (RD = 8), Ritmo (RD = 8),
Skalmeje (RD = 7), and Aron (RD = 8) as well as tiligt-resistant cultivars Retro (RD = 3),
Esket (RD = 3), Mirage (RD = 2) were chosen. Emeggplants were provided with
Hoagland nutrient solution. Twenty days after s@yiwhen plants had reached the second-
leaf stage, seven pots of each cultivar (four oculation, three as control) were selected for
the experiment. Leaf rust inoculation was done len youngest fully expanded leaf of two
plants per pot.

2.2 Inoculation with Puccinia triticina

Inoculation was accomplished with a non-specifigtarie of Puccinia triticina spores
produced on wheat without known resistance gerdBES - Phytomedicine, University of
Bonn). Before each experiment, freBhtriticina spores were suspended in a solution of
distilled water + Tween 20 (0.01% w/v; Merck-Schadt, Hohenbrunn, Germany). The
spore concentration was estimated microscopicatly & FuchsRosenthatounting chamber
and adjusted to 10 000 spores per millilitre. Oaheleaf, the middle of the leaf length was
marked on the adaxial side with a felt tip pen, aaden 6 pl droplets of spore suspension
were applied in a row, as shown in Fig. 1. Priorthe application, leaves were fixed
horizontally on a sample holder to prevent dropletoff.

Ritmo (without droplet) Ritmo (residue of water + Tween 20)

Dekan (4 dai) Dekan (8dai)

Retro (4dai)

Fig. 1. Digital photographs of wheat leaves 4 and 8 ddier &noculation (dai) withP. triticina.
Bright spots visible at the surface of Ritmo aslwaslDekan and Retro at 4 dai (and partially
at 8 dai) originate from the droplets depositedatriticina inoculation.
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Control plants were handled similarly but treatathwroplets of distilled water + Tween 20
(0.01% wi/v). During the inoculation period (22 IpJants were maintained in the climate
chamber at an almost saturated atmosphere undasta& gover. Thereafter, the plastic cover
was removed and the leaves were released fromhbgrontal fixation. The development of
disease spots was evaluated visually over the empsetal periodin situ and on digital

photographs taken in parallel to the fluorescemaalings. For both control and inoculated

leaves, the central droplet was chosen for flu@ese measurements.

2.3 Fluorescence measurements

Fluorescence measurements were carried out usinghpact fibre-optic fluorescence
spectrometer with nanosecond time resolution bybthear technique (IOM GmbH, Berlin,
Germany). A pulsed Nlaser (MSG803-TD, LTB Lasertechnik Berlin GmbH, ridg
Germany) with an emission wavelength of 337 nmanepetition rate of 20 Hz served as the
excitation source. The fibre-optic probe for datectof fluorescence signals consisted of a
central excitation fibre and six surrounding enuadibres, each with a 200 um diameter. The
pulse energy at the probe exit was adjusted to-bgd with a pulse length of approximately
1 ns resulting in a density of 5.5 x'¥(hotons per cfmand impulse. Fluorescence was
recorded with an acousto-optic tunable filter (AQTRonochromator, which enables a
minimal step width of 1 nm. A photomultiplier (PMHR5783-01, Hamamatsu, Hamamatsu
City, Japan) was used as the detector. The satsiti’fthe PMT was adjusted in order to
optimize the signal intensity during the spectrad difetime measurements. Time resolution
was accomplished using a gated integrator withres half-width; the position of the gate
could be set with an accuracy of 0.1 nanoseconds.

Fluorescence spectra and decay data were recaadaddaves fixed horizontally on a
plate with integrated sample holder. The fibre-optiobe was positioned in a 90° angle to the
leaf. Thereby, with help of a laser-based rangefin(OptoNCDT 1300, Micro-Epsilon
Messtechnik GmbH & Co. KG, Ortenburg, Germany) dixeeside the probe, the distance
between leaf- and probe surface was detected gusted for the point of measurement. This
alignment of correct distance was conducted to igeofluorescence intensities in a narrow
data range to avoid signal minimum or saturatiopecBa and lifetime at selected
wavelengths were measured at 21-23°C under amiiighiconditions (about 18 pmol frs*
PAR) at two to four days after pathogen inocula(idai) on the inoculation area as described
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below. Before starting measurements, plants weaptad for 0.5 h to room light and
temperature conditions.

For an optimal recording of fluorescence signalle experimental settings were
adjusted for spectral measurements (SPEC; 370-890 lifetime 1 (LF 1; 410-530 nm),
lifetime 2 (LF 2; 560-620 nm), and lifetime 3 (LEF &70-760 nm), respectively. Common to
all measurements was a pulse count of 32, whitheisnumber of laser pulses averaged for
each single data point. Spectrally resolved measemes were accomplished at a gate
position of 3 ns (in the temporal signal maximum)th a wavelength interval of 2 nm, a
distance of 3.95 mm between the probe and sampieadMT gain of 600 Volt. Lifetime
measurements (LF 1, LF 2, and LF 3) were performtiin their respective range at
multiple wavelengths with an interval of 30 nm (eag410, 440, 470, 500 and 530 nm for LF
1). The step width of the integrator gate was g€d.2 nanoseconds. LF 1 and LF 3 had the
same PMT gain of 600 V, while LF 2 was set to 8@k VThe distance between the probe tip
and sample was adjusted to 4.57 mm for LF 1, 5.82far LF 2, and 2.08 mm for LF 3 to
provide fluorescence intensities in a narrow sigraige irrespective of the measured
wavelength. In order to avoid a time-shift effedthin the time-course of a single measuring
day alternate measurements on inoculated and rmaHated leaves were conducted.

2.4  Data processing and statistics

The measured UV-induced fluorescence spectra wereegsed by Gaussian curve
fitting using a freeware portable command-line dn\graphing utility (Gnuplot, version 4.2,
patchlevel 4, (http://www.gnuplot.info) (Fig. Slupplementary material of this chapter).
Peak positions, amplitudes, and half-bandwidthsewdtermined to calculate the ratios of
peak amplitudes, half-bandwidths, and amplitudelatid-bandwidths. Before curve fitting,
the raw data was corrected for the laser energienaove possible data distortion due to
fluctuations of the excitation energy. In ordeatwlyse the fluorescence decay, the data was
processed by performing a Levenberg-Marquardt dingi a deconvolution software (DC4
version 2.0.6.3, IOM GmbH, Berlin, Germany, 2008).

The processed experimental data was subjeataddlysis of variance with a statistic
software (PASW statistics version 15.0, SPSS [Dicago, USA). For each day, cultivar and
evaluation, the means of inoculated and healthgtplevere compared by One-way ANOVA
(p < 0.05). Graphs (Mean = SD) were designed with gcapbiftware (SigmaPlot 8.02, Systat
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Software Inc., Richmond, CA, USA and OriginLab 7SR2, OriginLab Cooperation,
Northhampton, USA).

3 Results
3.1  Specificity of fluorescence spectra and lifetiemof wheat leaves

After Gaussian curve fitting, the positions of theorescence peaks were determined
at 451 nm for the blue peak (F451), 522 nm forgte=n shoulder (F522), and 687 nm (F687)
and 736 nm (F736) for the chlorophyll peaks (Fid.).SThe fluorescence intensity was
genotype dependent with higher blue and green pieaksy Dekan and higher chlorophyll
peaks for cv Retro. With exception of F687/F736ntoal leaves of Dekan showed higher
amplitude ratios than control leaves of Retro,sipective of measuring day. However, the
senescence of leaves during the measuring time fam 4 dai led to a decrease of the
FA451/F522, FA51/F687, F451/F736, F522/F687, F5XGFatios (Table 1). The ratios
between half-bandwidth amongst the four evaluatedkpe indicate higher values of
FA51/F736, F522/F736 and F687/F736 for the cv Dekahhigher values of F451/F687 and
F522/F687 for the cv Retro. The half-bandwidth aafi451/F522 was similar for both
cultivars (Table S1). In general, the half-bandWwiditios were not appropriate to reveal clear
senescence signs, whereupon the most pronouncaticaimah (0.03 units) was observed for
the parameter F451/F736 in both cultivars andtergarameter F522/F687 (0.05 units) in cv
Dekan. Cultivar-specific signatures were also olesrfor the amplitude-to-half-bandwidth
ratios, Dekan showing higher values of F451 and?FF&8d lower values of F687 and F736 as
compared to Retro. Furthermore, the ratios of aomg-to-half-bandwidth at the 451 nm
(blue) and the 522 nm (green) peak in control lsafdooth Dekan and Retro decreased in the
time-course, while ratios of the chlorophyll pe¢k687 and F736) remained at the same level
(Table S2).

In general, deconvolution of fluorescence deckEya indicated that one mean
fluorescence lifetime could be generated with grneabbustness than multiple lifetimes.
Nevertheless, variations of residuals indicated-@xponential development. Healthy control
plants of both cultivars Dekan and Retro showedhales pattern of fluorophore lifetimes
over the selected wavelengths of the analyzed ispethe mean lifetime increased from
about 0.6-0.7 ns at 410 nm up to 1.1-1.2 ns betw86rand 560 nm and decreased to 0.9-1.0
ns at 620 nm (Fig. 2). The chlorophyll fluoresceats® had a shorter lifetime of 0.7 ns at 670
nm and of ~0.65 ns over the range of 700-760 dfata(ot shown).
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Table 1. Ratio of amplitudes between fluorescence peakbiF#522, F687 and F736)
measured on control (c) and inoculated (i) wheavds of the cultivars Dekan (RD = 8) and
Retro (RD = 3) at 2, 3, and 4 days after inocuta(ai).

Fluorescence Wheat 2 dai 3 dai 4 dai
ratio cultivar c [ c [ c i
* * “ * =
F451/F522 Dekar 4.14* 4.01 4.00 3.8¢ 3.91 3.57

Retro 3.98 3.93 3.79* 3.62 3.69* 3.48
Dekar 6.5¢ 6.4¢ 5.6¢ 6.1< 5.14 6.1%

FASUFO87 Retro  3.30* 417 3.03* 419  276* 426
FISUFTSS ol 370453 353 494 300 590
PS22FG8T Rie sy 106 080 116 075 135
F22FT35 il Qe 115 Oss ids 082 L3
ceg7/e73g Dekan 107 109 105 109 1.05* 119

Retro 1.14 1.09 1.11 1.18 1.10* 1.25

* Significant differences (ANOVAp < 0.05) between control (c) and inoculated (i) lsaf@ each

cultivar and measuring dag € 6 for control plantsn = 8 for inoculated plants).

3.2  Detection of pathogen-triggered plant responses

In both cultivars, visual evaluations of the pattioglevelopment indicated very small
and loom chlorotic spots at 4 dai which were visiblside the residue area of the water +
Tween 20 droplet (Fig. 1). In the susceptible c\kd@e small red-brown pustules appeared
two days later (6 dai), and became larger and mstenct in the following days. In the case
of the resistant cv Retro, the chlorotic spots bexdarger and more conspicuous (necrotic),
and only a few pustules were apparent. Typicaladisesymptoms on both Dekan and Retro
cultivars at 4 and 8 dai are presented in Fig. 1.

Fluorescence recordings were stopped when thevimsal symptoms appeared (4 dai)
since the small and loom chlorotic spots in bothivars induced clear modifications of
fluorescence intensity over the entire spectragearit this time, the ratios of amplitudes
(Table 1) revealed a decrease of the F451/F522 dat to leaf rust infection, e.g. from 3.91
(control, c¢) to 3.57 (inoculated, i) (Dekan). Innt@ast, the values of all the other ratios
increased in the inoculated as compared to theadaaves, e.g. from 5.41 (c) to 7.32 (i) for
F451/F736 (Dekan) and from 1.10 (c) to 1.25 (i) t(Refor F687/F736. Ratios of half-
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bandwidth also showed significant changes due thogan-plant interactions (Table S1).

Thereby, evaluations showed a decreased FA51/F&R? and increased F451/F736 and
F522/F736 ratios in the diseased leaves. The batween the chlorophyll peaks increased at
similar magnitude in both cultivars. Changes inofescence for each single peak were
determined by the amplitude-to-half-bandwidth rat{@able S2), where a strong increase,
e.g. from 348 (c) to 425 (i) for the green pealekan, was observed. Moreover, the ratio of
the two chlorophyll peaks decreased in both cuisiva

Summarizing, irrespective of wheat cultivar sevdhabrescence parameters can be
used for detection of leaf rust four days aftercuration. Furthermore, differences between
control and inoculated wheat leaves could be astaa as early as two days after inoculation
(Table 1). As shown, the F451/F522 amplitude rda@oreased from 4.14 in control plants to
4.01 in inoculated leaves of Dekan. Moreover, $igantly higher ratios of F451/F687,
FA451/F736, F522/F687, and F522/F736 were obsenv&eiro, whereupon measurements on
Dekan leaves indicate a similar trend. In bothicaits, the half-bandwidth ratio of F451/F522
was decreased, while the F522/F736 ratio incre@Baiole S1). Moreover, amplitude-to-half-
bandwidth ratio for both chlorophyll peaks decrebffem e.g. 942 (c) to 718 (i) for F687 in
Retro.

The pre-symptomatic detection of rust infection walso ensured by lifetime
measurements. For both cultivars, recordings ai 4hdicate a longer mean lifetime in leaves
infected withP. triticina in the range between 560 and 620 nm (Fig. 2% ilnportant to note
that position of the blue peak, the green shouddel the both chlorophyll peaks remained
unchanged in leaves infected with the pathogermagpared to control ones during three days
of fluorescence measurements. Significant diffeesnwere observed already on the first
measuring day. Thereby, longer mean lifetimes weeasured in inoculated than in control
leaves at wavelengths of 470, 500, 530, 560 anch&9(Fig. 2).

Finally, the rust-susceptible Ritmo (RD = 8), Skajen(RD = 7), and Aron (RD = 8)
and the rust-resistant Esket (RD = 3) and MiragP éR2) cultivars showed comparable
results in terms of early detection of pathogeratibn, especially for the spectral readings
(Tables S3, S4, and S5). Thereby, several parasnétstead of one single should be
evaluated. In contrast, especially lifetime deteations at 470 nm indicated to be unspecific
to the resistance degree of the cultivar. In gdnechlorophyll fluorescence lifetime
measurements revealed no clear differences betweaithy and inoculated leaves. A
tendency of lifetime elongation at 670 nm was remti@ and 4 dai in the susceptible cultivar,
but results were statistically not significant amd not presented.
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Mean fluorescence lifetime at selected wavelengthsontrol and inoculated leaves from
Dekan (left) and Retro (right) at 2, 3, and 4 dafgser inoculation (dai). Values indicate mean
+ SD (0 = 4 for control plantsn = 5 for inoculated plants). * Significant differees
(ANOVA, p < 0.05) between control and inoculated leaves foh ealtivar, wavelength, and
measuring day. Measurements from 410-530 nm amd §80-620 nm were conducted with

different settings as described in materials anthous.

Cultivar-specific responses t&uccinia triticina infection

In both, the susceptible (Dekan) and the resistRetro) cultivar, the fluorescence

and lifetime were influenced by pathogenedigyment from two to four days after
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inoculation. Thereby the affected parameters atehsity of changes were cultivar specific.
Moreover, there was a clear difference between dingceptible and resistant cultivars
concerning the temporal response to the leaf ratstoqgen.

At 2 and 3 dai, the susceptible cultivar Dekan ada@ significant differences only in
the F451/F522 amplitude ratio; at 4 dai, changesevadserved in all other ratios, except
FA451/F687 (Table 1). By contrast, the resistantivarl Retro showed changes in the ratios
FA51/F687, FA51/F736, F522/F687 and F522/F736 ij2 F#b1/F522 (3 dai) and F687/F736
(4 dai, Table 1). The observed modifications weaetiglly based on the significant higher
absolute blue and green fluorescence intensityiaculated as compared to healthy leaves.
Even if not statistically significant, fluorescena&rease in both wavelengths was more
pronounced in the resistant cultivar Retro (Fig. 3)

14

[ Dekan
1| &ZZJ Retro

[EnY
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o

(o]
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Blue Green
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N

Fig. 3. Modification of the blue and green fluorescendensity in inoculated leaves (as compared to

control leaves) three days after inoculation. \éattbars indicate the standard deviation.

Similar temporal differences were observed for hh#-bandwidth ratios (Table S1) and the
ratios amplitude-to-half-bandwidth (Table S2). Atdai, significant changes in the half-
bandwidth ratios were only observed in the reststanRetro for F451/F522, FA51/F736,
F522/F687, F522/F736 and F687/F736. One day ldterF451/F736 and F522/F736 ratios
were significantly higher in the susceptible cudti(Table S1). In addition, evaluations in the
red and far-red peaks indicate significant charggéy in the resistant cultivar at two to four
days after inoculation (Table S2). Based on ouunltesand under consideration of the time
after inoculation, more than one parameter couléd@pted for discrimination between the

both tested genotypes. In general, the trends wdddor the cultivars Dekan and Retro were
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also found in the other evaluated genotypes (T&BlS6). Amongst the several previously
selected parameters, robust results were obtainéd tiwe amplitude ratio FA51/F687.
Measurements revealed that the amplitude ratio F88Y at 3 dai in the resistant cvs Esket
and Mirage increased (e.g. from 3.14 (c) to 3.83n(iEsket). At that point, of time, the
susceptible cvs Ritmo, Skalmeje, and Aron showdg omnor changes for this parameter.
The pathogen-induced modification of the amplitudg¢io F451/F687 three days after
inoculation is presented for the seven evaluatdéidrats in Fig. 4.

Skalmeje

Dekan

‘ —e— control -0 inoculated ‘

Fig. 4. Fluorescence amplitude ratio F451/F687 in contmad @iseased leaves, three days after

pathogen inoculation.

Comparisons of the mean lifetime modification inkBe and Retro revealed that only
the resistant cultivar showed significant changeés 440 nm throughout the whole
measurement period. At 3 and 4 dai, a clear elaogaif lifetime was observed at 500 and
530 nm in the rust-resistant cv Retro, whereas dhisceptible cv Dekan revealed no
differences between control and inoculated lea¥eg. (2). Similarly, at 3 dai inoculated
leaves of Esket and Mirage had a significant longean lifetime at 500 and 530 nm. For
example, the mean fluorescence lifetime of Eskatde was elongated from 1.05 ns (c) to
1.09 ns (i) at 500 nm and from 1.13 ns (c) to In&8(i) at 530 nm. Differences between
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inoculated and healthy leaves were recorded alsoday later (4 dai) for Esket and Mirage,
whereas no significant changes were detected irsukeeptible cultivars (Ritmo, Skalmeje,
and Aron), three and four days after inoculatioheréfore, comparisons of mean lifetime at
500 nm in inoculated and healthy leaves might laeel dsr discrimination between susceptible
and resistant wheat genotypes (Fig. 5). Moreoved48 nm, all of the resistant cultivars
showed a more pronounced elongation of lifetimeaves inoculated with leaf rust than the

susceptible ones at two to four days after inocutat

Skalmeje

Dekan

Mirage

Esket

‘ —@— control +O- inoculated ‘

Fig. 5. Fluorescencenean lifetime [ns] measured at 500 nm on contrdl iaoculated (3 dai) wheat

leaves.

4 Discussion

It is well established that the early responselafnts after interaction with pathogens
is followed by accumulation of phenolic compoundstlee infection site, whereupon the
restricted pathogen development can be the outafmapid and hypersensitive cell death
(Agrios 2005; Bergeet al. 2007). Such alterations in plant secondary mditashamay result
in changes of specific fluorescence intensitiegjsthluorescence ratios, and also of
fluorescence lifetime. In the blue-green spectiaige a number of fluorophores emit

fluorescence light, whereupon any change in the pomition might affect the mean
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fluorescence lifetime. Based on the results of @yeriments, there is strong evidence that
cultivar reactions due to pathogen infection migh¢ detectable with UV-induced
fluorescence spectroscopy. Moreover, spectral ctenistics and the determination of
fluorescence lifetime clearly demonstrated the pidé for discriminating between highly
susceptible and highly resistant wheat genotypé®reby, screening of genotypes under
controlled conditions ensures the reproducibilityr@ timing of infection and minimizes to a
large extent the possibility of simultaneous ocence of other stresses, as reported elsewhere
(Huanget al. 2005; Paweleet al. 2006).

In the present study, the evaluated cultivangealed lower F451/F522 amplitude
ratios (Table 1). This is the consequence of a movaounced raise of green fluorescence as
compared to the increase in blue fluorescence @igThe same assumption is declared for
the ratio of the F451/F522 half-bandwidth. Our tssare in accordance with observations of
Lideker et al. (1996) who proposed that the increase of F52@uis to the blue/green
fluorescence band of the fungi and due to the pwmlu of blue-green fluorescing
intercellular substances. In fact, the observedemse in F522 in our experiments can not be
attributed exclusively to fungal fluorescence oanplreaction. However, the ratios where
F522 is involved could be therefore useful for tatection of fungal attack. In this context,
the suitability for discrimination between residtaand sensitive cultivars is presumably
influenced by the ability of the cultivars to linfitngi development.

In our experiments, the first modification of th687/F736 amplitudes, expressed by
increased amplitude ratio as consequence of thén bafgchlorophyll degradation, was
observed 4 dai in both susceptible and resistdtivars. This change occurred one and two
days after an increase of the corresponding halfhwalth and decrease of the amplitude-to-
half-bandwidth ratio, respectively (Tables S1 art). S he ratio of the amplitude-to-half-
bandwidth is an indicator of the relative concetitraof a fluorescent substance (Komura
and Itoh 2009), which is probably a reason for rications of amplitude-to-half-bandwidth
ratios in the chlorophyll fluorescence peaks. Meszpthe amplitude-to-half-bandwidth ratio
(Table S2) of the greepeak at 3 and 4 dai, and of thhkue peak at 4 dai, increased
significantly, presumably due to compound accunmais well as fungal fluorescence.
Moraleset al. (1994) reported that most of the increased bheety fluorescence with iron
deficiency can be attributed to decreased chlorbpdnyd carotenoids. In our case, the
amplitude ratio F687/F736, which is an inverse c¢atbr for chlorophyll content, revealed
only at 4 dai significant modifications. Hence, thieserved higher F451/F687, FA451/F736,
F522/F687 and F522/F736 amplitude ratios (Tableségms to be related to a real
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accumulation of blue-green fluorescing compoundsU¥ light absorption and blue-green
fluorescence re-absorption due to variable chloythptontent can be neglected. These
observations indicate a mixed effect of changeshiorophyll concentration during further
pathogen development, in addition to the accunanatif blue-green fluorescing compounds;
the latter express predominantly their impact alyaafection stages. Lidekest al. (1996)
related the strong increase of the F440/F730 cate@to pathogen infection to both a decrease
of chlorophyll concentration and an increase okbllworescence. In summary, our results
confirm the suitability of amplitude ratios - inding the green to red and green to far-red
ratios - for detection of pathogen infection. Hoee\wcontrary to our expectations, the ratios
of half-bandwidth as well as amplitude-to-half-basdih revealed less precise results.

In the case of the wheat-leaf rust interactiam,increased concentration of bound
phenolic acids (ferulic acid, p-coumaric and syiingcids) after hypersensitive collapse of
single or small groups of cells was reported (Seatm and Deverall 1990a). In our
evaluations the susceptible cultivar Dekan showetgaificant increase of the F451/F736,
F522/F687, and F522/F736 ratios only at 4 dai; lsinghanges were detected in the resistant
cultivar Retro two days earlier. Wheat cultivarsiseant toP. triticina accumulate more
lignin than susceptible ones (Southerton and DdvE®80b), and a strict correlation between
resistance and lignification has been demonstidteerschbacheet al. 1990).

In our studies comprising spectral resolved fluoeese measurements on the
cultivars Dekan and Retro, the amplitude ratio FB6&7 provided a reliable basis for the
discrimination between susceptible and resistattivars. Measurements on further five
susceptible or resistant wheat cultivars showedlaimesults. Here, evaluations at 3 dai
showed a significantly higher increase of the FEB&7 amplitude ratio in the resistant
cultivars than in the susceptible ones (Fig. 4)er€hy, the resistant cultivars displayed
modifications in the blue and green amplitude-t-bandwidth ratios two days earlier than
the susceptible ones.

The observation of a lifetime elongation isaccordance with the results of spectral
measurements, as a slight and more distinct enh@ntan the blue and green spectral range,
respectively, were detected (Fig. 3). Our dataakxka general tendency of a longer mean
lifetime in the leaf rust inoculated than in thentrol plants (Fig. 2). This is presumable
related to the accumulation of existing compoundk & longer lifetime, or the synthesis of
defence-related substances with a longer fluoresckfietime as consequence of the pathogen

attack.
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Moreover, differences between rust-susceptible -aesistant cultivars at particular
wavelengths were detected. At 440 nm, the lifetied@ngation was significantly more
pronounced in the resistant cultivar at two to fdays after inoculation. Similar differences
were also observed at 500 nm, 530 nm, and 560 rthreg and four days after inoculation.
The additional studies with three rust-suscept{B#mo, Skalmeje and Aron) and two rust-
resistant (Esket and Mirage) cultivars revealedlamfluorescence decay results as observed
for Dekan and Retro. Specific wavelengths (440 5@ nm, and 530 nm) indicated a more
pronounced lifetime elongation and were therefdemniified as suitable for differentiation of
cultivars with distinct resistance degrees, as @tany shown for 500 nm in Fig. 5.

Hence, the proposed experimental design and edlpedti®e determination of
fluorescence lifetime, ensures the detection dfrest and might support the discrimination
between resistant and susceptible cultivars tdeterust pathogen. However, a minimum of
two wavelengths is needed to provide robust andhblel information about the resistance
degree of wheat cultivars.

Switching the excitation wavelength to red ligbukl be an appropriate alternative to
get more information on chlorophyll fluorescencketime. As we now assume, a more
precise detection of pathogen-induced changes ih &fild be reached by exciting the
chlorophyll molecules solely. Besides the usefudnesour measuring system, chlorophyll
fluorescence excited with UV light source requicaseful data interpretation since phenolics
located in the cell wall have a strong absorptind shield the chloroplasts in the mesophyll
against excitation (Cerovig al. 1999). As a consequence, any change in the caoatientof
epidermally located phenolic compounds will causeoaesponding change in chlorophyli
fluorescence even if the quantum yield of the dpbiyll fluorescence itself remains
unaffected. Therefore, the ratio between chlordghydrescence excited by UV and red light
will provide additional information on accumulatioh UV light absorbing compounds in the
epidermis. In general, the ratios of blue-greemridscence over chlorophyll fluorescence
should be even more sensitive to detect changgsh@molics, since the numerator will
increase and the denominator decrease with enhgatneetblics accumulation. In the context
of pathogen infection and establishment, futuregtigations should try to elucidate the link
between fluorescence emission and metabolite adatiomin the plant tissue.
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5 Conclusions

Based on the fluorescence lifetime and UV-indugeetsal measurements conducted
on seven wheat cultivars, the pre-symptomatic dieteof leaf rust infection was feasible
two days after pathogen inoculation. As an innaatpproach, resistant and susceptible
cultivars to the leaf rust pathogen might be dmarated by monitoring the F451/F687
amplitude ratio (3 dai) and the lifetime at 440 500 nm and 530 nm. A combination of
spectral characteristics and fluorescence lifetmmald be an additional tool in plant breeding
programs for a rapid and non-destructive evaluatibgenotype susceptibility against leaf
rust.

The results obtained in our experiments opew mperspectives for developing
automated, objective and precise high-throughputesong systems, similarly as the
phenotyping and stress evaluation unit based crapiyll fluorescence (Jansetal. 2009).
Besides the success of the present studies, a cwadeing genotypes with “intermediate”
resistance degree in addition to those highly tasisor highly susceptible to the pathogen,
remains to be developed. Another challenge would tbe discriminate genotypes
independently of measurements on control, heallduytg.

The following pages of this chapter display theementary figure (S1) and tables (S1-S6).
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S1.A) Deconvolution in Gaussian spectral componentse Blotted line: measured fluorescence
emission spectrum (370-800 nm), black dotted limedividual Gaussian spectral components
of the fitted spectrum, red solid line: fitted sfyam. B) Characteristic fluorescence emission
spectrum (370-800 nm, smoothed curves) of healthgaivleaves (excitation at 337 nm) of
the cultivars Dekan and Retro. The spectra weresared by means of a fluorescence
spectrometer with nanosecond time resolution usingulsed nitrogen laser as excitation

source.
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Table S1. Ratio of half-bandwidth between fluorescence pg&kd1, F522, F687 and F736) on
control (c) and inoculated (i) wheat leaves of ¢bhitivars Dekan (RD = 8) and Retro (RD = 3) at2, 3

and 4 days after inoculation (dai).

Fluorescence Wheat 2dai 3dai 4dai
ratio cultivar c | c [ c [
FASUFS22 pore 105 103 105+ 103 Loar 101
FASUFSST pone 507 206 206 205 205 208
overse D TS LS i L ler i
FS2FSBT poyo 197 199 Leot 200 108 201
FS22IF736 pone 166 160 b5t 161 156+ 163
oo SN 031 0% 0% ow m o

* Significant differences (ANOVAp < 0.05) between control (c) and inoculated (i) lsaf@ each

cultivar and measuring dag € 6 for control plantsy = 8 for inoculated plants).

Table S2. Ratio of amplitude-to-half-bandwidth from fluoresce (F451, F522, F687 and F736)
on control (c) and inoculated (i) wheat leaveshef ¢ultivars Dekan (RD = 8) and Retro (RD = 3),at 2

3, and 4 days after inoculation (dai).

Fluorescence Wheat 2 dai 3 dai 4 dai

peak cultivar c i C [ C [
Dekar 1607 158t 1397 145¢ 1326* 149(

F451 Retro 1433 1423 1288 1355 1188* 1370

F522 Dekan 407 410 363* 393 348* 425
Retro 378 375 356* 384 334* 399

F687 Dekan 503 493 503 480 528 486
Retro 942* 718 906* 683 913* 681

F736 Dekan 394 382 397 372 413 349
Retro 647* 528 640* 463 648* 439

* Significant differences (ANOVAp < 0.05) between control (c) and inoculated (i) lsaf@ each

cultivar and measuring dag € 6 for control plantsn = 8 for inoculated plants).
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Table S3.
measured on control (c) and inoculated (i) wheavds of the cultivars Ritmo (RD = 8), Skalmeje
(RD =7), Aron (RD = 8), Esket (RD = 3), and Mira@@D = 2) at 2, 3, and 4 days after inoculation
(dai).

Ratio of amplitudes between fluorescence peaks 1(F#522, F687, and F736)

Fluorescence Wheat 2 dai 3 dai 4 dai
ratio cultivar C i C i C i
Ritmo 3.86 3.78 3.89* 3.77 3.84* 3.58
Skalmeje  4.10* 3.97 4.02* 3.84 3.97 3.64
F451/F522 Aron - - 3.36 3.30 - -
Esket 4.13* 4.00 3.97* 3.77 3.85* 3.65
Mirage - - 3.58* 3.36 - -
Ritmo 2.89 3.07 2.94 3.22 2.78* 3.33
Skalmeje  3.85 4.39 3.66 4.29 3.46* 4.29
FA51/F687 Aron - - 3.12 3.19 - -
Esket 3.27 3.65 3.14* 3.83 2.92* 3.73
Mirage - - 3.06 3.51 - -
Ritmo 2.80 3.06 2.83* 3.2 2.64* 3.34
Skalmeje  4.18 4.85 3.84* 4.66 3.56* 4.86
FA51/F736 Aron - - 3.32 3.41 - -
Esket 3.39 3.98 3.14* 4.39 2.91* 4.48
Mirage - - 3.14 3.81 - -
Ritmo 0.75 0.81 0.76* 0.85 0.73* 0.90
Skalmeje 0.94 1.10 0.91* 1.16 0.87* 1.18
F522/F687 Aron - - 0.93 0.97 - -
Esket 0.79 0.91 0.79* 1.02 0.76* 1.02
Mirage - - 0.85 1.05 - -
Ritmo 0.73 0.81 0.73* 0.8 0.69* 0.93
Skalmeje  1.02* 1.22 0.96* 1.21 0.90* 1.33
F522/F736 Aron - - 0.99 1.03 - -
Esket 0.82 0.99 0.79* 1.17 0.75* 1.23
Mirage - - 0.88* 1.14 - -
Ritmo 0.97* 1.00 0.96* 1.01 0.95* 1.03
Skalmeje  1.09 1.11 1.05 1.09 1.03* 1.13
F687/F736 Aron - - 1.06 1.07 - -
Esket 1.04* 1.09 1.00* 1.14 0.99* 1.19
Mirage - - 1.03* 1.09 - -

cultivar and measuring dag € 6 for control plantsn = 8 for inoculated plants).

* Significant differences (ANOVAp < 0.05) between control (c) and inoculated (i) lsaf@ each
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Ratio of half-bandwidth between fluorescence p€eKk®1, F522, F687, and F736) on

control (c) and inoculated (i) wheat leaves of ¢oivars Ritmo (RD = 8), Skalmeje (RD = 7), Aron
(RD = 8), Esket (RD = 3), and Mirage (RD = 3) aB2and 4 days after inoculation (dai).

Fluorescence Wheat 2 dai 3 dai 4 dai
ratio cultivar C [ C [ C [
Ritmo 1.05* 1.03 1.04 1.03 1.04* 1.03
Skalmeje  1.05 1.04 1.04 1.03 1.03* 1.02
F451/F522 Aron - - 1.04 1.04 - -
Esket 1.05 1.05 1.05* 1.03 1.04* 1.02
Mirage - - 1.03* 1.02 - -
Ritmo 2.06 2.06 2.05 2.05 2.06 2.05
Skalmeje  2.08 2.07 2.07 2.06 2.07 2.04
F451/F687 Aron - - 2.02 2.03 - -
Esket 2.11 2.09 2.09 2.08 2.09 2.08
Mirage - - 2.04 2.03 - -
Ritmo 1.62* 1.63 1.62 1.62 1.62* 1.62
Skalmeje 1.64* 1.66 1.64* 1.65 1.63 1.64
F451/F736 Aron - - 1.61 1.62 - -
Esket 1.65 1.65 1.64* 1.65 1.64 1.65
Mirage - - 1.61 1.62 - -
Ritmo 1.96* 2.00 1.97* 1.99 1.98 1.99
Skalmeje  1.98 1.99 2.00 1.99 2.00 2.00
F522/F687 Aron - - 1.95 1.96 - -
Esket 2.01 2.00 2.00 2.01 2.01 2.03
Mirage - - 1.97 1.99 - -
Ritmo 1.54* 1.58 1.55* 1.57 1.55* 1.58
Skalmeje  1.56* 1.59 1.58 1.59 1.58 1.61
F522/F736 Aron - - 1.55 1.56 - -
Esket 1.57 1.57 1.56* 1.60 1.57 1.61
Mirage - - 1.56* 1.59 - -
Ritmo 0.78* 0.78 0.79 0.79 0.79* 0.79
Skalmeje  0.79* 0.80 0.79* 0.80 0.79* 0.81
F687/F736 Aron - - 0.80 0.80 - -
Esket 0.78 0.79 0.78 0.79 0.78 0.79
Mirage - - 0.79 0.80 - -

* Significant differences (ANOVAp < 0.05) between control (c) and inoculated (i) lsaf@ each

cultivar and measuring dag € 6 for control plantsn = 8 for inoculated plants).
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Ratio of amplitude-to-half-bandwidth from fluoresce (F451, F522, F687, and

F736) on control (c) and inoculated (i) wheat lesawéthe cultivars Ritmo (RD = 8), Skalmeje (RD =
7), Aron (RD = 8), Esket (RD = 3), and Mirage (RBB}at 2, 3, and 4 days after inoculation (dai).

Fluorescence Wheat 2 dai 3 dai 4 dai
peak cultivar C [ C [ C [
Ritmo 1280 1261 1338 1366 1251* 1354
Skalmeje 1173 1202 1131 1162 1031 1155
F451 Aron - - 1324 1423 - -
Esket 1061* 1132 1030* 1204 958* 112
Mirage - - 1430 1564 - -
Ritmo 332 334 344 362 326* 379
Skalmeje 301 315 292 314 269* 324
F522 Aron - - 409 447 - -
Esket 270* 297 272* 330 258* 316
Mirage - - 413 477 - -
Ritmo 881 827 908 858 902 843
Skalmeje 644 578 650 568 621 557
F687 Aron - - 860 918 - -
Esket 697 663 695 666 692 648
Mirage - - 965 918 - -
Ritmo 715 655 746* 671 749* 648
Skalmeje 465 416 486* 417 477* 396
F736 Aron - - 643 684 - -
Esket 526 482 545 465 546* 435
Mirage - - 741 672 - -

* Significant differences (ANOVAp < 0.05) between control (c) and inoculated (i) lsaf@ each

cultivar and measuring dag € 6 for control plantsn = 8 for inoculated plants).
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Table S6.
leaves of cvs Ritmo (RD = 8), Skalmeje (RD = 7)pA(RD = 8), Esket (RD = 3), and Mirage (RD =

2) at 2, 3, and 4 days after inoculation (dai).

Mean fluorescence lifetime at selected wavelendtlontrol (c) and inoculated (i)

Wavelength Wheat 2 dai 3 dai 4 dai
[nm] cultivar C i C i C [
Ritmo 0.63 0.66 0.65 0.63 0.65 0.64
Skalmeje - - - - - -
410 Aron - - - - - -
Esket - - - - - -
Mirage - - - - - -
Ritmo 0.67 0.70 0.70 0.70 0.66 0.67
Skalmeje - - - - - -
440 Aron 0.59 0.63 0.60 0.61 0.64 0.66
Esket 0.67* 0.69 0.71 0.78 0.69* 0.87
Mirage 0.57* 0.60 0.63 0.64 0.66 0.74
Ritmo 0.83* 0.87 0.83* 0.87 0.82* 0.85
Skalmeje - - - - - -
470 Aron - - - - - -
Esket - - - - - -
Mirage - - - - - -
Ritmo 1.01 1.04 1.05 1.07 1.02 1.04
Skalmeje 0.99 1.01 1.00 1.01 1.09 1.03
500 Aron - - 1.00 1.02 1.00 1.04
Esket 1.03 1.01 1.05* 1.09 1.02* 1.10
Mirage - - 0.94* 1.02 0.96* 1.05
Ritmo 1.11* 1.15 1.12 1.15 1.15 1.15
Skalmeje 1.08 1.09 1.11 1.12 1.09 1.10
530 Aron - - 1.13 1.13 1.14 1.17
Esket 1.13 1.17 1.13* 1.18 1.15* 1.23
Mirage - - 1.05* 1.13 1.11* 1.18
Ritmo - - - - - -
Skalmeje 1.08 1.12 1.10* 1.20 1.16 1.20
560 Aron - - - - - -
Esket 1.14* 1.23 1.21 1.27 1.18* 1.34
Mirage - - - - - -

* Significant differences (ANOVAp < 0.05;n = 4 for control plantsn = 5 for inoculated plants)

between control (c) and inoculated (i) leaves @hecultivar and measuring day.
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D Detection of powdery mildew Blumeria graminis f. sp. tritici)
infection in wheat (Triticum aestivum) cultivars by fluorescence

spectroscopy

1 Introduction

One of the most important biotic factors limitingh@at production worldwide is
powdery mildew infection caused W/ graminis f. sp. tritici (Liu et al. 1999). Early and
accurate detection of this fungal disease is nacgd® initiate control strategies in time.
Recently, new sensors for the fast and non-desteudetection and identification of foliar
diseases have been developed. Here, passive and @ahniques, such as reflectance and
fluorescence procedures, sometimes establishemaggng systems, were used to assess the
physiological status of the plants (Synkova 19%¥gnce, by using a combined system for
sensing spectral reflection and fluorescence indngctplants infected withPuccinia
striiformis were discriminated from healthy plants with anumacy of 95% (Bravcet al.
2004). Moreover, the pre-symptomatic detectionurigil diseases, as early as 2 to 3 days
after inoculation, was possible using chlorophlglbfescence measurements under laboratory
conditions (Bravecet al. 2002).

In addition to the practical importance of smrsased disease detection, e.g. for
optimizing pesticide spray programs, such new teldgies allow a better and more objective
understanding of genotype-specific reactions tesstrlt is widely known that plants respond
to pathogen attacks by accumulating specific comgdeu such as salicylic acid and
phenylpropanoid compounds (e.g., cinnamic acithests, coumarins, and flavonoids) as key
components in plant disease resistance. Howeveengdic compounds can also be
accumulated as a stress-response in susceptiltleacsil(Lenket al. 2007). In addition to
papilla formation, lignification, suberin produatio accumulation of phytoalexins, and
synthesis of pathogenesis-related proteins are @mmesistance mechanisms in pathogen
defence. Indeed, several defence reactions, inmgudignal transduction, seemed to be
mediated by linolenic acid and jasmonic acids (Besjal. 2007; Somssich and Hahlbrock
1998). Alternatively, several preformed defence stafices, such as phenol derivates,
lactones, saponines, and stilbenes are known iwugahost-pathogen interactions (Agrios
2005).

Depending on the nature of the host-pathogeraantion and the time elapsed from

infection to sensing, the pathogen-induced chamgdte chemical composition might be
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detected non-destructively by using fluorescencértgues. In recent studies evaluating the
fluorescence of chlorophyll with a laser-inducedoflometer (LIF), wheat leaves infected
with powdery mildew had significantly higher flu@eence ratios only after the appearance of
visual symptoms eight to ten days after inoculgtiimese results were related to the
chlorophyll degradation of the infected spots (KerBerget al. 2009a). In contrast, an early
detection of this fungal infection by means of cbfghyll fluorescence imaging could be
accomplished two to three days before visual symptbecame apparent (Kuckenbetral.
2009b). In a resistant barley line, epidermal hgpesitive cell death was detected within 36 h
after powdery mildew inoculation by recording th¥ dutofluorescence using a fluorescence
microscope and by the accumulation of phenolic cmumgs (Swarbriclet al. 2006).
UV-induced fluorescence spectroscopy is a esliablished system for the detection
of physiological and biochemical changes in orgasi§Cerovicet al. 1999). Recently, its
potential to classify the sensitivity level of whegenotypes for the leaf rust pathogen was
shown (Burlinget al. 2010). In this context, the spectral informaté&md the great number of
possible peak ratios that are allied to deternomstiof mean fluorescence lifetime provide a
sensitive tool for evaluating changes in livingrléissues. In the present work, we therefore
hypothesized that the detection of powdery mildewedtion on wheat plants shortly after
inoculation is possible. Furthermore, we postuldted it would be possible to discriminate
between wheat genotypes that are either resistarstusceptible to the powdery mildew
pathogen. For these purposes, the combined us&afdidiced fluorescence spectra and the

fluorescence lifetime determination were adopted asn-destructive technique.

2 Materials and Methods
2.1 Plant material

The experiments were conducted in a controlledrenment cabinet simulating a 14
h photoperiod with 200 pmol A" photosynthetic active radiation (PAR; Philips PI3& W
fluorescent lamps, Hamburg, Germany), a day/nigiiperature of 20/15 + 2°C and relative
humidity of 75/80 + 10%. For the studies, the wintéheat {riticum aestivum L. emend.
Fiori. et Paol.) cultivars Magister and Magnus (pdevy mildew susceptible, resistance
degree RD = 7 and RD = 6, respectively, accordomdght descriptive variety list of the
German Federal Plant Variety Office [Bundessorteahai2008), ranging from 1-9) and
Turkis and Esket (mildew resistant, RD = 1 and R, respectively) were selected. Seeds of
each cultivar were sown in individual pots (5 sepds pot) filled with perlite. Emerging
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plants were provided with Hoagland nutrient solutevery other day. Twenty days after
sowing, when the plants had reached the secondsiagé, seven pots of each cultivar (four
for inoculation, three as control) were selected the experiment. Powdery mildew

inoculation was done on the youngest fully exparnidatiof two plants per pot.

2.2 Inoculation of Blumeria graminisf. sp. tritici

At the beginning of the experiments, the middle tbé leaf, lengthwise, was
determined for each single leaf and marked withel fip pen. Marked leaves were
horizontally fixed before the inoculation with cdid of anon-specific mixture oB. graminis
f. sp. tritici that was produced on wheat without known resigagenes (INRES -
Phytomedicine, University of Bonn). For a regulapgly of fresh conidia, a set of plants was
cultivated separately and infected with powdery dew. For the inoculation of the
experimental plants, conidia were removed withna torush and directly applied on the leaf
surface of target plants. The application site @as5 mm and was located on the middle of
the leaf half. Twenty-two hours after inoculatiomai), and in a later experiment ten hai,
visible conidia were removed by gently blowing drdshing over the leaf surface. Control
plants in different pots were handled in the samanmer, however without conidia.
Experiments were designed to make a pairwise cdsgraof the response of one resistant
and one susceptible cultivar to the powdery mildewculation. Hence, the cultivars Magister
and Turkis, and Magnus and Esket, were evaluatedipa.

2.3 Fluorescence measurements

Fluorescence measurements were carried out usinghpact fibre-optic fluorescence
spectrometer with nanosecond time-resolution pexvidy the boxcar technique (IOM
GmbH, Berlin, Germany). A pulsed:Naser (MSG803-TD, LTB Lasertechnik Berlin GmbH,
Berlin, Germany) with an emission wavelength of 387@ and a repetition rate of 20 Hz
served as the excitation source. The fibre-optiberfor the detection of fluorescence signals
consisted of a central excitation fibre and six@unding emission fibres, each with a 200 pm
diameter. The probe pulse energy was adjusted tdl-BepJ with a pulse length of
approximately 1 ns resulting in a density of 5.516° photons per cmand impulse.
Fluorescence was recorded with an acousto-dpti@ble filter (AOTF) monochromator,
which enables a minimal step width of 1 nm, andalg were processed by a photomultiplier
(PMT; H5783-01, Hamamatsu, Hamamatsu City, Jap&n. sensitivity of the PMT was
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adjusted to optimize the signal intensity during fpectral and lifetime measurements. Time
resolution was accomplished using a gated integraiih a 2 ns half-width; the position of
the gate could be set with an accuracy of 0.1 recorgls.

The detection of the fluorescence spectra and ¢bayddata was done on leaves fixed
horizontally on a plate with an integrated samptelér. The fibre-optic probe was positioned
in a 90° angle to the leaf. Thereby, with the helm laser-based rangefinder (OptoNCDT
1300, Micro-Epsilon Messtechnik GmbH & Co. KG, Oiberg, Germany) fixed beside the
probe, the distance between the leaf and the poldace was detected and adjusted for the
point of measurement. This alignment of the cormistance was conducted to provide
fluorescence intensities in a narrow data rangeroeide a minimum of signal intensity and
to avoid signal saturation. The spectra and lifeteh selected wavelengths were measured at
21-23°C under ambient light conditions (about 18jm? s* PAR) from one to three days
after pathogen inoculation (dai) on the inoculataea as described below. Before starting
measurements, plants were adapted for 0.5 h to ligbtrand temperature conditions.

For an optimal recording of fluorescence signahe experimental settings were
adjusted for measurements of spectra (SPEC; 37MB00 lifetime 1 (LF 1; 410-530 nm),
lifetime 2 (LF 2; 560-620 nm), and lifetime 3 (LF, $30-560 nm). Common to all
measurements was a pulse count of 32, which iswtingber of laser pulses averaged over
every single data point. Spectrally resolved meaments were accomplished at a gate
position of 3 ns (in the temporal signal maximum)th a wavelength interval of 2 nm, a
distance of 3.95 mm between the probe and the saraptl a PMT gain of 600 Volt. All
lifetime measurements (LF 1; LF 2; LF 3) were parfed at predefined wavelengths,
separated 30 nm from each other within their resgespectral range (e.g. at 410, 440, 470,
500 and 530 nm for LF 1). The step width was sét.Ponanoseconds. LF 1 and LF 3 had the
same PMT gain of 600 V, while LF 2 was set to 8@k VThe distance between the probe tip
and the sample was adjusted to 4.57 mm for LF 1L&n#, and 2.70 mm for LF 3. In order to
avoid a time-shift effect within the time-course af single measuring day alternate

measurements on inoculated and non-inoculated deagee conducted.

2.4  Data processing and statistics

The measured UV-induced fluorescence spectra wereegsed by Gaussian curve
fitting using the freeware Gnuplot, version 4.2tgbalevel 4 (http://www.gnuplot.info; Fig.
1). Peak position, amplitudes, and half-bandwiddremdetermined to calculate the ratios of
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peak amplitudes, half-bandwidths, and amplitudelatié-bandwidths within single peaks.
Before curve fitting, the raw data were correctedthe laser energy to remove possible data
distortion due to fluctuations of the excitatioreegy.

In order to analyse the fluorescence decay,ddita was deconvoluted using the
software DC4 (version 2.0.6.3), by performing a émbverg-Marquardt fit (IOM GmbH,
Berlin, Germany, 2008). The processed experimedéth was subjected to analysis of
variance using the SPSS statistical package (PAstics version 15.0, SPSS Inc.,
Chicago, USA). For each day, cultivar and evalumtibe means of inoculated and healthy
plants were compared by analysis of variance (OCagMNOVA, p< 0.05). Graphs (Mean *
SD) were drawn with SigmaPlot 8.02 (Systat Softwhare, Richmond, CA, USA) and
OriginLab 7.1 SR2 (OriginLab Cooperation, Northhaomp USA).

3 Results
3.1  Pathogen development

The present study focused on the pathogen develttpraad its impact on
fluorescence parameters, which were evaluated @rletween one resistant and one
susceptible cultivar. The established pairs weeeMlagister (RD = 7) and Turkis (RD = 1),
and Magnus (RD = 6) and Esket (RD = 2). As a ruisyal evaluations of the pathogen
development first revealed small patches of whitigftelium at four days after inoculation.
Both susceptible cultivars, Magnus and Magisterrewmore affected than the resistant
cultivars, Turkis and Esket. During the followingyd, the patches increased in size due to
mycelium growth and development on the suscepthlavars, whereas patches remained
locally restricted on the resistant cultivars.

3.2  Characteristic fluorescence spectra and lifetimn

After Gaussian curve fitting, the positions of tflaorescence (F) peaks were
determined at 451 nm for the blue peak (B), 522fomnthe green shoulder (G), and 687 nm
(R) and 736 nm (FR) for the chlorophyll peaks (Riyj. In general, the senescence of leaves
during the experimental period from 1 to 3 dai iceld a decrease of the F451/F522,
FA451/F687, F451/F736, F522/F736, and F687/F736 iardplratios as was documented for
the healthy control (c) leaves of the cultivarsKisirMagister, Esket, and Magnus (Table 1).
However, the magnitude of the change was cultiegretident as was shown for the ratio
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F522/F687, which was reduced more strongly in treeTairkis and Magister than in the cvs
Esket and Magnus (Table 1).

The ratios of half-bandwidth (Table 2) that weraedmined for healthy plants (c)
revealed no clear trend of changing values dueabdenescence. For the amplitude-to-half-
bandwidth ratios, it was striking that the valuésh® blue (F451) and green (F522) peaks
decreased in all cultivars over time (Table 3).

The deconvolution of fluorescence decay data shdivatdone mean lifetime could be
generated with greater robustness than using raullfietimes. Nevertheless, variations of
residuals indicate a bi-exponential function. Theam lifetime of control plants elongated
from about 0.6-0.7 ns at 410 nm constantly up 16112 ns between 530 and 560 nm before
being shortened to 0.9-1.0 ns at 620 nm (Fig. 2).
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Fig. 1. A) Deconvolution in Gaussian spectral componentsidSotcles: measured fluorescence
emission spectrum (370-800 nm), solid squaresviddal Gaussian spectral components of
the fitted spectrum, solid line: fitted spectru®) Characteristic fluorescence emission
spectrum (370-800 nm, smoothed curves) of healthgatvleaves (excitation at 337 nm) of

the cultivars Tirkis and Magister.

3.3  Detection of powdery mildew infection

Irrespective of the resistance degree of the airltivnoculation of leaves witB.
graminis induced significant changes in the evaluated #soence parametess shown in
our time-series measurements, the elapsed time fsathogen inoculation until 4 dai
significantly impacted both the number of affectgmrameters and the nominal difference
between values measured on control (c) and incallé) leaves. Regarding the spectral
characteristic, the most robust parameter was d@hie F451/F522 for both the amplitude
(Table 1) and the half-bandwidth (Table 2) ratios.
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Ratio of amplitudes between fluorescence peakbiF#522, F687 and F736)
measured on control (c) and inoculated (i) wheatds of the cultivars Turkis (RD = 1), Esket (RD =
2), Magister (RD = 7) and Magnus (RD = 6) at 13 2nd 4 days after inoculation (dai).

1 dai 2 dai 3 dai 4 dai
C i c [ c [ c [
Turkis 411* 3.58 4.03* 341 3.94* 3.31 3.88* 23.
F451/ Esket 3.78* 3.39 3.73* 3.03 3.71* 2.79 - -
F522 Magister 4.04* 3.68 4.03* 3.53 3.99* 3.34 3.95%.22
Magnus 3.73* 3.43 3.72* 3.20 3.72* 3.05 - -
Turkis 3.22 2.71 2.90 2.77 2.63 2.62 2.50 2.62
F451/ Esket 2.32 2.01 2.30 2.15 2.26 2.11 - -
F687 Magister 3.21 2.83 3.07 2.82 2.86 2.90 2.80* 33.1
Magnus 2.34* 1.78 2.33 2.17 2.31 2.20 - -
Turkis 3.39 3.24 3.03 3.21 2.74 2.96 2.56 2.97
F451/ Esket 2.57 2.26 2.45 2.43 2.35 2.43 - -
F736 Magister 3.47 3.43 3.27 3.25 2.96* 3.33 2.85* 693.
Magnus 2.69* 2.03 2.53 2.41 2.46 2.51 - -
Turkis 0.78 0.76 0.72 0.81 0.67 0.79 0.64* 0.81
F522/ Esket 0.61 0.59 0.61 0.71 0.61* 0.76 - -
F687 Magister 0.79 0.77 0.76 0.80 0.72* 0.87 0.71* 970.
Magnus 0.63 0.52 0.63 0.68 0.62 0.72 - -
Turkis 0.83 0.90 0.75* 0.94 0.70* 0.89 0.66* 2.9
F522/ Esket 0.68 0.67 0.66* 0.80 0.63* 0.87 - -
F736 Magister 0.86 0.93 0.81* 0.92 0.74* 1.00 0.72*.18
Magnus 0.72 0.59 0.68 0.76 0.66* 0.82 - -
Turkis 1.05* 1.19 1.04* 1.15 1.04* 1.13 1.02* 13.
F687/ Esket 1.11 1.12 1.07* 1.13 1.04* 1.15 - -
F736 Magister 1.08* 1.21 1.07* 1.15 1.03* 1.15 1.02%1.18
Magnus 1.15 1.14 1.09 1.11 1.06* 1.14 - -

* Significant differences (ANOVAp < 0.05) between control and inoculated leaves foh ealtivar

and measuring day & 6 for control plantsn = 8 for inoculated plants).

In both cases, the ratio FA51/F522 decreased cantgty from the first evaluation day until
the end of the experiment, but when comparing edeh individually, the values were

significantly lower in inoculated leaves. For theTdirkis, the values of F451/F522 decreased

from 4.11 (c) to 3.58 (i) at 1 dai, whereas for theMagister, the values changed from 4.04

(c) to 3.68 (i) for the same evaluation (TableAt)this early point of time, changes were also
revealed by the half-bandwidth ratio F522/F687 BB@2/F736, which showed significantly
higher values for inoculated leaves than for cdntnees in all four cultivars (Table 2).

Thereby, modifications were more pronounced in lodtie resistant cvs, Tirkis and Esket.
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Table 2. Ratio of half-bandwidth between fluorescence péaks1, F522, F687 and F736) on

control (c) and inoculated (i) wheat leaves of ¢b&ivars Turkis (RD = 1), Esket (RD = 2), Magister
(RD = 7) and Magnus (RD = 6) at 1, 2, 3 and 4 adier inoculation (dai).

1 dai 2 dai 3 dai 4 dai
C i C i C i C i
Tarkis 1.05* 1.00 1.04* 0.97 1.04* 0.95 1.03* 90.
F451/ Esket 1.05* 0.98 1.05* 0.94 1.05* 0.89
F522 Magister 1.03* 1.00 1.03* 0.98 1.02* 0.96 1.010.93
Magnus 1.05 1.04 1.05* 1.01 1.05* 0.99
Tarkis 2.10 2.11 2.08 2.08 2.08 2.08 207 207
F451/ Esket 2.07 2.07 2.07* 2.05 2.06* 2.03
F687 Magister 2.09* 2.10 207  2.07 207 2.06 2.06 42.0
Magnus 2.07* 2.09 2.06 2.06 2.06 2.06
Tarkis 1.65 1.65 1.63 1.64 1.63 1.64 1.62* 1.64
F451/ Esket 1.61 1.61 1.61 1.61 1.61 1.61
F736 Magister 1.63 1.64 1.63 1.63 1.62 1.63 1.62* 51.6
Magnus 1.61 1.61 1.60 1.61 1.61 1.61
Tarkis 201 211 2.00* 2.15 2.01* 2.18 2.01* 2Q.
F522/ Esket 1.98* 2,12 1.98* 2.19 1.96* 2.29
F687 Magister 2.02* 2.09 2.02* 212 2.04* 2.15 2.052.20
Magnus 1.98* 2.02 1.96* 2.04 1.96* 2.08
Tarkis 1.58* 1.65 1.57* 1.70 1.57 1.72 1.57* 7%.
F522/ Esket 1.54* 1.65 1.54* 172 1.53* 1.82
F736 Magister 1.58* 1.63 1.59* 1.67 1.60* 1.71 1.611.77
Magnus 1.54 1.56 1.52* 1.59 1.53* 1.63
Tarkis 0.79 0.78 0.78 0.79 0.78 0.79 0.78* 0.79
F687/ Esket 0.78 0.78 0.78 0.79 0.78* 0.79
F736 Magister 0.78 0.78 0.78 0.79 0.78* 0.79 0.79* 810.
Magnus 0.78* 0.77 0.78 0.78 0.78 0.78

* Significant differences (ANOVAp < 0.05) between control and inoculated leaves foh ealtivar
and measuring day & 6 for control plantsn = 8 for inoculated plants).

A direct comparison between Esket (RD = 2) and MiagiikD = 6) indicated an increase of
F522/F687 from 1.98 (c) to 2.12 (i) for Esket, dmmin 1.98 (c) to 2.02 (i) for Magnus (Table
2). As indicated by the ratio F522/F736, the défere between the control and inoculated
leaves was significant, e.qg., for the cv Turkigreaasing from 1.58 (c) to 1.65 (i). One day
later, the amplitude ratios F522/F736 and F687/F3B6wed increased values in all four
cultivars for the inoculated leaves; in the cas@&laokis, from 0.75 (c) to 0.94 (i), and 1.04 (c)
to 1.15 (i), respectively. The described modificasi at 1 and 2 dai were consistent during the
consecutive days until the end of the measurements.
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In Table 3, ratios of amplitudes-to-half-bandwidibin each single peak are presented.
Although there were statistical differences at Ergpmparisons between inoculated and non-
inoculated plants, none of the evaluated paramei@ve reliable indications for a potential
differentiation between diseased and healthy plants

Table 3. Ratio of amplitude-to-half-bandwidth from fluoresce (F451, F522, F687 and F736)
on control (c) and inoculated (i) wheat leaves te# tultivars Turkis (RD = 1), Esket (RD = 2),
Magister (RD = 7) and Magnus (RD = 6) at 1, 2, @ 4rdays after inoculation (dai).

1 dai 2 dai 3 dai 4 dai
C [ c [ c [ c [
Turkis 1238* 1115 1111 1041 1061 1006 1021 959
Esket 1148* 1023 1078* 963 1060* 943

F4s1 Magister 1134* 1051 1069* 963 1020 995 982 996

Magnus 1137 1126 1086 1182 1071* 1202

Tarkis 315 311 287 296 279 290 271 280
F500 Eske_t 318 296 303 298 300 301

Magister 291 287 272 267 260* 286 250* 288

Magnus 319 340 308* 37 303* 391

Tarkis 816 886 812 801 847 812 857 771
F687 Eske_t 1042 1066 991 931 980 920

Magister 745 784 727 710 741 709 725 656

Magnus 1028* 1329 084* 1132 969* 1135

Tarkis 611 580 610 550 638 570 655* 542
F736 Esket 733 740 724 648 737 637

Magister 540 506 535 485 562* 490 560* 449
Magnus  700* 903 703 794 713 782

* Significant differences (ANOVAp < 0.05) between control and inoculated leaves foh ealtivar

and measuring day & 6 for control plantsn = 8 for inoculated plants).

Fluorescence lifetime measurements (Fig. 2)eald clear modifications of
inoculated leaves with regard to control leavegspective of the resistance degree of the
cultivar. The overall tendency observed was a nooress pronounced elongation of lifetime
for all selected wavelengths. Mildew resistant aswkceptible cultivars showed early
responses to the pathogen attack, which could basuned as early as one day after
inoculation. At this time, clear differences betwemntrol and inoculated leaves of the cvs
Magister and Turkis could be detected at 500, 580, 590, and 620 nm.
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Changes were most pronounced in the range froni®6Q0 nm. This is described by values
of 1.35 ns (i) and 1.15 ns (c) and 1.34 ns (i) &1@F ns (c) for Magister (560 nm) and Turkis
(590 nm), respectively. The significance betweea tontrol and the powdery mildew

inoculated leaves in the spectral range from 50020 nm remained unchanged during the
following two days. Measurements at selected wangtles (500, 530, 560 nm) in the cvs
Magnus and Esket at 1 and 2 dai confirmed thesinfys (Table 4).

Table 4. Mean fluorescence lifetime at the selected wawglerior control and inoculated
leaves of Magnus (RD = 6) and Esket (RD = 2) atd &days after inoculation (dai).

1 dai 2 dai
control inoculated control inoculated
500 nm Magnus 0.98* 1.18 1.04* 1.15
Esket 1.02* 1.19 1.01* 1.16
530 nm Magnus 1.09* 1.33 1.13* 1.30
Esket 1.09* 1.30 1.13* 1.31
560 nm Magnus 1.13* 1.42 1.19* 1.43
Esket 1.12* 1.36 1.17* 1.44

* Significant differences (ANOVAp < 0.05) between control and inoculated leaves foh ealtivar

and measuring day € 4 for control plantsn = 5 for inoculated plants).

3.4  Early changes of fluorescence due to pathogestablishment

Lifetime fluorescence measurements at 530 and 560 aonducted for the four
cultivars from ten to twelve hours after pathogewculation, indicated a longer mean lifetime
in inoculated leaves compared to control leave® ifkensity of modification depended on
the cultivar and the measured wavelength (FigA3Jirect comparison of the susceptible cv
Magister (A) and the resistant cv Turkis (B) showwdt the lifetime at 530 nm was
significantly increased from 1.02 ns and 1.04 nsantrol leaves to 1.07 ns and 1.10 ns in
inoculated ones, respectively. The magnitude of ifitation was more pronounced in the
resistant than in the susceptible cultivar. Sinyladeterminations at 560 nm showed a longer
lifetime in inoculated leaves than in control leavé&he results observed for Magister and
Turkis were confirmed in the experiment comparihg bther sensitive (Magnus, Fig. 3C)
and resistant (Esket, Fig. 3D) cultivars. In thase, the values increased from 1.03 ns (c) to
1.07 ns (i) for Magnus and significantly increageon 0.98 ns (c) to 1.01 ns (i) for Esket.



87

116 ||  « A B
0 2 i %)
£ 112 S 112
Q
£ o8 x £ 1o
2 2 -
g 104 8
S g
g 1.00 g
g 0.96 g
S 092 G
[}
=
oo L | | 1 1
530
Wavelength [nm]
1.16{| — C D
iy 22 i ‘o
S 112 =
g (0]
= 1.08 £ 1.08
Q ()
= v/ £
g 104 g 104 .
% c
8 100 8 1.001
[%2]
o o
g 09 S 096
§ 0.92 § 092
Q
=
ool || | 1 = ol Vw1
530 530 560
Wavelength [nm] Wavelength [nm]

Fig. 3. Mean fluorescence lifetime at 530 nm and 560 nmctmtrol and inoculated leaves Aj
Magister (RD = 7)B) Turkis (RD = 1),C) Magnus (RD = 6), anD@) Esket (RD = 2) at ten to
twelve hours after inoculation (hai). Values indecamean + SD( = 3). * Significant
differences (ANOVA,p < 0.05) between control and inoculated leaves feh ealtivar and

measuring day.

4 Discussion

In our studies, we demonstrate that an early, pngpsomatic detection dd. graminis
infection on wheat plants is possible. Previouddist have shown the identification of
powdery mildew 2 to 3 days after inoculation (Brat@l. 2002), and with our approach, this
time can be reduced to 1 dai or less. Irrespectitbe resistance degree of the cultivar to the
pathogen, the amplitude ratio F451/F522 was thet mpropriate parameter to reveal pre-
symptomatic pathogen infection as early as oneafi®y inoculation. Moreover, F451/F522,
F522/F687, and F522/F736 for the half-bandwidtliosaaire also appropriate parameters to
detect the fungal development. The mean lifetimes wagnificantly longer in inoculated
leaves as compared to control leaves in the spaetnge between 410 nm and 620 nm,
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whereupon the most pronounced differences wereradsan the range of 500-620 nm.
Furthermore, significant changes in the fluoreseenman lifetime were detected ten to
twelve hours after first host-pathogen interaction.

As shown earlier, based on the F440/F520 rafier UV excitation, it has been
possible to detect powdery mildew in grapevinesdhitays after inoculation (Bélanggtral.
2008). In our experiments, all tested cultivarsesdgd a reduction of the F451/F522
amplitudes and half-bandwidths as early as oneaft@y inoculation (Tables 1 and 2). In
accordance with the observations of Ludedtea. (1996), alterations might be induced by the
increase of F520 due to the blue/green fluorescérac®wl of the fungi, or the produced
intercellular substances, which emit blue-greeonrtdscence. Von Ropenack (1998) reported
that the maximum penetration frequency of powdeitgew fungus in a resistant cultivar was
less than 0.1%, whereas in the susceptible cultpanetration was about 60%. The same
authors observed astrong correlation between the accumulation @toumaroyl-
hydroxyagmatine and the onset of penetration irstlseeptible cultivars.

As indicated by the chlorophyll fluorescendes increase of the F687/F736 amplitude
ratio in the four cultivars by 1 dai (Table 1) midie caused by a reduced chlorophyll content,
as similarly detected in inoculated leaves by medneflectance measurements long before
visible changes have occurred (Westal. 2003). Allen (1942) stated that the chlorophyll
content of wheat leaves that are heavily inoculatéd mildew decreased from the first day
after inoculation due to a rapid degradation os thiolecule. Further pathogen-triggered
modifications were the increase of the ratios FB@87 and F522/F736 for the half-
bandwidth (Table 2) and F522/F736 for the amplitu(leable 1). Presumably, the changes in
F451/F522 and F687/F736 ratios are related to atibers in phenolic composition and
chlorophyll concentration, respectively. Alternaly, modifications of F522/F687 and
F522/F736 might reflect changes in both phenolimpasition and chlorophyll degradation.

For the four wheat cultivars evaluated in oxpeximents, a clear elongation of mean
lifetime due to pathogen development was registéettveen 410 nm and 620 nm. Mean
fluorescence lifetime is an averaged value thatomposed of several fluorophores with
distinct lifetimes (Ceroviet al. 1999). The synthesis of new compounds in theigisaight
result in the elongation or shortening of the méfime, depending on the lifetime of the
accumulated compound. Changes to the pH-valueedotialization of substances in the cell/
cell compartments can also cause changes to theeflcence lifetime. Our results on the
fluorescence lifetime measurements revealed a gkmendency towards a longer mean

lifetime in the inoculated plants compared to thatool plants (Fig. 2). In the compatible and
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incompatible interaction between barley and powderidew, an increase of polyamine

concentration has been observed one to three drsimoculation (Cowley and Walters

2002). As has been shown for a resistant barlegtgpa, epidermal hypersensitive cell death
was induced within 24 h after powdery mildew in@tidn and was associated with the
accumulation of phenolic compounds (Swarbethl. 2006).

The successful identification & graminis infection at 1 dai in the two susceptible
and two resistant wheat cultivars selected for egreriments were the basis for additional
experiments addressim) graminis detectionsome hours after inoculation. In this approach,
changes in fluorescence, as a general referencenetopathogen-host interaction, were
evaluated during a time period of ten to twelversafter inoculation (hai). Even at this early
point of time after inoculation, clear changesha tmean lifetime could be detected. Thereby,
the magnitude of modifications could be a suitabéesis for the differentiation between
susceptible and resistant cultivars (Fig. 3). Ascdibed elsewhere, the first twelve hours of
pathogen infection are characterized by the contdécspores with the leaf surface, the
development of a primary germ tube, appressoriahgeibe and appressorium and the first
papilla defence (Thordal-Christensetral. 2000). Upon contact with the pathogen, signalling
substances like salicylic acid and jasmonic acel @oduced by epidermal cells to initiate
defence mechanisms (Bergaral. 2007). Several of the newly synthesized and actated
substances like phenols and phenol derivates émitescence when excited with UV light.
Resistant plants respond more rapidly and moreroiggly to pathogens than do susceptible
plants (Taiz and Zeiger 2007). Von Ro6penack (199®served that a differential
accumulation op-coumaroylagmatine was induced 2 h earlier, arfdgdter amounts, in the
resistant line when compared to the susceptible ®he basic response of two phenolic
compounds in resistant and susceptible lines wasdme, but the dynamics and amount of
substance formation were different (von Ropeneickl. 1998). Moreover, papilla, which
contain, amongst others, phenols, were about 5@%ethin the resistant line when compared
to the non-resistant line (Jorgensen 1992). [Bokl. (1994) evaluated the contribution of
phenolic compounds in different barley varietiepressing partial resistance against powdery
mildew. They found a large quantitative variatiorthe amount of nine phenolic components.
This might also be a reason for the non-differdisiabetween the response of resistant and
susceptible genotypes to powdery mildew by meandfluofescence spectroscopy in our
studies.
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5 Conclusions

UV-induced measurements of spectral characteristiod the determination of
fluorescence lifetime are suitable approaches tecti@owdery mildewR. graminis) one to
three days after inoculation. Specific ratios ofpéitndes and of half-bandwidths can be
determined as best suited for reliable and rolmfstmation. Furthermore, the mean lifetime
was significantly increased in inoculated leavesmicompared to control leaves, with the
most pronounced differences observed in the rariggO® nm to 620 nm. Based on the
changes in mean fluorescence lifetime, it is pdsdib reveal physiological and biochemical
reactions ten to twelve hours after the initialhpafen-host interaction. Based on our results, it
was not possible to discriminate between suscepéibtl resistant wheat cultivars. However,
lifetime measurements shortly after pathogen ireteah indicate the potential of
fluorescence spectroscopy as a complementary wolséreening new genotypes with
unknown degrees of resistance to the pathogen.
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E Blue-green and chlorophyll fluorescence for diffeentiation between

nitrogen deficiency and pathogen infection in wintewheat

1 Introduction

The incidence of diseases and deficiency of nusieepresenting biotic and abiotic
stresses, respectively, are the limiting factorscimp production worldwide. As estimated,
the potential of yield loss of wheat due to fungalhogens might amount 15% under specific
conditions (Oerke and Dehne 2004). During its ¢iyele, wheat plants are often infected by
the biotrophic fungPuccinia triticina and Blumeria graminis f. sp.tritici, causing leaf rust
and powdery mildew, respectively. On the other hanmilogen is a key element in the plant
nutrition (Marschner 2002), and its adequate suppthe most important nutritional process
a farmer can manage in cultivated crops (McMurtrewt al. 1994).

In recent years, with advanced technology sgnsif stress-induced alterations of
metabolism and crop physiology became more and wiirdgerest to detect modifications at
early stages before extensive plant damage ocEarsthis purpose, several non-destructive
approaches, e.g. fluorescence, reflectance, anthahémaging measurements, have been
evaluated and adopted for the fast and early deteof individual stresses, such as diseases
(e.g. Bodriaet al. 2002; Bravoet al. 2003; Franke and Menz 2007; Kuckenbetrgl. 2009a;
Lindenthalet al. 2005) and mineral deficiency, especially the nigogtatus of plants (e.g.
Bredemeiest al. 2003; Buschmann 2007; Schaadtél. 2005; Subhash and Mohanan 1994;
Tartachnyk and Rademacher 2003). Besides promisasylts, the specificity of the
measuring system and the particularities of theeergpents have to be considered when
evaluating or comparing suitable techniques. Aemdg shown, the chlorophyll fluorescence
imaging technique proved to be more sensitive tharthermal imaging for early detection of
pathogen infection and nutrient deficiency (Chaetlal. 2007a). Thereby, both nitrogen
deficiency and pathogen infection are accompanigd ldecrease in chlorophyll content
(Tartachnyk and Rademacher 2003).

In general, a good detection of stress candigeged when evaluating biotic and
abiotic stresses as single factors. However,nbisunusual that several stresses influence the
plant physiology simultaneously. Besides considerauvances, a reliable discrimination
between biotic and abiotic stresses by using natraetive techniques remains a challenge.
Tartachnyket al. (2006) showed that a discrimination between sfrdladeficiency and
pathogen infection at advanced stages can be atisbeth on basis of fluorescence peak
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ratio F690/F730. However, as shown for a crosdasibn analysis of chlorophyll
fluorescence, diseased leaves could be misrecabasshl-deficiency and vice versa, whereas
the classification was improved when in additioe gtandard deviation of the mean was
considered as a parameter for discrimination (Knbkeget al. 2009b). Unfortunately these
conclusions were based on pathogen infection adéfidiency evaluated on different leaves,
whereas research studying both stressors concdiypitamthe same plants are scarce.

When exposed to stresses, specific pigments aneér otfolecules might be
synthesized, accumulated or degraded, having ameatdor direct influence on the
fluorescence signature. In general, nitrogen daiicy leads to less chlorophyll in the tissues
(Ciompi et al. 1996). As shown in other experiments, nitratellaldity influences not only
the chlorophyll concentration but also phenol aigaih production which are reduced in
wheat shoot by high nitrate levels (Broetral. 1984). When infected with fungal pathogens,
plants might accumulate specific compounds suclsasylic acid and phenylpropanoid
compounds (e.g. cinnamic acid, stilbens, coumaaims$ flavonoids) as the most important
substances in plant disease resistance (Cheteale 2007b; Lenket al. 2007). Accordingly,
the fluorescence in the blue-green spectral ranggtnyield promising results since it has
been proven to be very sensitive to single stregsnts reflecting amongst others
accumulation of secondary metabolites (Buschmahral. 2009; Cerovicet al. 1999;
Lichtenthaler and Miehé 1997). However, the sulitgbdf the fluorescence outcome in the
blue, green, and yellow spectral range for disarating stressors is not yet proven. Therefore
we hypothesized that a differentiation between whémt’'s physiological reaction due to N-
deficiency and leaf rustP(ccinia triticina) as well as N-deficiency and powdery mildew
(Blumeria graminis f. sp. tritici) might be accomplished by means of UV-induced
fluorescence spectral measurements in the bluengaad yellow range (370 to 620 nm) in
addition to the chlorophyll fluorescence (640 t® &0n). Thereby we focused on a slight N-
deficiency and the early stages of pathogen irdacjustifying the need of sensors to detect
pre-symptomatic stress signals. Of main intereghasbasic suitability of combined spectral
information by evaluation of several fluorescenegios for consideration in future field

experiments requiring more complex and developéedation systems.
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2 Material and Methods
2.1 Plant material

Experiments were conducted in a controlled-enviremincabinet simulating a 14 h
photoperiod with 200 pmol fs* photosynthetic active radiation (PAR; Philips P136 W
fluorescent lamps, Hamburg, Germany), day/nightpemature of 20/15 £+ 2°C and relative
humidity of 75/80 £ 10%. Winter wheatrticum aestivum L. emend. Fiori. et Paol.) seeds of
the leaf rust (LR) and powdery mildew (PM) susdapticultivar Ritmo were sown in
individual pots (5 seeds per pot) filled with perliAccording to the descriptive variety list of
the German Federal Plant Variety Office [Bundess@mnt] (2008), Ritmo is classified with a
resistance degree (RD) of 8 for leaf rust and R®fer powdery mildew, in a classification
range from one (resistant) to nine (susceptibl®culation of single leaves with either leaf
rust or powdery mildew was accomplished on the meédally developed leaf, twenty days
after sowing. Experiments with combined nitrogeppy and leaf rust or powdery mildew
inoculation were conducted separately and repeatedeast twice. Accordingly, the
experimental setup was as follows: a) N-full-suppit]; b) N-deficiency [N-]; ¢) N-full-
supply + pathogen [N+/LR] or [N+/PM]; d) N-deficiey + pathogen [N-/LR] or [N-/PM]. In
each experiment, number of replications was 12 for the nitrogen treatments, amd: 16

for the nitrogen + pathogen treatments. Pathogecuiation was done on two plants per pot.

2.2 Fertilization and chlorophyll determination

Emerging plants were provided with either a stathdara modified Hoagland nutrient
solution; the first one contained all mineral nemts for optimal plant growth and
development, while the second one was adjusteddace nitrogen deficiency. For this
purpose, several pre-experiments with defined amsoohnitrogen were conducted in order
to find the appropriate N-concentration to inducslight N-deficit which is not evident by
visual observation. The full nitrogen supply sauati(N+) contained 1 M Ca(N*4H-0,
0.5 M(NH4H2PQy, and 0.66 MKNO3; whereas the N-deficiency solution contained 0.5 M
KH.PO;, 1 M KCI, 0.5 M Ca(NG)2*4H,0, and 0.1 M (NH),SOs. Consequently, the
deficiency solution (N-) contained 40% of the N-ambof the standard solution. The content
of micronutrients was similar in both fertilizatisolutions.

Leaves in the same developmental stage as thodeirugiee main experiments were
sampled and the nitrogen status was evaluated estnudtively with the SPAD 502 (Konika

Minolta, Langenhagen, Germany) equipment on addeél sides by measuring red (~ 650
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nm) and infra-red (~ 940 nm) light transmissionorirthe same leaves chlorophyll content
was extracted from 1 cmleaf pieces with dimethyl sulfoxide (DMSO) and amighlly
determined as described elsewhere (Blanke 1992).absorbance of extracts was evaluated
at 665 nm (A665) and 647 nm (A647) with a UV-VISespophotometer (Lambda 5, Perkin-
Elmer, Massachusetts, USA). Total chlorophyll {Cbbncentration was calculated on fresh-
weight basis according to the equation:tGh17.9 x A647 + 8.08 x A665.

2.3  Pathogen inoculation
2.3.1 Inoculation oPuccinia triticina

Inoculation was done with a non-specific mixture Rdiccinia triticina spores
produced on wheat without known resistance ge¢RES - Phytomedicine, University of
Bonn). Before each experiment, freBhtriticina spores were suspended in a solution of
distilled water + Tween 20 (0.01% w/v; Merck-Schaiett, Hohenbrunn, Germany). The
spore concentration was estimated microscopicaitly a/FuchsRosenthatounting chamber
and adjusted to 10 000 spores per millilitre. Odhelgaf, the middle of the leaf length was
marked on the adaxial side with a felt tip pen, aaden 6 ul droplets of spore suspension
were applied in a row on one leaf half. Prior te #pplication, leaves were fixed horizontally
on a sample holder to prevent droplet run-off. Bgrithe inoculation period (22 h), plants
were maintained in the climate chamber at almastraged atmosphere ensured by a plastic
cover. Thereafter, the plastic cover was removedl the leaves were released from their
horizontal fixation. Plants of the groups withowatipogen inoculation were handled similarly
but treated with water droplets + Tween 20 (0.01%) wFluorescence measurements were
done on the central of the seven droplets. Thelorent of disease spots was evaluated
visually over the experimental period situ and on digital photographs taken in parallel to

the fluorescence readings.

2.3.2 Inoculation oBlumeria graminis

Similarly as described for the inoculation of least, the target leaves were selected
and the middle of leaf length was marked with atiplpen. Marked leaves were horizontally
fixed before inoculation with conidia of on-specific mixture oBlumeria graminis f. sp.
tritici produced on wheat without known resistance genBRES - Phytomedicine,
University of Bonn). Stock plants inoculated witletpathogen ensured the supply of fresh

conidia when needed. For inoculation of experimiguients, conidia were carefully removed
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from the stock plants with a fine brush and dineetbplied on the leaf surface of the target
plants. Application site (3 x 5 mm) was locatedhat leaf length middle in the centre of a leaf
half. Twenty-two hours after inoculation (hai), ibie conidia were removed by gently
blowing and brushing over leaf surface. Leavesheflant groups N+ and N- were handled

in a similar way without conidia.

2.4 Fluorescence measurements

Fluorescence measurements were carried out usinghpact fibre-optic fluorescence
spectrometer with nanosecond time resolution angl@nmg the boxcar technique (IOM
GmbH, Berlin, Germany). A pulsed,Naser (MNL100, LTB Lasertechnik Berlin GmbH,
Berlin, Germany) with an emission wavelength of 387@ and a repetition rate of 20 Hz
served as the excitation source. The fibre-opt@berfor detection of fluorescence signals
consisted of a central excitation fibre and six@unding emission fibres, each with a 200 pm
diameter. The pulse energy at the probe exit wastad to be in the range of 1.5-3.0 uJ with
a pulse length of approximately 2.5 ns resulting itensity of 7.5-15 x 1®photons per cfn
and pulse. Fluorescence was recorded with an axopsic tunable filter (AOTF)
monochromator, which enables a minimal step widthl aim. A photomultiplier (PMT,;
H5783-01, Hamamatsu, Hamamatsu City, Japan) wakasséetector. The sensitivity of the
PMT was adjusted in order to optimize the signednsity during the spectral measurements.
Time resolution was accomplished using a gatedyrater with a 2 ns half-width; positioning
of the gate allowed an accuracy of 0.1 nanoseconds.

Detection of fluorescence spectra was done on $efived horizontally on a plate
with integrated sample holder. The fibre-optic matas positioned at a 90° angle to the leaf.
By employing a laser-based rangefinder (OptoNCDD01L3Micro-Epsilon Messtechnik
GmbH & Co. KG, Ortenburg, Germany) fixed beside phebe, the distance between leaf and
probe surface was adjusted to 3.95 mm at the mdimeasurement. The standard distance
enabled fluorescence intensities in a narrow dataye, providing a minimum of signal
intensity and avoiding signal saturation. Spectemenmeasured at 21-23°C under ambient
light conditions (about 18 umolfs® PAR) at two to four days after pathogen inocutatio
(dai) for leaf rust experiments, and 1 to 3 dai powdery mildew experiments. Prior to
fluorescence measurements plants were adapted .®rhOto room conditions. For
optimization of fluorescence signals, equipmentirsgd were adjusted as follows. Spectral
analysis was accomplished at a wavelength intervalnm between 370 and 800 nm with a
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gate position of 5 nanoseconds (in the temporalasignaximum). Measurements were done
with a pulse count of 32, which is the number aklapulses averaged for each single data
point. The PMT sensitivity was set to 600 Volt. éllescence peaks were determined at 451
nm (blue, B), 522 nm (green, G), 689 nm (red, Ry, @37 nm (far-red, FR). In order to avoid

a time-shift effect within the time-course of age measuring day alternate measurements

on inoculated and non-inoculated leaves were cdrduc

2.5 Data processing and statistics

The measured UV-induced fluorescence spectra weareegsed by Gaussian curve
fitting using the freeware Gnuplot, version 4.2 ghdgvel 4 (http://www.gnuplot.info).
Position, amplitudes as well as half-bandwidtbw) of peaks were determined to calculate
the ratios between amplitudes, half-bandwidths, amglitudes-to-half-bandwidths (*) for
individual peaks. The processed experimental dat& wubjected to statistical analysis using
the SPSS package (PASW statistics version 18.0SSR&, Chicago, USA). The relation
between SPAD and chlorophyll content was estallistieh a linear regression. For each day
and evaluation group, the means were compared keyvway ANOVA (p < 0.05) and means
separated with the Duncan’s multiple range tesap@s (Mean + SD) were drawn with
SigmaPlot 8.02 (Systat Software Inc., Richmond, O8A).

3 Results
3.1  Validation of N-deficiency

The chlorophyll content of plant treatments with Hrd N- was evaluated to give
proof that the N- treatment group is under nitrodeficiency even if visual symptoms were
not evident. On basis of SPAD-values and chlordmmtraction, a linear function expressed
as Chl [ug @ FW] = 53.34 * SPAD — 248.024 {R= 0.93) was established (Fig. 1). On
average, leaf chlorophyll concentration of N+ ptawas 2311 pgfyFW whereas the leaves
of the N- treatment group had 1698 iyEMW. Besides this significant difference, the visua
assessment of N-deficiency leaves revealed nodisitress symptoms (Fig. 2A).
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Fig. 1. Correlation between SPAD values and chlorophytiteot of wheat leaves as affected by two

levels of nitrogen supphn( 6).

3.2  Combined nitrogen deficiency and leaf rust infetion

Visual evaluations of leaf rust development indécbsmall and loom chlorotic spots 4
dai (days after inoculation) on the adaxial leahilda (Fig. 2B) in both nitrogen full supply
(N+) and nitrogen deficient (N-) leaves. Two dagset (6 dai), small red-brown pustules
appeared on leaf surface and became larger and distirect in the following days. After 8
dai disease symptoms were evident (Fig. 2B).

As shown in Table 1, several of the examinewriéscence ratios enable a reliable
discrimination between healthy and inoculated ledvem 2 to 4 dai, irrespective of nitrogen
fertilization. Thereby, amplitude ratios of B/R,AB, G/R and G/FR were significantly higher
in inoculated than in non-inoculated leaves. Twygsdafter inoculation, values for B/R were
2.98 and 3.01 for N+ and N-, and 3.53 and 3.3NfelLR and N-/LR, respectively (Table 1).
In a similar trend, values of the G/R ratio weré/@and 0.80 for N+ and N- and 0.96 for both
nitrogen variants inoculated with the leaf rusthogen. In addition, the pathogen inoculation
reduced the B/Ghbw and increased the G/FRbw and R/FRhbw ratios (Table 1). Of all
evaluated amplitude-to-half-bandwidth ratios, aclifference between the treatment groups
was registered for the FR* peak showing values2® @N+), 920 (N-), 796 (N+/LR) and 788
(N-/LR) at two days after inoculation (Table 1). 8lsserved, the difference between healthy
and inoculated leaves became slightly larger duBirdays of measurements as indicated by

values of the amplitude ratio B/R (Table 1).
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Healthy, N-

A
Healthy, N+
LR, 4" dai

B
LR, 8" dai
PM, 4" dai

C
PM, 8" dai

Fig. 2. Digital photographs of wheat leaves affected hiptabor biotic stress factor#) influence of
nitrogen fertilization, N-full-supply (N+) and N-fleiency (N-); B) leaves infected by leaf
rust, 4 and 8 days after inoculation (d&l);infection of powdery mildew at 4 and 8 days after

inoculation.

In order to distinguish between the four experiraégtoups, two fluorescence ratios
could be considered as promising parameters. Gheathree measuring days (2 to 4 dai) the
amplitude ratio B/G was significantly different teten the four groups (Fig. 3A). At th&"2
dai, leaves of N+ plants had highest values (3.83pwed by N- (3.75), N+/LR (3.68), and
N-/LR (3.50) (Fig. 3A). In all treatments valuescteased over time due to leaf senescence
and at the ¥ dai, one day before first visible symptoms appearatios reached 3.64 for N+,
3.50 for N-, 2.93 for N+/LR and 2.77 for N-/LR (Fi@A). Consequently, the difference
between N+ and N- as well as between N+/LR and RI-femained the same, but the
difference between inoculated and non-inoculatadde became larger. Measurements of the
chlorophyll fluorescence in the R and FR peaksciui slightly higher amplitude ratio R/FR
in inoculated (N+/LR, 0.99; N-/LR, 1.04) than inmmoculated (N+, 0.94; N-, 0.96) leaves
two days after inoculation (Fig. 3B). In the timeucse development values for N+ and N-

remained almost constant while for the inoculagsd/és showed a strong increase (Fig. 3B).
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Table 1. Influence of nitrogen supply (N+, full supply; N4p% of full supply) and leaf rust

(LR) inoculation on selected fluorescence rati@sednined from 2 to 4 days after inoculation (dai).

Fluorescence Experimental

) 2 dai 3 dai 4 dai
ratio group
N+ 2.98 a 2.55a 2.24 a
B/R N+/LR 3.53b 3.09b 291b
N- 3.01la 2.55a 2.29 a
N-/LR 3.37b 3.04b 3.00b
N+ 2.8l a 2.34 a 2.06 a
B/FR N+/LR 3.50b 3.22b 3.38b
N- 2.90 a 2.44 a 2.20 a
N-/LR 3.49b 3.37b 3.80b
N+ 0.77 a 0.68 a 0.62 a
G/R N+/LR 0.96 b 0.93b 1.00 b
N- 0.80 a 0.71 a 0.65 a
N-/LR 0.96 b 0.97b 1.09b
N+ 0.72 a 0.62 a 0.57 a
G/ER N+/LR 0.95b 0.97b 1.17b
N- 0.77 a 0.67 a 0.63 a
N-/LR 1.00b 1.07b 1.39b
N+ 1.07b 1.06 b 1.05b
N+/LR 1.06 a 1.03 a 1.01 a
B/G_hbw N- 1.08b  1.06b  1.06b
N-/LR 1.06 a 1.03 a 1.01 a
N+ 1.52 a 1.52 a 153 a
- N- 151a 1.52 a 1.52 a
N-/LR 1.54 b 1.56 b 1.58b
N+ 0.79 a 0.78 a 0.78 a
- N- 0.79 a 0.79 a 0.78 a
N-/LR 0.79b 0.79b 0.79b
N+ 923 b 956 b 975 b
FR* N+/LR 796 a 784 a 739 a
N- 920 b 933 b 941 b
N-/LR 788 a 753 a 694 a

Means of the fluorescence parameters for each avatuday followed by the same letter do not differ
significantly according to Duncan’s multiple rangst < 0.05;n =12 for N+ and N-n= 16 for
N+/LR and N-/LR). hbw = half-bandwidth, * = amplitude-to-half-bandwidthtio.
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3.3  Combined nitrogen deficiency and powdery mildewvinfection

Visual evaluations of the powdery mildew developtrenealed first small patches of
whitish mycelium on leaf surface at four days afteoculation (Fig. 2C). During the
following days the patches increased in size, anthér new mycelium was formed. As the
results of fluorescence measurements show, irréspeof nitrogen level only a small
number of the evaluated fluorescence ratios areduo discriminate between healthy and
inoculated leaves (Table 2). During the 3 day mkiad measurements the half-bandwidth
ratios B/G, G/R and G/FR revealed constant diffeesnbetween inoculated and non-
inoculated leaves. As shown for the BBw at 1 dai, powdery mildew lowered the ratio to
1.00 (N+/PM) and 0.99 (N-/PM) as compared to 10the non-inoculated leaves (Table 2).
In contrast, ratios of G/Ribw and G/FRhbw were higher irB. graminisinoculated leaves as
compared to non-inoculated leaves. The (G ratio for N+ and N- leaves at 1 dai were of
1.95 and 1.94 respectively, contrasting to 2.08 210® in the inoculated leaves (Table 2).
During the following two days the difference betwdealthy and inoculated leaves became
larger and one day ahead of first visible infectiymptoms (3 dai) the G/Rbw ratio raised
to 1.97 for both N+ and N-, 2.19 for N+/PM and 2f@a6N-/PM (Table 2).

Table 2. Impact of nitrogen supply (N+, full supply; N-, 408 full supply) and powdery
mildew (PM) inoculation on selected fluorescenck-bandwidth ratios, determined from 1 to 3 days

after inoculation (dai).

Fluore_scence Experimental 1 dai 2 dai 3 dai
ratio group

N+ 1.07b 1.06 b 1.05b

B/G hbw N+/PM 1.00 a 0.95a 0.94 a

- N- 1.07b 1.05b 1.04b

N-/PM 0.99 a 0.96 a 0.94 a

N+ 1.95a 1.97 a 1.97 a

G/R hbw N+/PM 2.08 b 2.16b 2.19b

- N- 1.94 a 1.97 a 1.97 a

N-/PM 2.09b 2.14b 2.16 b

N+ 151a 1.52 a 1.52 a

- N- 151a 1.52 a 1.53 a

N-/PM 161b 1.67b 1.69b

Means of the fluorescence ratios for each evalnad@y followed by the same letter do not differ
significantly according to Duncan’s multiple rangst ¢ < 0.05;n = 12 for N+ and N-n = 16 for
N+/LR and N-/LR).hbw = half-bandwidth.
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Figures 3C and 3D display the time-course devetpnof the B/G and R/FR

amplitude ratios of the four experimental groups,(N-, N+/PM, N-/PM). During the whole

evaluated period, plants supplied with adequategsin showed the highest values of the B/G

ratio, followed by the N- group, N+/PM, and finalN-/PM. On the first measuring day (1

dai) amplitude ratios of B/G for N+ and N- were &3 and 3.55 respectively, whereas

N+/PM and N-/PM leaves indicated significantly lowalues of 3.19 and 3.06, respectively

(Fig. 3C). During the following two days values tesed in all experimental groups but the

difference between inoculated and non-inoculatedde remained almost constant. On the

last evaluation day (3 dai) values on N+ and N-en248 and 3.31 and for inoculated ones
N+/PM and N-/PM 2.76 and 2.66, respectively (FiD).3
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Fig. 3. Influence of nitrogen supply (N+, full supply; N40% of full supply) and disease

development on the ratios of fluorescence amplguB& and R/FRA-B) leaf rust (LR)
infection measured from 2 to 4 days after inocaola{idai; left);C-D) powdery mildew (PM)
infection, measured from 1 to 3 days after inodoitat(dai; right). Means (+ SD) of the
experimental groups (within each evaluation daypfeed by the same letter do not differ
statistically according to Duncan’s multiple rangst p < 0.05;n = 12 for N+ and N-n = 16

for the other treatment groups).
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Similarly, values of the ratio R/FR on healthy leavemained on a comparable level whereas
infected leaves showed a significant increase.adlyeat 1 dai significant differences between
treatment groups were noticed, and values were9& &nd 1.02 for N+ and N-, and 1.07 and
1.15 for N+/PM and N-/PM (Fig. 3D). At 3 dai valués N+ and N- were still at 0.96 and
1.00, whereas the groups N+/PM and N-/PM indicatggbs of 1.09 and 1.19, respectively
(Fig. 3D).

4 Discussion

The objective of the current study was to evaluate feasibility of the spectral
resolved fluorescence for detection of a simultaiseaccurrence of slight N deficiency and
pathogen infection at a pre-symptomatic stage. @asethe fluorescence peaks in the blue,
green, red and far-red regions, ratios of amplsudalf-bandwidths, and amplitude-to-half-
bandwidths were established. The outcome is thaige number of fluorescence ratios might
be considered for detection and differentiationwleetn the stressors. Besides the early
detection of leaf rust and powdery mildew infectamd slight nitrogen deficiency by means
of chlorophyll fluorescence, the amplitude ratidFR/is also suited for detection of both
factors occuring simultaneously on the same leaMeseover, the blue-green fluorescence
amplitude ratio (B/G) shows the more precise reswhen distinguishing between the four
experimental groups N+, N-, N+/pathogen, and NHpgéen. As observed in both
pathosystems, leaf rust and powdery mildew, thiemihce between values of the healthy and
inoculated plants became larger in the time-coafske infection development.

It is well known that wheat plants grown under regth N-supply exhibit lower
chlorophyll levels as compared to plants grown urfalé N-supply (Cartelatt al. 2005). Our
results reveal a reduction of chlorophyll contefig( 1) and an associated increase of the
R/FR fluorescence ratio (Fig. 3), which is an iseeindicator of the chlorophyll content
(Buschmann 2007). Thereby, a high and negativeelzion coefficient @ = -0.86) between
the chlorophyll content and the amplitude ratio R/was establisheddéta not shown).
Moreover, our analyses show a high and positiveetation coefficient &= 0.90) between
the chlorophyll content and the B/G amplitude rgtdata not shown). Lichtenthaleret al.
(1996) associated a decrease in the F440/F520 wéttiothe change of chlorophyll content
per leaf area whereas the increase of blue fluernesc with decreasing chlorophyll and
carotenoid content was discussed in terms of retite@bsorption effects.



105

Experiments with barley and wheat grown under Neticy revealed close relations
between the accumulation of phenolic metaboliteweasas changes of chlorophyll content,
and modifications in UV-induced fluorescence signat(Cartelaet al. 2005; Mercureet al.
2004). As consequence of lower N-supply in bartég, amount of total soluble phenolic
compounds and the blue-green fluorescence incrédse@ureet al. 2004). In our study, the
B/G fluorescence amplitude ratio decreased with Mesupply (Fig. 3). This is in accordance
with Bélangeret al. (2006), who pointed out that the ratio F440/F5@0@ealed differences
between potato plants fertilized with several mjgo levels. In our study, the decrease of B/G
values for plants grown under N-deficient conditios explained by a combination of small
increase in blue fluorescence (2-3%) and a morequmaced increase in green fluorescence
(6-7%) (data not shown).

General associations of the relationship betwetogen status and fungal infection
consider that higher N-supply increases the sudxnkpt of cereals to pathogens such as
mildew and rusts (Walters and Bingham 2007). Akéxely, low nitrogen levels were
associated with higher amounts of phenols and estldsease intensity (Carte&tal. 2005)
as phenols are known to play an important roleisease resistance (e.g. Herms and Mattson
1992; Nicholson and Hammerschmidt 1992; Vermernd Blicholson 2006). Besides, the
synthesis and accumulation of such compounds dspamthe time scale. As shown, slightly
increased levels of bound and unbound hydroxycinmaacid due to powdery mildew
infection under low and medium N-supply were meadualready 20 h after inoculation
(Sander and Heitefuss 1998). In the present stwditsleaf rust and powdery mildew, the
differences in the amplitude ratio B/G between tiigabnd infected leaves became larger
when infection was further developed (Fig. 3). Néweless, the difference between N-
/pathogen and N+/pathogen leaves remained at the &avel. As observed in our studies,
absolute intensities of rust infected leaves ireedaon average from 4% (dai 2) to 23% (dai
4) for the blue and from 11% (dai 2) to 55% (dafa¥)the green fluorescence as compared to
the non-inoculated tissue, irrespective of nitrogepply flata not shown).

Alternatively, re-absorption effects of blue fluscence light by chlorophyll (Lang
al. 1991), as well as a possible shielding effedthefexcitation light by phenolics located in
the epidermis (Chaerle and Van Der Straeten 2000)uld be considered. The observed
increase of the amplitude ratio R/FR in our expents (Fig. 3) indicates a decrease in
chlorophyll content in plants inoculated with least or powdery mildew (Buschmann 2007),
which is in accordance with Lorentzen and Jens@89)land Owerat al. (1981).
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As reported by several authors (Heigedl. 1996; McMurtrey lllet al. 1994; Mercure
et al. 2004), of several computed fluorescence ratiesFd40/F685, F440/F740, F525/F685
and F740/F685 revealed differences between maa@Pfertilized with 100% or with 75%
or less nitrogen. Thereby, the ratios F440/F690FD/F740 indicated to be more sensitive
to nutrient deficiencies than the F690/F740 ratiteigel et al. 1996; Lichtenthaleet al.
1997). Our results did not confirm this for plangsown under N-deficiency for a
comparatively very short period. These fluorescgpaemeters seem to be more suited to
reveal early pathogen infection irrespective of tiieogen status of the plants, as proven for
amplitude and half-bandwidth ratios in the leaftregperiment (Table 1), and for half-
bandwidth ratios in the powdery mildew trials (TaB)). Thereby, in the experiment with leaf
rust, especially the amplitude ratios G/R and GARwell as the FR* amplitude-to-half-
bandwidth ratio revealed a strong effect of patimoection during two to four days after
inoculation (Table 2). Nevertheless, changes igdlratios in response to nitrogen deficiency
are expected under progressed and more pronoumgdtibns as compared to the slight
deficiency conditions in our experiment.

Comparing both leaf rust and powdery mildew patktmys, the difference between
infected and healthy leaves for the parameters@/6GR/FR amplitude ratio were smaller for
leaf rust than powdery mildew (Fig. 3). In additiathe time-course development of the
fluorescence signals was more pronounced for lasf. Nevertheless, both fluorescence
parameters enable a differentiation among the @xpetal groups N+, N-, N+/LR or PM,
and N-/LR or PM. Proceeding, improved statisticd eaw data analysis under consideration
of classification algorithms such as Decision Tréésive Bayes, Artificial Neural Networks,
Logistic Regression and Support Vector Machines MS) might render a more precise
classification. Preliminary results indicate th&t\& yield a precise discrimination of healthy
and infected leaves (Rometral. 2010). Ongoing studies will clarify if such dawaaluation
tools can support and improve a robust differeiotiabetween simultaneous occurring of

biotic and abiotic stresses.

5 Conclusions

The fluorescence signature measured between 378QGtham is a useful tool when
addressing the challenge of discrimination betwsetic and abiotic stress factors. The focus
on blue-green fluorescence yields important adastioinformation for a more precise

discrimination as compared to previous approachéh whlorophyll fluorescence. The
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amplitude ratio B/G as well as R/FR revealed tavied suited to distinguish among N—full-
supply, N-deficiency, N-full-supply + pathogen, ahddeficiency + pathogen. Besides,
several fluorescence ratios enabled an early deteat leaf rust or powdery mildew infection
irrespective of the plants’ nitrogen status.
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F Summary and Conclusion

The key objective of the present thesis was to/ems$ess physiological modifications
of wheat plants due to biotic and abiotic stredsesneans of non-destructive fluorescence
measurement techniques. Thereby the focus wasigsgiogical response of the plant rather
than development of sensors for field applicatioegperiments were conducted under
laboratory conditions and examinations done at leaél. Two biotrophic fungiPuccinia
triticina andBlumeria graminis, which are of economical importance in wheat potidn, as
well as nitrogen deficiency as the most significkdtor in terms of nutrient management,
were selected for representative studies. The dinapter addressed the hypothesiz that the
PAM-fluorescence imaging technique enables a disoation of susceptible and resistant
wheat {riticum aestivum L.) cultivars to the leaf rust pathog@uccinia triticina. In these
studies two inoculation methods under consideraticihe spore density were tested in order
to evaluate the response of susceptible and resigenotypes on the basis of fluorescence
readings. Furthermore, the masking effect of furigatulum on chlorophyll fluorescence
parameters was assessed. With the same purpdseemtiition of susceptible and resistant
cultivars, the UV-induced fluorescence spectra betw350 and 820 nm and the lifetime of
fluorophores at selected wavelengths were examiBedilar studies aiming at the early
detection and differentiation of genotypes havingtinct resistance degrees to powdery
mildew (Blumeria graminis) were conducted. In a last step, the challenge thef
differentiation between stresses caused by pathodection Puccinia triticina or Blumeria
graminis) and N-deficiency occurring simultaneously was hhghted by UV-induced
fluorescence spectral measurements. The resultsneddtand outlined in the single chapters

can be summarized as follows:

1. Experiments with the PAM-imaging system showbdt tamongst the evaluated
chlorophyll fluorescence parameters, the quantueidybf non-regulated energy
dissipation in PSIl (Y(NO)) is the most promisingrameter for screening wheat
plants for leaf rust resistance. Measurements hedea stronger pathogen-triggered
increase of the Y(NO) values in the susceptibléiar Dekan than in the resistant
cultivar Retro. Thereby, the most appropriate tifoe a reliable differentiation
between was two days after inoculation, when chamgdeaf optical properties are
negligible and differences between inoculated amhtrol leaves are large.

Preliminary experiments with spore densities ota20 000 spores per ml in case of
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fast fluorescence kinetic parameters, and up toOD@0spores per ml in case of slow
fluorescence kinetic parameters, revealed thatgdsmim the fluorescence signals were
not related to physical masking.

The assessment of fluorescence lifetime and méMiged spectra were adopted for the
detection of leaf rustRuccinia triticina) in resistant wheat cultivars Esket, Mirage,
and Retro in comparison to the susceptible cukiiaekan, Ritmo, Skalmeje, and
Aron. A combination of spectral and lifetime chaeaistics revealed pre-symptomatic
alterations of fluorescence indicating changes ha tontent of chlorophyll and
secondary metabolites. Thereby, the determinatidheoB/G amplitude ratio seemed
to be the most appropriate parameter for early ctiete of fungal infection,
whereupon it decreased in inoculated compared tadraoleaves. Furthermore,
discrimination between resistant and susceptiblévaus to the leaf rust pathogen
might be feasible by monitoring the amplitude raifdB/R fluorescence at three days
after inoculation. As additional parameters, mefstiine at 440 nm, 500 nm and 530
nm should be considered; for these parameters iffexethce between control and

inoculated leaves was significantly more pronouriodtie resistant cultivars.

UV-induced spectral sighature as well as meaordiscence lifetime are suitable
approaches for sensing powdery mild&lueria graminis) as early as one day after
inoculation. The decreased amplitude ratio B/G el @& the increased G/R and G/FR
half-bandwidth ratios in inoculated as compareadotrol leaves, were appropriate
parameters to detect fungal development. In additibe increased mean lifetime in
inoculated leaves in the wavelength range of 500462 may enable a distinction
between healthy and diseased leaves. Additionarerpnts revealed increased mean
lifetime of the green fluorescence as early astéetwelve hours after the first host-

pathogen interaction.

Fluorescence intensity measured between 37@@Mham provided to be a useful tool
to address the challenge of discrimination betweirogen deficiency and fungal
diseases. Precisely, the amplitude ratio R/FR w#sdsfor early detection, and gives
a basis for discrimination between N-full-supply-dificiency, N-full-supply +

pathogen and N-deficiency + pathogen. In additite blue-green fluorescence
yielded important information targeting a possiladéscrimination between the
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evaluated multiple stress factors. Besides, seveoaé fluorescence amplitude ratios
and half-bandwidth ratios for leaf rust as wellhadf-bandwidth ratios for powdery

mildew were found to be applicable for early datecof both leaf rust and powdery
mildew infection, irrespective of the nitrogen stabf the plants.

In summary, the results obtained in our studiescatd the potential of fluorescence
techniques for sensing biotic and abiotic stregsdsiticum aestivum L. In addition, specific
parameters could be identified for evaluationshef $ensitivity of genotypes to leaf rust and
powdery mildew. Nevertheless, in order to estabbBshaccurate and reliable evaluation
protocol, a higher number of cultivars with distimesistance degrees should be investigated.
Thereby, a future goal should be to establish desaa basis for differentiation among
genotypes with different levels of resistance agceptibility. Ideally, such a system should
work independently of being in need for measuriogtml plants as reference. Moreover,
changes in the chemical composition of infectedidsashould be correlated with the non-
invasive signals and would support the interpretaf the modified fluorescence ratios,
especially in the blue-green spectral range. Prboge improved statistics and raw data
analysis would support an even more precise cleagdn. With future perspectives, new
mathematical algorithms and further developmenteimsor technology could enable fast and
robust determination of complex fluorescence patarseto be implemented in screening

systems with a high throughput.
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