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Synopsis

Abiotic and biotic environmental conditions detemmidevelopment, physiology and

life history of plants. The phenotypic plasticitpables plants to respond, adjust and
acclimatise to a changing environment. Therebytplamne capable to react with short
and long term plastic morphological and chemicapomses (Lichtenthaler, 1998;

Sultan, 2000). Consequently, specific signal pdroepand transduction mechanisms
need to be highly developed. UV induced changeglants potentially influence the

next trophic levels such as herbivores and paidsitand may have the ability to shift

plant-insect interactions.

1.1  Sunlight and ultraviolet (UV) radiation — Plant responses to UV
radiation

Plants need to capture sunlight (Fig. 1.1.1) fastplynthesis. Therefore sunlight is an
essential and unavoidable environmental factor lantp’ life. The most energetic
fraction of solar radiation reaching the biosphexeUV-B (280-315 nm) which is
primarily absorbed by the stratospheric ozone lagher factors affecting UV-B
radiation intensities on earth are the angle of ays, cloud cover, season, aerosols,
altitude, surface reflectance, shading and plamogies (Madronichet al, 1998;
McKenzieet al, 2003; Paul and Gwynn-Jones, 2003; Jenkins andi3r2007).

«<——— Wavelengths reaching the biosphere ——>
< PAR >

uv-C uv-B UV-A Blue Red Far-red
200 280 315 400 500 600 700 800 nm

Fig. 1.1.1 Fractions of sunlight that reach thettéarsurface are ultraviolet-B (UV-B, 280-315 nm),
ultraviolet-A (UV-A, 315-400 nm), photosynthetictae radiation (PAR; 400-700 nm) and infrared (700
nm-1 mm) radiation (Frohnmeyer and Staiger, 20@8{ Bnd Gwynn-Jones, 2003).

UV-B radiation can cause damage to DNA, proteins apdislj generate reactive
oxygen species (ROS) and alter hormone levels.eftwer rather effective mechanisms
for UV-protection and repair, including accumulatiof protective phenolic compounds
and activation of repairing enzymes like DNA phgédes as well as the free-radical
scavenging system have evolved (Roz&al, 1997; Janseat al, 1998; Frohnnmeyer
and Staiger, 2003). The magnitude of stress foimtth@idual plant might depend on the
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ecological context of the species, on its develagalestage and on the level of
acclimation to and on the quantity of UV-B. In nauenvironments symptoms of UV-
damage are rare. Therefore plants must have a yhiglaborate system of UV
perception and signal transduction that enablestplto adjust to their surrounding
radiation challenges, even though UV-B receptoilt [sive not been identified yet
(Frohnmeyer and Staiger, 2003; Jenkins and Bro@d72Brown and Jenkins, 2008). It
is presumed that two fluence rate dependent nocifgpéstress) and UV-B specific
(photomorphogenic) signalling pathways might exiaohnmeyer and Staiger, 2003;
Ulm and Nagy, 2005; Jenkins and Brown, 2007; Bramd Jenkins, 2008), whereas
UV-B specific responses do not result from DNA dgmar stress (Brown and Jenkins,
2008; Safranyet al, 2008). The chalcone synthase is the key enzymethe
biosynthesis of phenylpropanoids and is believethéathe terminal step of a UV-B
signalling pathway (Saframst al, 2008).

UV-A radiation (315-400nm) is not absorbed by the oZzaper and is present at much
higher intensities in sunlight than UV-B radiatidsiV-A can impact plant morphology
and pigment formation as well (Paul and Gwynn-Joi2893). So far, only a few

studies investigated the interactions between UVUX;B and PAR. In New red fire

lettuce [actuca sativa.., Asteraceae), for example, only UV-B radiataffected UV-

B absorbing flavonoid concentrations, though angaoms were also influenced by
UV-A (Krizek et al, 1998).

Flavonoids are responsible for the coloration and pigmentatibplant flowers, fruits

and seeds (Shirley, 1996) and they play essenlies in development, fertility, defence
and UV protection (absorption in the 280-320 nmiaeg(Harborne and Williams,

2000)) of plants (Peer and Murphy, 2007). The threest important and widespread
flavonoid classes are anthocyanins, flavones awbfflols (Harborne, 1991). The three-
ringed structure of flavonoids consists of two aatimand one O-heterocyclic ring, the
two aromatic rings can be substituted by one orenttydroxyl groups. In living plant

cells flavonoids mostly occur in a combination wighgar as flavonoid glycosides,
which provide solubility and protection from enzyimaor light degradation (Harborne,
1991). Flavonoids are derived from the aromatic ramacid phenylalanine that is
deaminised by the phenylalanine ammonium lyase jRALcinnamic acid. Different

hydroxycinnamic acids are formed by several hydiatgn and methylation steps.
Esterification by coenzyme A (CoA) results in a widange of intermediates of
phenylpropanoid derivates, e.g. coumarines, stdbetignins and flavonoids (Heller
and Forkmann, 1994; Weisshaar and Jenkins, 199®).flavonoid skeleton is formed
by the key enzyme chalcone synthase (CHS), whitdlyses the condensation of three
acetate units from malonyl-CoA with hydroxycinnamécid to a chalcone. The
cyclisation of the chalcone is catalysed by theladre isomerase (CHI) (Fig. 1.1.2).
Flavanones are the direct precursors for a largescbf flavonoids. The enormous
diversity of flavonoid metabolites derives from gmes catalysing hydroxylation,

methylation, glycosylation, acylation and varioukes reactions (Heller and Forkmann,
1994). Flavonol glycosides of kaempferol, quercetimd myricetin are present almost
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always in vacuoles of leaf epidermal cells. Thedlals belong to the most numerous

structures among the 14 flavonoid classes (Harhd:9@l).

Phenylalanine

Ginnamic acid OH s salicylic acid

o A OH ——» Ferulicacid ——» Sinapic acid
4-coumaric acid
HO

l 4CL Lignin

o / -
Coumarins

4-coumaroyl-CoA —

F = Isoflavonoids

COSCoA \
Stilbenes

Chalcone &
l CHI
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Fig. 1.1.2 Major steps of the flavonoid biosyntlseaind schematic view of major branches of the
phenylpropanoid metabolism. PAL, phenylalanine amialgase; C4H, cinnamate 4-hydroxylase; 4CL,
4-coumaroyl-CoA ligase; CHS, chalcone synthase;,@Hblcone isomerase; UGTs, UDP- dependent
sugar glycosyl transferases. According to (Helled &orkmann, 1994; Shirley, 1996; Weisshaar and

Jenkins, 1998).
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Sugar linked hydroxycinnamyl acylated flavonol giges belong to the most
frequently cited flavonoids ascribed as being steests (Harborne, 1991; Harborne and
Williams, 2000). UV-B radiation exposure inducedghmer increases in quercetin
glycoside compared to kaempferol glycoside conedintis in several plant species
(Markham et al, 1998; Olssoret al, 1998; Hofmannet al, 2003; Reifenrath and
Muller, 2007; Winter and Rostéas, 2008; Kuhlmann Bhdler, in pressChapter I1). It

is presumed that quercetin flavonols have more dealde attributes for free radical
scavenging than kaempferol flavonols (Harborne aMilliams, 2000).
Hydroxycinnamic acid esters are also important U\piBtectants, as, for example,
described for young unrolled leaves of ryge¢ale cereald.. cv. Kustro, Poaceae).
During acclimation and leaf development of thisnplspecies, flavonoids become more
important (Burchardet al, 2000). It is known that flavonoid aglycones (e.g.
kaempferol, quercetin, apigenin) can modulate ankibit the transport of the
phytohormone auxin (indole-3-acetic acid, 1AA) itaqts and therefore affect plant
architecture (Browret al, 2001; Jansen, 2002; Peer and Murphy, 2007).sltnoa yet
been proven whether UV induced flavonoid glycosidereases also can influence
auxin transport processes (Jansen, 2002). Freen dexels can be controlled and
reduced by phenol-oxidizing peroxidases. Furtherphroxidase activity is related to
UV-tolerance of plants (Janseet al, 2001; Jansen, 2002). Typical phenotypic
acclimation processes of plants to UV-B are redugeavth and accumulation of
phenolic compounds (Caldwaedt al, 2007; Kuhlmann and Muller, 200€hapter I; in
press, Chapter II; submitted,Chapter IIl'). It is likely that the above described
substances are a part of the UV regulation in plant

While UV-acclimation plants face a trade-off fosoairce allocation either to growth or
to protection. This trade-off is more pronounceganng developing plants (Kuhlmann
and Mauller, 2009,Chapter 1). UV-exposure leads to far-reaching consequenges i
plants’ metabolism, which includes changes in waxecage (Gonzaleet al, 1996;
Fukudaet al, 2008; Kuhlmann and Mdller, submittedhapter 111 ) and in phloem sap
amino acid constitution (Kuhlmann and Muller, sutied, Chapter Il ). The latter had
not been considered before.

Different approaches were used to examine theanfiea of UV-radiation on plants and
plant-insect interactions. With the assistance gflamps experiments were conducted
in climate chambers (Hatcher and Paul, 1994; Geatérsson and Renwick, 1996;
Lindroth et al, 2000; Tegelberg and Julkunen-Tiitto, 2001; Foggoal, 2007),
greenhouses (McCloud and Berenbaum, 1994, 199%i-C#a1998; Lavolaet al,
1998; Izaguirreet al, 2003) or under field conditions (Bjoet al, 1997; Saltet al,
1998; Buck and Callaghan, 1999; Gwynn-Jones, 19@®li et al, 2003) to simulate
stratospheric ozone depletion. In order to testtplesponses under more realistic solar
radiation conditions ambient radiation levels weetectively excluded (low UV(-B)) or
transmitted (high UV(-B)) by using filter materiaiis the field (Caputcet al, 2006;
Winter and Rostas, 2008; Kuhimann and Miller, 2008apter |; Reifenrath and
Miller, 2009). We also conducted experiments iregh®uses covered with innovative
materials, which transmit more UV-B than convengilogreenhouse glass (Fig. 1.1.3,
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Fig. 1.1.4). Herbivorous insects could be excludethcluded on purpose to investigate
specifically questions concerning the influencdJM-B radiation conditions on plant-
insect interactions (Kuhlmann and Miller, in preShapter II; submitted,Chapter

).

Fig. 1.1.3 Different experimental designs. Twelilef tents (left) covered with either UV-B and UV-
including (+UV, Teflon foil) or excluding (-UV, Le@26 foil) filter foils and three greenhouses (tjgh
covered with innovative materials, transmittingheit high (80%, ETFE foil), medium (23%, MM glass)
or low (4%, float glass) levels of UV-B (for filteualities see Fig. 1.1.4).

100.0

uv-B

w

100 |

High UV-B
........... Medlum uUv-B
—=——=— Low UV-B

Spectral irradiance [W cm™ nm™]
_O =
N o
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Fig. 1.1.4 Spectral irradiance of greenhouse (highB, ETFE foil, black solid line; medium UV-B, MM
micro-structured solar glass, black dotted linay I0V-B, float glass, black medium dashed line) and
filter tent materials (+UV, Teflon foil, dark grejash-dot-dot line; -UV, Lee 226 foil, light greynig
dashed line). UV-B (280-315 nm) and UV-A (315-40@)rregions are highlighted in grey scales. Note
the logarithmic y-axis.
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Pronounced changes of plant morphology and chgmikte to UV-radiation quality
and quantity raise the question: what are the &ffes the next trophic level?

1.2 UV radiation and insect feeding

UV radiation can modulate interactions between tglaand their natural consumers.
This has been shown by several experiments withati®uating filters. The intensity
of herbivory is generally associated with UV-inddcehanges in plant tissue
characteristics. However, insects are also capabtespond directly to different UV
conditions (Mazzaet al, 1999; Mazzaet al, 2002). We found that naturally occurring
whiteflies (Aleyrodidae) and aphids (Aphididae) daved high ambient UV-conditions
over low UV-conditions, whereas thrips (Thripidaayoided high UV-conditions
(Kuhlmann and Mdller, 200Chapter 1). A preference of whiteflies and aphids for
high UV radiation conditions has also been detettgd\ntignuset al. (1996); Costa
and Robb (1999); Costet al. (2002); Chyziket al. (2003) and Diazt al. (2006).
However, contrasting results have been found foipshbehaviour in response to
different UV-conditions (Antignuset al, 1996; Costa and Robb, 1999; Costaal,
2002; Diazet al, 2007). Mazzaet al. (1999; 2002) have proven that thrips are able to
perceive UV-B radiation and to respond with avomarbehaviour, whereas UV-A
triggers attraction.

Due to overlapping gene expression patterns indbgedV-B and insect damage it is
presumed that UV-B radiation can protect plants irega herbivorous insects
(Stratmann, 2003). This assumption is supportedvdayous studies examining the
influence of UV-B radiation on plant-insect intetiaos, which showed that UV-B
exposed plants were to lesser extent damaged Iwbesus insects compared to non
UV-B irradiated plants (Ballarét al, 1996; Rousseauwst al, 1998, 2004; Zavalat al,
2001; Caputoet al, 2006). In this regard almost only leaf-chewingects were
investigated. However, also phloem feeding psyl#trophingia ericae(Curtis),
Sternorrhyncha, former Homoptera) populations wexduced by direct or plant-
mediated influences of enhanced UV-B (Selt al, 1998). We found that the
reproduction of cabbage aphidsBrévicoryne brassicae (L.), Aphididae,
Sternorrhyncha) on broccolBfassica oleraced.. convar.botrytis Brassicaceae) was
reduced under high UV-B conditions compared to ldwW-B conditions whereas no
differences between UV-B treatments could be fouond reproduction of the
generalised green peach aphMytus persicadSulzer), Aphididae, Sternorrhyncha)
(Kuhlmann and Mdller, submittedChapter 111 ), which indicates species-specific
responses to UV-B radiation (McCloud and Berenbad®99). However, when
differently UV-B pre-treated broccoli plants wergpesed to homogenous radiation
conditions in the field no clear choice behaviotithwips, whiteflies and aphids could
be recorded (Kuhlmann and Mdller, in preSkapter II) (Fig. 1.2.1).
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mmmm 53 % positiv for plants
mmmm 2209 negative for plants
25% unclear or neutral

Fig. 1.2.1 Literature evaluation of UV-radiationpatts on plant-insect interactions. Results oft@éies
were examined. Positive (less herbivory, bad inpectormance), negative (more herbivory, good ihsec
performance) or unclear/neutral findings relatingthe influence of (high) UV-radiation on plantsdan
their herbivorous opponents are given in percent (%

It has been suggested that UV radiation influet@bivorous insects through changes
in plant chemistry, particularly phenolic compour(@gergvinsonet al, 1994; Grant-
Petersson and Renwick, 1996; Zaveial, 2001; Rousseawat al, 2004; Caputet al,
2006), which concentrations almost always increasth higher UV irradiance
(Caldwell et al, 2007; Jenkins and Brown, 2007). Phenolic compsuard described to
have feeding deterrent effects (Lattanz0 al, 2000; Treutter, 2005). However,
flavonoid concentrations were not influenced by shas insect attacks in the field.
Therefore it can be reasoned that the primary fonaf flavonoids is UV protection
and the deterrence against insects may be a dieet ¢Close and McArthur, 2002;
Kuhlmann and Mdiller, in pres§hapter 11). The nutritional value of plants’ tissue can
be well described by the carbon / nitrogen ratiallig, 2000). No clear pattern of UV
effects on the C/N ratio could be seen in severaties of Brassicaceae, Fabaceae and
Ericaceae (Hatcher and Paul, 1994; 8all, 1998; Lindrothet al, 2000; Zavalaet al,
2001; Reifenrath and Miller, 2007, 2009; Kuhlmama &uller, 2009;Chapter I; in
press,Chapter Il). Therefore it can be concluded that this paramstaot appropriate
to describe changes in plant-insect relationshipfluenced by UV-radiation.
Furthermore, protein digestion is essential foremssurvival. Plants have evolved
specific proteins (proteinase inhibitors) that tigtbind proteolytic enzymes and thus
inhibit dietary protein digestion of herbivores {Kg2006). The increased resistance to
insect feeding of UV-irradiated plants might be sediamong other factors by increased
levels of proteinase inhibitors. INicotiana longiflora Cav. (Solanaceae) an insect-
responsive proteinase inhibitor gene is down-regdlavhereas ilNicotiana attenuata
Torr. Ex W., UV treatments induce proteinase injoibigene expression (Izaguires
al., 2003). Proteinase inhibitor levels do not diffierLycopersicon esculentumdill.
(Solanaceae) just irradiated with UV-B (Stratmaatral, 2000). Synergistic effects of
UV-B radiation and wounding are detected in tobafid¢o attenuat® and tomato L.
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esculentumbut not inN. longiflora UV-B exposedN. attenuataand L. esculentum
have enhanced proteinase inhibitor levels compé&redon-UV-B exposed plants in
response to wounding (Stratmaatal, 2000; lzaguirreet al, 2003). Different UV-
exposure conditions of broccoli did not result ihaoges of proteinase inhibitor
concentrations (Kuhlmann and Mauller, 20@®hapter 1). Moreover, insect-defence
related specific secondary metabolites like compsuwf the glucosinolate-myrosinase
system (see below) may change due to UV-exposweeMer, broccoli plants without
herbivore contact did not show any differences lacgsinolate accumulation in
response to UV-B treatment (Kuhimann and MullepriessChapter I1).

1.3  The characteristic secondary metabolites of Brassaceae —
Glucosinolates

Plants not only need to hedge against abiotic enmental factors, they also have to
fight against pathogens and herbivores. The gluotesie-myrosinase defence system
of Brassicaceae has antifungal (Bednagtkl, 2009), antimicrobial (Clagt al, 2009)
and insect-deterring functions (Hopkinst al, 2009). However, specialists can
circumvent or even take advantage of these safdgu&topkinset al, 2009). Since
thousands of years cruciferous vegetables are tanuoingredients for human nutrition
because of their taste and flavour. Furthermoretamtorigenic activities and a role in
crop protection of glucosinolates and their hyds@yproducts are discussed (Halkier
and Gershenzon, 2006). Glucosinolates are hydiopbdmpounds sequestered in
vacuoles of plant cells (Grubb and Abel, 2006). Hpproximately 120 structures of
glucosinolates are grouped in indolyl, aliphatieg @romatic glucosinolates due to their
precursor amino acids, which are tryptophan foroiyld glucosinolates and seven
additional protein amino acids like methionine,nat&, valine, leucine, isoleucine for
aliphatic glucosinolates and phenylalanine and sip® for aromatic glucosinolates
(Faheyet al, 2001). The glucosinolate biosynthesis encompdbses major steps: first
side chain elongation of amino acids, secondlyatecformation and thirdly side chain
modifications (Grubb and Abel, 2006). The chemisalucture of glucosinolates
comprises a [-D-glucopyranose residue attached sidfur to a (Z)N-
hydroximinosulfate ester and a variable side ci{&aheyet al, 2001; Halkier and
Gershenzon, 2006). Plants attacked by herbivordspathogens activate myrosinases
(R-thioglucosidases) localised in myrosin cellsiohthydrolyse glucosinolates and thus
generate various side chain structure related biadegradation products (Grubb and
Abel, 2006; Bednarelet al, 2009; Clayet al, 2009) (Fig. 1.3.1). The hydrolysis
products of the glucosinolate-myrosinase systeransity the repelling or attracting
effect of those secondary metabolites (Travers-Maet al, 2008). Nevertheless, the
post-ingestive breakdown of indolyl glucosinolateslependent of myrosinases is
capable of defending plants against herbivores #vwatid enzymatic glucosinolate
hydrolysis such as aphids (Barth and Jander, 2R06;and Jander, 2007; Kirat al,
2008).
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Fig. 1.3.1 Amino acid precursors of major glucotit® classes and enzymatic degradation of
glucosinolates by myrosinases. Gls, glucosinolRteyariable side chain (Fahey al, 2001; Wittstock
and Halkier, 2002).

1.4  Glucosinolates and insect feeding

Glucosinolates are constitutive defence metabolites their concentrations can be
influenced by insect feeding (Textor and Gershen206A9). The feeding strategy of the
herbivore attacker determines perceptive and defemesponses of plants (Hopkias
al., 1998; Walling, 2000; Thompson and Goggin, 200@g@n, 2007; Textor and
Gershenzon, 2009). Once the insect attack is peadéhe metabolic reprogramming of
the host plant is regulated by the immunity-relateg phytohormones salicylic acid,
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jasmonic acid and ethylene (Thompson and Goggid6R0n order to adjust expression
profiles of defence-related genes both synergasiat antagonistic interactions between
plant hormones take place. This crosstalk betwdeset pathways provides the
capability to regulate defence responses elicpecHically (Taylor et al, 2004;
Thompson and Goggin, 2006). Jasmonate signalliryspla major role in shoot
induction of especially indolyl glucosinolates (Abek et al, 2009; Textor and
Gershenzon, 2009; van Daet al, 2009). Generally, the artificial application of
salicylic acid to shoots induced no or far smalhereases of indolyl glucosinolates, for
example, inBrassica oleraced.. andArabidopsis thaliangL.) Heynh. (Brassicaceae)
(van Damet al, 2009). The expression of genesArabidopsis thalianavas regulated
by the jasmonic acid pathway after attack by ldevang and cell-content feeding
insects, whereas phloem-sucking insects inducecybelacid-regulated genes (de Vos
et al, 2007; Kempemat al, 2007; Zarateet al, 2007; Abeet al, 2008; Hopkinst al,
2009). Jasmonic acid-induced defences are ableedace aphid infestation more
effectively than salicylic acid-mediated defencésdmpson and Goggin, 2006; de Vos
et al, 2007). Studies examining the potential influenceglucosinolates in artificial
diets (Kim and Jander, 2007) as well asAmabidopsis(Pfalz et al, 2009) on aphid
performance showed that 4-methoxy-indol-3-ylmeti@@MOI3M) is the strongest
inhibitor of aphid growth. 4MOI3M plays a major eoin pathogen resistance and
triggers callose deposition at infection sites (Bmeket al, 2009; Clayet al, 2009).
Artificial increases of glucosinolates Arabidopsisvia mutations made this plant less
attractive for the green peach aphid (Letyal, 2005).

It is hypothesised that aphids as well as whiteflean manipulate plant defence
responses by inducing salicylic acid defences aqmtessing the potentially more
effective jasmonic acid signalling (Thompson andg@in, 2006; Kempemaet al,
2007; Zarateet al, 2007). This is in accordance with findings indwoli, infested with
high numbers of cabbage aphids, which led to deerkaindolyl glucosinolate
concentrations (Kuhlmann and Miuller, submitt€hapter 111 ) as well as in brussels
sprouts Brassica oleraceavar. gemmifera infested with high numbers of cabbage
aphids that had the lowest concentrations of tghatosinolates (Yusuf and Collins,
1998). Low numbers of green peach aphids did ndtida glucosinolate changes in
broccoli (Kuhlmann and Madaller, submittedChapter Ill'). The infestation of
Arabidopsis thaliangLer, Col-0) by cabbage aphids or green peach aphitiolwer
amounts of aliphatic glucosinolates whereas indglytosinolates did not change (Kim
and Jander, 2007; Knierczyk et al, 2008). However, a slight increase of aliphatic
glucosinolates and no changes in indolyl glucositeotoncentrations or no changes at
all were reported in two other studies examinirgbidopsis thaliangCol-0) infested
by cabbage aphids or green peach aphids (Mewisl, 2005, 2006). Differences
between these studies might be due to timing, numnbkaphids, aphid species and
plant ecotype. Generally, aphid induced plant ckangre characterised by very low
increases if not decreases of total glucosinolatel$ or only changes in specific
glucosinolate classes (see afgapendix). These findings support speculations whether
aphids are able to circumvent plant defences feir town benefit. Moreover, the



Synopsis 17

guestion arises whether plants are able to recegnfestation by either generalist or
specialist aphids. Plants may need an exceeding adrtain infestation threshold to
respond to aphid infestation with pronounced chamg@lant chemistry.

Under field conditions plants face multiple enemwath different feeding strategies.
Therefore they need to have a sophisticated peocephd defence system. Broccoli
plants, which were freely accessible to insectsafperiod of 72 hours in the field, were
strongly infested by thrips, whiteflies and aphidsd showed threefold increased
glucosinolate concentrations. It seems to be likddgt the high abundance of
herbivorous insects induced strong increases o$ethmetabolites (Kuhlmann and
Mdller, in pressChapter I1).

1.5 Different feeding strategies of insects affect plafnnsect-
interactions differently

Insects’ diets are divers but the nutritional reguoients of insects are rather
homogenous. They have to protect themselves agasnsumer defending compounds
and need to utilize nutritionally unbalanced foedirges. Toxic secondary metabolites
can be eliminated, detoxified and sequestered. féading strategy and the level of
specialisation influence the acquisition and prergs of food plants (Dadd, 1973;
Douglas, 2009). Therefore, for example, the gerss@l green peach aphityzus
persicag@ can use a broader spectrum of plant species thanc#bbage aphid
(Brevicoryne brassicgewhich is specialised on Brassicace&e contrast to leaf
chewing and cell content feeding insects, phloeedifey insects only cause slight
tissue damage and only get in contact with plampmunds transferred by phloem sap
(sampling method Fig. 1.5.1).

Fig. 1.5.1 Sampling of phloem sap via stylectomy.h@ad and stylet dfl. persicaeon the lower leaf
surface of broccoli, B: phloem droplet after cuitithe stylet by means of a laser beam, C: phlogm sa
uptake with a glass capillary.

However, also phloem feeding insects are faced watious plant components like
sugars, organic acids, phytohormones, proteins dafdnce related metabolites like
proteinase inhibitors and glucosinolates (Cle¢ral, 2001; Kehr, 2006). The phloem
sap is a low-nitrogen diet, but aphids can overctimgerestriction by an alliance with
microorganisms, which provide them with essentmire acids (Douglas, 2006, 2009;
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Gunduz and Douglas, 2009). The relationship betwaggmds and their mutualistic
endosymbiotic bacteria can be influenced by thdityuat phloem amino acids and thus
can affect aphid development (Chandéeial, 2008). UV-B radiation mediated phloem
sap changes and plant quality may influence apldroduction and viability
(Kuhlmann and Miller, submittedhapter 11l ). During plant infestation, aphids first
get in contact with the upper leaf surface andetoee with the wax composition of the
host plant (Powellet al, 1999; Miuller and Riederer, 2005; Powell al, 2006).
Specialist cabbage aphids do not colonise non-wakypage plants (Thompson, 1963).
We found that broccoli grown with high ambient UV#Badiation had reduced wax
coverage and cabbage aphid performance (Kuhimadnvarier, submitted Chapter
[11'). Aphids identify a suitable host plant by shartercellular probes (Powedt al,
2006). Aphids’ settling, feeding and reproductiontbe lower leaf surface will not take
place when the appropriate cues are lacking (Thom@963; Powelkt al, 2006). For
example, specialist cabbage aphids use glucosasoks feeding stimulants (Wensler,
1962; Moon, 1967; Gabrys and Tjallingii, 2002) ahey are able to sequester host
plant glucosinolates (Rossitet al, 2003). Upon tissue damage by enemies, aphid-
specific myrosinases hydrolyse these sequestetmbgiholates (Bridgest al, 2002).
The degradation products of this glucosinolate-reiyrase system protect these aphids
against natural enemies (Franetsal, 2000; Kazanat al, 2007; Pratet al, 2008). It
may be concluded that specialist cabbage aphidsndepn the defensive metabolites of
Brassicaceae, specific glucosinolates may be oficpéar importance. Plants may
circumvent this exploitation of their own defenserkducing their total glucosinolate
concentrations when infestation by cabbage aphideesled a defined infestation
threshold (Yusuf and Collins, 1998; Kuhlmann andllstii submitted Chapter 111 ). It

is questionable, whether a decrease of glucose®let capable to retard growth of
specialist cabbage aphids. In contrast to cabbphiels generalist green peach aphids
excrete ingested glucosinolates (Muller, 2009) bluicosinolates are also used as
feeding stimulants (Klingaugt al, 1972). It would be advantageous for plants to
recognise their insect enemies and to defend tHeassaccording to the stimulus of the
herbivore. The aphid performance-pattern seemstmftuenced by the genus of the
plant speciesArabidopsisCol-0 had the highest glucosinolate concentratmmpared

to the glucosinolate concentrations of three cabbagieties but was less suitable for
the specialist cabbage aphid, whereas the gertegadisn peach aphid performed best
on Arabidopsis This may be caused by the different glucosinotat@positions of the
host plants or other defensive mechanisms (#ggendix). Furthermore, in
Arabidopsishigh amounts of green peach aphids also inducedctieds of some
aliphatic glucosinolates. It can be concluded giant responses to aphid infestation as
well as aphid responses to plants are highly degrenoin the species composition of
both counterparts. Furthermore, the coevolutionangrint of these interactions may
also play a role. Next to glucosinolates, it hasrbeeported that flavonoids can inhibit
aphid performance (Lattanzet al, 2000). Quercetin and kaempferol glycosides were
found in petiole exudates thought to be phloem aslpassavaNanihot esculenta
Crantz, Euphorbiaceae) (Calataywd al, 1994). Upon stylet penetration aphids
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overcome plant wound-induced plugging of sievegddty protein clogging and callose
sealing through watery saliva (Will and van BelP@0Will et al, 2007). Further, cell
wall modifications can enhance the mechanical éaro stylet insertion (Goggin,
2007). Thus, next to chemical changes, UV-B radiminduced morphological plant
changes may be responsible for reduced cabbageal gg@rformance on broccoli
(Kuhlmann and Miller, submittedChapter Ill'). It has been reported that UV-B
radiation (Mert-Turk et al, 2003) as well as cabbage aphids induce camalexin
accumulation irArabidopsisWT plants and it has been proven that increasetlexin
concentrations reduce aphid fithess {ierczyk et al, 2008). It still needs to be
proven, which phloem sap components are responsibletard aphid growth and
improve plant resistance to aphids.

Whiteflies and aphids are phloem-feeding herbivovdsereas thrips are cell content
feeders; they pierce plant cells and suck out tmtents (Abeet al, 2008). All of them
are serious crop pests, which inhibit plant growtid decrease crop productivity.
Insects are vectors for viruses, which can addiigrimpair plant growth. Alternative
pest control strategies are required to reduceafipdication of toxic insecticides and
pesticides (Antignus, 2000). Visual cues and plastatus can influence insect
behaviour. Different UV (-B) levels can serve astinments to manipulate plant-insect
interactions during crop plant cultivation, whichaynreduce the use of chemicals and
increase plant health and quality.

1.6  Aims of the study

Insufficient qualities and quantities of sunliglgpécifically the lack of UV-B and
reduced PAR) in conventional greenhouses can genepdants, which are
morphological instable, more vulnerable to insestd endangered to get “sunburned”
when exposed in the field. In this study, chemiadl morphological changes of the
crop species broccolBfassica oleraced.. convar.botrytis Brassicaceae) in response
to different UV radiation- and/ or herbivore-exposwvere investigated. Furthermore,
behavioural responses of herbivores (aphids (Adha&), whiteflies (Aleyrodidae) and
thrips (Thripidae)) to direct UV radiation and tadirect UV-mediated plant changes
were examined. The study aimed to understand piaett relationships in dependence
of an abiotic modulating factor by means of a migliel approach. Using innovative
greenhouse covering materials, it was possiblauvestigate the unknown effect of UV-
B on plants and of UV-B mediated plant changes blogm-feeding generalist and
specialist aphids. Furthermore, the chemical comtipas of phloem sap amino acid
concentrations in response to UV-B radiation ad aglvarious other chemical plant
components were examined.

Filter tent constructions, which were covered waither UV-transmitting (+UV) or
UV-blocking (-UV) filter foils (Fig. 1.1.3; Fig. 1..4), were utilized to examine UV-A /
UV-B effects on two different developmental stagek broccoli. Furthermore,
behavioural decision-making of naturally occurringerbivorous insects was
investigated, when given free host plant choicevds expected that broccoli plants of
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different developmental stages and different grovetbnditions should respond
differently to UV-inclusion or exclusion, which cdaouresult in distinct infestation
patterns of herbivorous insects. Plants were eghewn for 27 days from germination
onwards under the two different UV conditions oravéirst kept in a climate chamber
for 22 days under low irradiation and subsequetnélpsferred for 19 days to the filter
tents. Plants’ leaf area, shoot length, fresh weiglater content, carbon / nitrogen
(C/N) ratio, trypsin inhibitor activity, flavonoidnd glucosinolate concentrations were
analysed as well as plant infestation and visuantation by herbivorous insects
monitored. Plants in the field of both developméstages and independently to the
growing conditions were protected by increased enftrations of phenolic compounds,
e.g. flavonoids, in response to UV-radiation. Gkinolate and proteinase inhibitor
concentrations remained unaffected. Morphologidffiegnces were only detected
when broccoli germinated already under different-tiditions. A shaping effect is
therefore more pronounced in young developing plavthiteflies and aphids were
more abundant on +UV plants, whereas thrips avoidédl/-conditions. The
behavioural responses of the cabbage whitafgyrodes proletellal. (Aleyrodidae)
were navigated by light quality directly rather rihandirectly by the host plant
metabolite composition. Host plant infestation byects is driven by direct and indirect
plant-mediated responses to UV-conditions (Kuhlmamd Maller, 2009Chapter 1).

Experiments in three different greenhouses werawctied to examine the impact of
UV-B radiation on plant-insect interactions in pastar. Two greenhouses were
covered with innovative materials. High (80 %, ETielf), medium (23 %, MM micro-
structured solar glass) and low (4 %, conventidioalt glass) levels of UV-B radiation
(Fig. 1.1.3; Fig. 1.1.4) were transmitted into reenhouses. According to commercial
applications, experiments were designed to invatighe effect of ambient solar
radiation conditions on different UV-B pre-treateaccoli plants and their interactions
with herbivorous insects in the field. Broccoli pia were first grown in these
greenhouses and then one group of plants remamddei greenhouses, whereas the
other was transferred in the field with ambienthtigonditions and herbivore access
over a period of three days. Plants were probest aftro, 24 hours and 72 hours of
field exposure. Biomass, C/N ratio, flavonoid aridcgsinolate concentrations of all
plant treatments, as well as insect infestatiofieddi-exposed plants were measured. It
is believed that plant responses to UV-B radia@onl insect herbivory overlap (see
1.2). Therefore, it was expected that different B\pre-treated broccoli plants should
have different morphological and chemical featuvdsch should influence host choice
behaviour of naturally occurring herbivores aft@nsfer in the field. It was supposed
that plants with higher concentrations of secondaeyabolites should exhibit a better
protection against herbivores. Higher UV-B irragiatinduced increases in flavonoid
concentrations and decreases in biomass accumylatiMhereas glucosinolate
concentrations remained unaffected. Despite UV-Bluaed plant changes, no
differences in infestation patterns were observedha broccoli plants were equally
infested with thrips, whiteflies and aphids. Thiam infestation most likely led to a
threefold increase of indolyl glucosinolates aft@rhours of field exposure independent
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of UV-B pre-treatment. A different host plant mogbigy and chemistry induced by
UV-B radiation is not necessarily mirrored by diffat insect infestation patterns.
Plants are able to perceive and to respond spaityfio distinct abiotic and biotic cues
(Kuhlmann and Mdiller, in pres€hapter II).

The impact of UV-B mediated plant changes on phléeeding insects was
investigated with broccoli grown in greenhousekegitunder high (80 %) or low (4 %)
UV-B conditions. The effect of UV-B mediated planhanges on generalist and
specialist phloem-feeding aphids under controllepeemental conditions has not yet
been examined. Also the UV-B impact on amino acidcentrations in the phloem-sap
has never been analysed before. Therefore, threk-ald plants were infested with 10
individuals of either the specialist cabbage apBr@vicoryne brassicaer of the
generalist green peach aphwzus persicadFig. 1.6.1). Analyses of biomass, leaf
area, flavonoid and glucosinolate concentrationsgevearried out to investigate UV-B-
induced and aphid-induced plant changes. Aphid latipn growth was determined by
counting the numbers of aphids per plant after flags. In addition wax coverage and
amino acid concentrations (sampling Fig. 1.5.1prafccoli plants grown under the two
UV-B regimes were analysed. Species-specific diffees in aphid population growth
and different plant responses to the aphid spewee expected, whereby high UV-B
irradiated plants should be better protected agdimesn. Broccoli plants grown under
high UV-B conditions were smaller and had higheavdinoid concentrations. In
addition, high UV-B irradiation reduced the cut&ulwax coverage, whereas amino
acid concentrations were only slightly reducedhvgignificant lower concentrations of
the amino acid proline. The population growth dblzage aphids was lowered on plants
grown in greenhouses with high UV-B radiation, ppetformed much better on both
plants in comparison to green peach aphids, wheghoduced equally little on both
plants. Only a high infestation with cabbage aphitduced decreases in indolyl
glucosinolate concentrations, whereas the low nurobereen peach aphids did not
affect glucosinolate concentrations. The respon$ephid species to UV-B modulated
plants are species-specific. Several factors like aphid species, its degree of
specialisation, the exceeding of an infestatioeghold or the distinct perception and
processing mechanisms in the plant may influenemtptesponses (Kuhlmann and
Mller, submittedChapter 111 ).
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Fig. 1.6.1 Adult and juvenile specialist cabbagbidB. brassicagA) énd generaliét green peach aphid
M. persicag(B).

Three different varieties of cabbage (white cabbégeassica oleraced.. convar.
capitata (L.) Alef. var. alba DC.), red cabba@galSsica oleraced.. convar. capitata
(L.) Alef. var. rubra DC.), broccolBrassica olerace&. convar. botrytis (L.) Alef. var.
cymosa Duch.)) andrabidopsis thalianaCol-0 were grown in a climate chamber for
28 days. Cabbage plants were infested with 5 aphmdsArabidopsisplants with 3
aphids of either cabbage aphBBieevicoryne brassicaer of green peach aphiddyzus
persicae(Fig. 1.6.1).Their reproduction was counted 7 days after apffiesiation. The
aim of this study was to explore the interactioessMeen the different plant and aphid
species under constant light conditions and lowatah. Thus, effects of different
Brassicaceae species on aphid performance andmbaci of aphid feeding on the
plants’ dry weight, glucosinolate and flavonoid centration (only for the cabbages)
were investigatedArabidopsishad the highest concentrations and the most diverse
glucosinolate composition. The glucosinolate pesfibf white and red cabbage were
more similar in comparison to broccoli, but alltbém differed highly from the profile
in Arabidopsis Aphids, especially high numbers of. persicae on Arabidopsis
induced a decrease in particular glucosinolates,ereds total glucosinolate
concentrations did not change. Regarding the flamt®sy kaempferols were higher
concentrated than quercetins in all cabbage vesiebut were present always only in
low amounts. Aphid performance was species-depéndabhbage aphid performed on
cabbage varieties generally better thanAoabidopsis whereas the performance of the
green peach aphid was more pronouncedAoabidopsis The plant glucosinolate
profile and the degree of aphid specialisation rdeitee plant-aphid interactions
(Appendix).

1.7  Future prospects

UV-B radiation influences the metabolites and tmehaecture of plants, but it is
currently not known, which structures are capablgdrceive this UV-B radiation and
only little is known about the processes that ratputhe acclimation of plants to UV-B.
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Therefore, methods that include molecular, anaytand ecological approaches must
be combined to understand plants’ regulation anéractions with their abiotic and
biotic environment. This could provide basic apptes for an ecologically sound pest
control. Although photoreceptors for UV-A are wehlaracterised, in particular more
detailed ecological studies of UV-A and UV-B infhees are needed.

Metabolomics or at least metabolite profiling cae & useful tool to disentangle
metabolite changes caused by different abiotic hiodic environmental cues. At
present, only some responses of target plant coemperare known, but the interplay
between different metabolites in plants, especib#yween flavonoids, glucosinolates
and phytohormones in Brassicaceae, and their bilosijo pathways in response to
different environmental stimuli are unknown (Fig7.1).

Aromatic Gls _
biosynthesis - Tyrosine
Prephenate \
Phenylalanine Tryptophan
Coumaroyl-Cc<‘ Indole—3—aceltaldoxime
Flavonoid Lignin Indolyl Gls
biosynthesis biosynthesis biosynthesis Camalexin IAA

Fig. 1.7.1 Overview of known junctions between @lavid and glucosinolate biosynthesis. Gls,
glucosinolates, IAA, indole-3-acetic acid (Fahely al, 2001; Kénierczyk et al, 2008; Bender and
Celenza, 2009).

Phloem-feeding insects come in contact with diffiérdietary plant compounds than
leaf chewing insects and they induce distinct dafenresponses in plants. It is not
entirely clarified, which metabolites influence addter phloem-feeders. Especially,
almost nothing is known about the presence and ositipn of flavonoids in phloem
sap. Therefore, the stylectomy is a useful metlod)dt a better understanding of
phloem sap metabolites that may have the abiliyetard the performance of phloem-
feeding herbivores.

The considerable responses of broccoli plants tsvaambient UV-B radiation
conditions can have an impact on the next troghell However, UV-B mediated plant
changes were intermingled with direct influencesJdf radiation on piercing-sucking
herbivores. It remains to be proven whether aphrts$ whiteflies are able to perceive
UV-B radiation as thrips are. Further, it will beteresting to understand why species
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with different feeding modes show different behava responses and which message
is behind the UV (-B) signal that navigates thesects.

Plants interact with various other organisms like,example, mycorrhiza, endophytic
fungi, epiphytic bacteria and parasitoids and iuleldoe interesting to reveal, how the
network of distinct trophic levels and life forms influenced by different UV-B
radiation regimes under ambient light conditionainecological context.
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Abstract

The responses of plants to stress can highly depertieir developmental stage and
furthermore influence biotic interactions. Effeat$ outdoor exposure to different
ambient radiation conditions including (+UV) or é&xding (-UV) solar ultraviolet
radiation were investigated in broccoli planBgssica oleraced.. convar.botrytis) at
two developmental stages. Plants either germinalieectly under these different
outdoor UV conditions, or were first kept for threeeks in a climate chamber under
low radiation before outside exposure at +UV and®/.-BAccess of herbivores to the
plants was possible under the outdoor conditiotemt® of both groups protected their
tissue against destructive UV by increasing comeéinhs of phenolic compounds
(flavonoids and hydroxycinnamic acids) after +UVpegure. But only plants that
germinated under +UV conditions kept smaller thadants grown under -UV
conditions, indicating certain costs for productiohphenolics or for other potential
metabolic processes specifically in young, growphants. In contrast, growth of plants
transferred at a later stage did not differ undethbUV conditions. Thus, plants
responded much more sensitive to the environmexyt #xperienced at first growth.
Glucosinolates, the characteristic secondary comg®of Brassicaceae, as well as
proteinase inhibitors, remained unaffected by UV ai plants, demonstrating
independent regulation pathways for different meligds. Plant infestation by phloem-
feeding insects, Aleyrodidae and Aphididae, wasermonounced on +UV exposed
plants, whereas cell content feeders, like Thrigid@re more abundant on plants under
the -UV condition. Choice experiments with the caipd whiteflyAleyrodes proletella
L. (Aleyrodidae), commonly found orBrassica spp., revealed that the key
environmental cue navigating their behaviour seémbe the radiation composition,
rather than plant quality itself. In conclusiorress mediated changes of plant chemistry
and morphology depend on the plant life cycle stag® are not necessarily mirrored in
the behavioural responses of herbivorous insects.

Keywords:Brassicaceae; Flavonoids; Glucosinolates; Growtarpaters; Host-finding
behaviour; Induction



Chapter | 35

2.1 Introduction

Plants are exposed to various abiotic and biote&sstfactors throughout their life time.
As organisms with a high phenotypic plasticity, ythean adapt to changing
environmental natural and agricultural conditiony klifferent morphological,
physiological and biochemical means (Lichtenthal®98; Walling, 2000; Diaz et al.,
2007). Thereby, the responses will depend on tkeldemental stage of the individual
plant. The particular plant traits can influence farn the attractiveness and
susceptibility of the plants to herbivorous insefttavola et al., 1998; Zavala et al.,
2001; Rousseaux et al., 2004).

Solar ultraviolet (UV) radiation is a highly dynamabiotic environmental factor of
major importance, which serves as an essentialfouegrowth and differentiation
processes in plants. UV-B (280-315 nm) is the nepvsrgetic radiation reaching the
earth’s surface (Paul and Gwynn-Jones, 2003). \Witeamts are not acclimatised or are
irradiated with UV-B levels above the current ammbieadiation, this radiation can have
detrimental effects on lipids, proteins and nuclaads, and specifically affect the
photosystem Il by damaging its membranes and deiag&nzyme activities (Rozema
et al., 1997; Kolb et al., 2001; Bassman, 2004)-RJ\ads also to an inhibition of cell
expansion by reducing levels of indole-3-aceticda@AA), thereby affecting plant
morphology (Rozema et al.,, 1997; Jansen et al.3)1%lants have evolved various
ways to cope with UV-B radiation, mainly by incorpting UV-absorbing flavonoids
and hydroxycinnamic acids in the epidermis (Caldiwehl., 1983; Kolb et al., 2001).
These phenolic compounds shield the photosystenmsigaarmful radiation, serve as
antioxidants, and change the optical propertiethefplant (Treutter, 2005; Pfiindel et
al., 2006). They are also known to be involved @fedce against herbivorous insects
and pathogens (Treutter, 2005; Caputo et al., 2@66) UV-induced changes in plant
chemistry can even effect members of the thirdiiofevel, such as parasitoids (Foggo
et al., 2007). Less is known about effects of UW345-400 nm), however, also UV-A
can induce the production of phenolics (Krizekletl®97; 1998). In general, signalling
hormones are involved in the stress responses to Tli€se hormones can mediate
various other plant growth and defence responsesKbtness, 2000; Stratmann, 2003).
Furthermore, stress responses of plants to UV aravory overlap in gene expression.
However, plants are also able to react in a sspssiic way (Mackerness, 2000;
Stratmann, 2003; Pandey and Baldwin, 2008).

Different approaches were followed to test respsmgelants to changed UV-radiation
regimes under controlled conditions. Effects ofréased UV-radiation were tested by
using UV-lamps either in climate chambers (Lindrah al., 2000; Tegelberg and
Julkunen-Tiitto, 2001; Hofmann et al., 2003), gteaumses (Lavola et al., 1998; Wang et
al., 2007) or under field conditions (Bjorn et 41997; Veteli et al., 2003). However, in
these experimental set-ups partly unrealistic ikedatand absolute levels of
photosynthetically active radiation (PAR, 400-70)nand UV radiation might be
obtained (Rozema et al., 1997). In another apprgaleints can be exposed to ambient
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outdoor radiation levels from which selectively getermined wavelengths of the
sunlight are excluded by the use of filter mateffi#int and McNeil, 1999; Mazza et al.,
1999a; Kolb et al., 2001; Caputo et al., 2006; &w#hth and Muller, 2007). With such
filters plant responses can be tested under maghgsiologically relevant conditions.

The formative imprint of an environmental cue higbepends on the stage of the plant
life cycle and on the species to which the stresgpplied, as well as on the duration of
the treatment (Grammatikopoulos et al., 1998; Magraal., 1999a; Sultan, 2000;
Reifenrath and Mduller, 2007). Plants usually fac&aale-off for resource allocation
either to growth or to defence (Matyssek et alQ3)0 However, this trade-off might
differ in its extent for a young, developinvgrsusa mature plant. A germinating plant
has to build up an efficient protection system agianbiotic and biotic harms rather
rapidly to be able to produce photosyntheticallyvactissue for maturation. Thereby, a
seedling or young plant might be exposed to a nuiginmger trade-off. For a mature
plant, the resource distribution might be moreifdexbecause of its stock of reserves.
As it possesses already a substantial amount dbgyrthetic active tissue, a mature
plant might be able to invest more in the inductimnchemical defence without
measurable consequences in tissue growth.

A lot of domesticated crop plants like broccdbirgssica oleraced.. convar.botrytis,
Brassicaceae) are grown from seeds under attenaatbgent radiation conditions in
greenhouses and are planted outside at an ageodbtihree weeks. In the field they
have to adapt to the ambient radiation, and then ba cope and interact with various
herbivorous insect species. Host plant qualitynisnaportant parameter that affects the
performance of herbivorous insects (Awmack and he&at2002). Several insects are
able to detect qualitative differences betweenviddial plants and respond to different
combinations of secondary metabolites in plantseraspecifically (e.g., Reifenrath and
Miuller, 2008). But host plant chemistry is not tily information that triggers host
choice behaviour of insects. For example, Mazza.g2002) demonstrated that thrips
can perceive ambient UV-B radiation and prefer mmments with low UV-B levels.
Thus, visual cues are also of high importance &st Beeking insects.

The aim of this study was to investigate the effeof different environmental
irradiation conditions on growth and physical ahémical characteristics of broccoli in
dependence of the plants’ developmental stage @amdetasure the impact on natural
insect infestation in a comprehensive approach. b@gd whiteflies Aleyrodes
proletella, Aleyrodidae) were used as model to examine thes auavigating their
behaviour in relation to the experimental designtheey were commonly found on the
broccoli plants.
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2.2 Methods and materials

2.2.1 Plant material and growth conditions

Broccoli plants Brassica oleraced.. convar. botrytis (L.) Alef. var. cymosaDuch.
Monopoly; F1 Hybrid; Syngenta Enkhuizen, Netherindiere grown from seeds in
fertilised soil (ED 73, pH 6) in individual potsiéineter: 12 cm, height: 9 cm). Plants
used for the'late stress experiment(see below) were first kept in a climate chamber
(20 °C, 16: 8 h L: D, 70 % r.h.) and after threeslsetransferred outdoors in two types
of filter tents including or excluding ultravioleadiation (see below). Irradiance spectra
in the climate chamber lacked UV-B, while low levelf UV-A were detected with 8
W/m2. PAR was 371 pmol fs'. Irradiance spectra were measured with an X1
Optometer (Gigahertz Optik, Puchheim, Germany)s Roth seeds used for tHearly
stressexperiment”(see below) were placed directly outside in thterftents (ambient
climatic conditions: temperature 6-30 °C, humid#9-98 %, 12:12 h L:D, mostly
cloudless sky).

For plant exposure, twelve filter tents were builtdoors in the Botanical Garden of
Wirzburg directly before the start of the experitserSpectrometer measurements
(UNICAM UV4, ATI Unicam) of the filters were condted regularly to control for
alterations in filter transmission (Winter and Rasst2008). Tents consisted of wooden
frames (1.20 x 1 m ground area, 2.5 cm beam widlith) the longer axis aligned in an
east—west direction. The roof sloped from 1.3 nrtfnao 0.9 m (south) height. Roofs
and walls were covered with foil filters, excepe thorthern wall. This wall was kept
open to allow air circulation and insect entran&ethe roof and at the east and west
side, the filter material overlapped the woodemifea for 10 cm. Plants were positioned
close to the southern front in the tents, to lithé level of scattered radiation reaching
the plants. Pots were placed in a distance of appedely 10 cm from each other. Six
tents were covered by a teflon foil (Nowofol, Siggd, Germany) transmitting the
complete visible light spectrum and the ambientaulblet radiation (“+UV”) (Fig.
2.2.1). The six other tents were covered by a L& @V foil (FFL-Rieger, Munich,
Germany), which transmitted the complete visibghtibut filtered the entire UV-B
range and most of UV-A (“-UV”) (Fig. 2.2.1). Radiat-measurements were conducted
in the early afternoon under cloudless sky withoatgble high accuracy UV-visible
spectroradiometer with 0.25 mm entrance configonaéind exit slits resulting in a half
bandwidth of< 2 nm (OL 754, Optronic Laboratories, Orlando, USA¢nts of both
filter types were located in alternating order Zapart from each other in order to avoid
shading. Surrounding radiation parameters (UV-A &hdB-radiation, PAR, global
radiation) were recorded by a meteorological stati@hies Clima, Gottingen,
Germany) in 15 m distance from the tents. On avegagV-A radiation of 985 kJ fu

! UV-B radiation of 14J m“d™, PAR of 4896 kJ rd™ and global radiation of 13600
kJ m?d™* were recorded during the plant exposure periodmpBeature and relative
humidity in all tents were comparable with a meaniation between tents of 0.06 °C
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and 0.8 %, respectively (measured with Tiny TagdJ)ltGemini data loggers, UK).
Mean tent temperature was 1.5 °C higher than irfi¢he
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Fig. 2.2.1 Spectral irradiances under the filterg\(: teflon foil, solid line; —UV: Lee 226 foil, ddned
line) used in the experiments. Measurements toa&epin the early afternoon under cloudless skyagre
of UV-B (280-315 nm) and UV-A (315-400 nm) wavelémg are highlighted in grey scales. Note the
logarithmic y-axis.

In the early stressexperiment six plant individuals were grown from germination
onwards in each of the twelve tentedtly stresslants”). At an age of 27 days (4-5
leaf stage) all plants were surveyed and harvediednvestigate the continuous
influence of different exposure conditions on growtarameters, UV shield, plant
chemistry and insect infestation levels.

In thelate stress experimeftlate stresglants”) 120 plants were transferred at an age
of 22 days (4-5 leaf stage) from the climate chanéhe filter tents, to investigate the
stress response and adaptability to changing radiatonditions at a later
developmental stage (comparable to the stage aestaof the early stress plants) as
well as resulting susceptibility to insects. Teané were kept in each tent for further
19 days. Insect infestation was monitored on ahtd. Five plants per tent were used
for measurements of growth and UV shield (see belde four youngest leaves of
each of the other five plants per tent were samatdtle end of the UV acclimatisation
period for chemical analyses (see below). Pessiaf®n, growth and UV shields were
surveyed after 2, 4, 8, 12 and 19 days of expodtxperiments were performed in
September 2006.
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2.2.2 Physical and morphological plant parameters and insct infestation

Leaf epidermal UV-A screening capacity (UV shieds measured with a UV-A-PAM
chlorophyll fluorometer (Gademann MeRinstrumentejir¥durg, Germany) at the
adaxial leaf sides of individual leaves. Light-amg diodes generate a quasi-
simultaneous excitation of chlorophyll fluorescemte875 nm [F(UV-A)] and 470 nm
[blue- green light, F(BL)] in the UV-A-PAM, and tHdV shield (%) is then calculated
from 100x[1 — F(UV-A)/F(BL)]. The measured fluoresce excitation ratio relates to
the pigment content of phenolic compounds likedlaids and hydroxycinnamic acids
and can be used for a fast, non-destructive asseswhthe UV screening capacity of
plants (Bilger et al., 1997; 2001). &arly stresplants UV shield was measured in the
oldest leaves at the day of harvestldte streslants, the second youngest unfolded
leaves were labelled at their petioles with smadkyg stripes at the beginning of the
outdoor exposure, and UV shield was measured fheaset leaves subsequently after 2,
4,8, 12 and 19 days.

As plant growth parameters, shoot lengths (fromfits¢ to the last nodium) odarly
stressand late stressplants were measured with a digital calliper r@\tutoyo,
Digimatic, Japan) at day of harvest. Leaf width &mhth at the widest diameter of the
youngest unfolded leaves at day of exposure werasuaned regularly during the
exposure period iate stressplants to follow changes in relative growth ovend
under both UV environments (-UV, +UV).

To determine insect infestation levels of plantanbers of plants infested by insects of
different families (Aphididae, Aleyrodidae and Tidae) were counted per radiation

treatment. For thrips, additionally the degree mfestation was ranked using four

categories, from 0 (uninfested plants) to 3 (higflestation), because almost every plant
was infested with thrips but to various extents.

2.2.3 Chemical analyses of plants

For chemical analyses, above-ground plant mateved harvested, frozen in liquid
nitrogen and homogenised (mixer mill 301, Retschai] Germany). All samples were
stored at —80 °C until analyses.

To analyse water content, frozen homogenised ledémal was weighed, lyophilised,
weighed dry, and water content determined. Carlmohrétrogen content of lyophilised
plant samples were measured by quantitative decsitiggo of substances by oxidative
combustion (CHN-O-Rapid, Elementar, Hanau, Germafyg)indicator for digestibility
reducing compounds for herbivores proteinase (tmypshibitor concentrations were
analysed from frozen, homogenised plant materiaufing a radial diffusion assay
following the protocol of Jongsma et 1994) and Cipollini and Bergelson (2000).

For determination of flavonoid contents, aliquotgined plant material were extracted
in agueous 80 % methanol with kaempferol (Extrasyse, Genay, France) as internal
standard. Chlorophyll was removed by adding petnele (Fluka, Taufkirchen,

Germany) to the extracts and discarding the regultipper phases. The purified
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extracts were analysed by HPLC (1100 Series, Hewkstkard, Waldbronn, Germany)
with a quaternary pump and a 1040M diode arraydiiete Gradient separation of
flavonoids was achieved on a Supelco C-18 colunupé®osil LC- 18, 250%x4.6 mm, 5
um, Supelco) with an eluent gradient (solvent AL % formic acid in aqua bidest,
solvent B: acetonitrile, Rotisol >99.9 %, Roth, kanhe, Germany) of 5-8 % B (10
min), 8-15 % B (5 min), 15-16 % B (10 min), 16—178%410 min), 17-18 % B (5 min),
18-22 % B (10 min), 22 % (5 min hold), 22-27 % (:W)n27-90 % (7 min), followed
by a cleaning cycle. Classification in glycosylatfld/onols and hydroxycinnamic acids
was done by comparison of retention time and UVcspeto those of purified
standards. For quantification response factors wateulated by means of reference
samples (1 for flavonoids and 2 for hydroxycinnanacids). Concentrations of
flavonoids and hydroxycinnamic acids were addedfatistical analysis.

For determination of glucosinolate contents, tharatteristic secondary plant defence
compounds of Brassicaceae (Halkier and Gersher2a06), aliquots of dried plant
material were extracted in aqueous 80 % methandh weienzyl glucosinolate
(Phytoplan, Heidelberg, Germany) as internal stahdalucosinolates were converted
to desulfoglucosinolates using purified sulfataBeC[ 3.1.6.1, ‘type H-1, fronielix
pomatig 15,100 units (gram solid) Sigma, Taufkirchen, Germany] (purification
following Graser et al., 2001). The desulfoglucosates were analysed by HPLC and
identified by comparison of retention times and Bpkctra to those, which had been
identified earlier (Muller and Wittstock, 2005; @igshvili et al., 2007). Quantification
of desulfoglucosinolates was obtained by calcuiptihe peak area at 229 nm
(bandwidth 4 nm) relative to the area of the indrstandard peak, corrected by the
response factors as in Brown et al. (2003) and é&Muknd Martens (2005).
Concentrations of individual glucosinolates werdeatifor further analysis.

2.2.4 Flight behaviour of cabbage whiteflies

During the experimental period, the abundance dibage whiteflies Aleyrodes
proletellaL., Aleyrodidae) was very high, and cabbage whasflvere mostly attracted
to the plants in the +UV exposure tents. Therefat&action of naturally occurring
whiteflies to the filter tents in absence of angnil cues was investigated using five
green sticky traps per tent. Sticky traps consisfedark green cardboard (21 cm x 14.8
cm, Acco, Schorndorf, Germany) covered with insgtte (Temmen GmbH,
Hattersheim, Germany). The cardboard was attaahédmboo sticks (length: 30 cm;
Meyer, Rellingen, Germany) and sticks were pinmegadts (diameter: 12 cm, height: 9
cm) filled with floral arrangement mass and samatsRvere placed in a distance of 15
cm from each other. The experiment was startedoain.nAfter 24 h and 72 h,
respectively, numbers of sticky traps with attacbaldbage whiteflies were counted per
treatment. Climate conditions during the experimsate 5-22 °C, 30-80 % r.h., and
mostly cloudless sky.

To investigate the orientation behaviour of cabbadmeteflies to different radiation
environments in a dual-choice assay, a further rxat was conducted. Cabbage
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whiteflies were collected in the field (Botanicab@en of Wirzburg) and reared on
savoy Brassica oleraced.. convar.capitata (L.) Alef. var. sabaudal., Sabrosa F1
Hybrid; Bejo Zaden, Warmenhuizen, Netherlands). d@hal-choice arena consisted of
two buckets (top diameter: 12.5 cm, bottom diamel&ct5 cm, height: 13 cm) each
covered with a removable filter cap (diameter: ) rom one of the two filter types
used also for the exposition filter tents (see &poV¥he two buckets were connected
with a white squared cardboard tunnel (length: &8 height: 5 cm) attached at the
lower third of the buckets. A hole in the middle tbfs tunnel served for entering a
plastic tube covered with aluminium foil containitgn whiteflies. Five dual-choice
arenas were located outside at cloudless sky amdenage temperature of 18°C. Filter
cap positions were randomised to eliminate effextaced by the position of the filters.
The filters were facing directly the sunlight. Calge whiteflies were released in the
tunnels at 1 pm and 2:15 pm, and after 20 mindteshntimber of cabbage whiteflies in
each cup was counted. In total, 10 observations waried out.

2.2.5 Statistical analyses

Morphological, physical and chemical parameterplahts of different UV treatments
were compared with Studentgests for independent variables within each expeni.
Therefore, data of two to six plants per tent waveraged and these data compared
between both treatments with N = 6 per filter tigpe. Data of thearly stressandlate
stressexperiments were not directly statistically congaawith each other, as plants
were of different age at harve@arly stresslants: 27 days oldate stressplants: 40
days old).

Temporal pattern of relative increase of UV shidehf area and shoot lengtlaté
stress experimentvere tested with repeated measurement ANOVA.tRelaata were
obtained by dividing the first measured value {gtvebefore outdoor exposure) by the
current measured values (at 2, 4, 8, 12 and 19 dfigs exposure) of each sample.
Proportions of all plants and sticky traps of edaht type infested with insects were
analysed by Chi? tests. Amounts of thrips (in catEg) on each plantate stress
experiment) per tent type were analysed by a Maimittwy U-test. Numbers of
cabbage whiteflies in the bucket dual-choice expent were evaluated by a Wilcoxon
matched pairs test. Data analysis was performeld @ististica 7.1 (StatSoft, Tulsa,
USA).

2.3 Results

2.3.1 UV effects on growth, physical and chemical paramets of plants

UV radiation had significant effects on growth pagders of broccoli plants exposed in
the tents from the onset of plantirga(ly stress Shoot length and fresh weight of +UV
exposed plants were significantly lower than of —elxposed plants at time of harvest
(Table 2.3.1). In contrast, plants transferredxjoosure tents at a later statpid stresy
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did not show significant UV treatment dependentedénces of leaf area and shoot
length at any time point (Table 2.3.1, Table 2.8ig, 2.3.1).

Plants that germinated in the +UV tents had sigaiftly higher UV shields than plants
grown in the —UV tents, whereas UV shields of maekposed at a later stage to
different UV conditions did not differ significagtiat any given time point (Table 2.3.1,
Table 2.3.2). The latter plants showed UV shieltislmout 88 % after two days of
exposure and reached about 98 % UV shield aftevvanall shorter exposition time.
Time significantly affected relative leaf and shgobwth and UV shield. For relative
leaf growth and relative UV shield there was alssigmificant interaction of time and
UV treatment detected (Table 2.3.2).

Overall, leaves of +UV exposed plants had signifiya higher total flavonoid and
hydroxycinnamic acid concentrations than plantswgrander ambient radiation lacking
UV, independent of the time of exposure (Tableld.3hereby, kaempferol glycosides
accounted for most of the total concentration oérmilic compounds, followed by
quercetin glycosides and hydroxycinnamic acidsaaait shown). In contrast, different
UV radiation exposure of broccoli plants had nongigant effects on water content,
carbon/nitrogen content, and trypsin inhibitor cemication, neither in thearly stress
experiment nor in th&ate stressexperiment. Six different glucosinolates, two héfic
and four indolic compounds, were identified in o, with the main glucosinolate
being indol-3-ylmethyl glucosinolate. Except for hydroxyindol-3-ylmethyl
glucosinolate, which was significantly higher comicated in leaves of +UV exposed
plants in thesarly stressexperiment Tin=¢) = 3.84,P = 0.003,t-test), concentrations of
all other glucosinolates (data not shown) and tghatosinolate concentrations (Table
2.3.1) were not significantly affected by differas treatments.



Table 2.3.1 Influence of exposure to different aanbiradiation conditions including UV (+UV) or lang UV (-UV) on morphological, physical and chemiparameters of
broccoli shoot tissue (means and standard errerg)edl as on insect infestation (percent of infégiants). Plants were either grown from seeds wthise conditions and
harvested after 27 d (early stress) or first keytew identical low radiation conditions for 22 ddaafterwards exposed to different ambient radiationditions for additional
19 days (late stress). Total glucosinolates (G&)}ta& sum of 3-methylsulfinylpropyl GS, 4-methyfauflbutyl GS, 4-hydroxyindol-3-ylmethyl GS, ind@-ylmethyl GS, 4-

methoxyindol-3-ylmethyl GS and 1-methoxyindol-3-gthyl GS; HCA - hydroxycinnamic acids; conc. - cenitation. Statistical analyses of growth and aiedy data

were performed with N = 6 per filter tent type, eaging two to six broccoli plants of each tent. Datere analysed by Student’s t-tests for independerables. Statistical
analysis of plant insect infestation was impleméntéth N = 29 to 32 (early stress) and N = 59 to(léfle stress) plants per treatment, evaluatingptbportion of infested
plants per UV treatment with Chi2-tests. SignificBavalues are highlighted in bold; a — significRavalues after Bonferroni correction carried altofving Benjamini and

Hochberg (1995).

Plant parameters early stress late stress

+UV -Uv t-test +UvV -Uv t-test

Mean SE Mean SE T P Mean SE Mean SE T P
Shoot length (mm) 30.43 0.79  37.37 1.29 -4.59 <0.00F 98.77 3.16 96.15 201 0.70 0.500
Leaf area (mm?) - - - - - - 12330 438 12714 340 700. 0.504
Fresh weight (g) 4.19 0.26 5.33 0.18 -3.58 0.0058 - - - - - -
Water content (%) 89.58 0.21  90.39 0.44  -1.65 0.129 81.22 0.45 81.04 0.53 0.26 0.800
Carbon content (%) 39.72 0.18 39.28 0.53 0.78 .45 4242 0.12 42.29 0.21 053 0.606
Nitrogen content (%) 3.78 0.14 4.40 0.39 -1.51 .16 1.81 0.04 1.86 0.08 -0.53 0.602
CIN 11.27 0.28 9.43 0.84 -1.74 0.113 23.58 0.48 2313 .021 0.39 0.701
Trypsin inhibitor conc. (hmol/mg protein) 2.56 0.19 2.68 0.29 -0.32 0.754 6.95 0.81 6.13 0.50 0.86 08.4
UV shield (%) 83.46 116 7131 226 4.78 <0.00F 98.34 1.05 97.85 136 0.28 0.783
Total flavonoid + HCA conc. (umol/g DW) 39.07 1.69 25.30 2.10 5.12 <0.00F 44.80 1.12 37.32 0.66 5.74 <0.00F
Total glucosinolate conc. (umol/g DW) 8.76 1.14 8.5 0.26 -0.27 0.795 15.86 0.35 17.01 0.53 -1.80 .10
Insect infestation % % Chi?2 P % % Chi2 P
Aleyrodidae 37.50 0 13.54 <0.00% 50.00 15.25 16.3 <0.00%
Aphididae 25.00 0 8.34 0.004 36.66 8.47 13.48 <0.00%
Thripidae 62.50 68.75 1.27 0.260 91.66 93.22 1 0. 0.749




Table 2.3.2 Temporal pattern of the impact of Udiation on relative UV shield accumulation and tieka leaf and shoot growth of broccoli plants dgrihe late stress
experiment. Plants were grown under identical ladiation regimes for 22 days, subsequently traresieio different ambient radiation regimes inclygdor attenuating UV-
A and B (factor UV treatment), and plant parameteesisured after 2, 4, 8, 12 and 19 days (factoeJifRelative data were obtained by dividing thetfineasured value
(straight before outdoor exposure) by the curreeasared values (at 2, 4, 8, 12 and 19 days aftersexe) of each sample. To meet homogeneity oarnages UV shield
data were transformed ([-1/x]*3). Results of repdaneasurement analysis of variance (rmANOVA)=ddgree of freedom, MS=mean square. Significafédihces are
highlighted in bold; treat. — treatment. Measurenuata are shown in Fig. 2.3.1.

UV shield Relative leaf growth Relative shoabgth

d.f. MS F P d.f. MS F P d.f. MS F P
UV treatment 1 0.02 0.08 0.775 1 40.35 2.31 0.134 1 0.13 0.70 0.407
Error 57 0.19 57 17.43 57 0.18
Time 4 0.41 19.94 <0.001 4 133.12 85.51 <0.001 4 4.97 711.06 <0.001
Time * UV treat. 4 0.11 5.48 <0.001 4 3.92 2.52 0.042 4 0.01 1.89 0.114
Error 228 0.02 228 1.56 228 0.01




Chapter | 45

1.2

) J I I I
0

Rel. UV shield increase

e
s 6 T l
(@]
S T
©
(D)
= 3! T
©
0
§1.8- T
o T
a T
g 1.2} ) T
(@)
e
)]
?,'0.6-I I
Y
0
2 4 8 12 19

Duration (days)

Fig. 2.3.1 Change (mean and standard error) ofivel&JV shield accumulation and relative leaf and
shoot growth of broccoli plants during the lateess experiment. Plants were grown under identinal |
radiation regimes for 22 days, subsequently traredeto different ambient radiation regimes inchgli
UV (+UV, black bars, N=30 plants, pooled from 6t&®ror attenuating UV (-UV, grey bars, N=29), and
plant parameters measured after 2, 4, 8, 12 anth{9. Relative (Rel.) data were obtained by digdin
the first measured value (straight before outdogosure) by the currently measured values (2, 428,
and 19 days after exposure) of each sample. Fiststal evaluation see (Table 2.3.2).
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2.3.2 Indirect and direct UV effects on insects

The proportion of broccoli plants infested with ywedidae and Aphididae was
significantly higher in the +UV exposed plants tharthe —UV exposed plants in both
experimental approaches at the day of harvest €T213.1). Differences in infestation
of late stresolants by these insect taxa were significant ftbe12" day onwards and
at the 19 day after exposure in +UV and —UV tents, respebtiffig. 2.3.2). Thripidae
did show the reciprocal infestation pattern, witlanps of the —UV treatment being
significantly more infested already after two ddlygy. 2.3.2). The percentage of thrip
infested plants at day of harvest did not diffgngicantly between the UV treatments
neither in theearly stressor thelate stresexperiment (Table 2.3.1). At the end of the
late stressexperiment every plant was infested with Thripidiaet significantly more
thrips were found on the plants in the —UV tentstébt, Un=s9 10 60)= 1053.50,P <
0.001).

Testing the preference response of naturally ooaumvhiteflies to different radiation
conditions in the UV tents did result in a sigraintly higher catching rate on sticky
traps in the +UV tents after one and three dayspewed to traps in —UV tents (24
hours: Chif=30)= 28.71;P < 0.001; 72 hours: Chigso= 30.09;P < 0.001).Aleyrodes
proletella tested in the bucket dual-choice experiment alsorithinated in favour of
the more natural UV radiation and were found in mhigher frequencies in the bucket
covered with the teflon filter (+UV) (Wilcoxon mdted pairs tesZ- 10)= 2.80,P =
0.005).
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Fig. 2.3.2 Percentage of infested plants in deperelef time and UV treatment with Aleyrodidae (A),
Aphididae (B) and Thripidae (C). Broccoli plantsrergrown under identical low radiation regimes for
22 days, subsequently transferred to different anthiadiation regimes including UV (+UV, black hars
N=60 plants, pooled from 6 tents) or attenuating (W, grey bars, N=59), and percentage of infested
plants was determined at 2, 4, 8, 12 and 19 dags efposure. Infestation rates were compared b§ Ch
tests; *P < 0.05, ** P < 0.001, ns= not significant. After Bonferroni castien following Benjamini
and Hochberg (1995) ong < 0.001 remain, whereds< 0.05 are not significant any more.
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2.4 Discussion

Effects of exposure to varying irradiation regines chemistry and morphology of
broccoli plants highly depended on the developniesii@ge in which plants were
confronted with the different environments (Tabl&.2). To build up an efficient
protection against UV, plants are well known tgoeasd with an induction of flavonoids
and hydroxycinnamic acids (Harborne and Willian3)@, Kolb et al., 2001; Close and
McArthur, 2002). However, the need of UV protectiby formation of specific
metabolites can affect the resource allocation epattin plants. The growth
differentiation hypothesis postulates trade-offs alocation between growth and
defence against herbivorous insects (Herms andsbmattL992; Matyssek et al., 2005).
This hypothesis can be extended to plant respdosasiotic stressors like UV radiation
and might be more applicable for young, growingndathan for mature plants. In
broccoli plants, which germinated under ambient lg\¥els garly stressTable 2.3.1),
the increase of flavonoid and hydroxycinnamic amdcentrations was indeed coupled
with a slower growth and biomass accumulation caegbao plants grown under
attenuated UV radiation. In contrast, plants geatdd under constantly low radiation
and transferred at a developmental stage, whehe stegss plants were harvested (four
to five leaves developed), to different radiaticgimes late stresy increased the
concentrations of phenolic compounds (measured BiGJ only, without showing
differences in growth pattern under ambient UV. Hmgh UV shields measured with
the UV-A-PAM in late stressplants even under attenuated UV conditions might b
explained by a strong leaf age dependence in {h&cds for the synthesis of epidermal
UV-A screening compounds (Bilger et al.,, 2001). rEfiere determining phenolic
compounds by HPLC is a more accurate method thaasuni@g UV shield with the
UV-A-PAM, at least for older plants.

The environment during germination and early growftiplants obviously has a rather
formative impact (Gedroc et al., 1996; Sultan, 20@3 became evident also for the
broccoli experimental plants. The amount of UV a&tidin reaching the earth’s surface
can vary strongly and is highly dynamic (Paul ansly@n-Jones, 2003), therefore the
sensory perception of plants must be quite seesdivd well adapted to enable rapid
changes of the phenotypic appearance by acclimgttsi the current environment. Not
acclimatised plants faced with a changed radiatiovironment need to react very fast
to shield themselves from potentially damaging emmental influences. The need for
survival forces both wild as well as crop plantatlapt to those constraints. The fastest
response can be implemented by modifications ofciemical composition of the
plant, whereas morphological variations of growiptant parts are much more
ponderous. Furthermore mature plants have morevess® compensate environmental
constraints in comparison to seedlings. Distingele of radiation at the time of seed
germination and seedling emergence have been showvaignificantly affect plant
morphology also in other species suctHasdeum vulgard.. (Poaceae)Datura ferox

L. (Solanaceae)Cucumis sativusL. (Cucurbitaceae), andPhaseolus vulgas L.
(Fabaceae) (Ballaré et al., 1996; Krizek et al9719Saile-Mark and Tevini, 1997;
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Mazza et al., 1999a). In separate experiments Wjttopersicon esculenturiill.
(Solanaceae);eratonia siliqual. (Fabaceae),aurus nobilisL. (Lauraceae) an@istus
creticusL. (Cistaceae), no significant impacts on growdhld be detected, when plants
were raised under identical conditions and transteafter some weeks to distinct
conditions (Grammatikopoulos et al., 1998; Stephbasarod Manetas, 1998; Bacci et al.,
1999). Our comparative investigations on broccotive that this pattern also holds
within one plant species.

Little is known about the underlying mechanismshefse acclimation processes. Jansen
(2002) postulated that the UV-B induced secondagtabolite induction results in
morphogenetic changes as a consequence. Peroxidagés be responsible for
formation of UV protection by phenolic compoundsidar UV induced morphological
changes by lowering 1AA levels resulting in reducaal elongation (Jansen, 2002).
Experiments withArabidopsis thaliangL.) Heynh. (Brassicaceae) revealed that plants
change their morphology without showing stress spmg when acclimatised to low
dose rates of UV-B radiation (Hectors et al., 200Hhus, the authors argued that UV-B
responsible morphological changes may be functipnahcoupled from stress
responses of plants. Our results show that therest nfug costs involved in
acclimatisation processes of broccoli to UV becafdbe lower biomass accumulation
of broccoli seedlings, when phenolic compounds suaf flavonoids and
hydroxycinammic acids were induced and maybe atlerccostly parameters, which
we did not measure. But the regulatory effects ¥tRJon plants are far-reaching and
multiple signalling pathways are entangled (Mackses) 2000; Stratmann, 2003;
Jenkins and Brown, 2007).

It has been discussed that herbivory and UV priatechight be induced by the same
signalling pathways (Mackerness, 2000; StratmafO3® Therefore plants, which are
irradiated with UV should in theory be better defed against this abiotic factor but
simultaneously also against herbivorous insects.wav¥er, glucosinolates, the
characteristic secondary compounds of the Brassieag&nown as feeding deterrents
against herbivorous insects (Halkier and Gershen2®96), were not differently
accumulated by different radiation exposure of ggaSimilar results were also found in
other species of Brassicaceae under identical gipwionditions using filter tents
(Reifenrath and Mdller, 2007). Also, the levelspobteinase inhibitors, which interfere
with the digestion of food in insects (Broadway &wlvin, 1992), were not affected by
UV treatment in broccoli plants, independent ofes$r onset. The chemical and
morphological plant responses we found in brocoaight not only be due to the
different radiation regimes but could have beerpant also induced by the different
insect infestation rates. However, there is evidetiat plants can distinguish and
respond highly specific to different stresses. R#dgdt was shown that the non crop
speciesNicotiana attenuateacan discriminate between stresses caused by UVeB an
herbivorous insects, respectively. One importaniciion that diverge UV-B and
herbivory responses of plants might be the RNA mpesase 2 (RdR2), being
specifically involved in UV-response (Pandey anddiBén, 2008).
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Furthermore, the nutritional quality of broccolr feerbivores, which can be expressed
by the relation between carbon and nitrogen cor(t&winack and Leather, 2002), was
not influenced by different environmental condisorBroccoli plants of the +UV
condition were not better protected against herowe insects compared to plants
under attenuated radiation, although they had highels of phenolic compounds. In
contrast, whiteflies and aphids from naturally acitig populations, which were able to
practise a free host choice, strongly preferredtplgrown in +UV tents, whereas thrips
preferred the —UV conditions (Table 2.3.1, Fig..2)3UV avoidance behaviour of
thrips was also reported by Mazza et al. (199910220These authors were able to
prove that Thripidae can perceive UV-B radiation, which they responded by
avoidance, whereas UV-A was attractive for thrigdther studies have found
contradictory results, when studying the behavafithrips with regard to UV radiation
(Antignus et al., 1996; Costa and Robb, 1999; [@iaal., 2006). These differences in
results might have been caused by different trassion characteristics of the used
filtering materials. Whiteflies obviously can digguish between ambient and attenuated
radiation conditions, as they showed an explicifgnence for the spaces covered with
+UV filters (tents and buckets), despite no host gas available. The decision of
cabbage whiteflies for ambient radiation conditiovess rather fast and remained stable
for three days. Similar preferences of whitefly &@bur had been observed earlier
(Antignus et al., 1996; Costa and Robb, 1999). Afgrence of aphids for +UV
conditions has also been reported (Antignus el @86; Chyzik et al., 2003; Diaz et al.,
2006). The attraction of by all three insect grqupghididae, Aleyrodidae and
Thripidae, to the broccoli plants might have beeameth primarily by the quality of the
waveband spectrum rather than by plant chemistry.

2.5 Conclusion

The impact of UV radiation on plant growth paramgtes highly dependent on the
developmental stage of the plant, in which it ipa&sed to the stress, whereat the
chemical composition of plants is more easily miedifthan plant morphology. The
infestation of host plants by herbivores is maimlsiven by the insects’ visual
perception of radiation quality and less by hosinplquality. These experiments show
that changes of UV radiation on the earth’s surfacght not only have direct impacts
on plants but can also influence insect orientasind foraging behaviour. Such effects
need to be considered when concluding from theoooécof laboratory experiments to
the natural situation. The insect infestation ofticaltural plant species can be strongly
influenced by covering materials of greenhousesthieu research will be needed to
examine the reasons for different behavioural reses by herbivores to UV radiation
quality changes.
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Abstract

Plant responses to ultraviolet-B radiation (UV-B)ansect herbivory are believed to
be partially similar. In this study, responses liese factors were investigated in the
crop species broccolBfassica oleraced. convar.botrytis Brassicaceae). Plants were
first grown under three UV-B regimes (80%, 23% a&8d transmittance of ambient
UV-B) in greenhouses covered with either innovatimaterials (high and medium
transmittance) or conventional glass (low transante). Then half of the plants
remained under these conditions, the other halfeweasnsferred to the field with
ambient light and herbivore access for up to thdaegs. Plant responses to distinct
environmental conditions were examined by analysmgyphological and chemical
parameters of plants kept inside and plants expiostiek field. Furthermore, suitability
of field-exposed plants to naturally occurring ictsewas investigated in relation to UV-
B pre-treatment. High levels of UV-B radiation leth increased flavonoid
concentrations, but to a lower biomass accumulatiorbroccoli. These patterns
remained after outdoor exposure. However, UV-indudeanges of plant traits did not
alter attractiveness to herbivorous insects: thngsteflies and aphids attacked plants
independently of UV-B pre-treatment. A threefolccrease of indolyl glucosinolate
concentrations occurred in above-ground tissudl gflants most likely due to massive
herbivore attack after three days of field expostifee results show that plants respond
with high specificity to different abiotic and biotimpacts, demonstrating separate
perception and processing of stress factors.

Key words Biomass, Brassicaceae, flavonoids, glucosinalatesbivory, metabolite
induction, plant-insect interactions, plant ress4JV-B radiation
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3.1 Introduction

Plants are sessile organisms that are exposeditusabiotic and biotic environmental

impacts. Plant responses to different environmesttalsses such as ultraviolet UV-B
(UV-B; 280-315 nm) and herbivory can overlap, meaBle for example as gene
expression pattern of signalling pathways (lzaguet al. 2003; Stratmann, 2003).

However, plants should have stress-specific meshato adjust to these multi-faceted
environmental impacts (Lichtenthaler, 1998; Jaretead, 2008).

Sunlight is an important abiotic factor that infhees various developmental processes
in plants. A highly dynamic and energy-rich fraatiof the solar spectrum that reaches
the earth’s surface is UV-B radiation (Paul and @majones, 2003). Depending on the
physiological and developmental status of the péantt on the quality and duration of
the UV-B exposure, this radiation can cause dantagenacromolecules, generate
reactive oxygen species, and act as an environinstnéssor (Rozemat al, 1997,
Jansenet al, 1998; Jenkins and Brown, 2007). UV-B can alsocfiom as a signal
stimulating developmental processes of plants andhpting plant survival (Ulm and
Nagy, 2005; Jenkins and Brown, 2007; Brown and idsni2008; Safrangt al, 2008).
Due to their high plasticity, plants respond witiaacteristic phenotypic acclimation
processes to UV-B such as reduced growth and/omareased accumulation of
phenolic compounds, which act in epidermal cellsuasscreen (Caldwedit al, 2007).

Little is known about UV-induced signalling process UV-B-mediated specific
photomorphogenetic signalling is distinct from repecific stress responses (Jenkins
and Brown, 2007). However, UV-B-induced signallpaghways and wound-responsive
signalling partly overlap (Izaguirret al, 2003; Stratmann, 2003). In response to UV-B-
mediated plant changes, reduced insect herbivorly\éiB-irradiated plants compared
to non-UV-B-irradiated plants, has been observedséweral plant-insect systems
(Ballaré et al, 1996; Rousseaugt al, 1998; Rousseaugt al, 2004; Caputcet al,
2006). In addition to these plant-mediated effedisect effects of UV radiation on
insect behaviour can influence plant-insect inteoas (Antignuset al, 1996; Costa
and Robb, 1999; Kuhlmann and Mdller, 2009; Maetial, 1999; 2002).

Apart from phenolic metabolites such as flavonombjch serve as UV-protection,
plants produce specific compounds to prevent damlageherbivorous insects.
Glucosinolates are the characteristic defencee®lasecondary metabolites of
Brassicaceae. Both flavonoid and glucosinolate ¢tidn depend partly on the same
signalling pathways, which involve jasmonic acida@kernes®t al, 1999; Textor and
Gershenzon, 2009). Glucosinolates are nitrogen- sahur-containing metabolites,
which are known for their deterrent effects on geh& herbivores, whereas they may
stimulate feeding and oviposition by specialistalidier and Gershenzon, 2006). Upon
insect feeding damage, Brassicaceae often respahdaw increase in glucosinolate
concentrations (Hopkinst al, 2009; Textor and Gershenzon, 2009).
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For several Brassicaceae species, responses txpbéae as well as influences on
herbivores have been studied (Grant-Petersson andiBk, 1996; Caputet al, 2006;
Foggoet al, 2007). Broccoli plantsBrassica oleraced.. convar.botrytis) exposed to
ambient UV-A (315-400 nm) and UV-B levels, or grownder reduced levels of UV
radiation, only show differences in biomass accatioh when plants experience the
different environmental conditions during germioati and early growth. Plants
germinated under ambient UV radiation levels arallen In contrast, plants grown
under low-UV and subsequently transferred to déiferUV-conditions are not affected
in growth (Kuhlmann and Miuller, 2009). Leaf flavada@oncentrations increase when
UV-A and UV-B irradiance has been higher in all &i@aceae species investigated to
date (Reifenrath and Muller, 2007; Kuhlmann and IsHil 2009). In contrast,
glucosinolate levels, as well as proteinase inbikattivities, are unaffected by different
irradiance (Reifenrath and Miiller, 2007, 2008; Knahn and Mduller, 2009), indicating
an independent regulation of different defence bwdies. However, plant responses to
herbivory in relation to UV-B treatment conditiowgre not considered in these studies.

Vegetables such as broccoli usually germinate éemgnouses and are transplanted after
a few weeks to the field. At this point plants aret adapted to ambient radiation
conditions, because conventional greenhouse glabse® zero or low UV-B
transmittance. In this study, the effects of UV+Batment on young broccoli plants
grown in greenhouses as well as plant responses afinsfer to common field
conditions with herbivore access were investigakex. germination and early growth,
plants were placed in three differently coverecegh®uses, of which two were covered
with innovative materials. The cover materials sraitted high, medium (innovative
materials) or low levels (conventional glass) ofbent UV-B radiation but had almost
equally high levels of UV-A transmittance (Table.3). Plant biomass as well as
defence metabolites (flavonoid and glucosinolateceatrations) and nutritional state
(carbon:nitrogen ratio, C/N) were measured fromegh®use-kept plants and from
plants that were transferred to the field aftefedént UV-B pre-treatment for up to
three days. Furthermore, the suitability of outdwansferred plants to naturally
occurring herbivorous insects and the insects’ chpa plant chemistry were examined
in relation to UV-B pre-treatment. It was expectbdt the plants’ defence response to
UV and putative herbivores would depend on the atamh quality that plants
experienced during the early growing period ingheenhouses. High-UV-B pre-treated
plants may be less suitable for herbivores thantplthat are exposed to only low UV-B
at early growth due to overlapping defence resporisat modify the abundance of
secondary metabolites. Finally, effects on plamneistry due to herbivore feeding were
expected.
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3.2 Material and methods

3.2.1 Plants and design of the experiment

Broccoli plants Brassica oleraced.. convar. botrytis (L.) Alef. var. cymosaDuch.
Monopoly F1 Hybrid; Syngenta Enkhuizen, Netherldn@$=150) were grown from
seeds in three differently covered greenhousBé-B treatment from which insects
were excluded (greenhouse construction see belempdrature on average 26 °C,
humidity on average 60%). Plants were grown inilfeed soil (ED 73, pH 6) in
individual pots (diameter: 12 cm, height: 9 cm).

Seventeen days after sowing (plants in four leadesO h), the above-ground tissue of
ten plants from each greenhouse was harvesteddiorass determination and chemical
analysis. Half of the remaining plants were keptha greenhouses (N=60), the other
half (N=60) were transferred outdoorexposure treatment Outdoors, plants were
randomly positioned on a plane surface in the fiefdich was covered by a mulch film.
The field was 10 m from the greenhouses. Plante warated in two rows with a
distance of 30 cm between one another. To evaklzages over time, ten plants of
each condition (greenhouse-kept and outdoor plaintsfferent UV-B radiation (pre)-
treatments) were harvested for biomass determmatowell as chemical analysis at
day 18 24 hafter the first harvest and outdoor expositionpeesively) and at day 20
(72 h afterwards). Outdoor plants were inspected foeghsnfestation (see below).
During the outdoor exposure time of broccoli, theam temperature was 17 °C. During
the entire growth and experimental period (16 MayltJune 2007) ambient radiation
levels averaged 20 kJ %' UV-B, 1,390 kJ r#d® UV-A, 6,250 kJ ntd! PAR
(photosynthetic active radiation) and 18,170 K3dihglobal radiation [recorded by a
meteorological station (Thies Clima, Goéttingen, i@any) located 25 m from the
greenhouses]. During the outdoor exposure periditian averaged 20 kJ #* UV-

B, 1,465 kJ md* UV-A, 6,270 kJ ntd* PAR and 18,500 kJ B global radiation.

3.2.2 Construction of greenhouses

Broccoli plants were grown in three experimenta&egrhouses in the Botanical Garden
of Wirzburg. These greenhouses had a ground a2 oh x 3.0 m and were covered
with different materials, which transmitted distincanges of UV-B radiation.
Transmittance measurements of greenhouse matergaus conducted under cloudless
sky at noon with an Xl Optometer (Gigahertz Optik, Puchheim, Germany;|dab
3.2.1). The longer axis of each greenhouse wasedign a north-south direction. The
roof was subdivided into three parts and slopethfB09 m in height (north) to 2.0 m in
height (south). There were three inclinations a thof from north to south of 14°,
21.8° and 28.8°. Plants were placed on U-shapddstdB5 cm height) joined to the
east, south and west walls of the greenhouses €ptinn of greenhouses by Gerhard
Reisinger, University of Bonn, Germany, construtctioby Siedenburger
Gewachshausbau, Radhen, Germany). One greenhosseowered with conventional
float glass (low UV-B transmission; Siedenburger wa@ehshausbau, Radhen,
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Germany), the second with CENTROSOL MM solar glagsch was micro-structured
on both sides (medium UV-B transmission; Centras@las, Firth, Germany), and the
third was covered with ethylene-tetrafluorethyledETFE) foil (high UV-B
transmission; Asahi Glass Green-Tech, USA, ChioajlSKorea, Japan) (Table 3.2.1).
Only one greenhouse of each type could be builttdueigh costs. The greenhouses
were closed systems to prevent insect entrance.ciéaulation was provided by
ventilators (Univent Ventilatoren, Villingen-Schwengen, Germany). Evaporative
cooling was achieved by showering two woven acmigbric tubes (Schumann,
Energieschirm und Schattierungstechnik, KleinmagthGermany) per house with
water when the temperature of the houses exceedefined threshold of 23 °C. These
were arranged under the east and west arms of-8i@pkd tables.

Table 3.2.1 Transmittance (%) of greenhouse cogematerials. Fractions of sunlight are classified t
UV-B (280-315 nm), UV-A (315-400 nm) and PAR (ph®jathetic active radiation, 400-700 nm).

Transmittance UV-B treatment

High UV-B Medium UV-B Low UV-B
UV-B (%) 80 23 4
UV-A (%) 87 84 75
PAR (%) 97 95 92

3.2.3 Biomass determination and chemical analyses

The harvested above-ground broccoli plant mateved immediately frozen in liquid
nitrogen, stored at -80 °C and lyophilised to prévany enzymatic degradation. Dry
weight was determined. For chemical analyses, lyigpld material was homogenised
(mixer mill 301, Retsch, Haan, Germany). Carbon maigen content were measured
by quantitative decomposition of substances by atkié combustion (CHN-O-Rapid,
Elementar, Hanau, Germany).

For determination of flavonoid aglycones, samplesrevhydrolysed according to
protocols modified from Kolket al (2001) and Vallejcet al. (2004). Aliquots of dried
plant material were extracted in aqueous 80 % methaith the flavonol myricetin
(Fluka, Seelze, Germany) as internal standard,exiwécts were dried. Dried extracts
were re-dissolved in aqueous 80 % methanol, andolyged after addition of an equal
volume of 2.5 M HCI for 30 minutes at 85 °C. Hydmk was stopped on ice and
diethyl ether was added for phase separation. perudiethyl ether fraction was
taken, dried and dissolved in 80% agueous methdinglse extracts were analysed by
HPLC (1100 Series, Hewlett-Packard, Waldbronn, Geyh with a quaternary pump
and a 1040M diode array detector. Gradient separadf flavonoid aglycones was
achieved on an Agilent Zorbax Bonus RP column @80 x 4.6 mm x 5 pum) with an
eluent gradient (solvent A: 0.5 % acetic acid imifpaed water, solvent B: acetonitrile)
of 5-50 % B (5 min), 50 % B (5 min hold), 50-95 %(8min), 95 % B (5 min hold)
followed by a cleaning cycle. Flavonol aglyconesrevedentified by comparison of
retention time and UV spectra to those of puriéahdards (standards from Phytoplan,
Heidelberg, Germany and Extrasynthese, Genay, EyaQuantification was achieved
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by integration of the peak area at 360 nm (bandwidhm) relative to the area of the
internal standard peak, corrected by response rladta79 for quercetin, 0.75 for
kaempferol, determined by repeated injection ofvkmaconcentrations of reference
samples).

For determination of glucosinolate concentratiarged plant material was extracted in
aqueous 80 % methanol with benzyl glucosinolatetdtitan, Heidelberg, Germany) as
internal standard. Glucosinolates were convertetesulfoglucosinolates using purified
sulfatase [E.C. 3.1.6.1, ‘type H-1, frohtelix pomatia 15,100 units (gram solid)
Sigma, Taufkirchen, Germany; purified after Graset al. (2001)]. The
desulfoglucosinolates were analysed by HPLC, ifiedtiand quantified as had been
previously described (Muller and Wittstock, 2005g@ashvili et al, 2007).

3.2.4 Insect infestation of outdoor exposed plants

Infestation of plants by naturally occurring ingeavas recorded by counting the
number of infested and uninfested plar4 ) and by counting all insects per plaig(

h) on the entire above ground biomass of broccaln{sl placed outdoors. At the second
time point 72 h all plants were already heavily infested by itsednsects were
determined to family level (Aleyrodidae, Aphididaed Thripidae).

3.2.5 Statistical analysis

Individual potted plants of the three greenhousesewconsidered as true replicates.
Biomass and chemical parameters of 17 day old plahtheUV-B treatmentgroup
were compared using one-way ANOVAS (0 h). Parameters of plants from the
exposure treatmerthat remained either in the greenhouges/@ b or were exposed
outdoors for 72 hourd=(72 h were compared by MANOVA. Plant parameters were
transformed where necessary to reach homogeneigrances. Proportion of insect-
infested plants versus uninfested plants after dag exposure was evaluated by
Pearsons Chi2. Number of insects per plant andgpan fresh weight, respectively,
were analysed after three days of exposure usinghai-Wallis analysis of ranks. To
calculate the relationship of different chemicatgmaeters and number of insects per
plants after outdoor exposuré2(h spearman rank correlations were performed. Data
analysis was performed with Statistica 8.0 (StdtSaflsa, USA).

3.3 Results

Broccoli plants grown under different UV-B regimebhowed treatment dependent
responses. Above-ground biomass accumulation wgtsesi for plants grown under
low UV-B conditions and lowest for plants grown endhigh UV-B irradiation (V-B
treatment 0 h, Table 3.3.1, Fig. 3.3.1). This UV-B related difieces in biomass
accumulation persisted after 72 hours of commdd #&posure. Furthermore, biomass
was significantly higher in greenhouse kept plasampared to field exposed plants
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after 72 hours, probably due to warmer temperatimethe greenhousesxXposure
treatment72 h Table 3.3.1, Fig. 3.3.1).
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Fig. 3.3.1 Plant parameters (mean + SE, N=10) o€dwli above-ground tissue grown under different
UV-B irradiance and exposure conditions. Plantsenmgrown in greenhouses for 17 days (G 0) with
different levels of UV-B irradiation (80 %, 23 %A % transmittance). After 17 days half of thenpda
from each condition were exposed outdoors for 72rdidF 72), the other half remained in the
greenhouses (G 72). For statistical analyses skle Ba3.1. Please note the different scales of/thres.
GS = glucosinolates; DW = dry weight. Filled cile high UV-B, open triangles = medium UV-B,
filled squares = low UV-B.



Table 3.3.1 Impact dJV-B treatmen(0 h, 72 h) anéxposure treatmer{72 h) on growth and chemical parameters of algpeand tissue of broccoli plants. Treatment
effects were analysed by one-way ANOVA (0 h) andN@VA (72 h). Plants were grown in greenhouses different levels of UV-B irradiation{V-B treatment80

%, 23 % and 4 % UV-B transmittance). After 17 dayalf of the plants from each UV-B condition wempkin the greenhouses, whereas the other half egresed
outdoors for 72 hoursekposure treatmentGS = glucosinolates; DW = dry weight. Boldfaoelicates P<0.05. Asterisks denote significant Reslafter Bonferroni
correction carried out following Benjamini and Hbelng (1995) for each time of harvest. Some plardmpaters were transformed to reach homogeneitaidances (

h: quercetin (X?); 72 ht C/N ratio (1 X), indolyl GS (*), kaempferol (log x)]. Measured data are showfiin 3.3.1.

Plant parameters 0h ANOVA 72h MANOVA

UV-B treatment UV-B treatment Exposure treatment UV-B treatment x exposure

treatment

F2n P F2;53) P F(153) P F2;53) P
Dry weight [g] 11.09 <0.001* 24.02 <0.001* 7.20 0.010* 0.94 0.396
CIN ratio 3.38 0.049 1.15 0.324 50.23 <0.001* 0.98 0.384
Quercetins [umol g DW] 184.48 <0.001* 106.40 <0.001* 438.60 <0.001* 2.71 0.076
Kaempferols [pmol g DW] 72.58 <0.001* 63.17 <0.001* 1.09 0.301 1.57 0.218
Aliphatic GS [umol ¢ DW] 7.87 0.002* 2.07 0.137 22.74 <0.001* 3.34 0.043

Indolyl GS [umol g DW] 2.28 0.122 0.27 0.761 261.99 <0.001* 3.27 0.046
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The C/N ratio of plants grown under high UV-B wagndicantly lower than that of
plants grown under low UV-B greenhouse conditidgB8 treatmentO h, Table 3.3.1,
Fig. 3.3.1). After 72 hours of field exposure, N ratio of all outside exposed plants
dropped significantlygxposure treatmentf2 h Table 3.3.1, Fig. 3.3.1) due to a relative
increase in nitrogen per dry weight compared tcegheuse kept plants. The total
nitrogen content per plant was not significantlffedent between greenhouse kept and
field exposed plantekposure treatment2 h MANOVA for total nitrogen content per
plant: F (2;51) = 0.026;P = 0873)

Plants grown under high UV-B conditions had higligrercetin and kaempferol
concentrationsV-B treatmentO h, Table 3.3.1, Fig. 3.3.1) as well as a signifibant
higher quercetin/kaempferol ratio than medium amd UV-B exposed greenhouse
plants UV-B treatmentO h, one-way ANOVA for quercetin/kaempferol ratio;2.27) =
28.60; P < 0.001). Differences in quercetin and kaempfdi@ionoid concentration
were still present after 72 hours field exposurgh wlants taken from the high UV-B
treatment showing significantly higher flavonoidncentrations than plants from the
other two treatmentsJ)V-B treatment72 h Table 3.3.1, Fig. 3.3.1). All plants exposed
outdoors had significantly increased quercetin eatrations compared to greenhouse-
kept plants after 72 hours, whereas kaempferol emnations did not change
significantly Eexposure treatmen?2 h Table 3.3.1, Fig. 3.3.1). The differences in the
guercetin/kaempferol ratio diminished after 72 Isoof field exposure, probably due to
a higher relative increase of quercetin flavonalsnedium- and low-UV-B pre-treated
plants compared to high-UV-B pre-treated platiy/B treatmentF 72 h one-way
ANOVA of outdoor-exposed plants from different greatments: k..27y= 0.33;P =
0.725). In general, kaempferol concentrations wever three times higher than
quercetin concentrations in all plants (Fig. 3.3.1)

In this experiment, only one greenhouse of each tuld be used, therefore one might
consider the individual potted plants only as pseeplicates. However, in repeated
experiments broccoli always responded in a sinfdahion with reduced growth and
increased flavonoid concentrations when grown undegh UV-B conditions
(Kuhlmann, unpublished).

The UV-B treatmenthad a significant effect on the concentration dphatic
glucosinolates but was not directly related to théB radiation levels plants received
in the greenhouse® {, Table 3.3.1). Plants of the medium-UV-B treatm&rawed the
lowest concentrations of aliphatic glucosinolateg).(3.3.1). After outdoor exposure,
no consistent effects could be detected for thestalolites. Overall, aliphatic
glucosinolate concentrations were loR2(h Fig. 3.3.1). Concentrations of indolyl
glucosinolates were unaffected bjv/-B treatment(O h, Table 3.3.1, Fig. 3.3.1). In
contrast, theexposure treatmerttad a significant effect on glucosinolate accuitoia
(72 h Table 3.3.1). Field exposure of plants resulted threefold induction of indolyl
glucosinolates after 72 hours, up to about 8 pritarg weight (Fig. 3.3.1). After 24 h
field exposure the total and indolyl glucosinolatscentrations were on average still
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low with 2.6 and 1.8 pmol fdry weight, respectively (compare with glucosinelat
concentrations in Fig. 3.3.1).

Plant reactions to 72 hour outdoor exposure wedegandent of the pre-treatment in
the different greenhouses, except for aliphatic aldlyl glucosinolates, for which a
significant interaction betweddV-B treatment x exposure treatmevds detectabler@

h, Table 3.3.1, Fig. 3.3.1).

Plants grown under different UV-B regimes and expor 24 h or 72 h in the field
were not significantly differently infested by irté® @4 h number of infested versus
uninfested plants: Pearsons Ghif) = 4.29,P = 0.117;72 h number of insects per
plant and per unit biomass see Table 3.3.2). Tlatplwere mainly infested by
Thripidae.

After 72 hours of outdoor exposure, total glucokite® amount per plant was
significantly positively correlated with the numbef insects found on each plant (R
~=29) = 0.45;P = 0.013), but a relationship between total flavanamount and total
insect infestation per plant was not observednBg = 0.005;P = 0.979). Total
glucosinolate concentrations did not correlate watal flavonoid concentrations (R
(N=20)= -0.24;P = 0.216).

Table 3.3.2 Infestation of broccoli plants (mealSE number of insects per plant and per gram fresh
weight, FW, N=10 plants) after 72 hours of fieldpesure by Aleyrodidae, Aphididae, and Thripidae.
Plants were grown in greenhouses with differenellewf UV-B transmittance (80 %, 23 % and 4 %)
before field exposure. Statistical analysis wadgoered using Kruskal-Wallis analysis of ranks.

Plant pre-treatment

Insect families High UV-B Medium UV-B Low UV-B H 2, n=30) P

Aleyrodidae plant 33+1.1 2.2+0.7 25+0.5 0.51 0.776
Aphididae plant 0.2+0.1 3.5+2.0 25+1.1 4.63 0.099
Thripidae plant 220+3.3 21.0+25 225+2.7 0.09 0.955
Aleyrodidae g FW 2.2+0.7 1.4+05 1.3+04 0.76 0.684
Aphididae ¢' FW 0.1+0.1 26+15 1.0+0.6 2.67 0.264
Thripidae g FW 147 2.1 13.1+1.2 124+1.4 0.87 0.649

34 Discussion

Plants are able to recognise and respond to theiounding environment with high
specificity. Broccoli plants grown under differebtv-B irradiance in greenhouses
covered with innovative materials and later tramsftt to common field conditions with
unrestricted herbivore access, showed increadés/onoid concentrations and reduced
growth, which were related to UV-B. Whereas thesgts changed over time, the
pattern (flavonoid concentration and growth differes between plants of different UV-
B conditions) remained the same. In contrast, aorease of glucosinolate
concentrations was induced most likely by herbivatiack in the field. UV-B pre-
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treatment did not influence the plant susceptipiiind attractiveness to naturally
occurring insect herbivores.

A protection against potentially detrimental UV-&dration is generally achieved by an
induction of phenolic compounds (Caldwell al, 1983). In accordance with this, the
concentration of quercetin and kaempferol flavonoldroccoli plants was positively
related to the irradiance the plants faced in tliféeréntly covered greenhouses.
However, the production of UV-B-screening pigmendslikely to involve some
constraints, as the accumulation of biomass wasceatl in plants confronted with
higher UV-B irradiance (Table 3.3.1, Fig. 3.3.1). negative relationship between
biomass and flavonoid concentration has also bbsareed in earlier experiments with
broccoli that received different irradiances of Wand UV-B from germination
onwards (Kuhlmann and Mduller, 2009). From the aurm@sults, it can be concluded
that the increased flavonoid concentration at redugrowth is predominantly caused
by UV-B, whereas UV-A plays a subordinate role. 8enaplants may have
experienced reduced cell expansion due to higherBUWradiance as has been
proposed by previous studies (Rozeetal, 1997; Jansemt al, 1998; Jansen, 2002;
Hectorset al, 2007). It remains to be seen if flavonoid indoctand biomass reduction
are directly or indirectly linked, and whether tBgshenotypic changes in plants are
typical responses to UV-B. Morphogenetic change&rabidopsis thaliangL.) Heynh.
(Brassicaceae) exposed to low dose rates of UV-dBatian without stress were
interpreted as redistribution rather than cessatigrlants (Hectorgt al, 2007).

Kaempferol and quercetin flavonols responded difidy in broccoli plants. Though
kaempferol flavonol concentrations were higher linpkants, the quercetin/kaempferol
ratio was highest in high UV-B exposed plants (Bi@.1). A relatively higher increase
of quercetin compared to kaempferol flavonol comicdions in UV-exposed plants has
also been found in earlier studies (Markhaial, 1998; Olssoret al, 1998; Hofmann
et al, 2003; Reifenrath and Mduller, 2007; Winter and fa@ss 2008). It has been
suggested that quercetin flavonols have a betiiétyafor free radical scavenging than
kaempferol flavonols (Harborne and Williams, 2000).

Besides the flavonoid concentration, the C/N ratas influenced by UV-B treatment.
However, after 72 hours of outdoor exposure difiees in C/N ratio disappeared
between differently pre-treated plants and fielppased plants had higher nitrogen
concentrations than greenhouse-kept plants (TaBl&,3Fig. 3.3.1). This may be due to
growth and allocation changes. Both, flavonoid Isvend C/N ratio are known to be
important factors influencing herbivore nutritiomgrborne and Williams, 2000;
Awmack and Leather, 2002; Treutter, 2005). Desthitse UV-B-induced changes of
plant quality no significant differences in insedestation of field-exposed plants could
be observed (Table 3.3.2). Thus, flavonoids prilpaacted as sunscreen but not as
defence against herbivores (Close and McArthur220®aguirreet al, 2007). Broccoli
plants attracted mainly thrips, which feed on calhtent, followed by whiteflies and
aphids, which are phloem-feeding herbivores. Whregiioem sap constitution varies
between plants exposed to different levels of Uvidgds investigation. Leaf-chewing
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insects were not abundant on the broccoli plantsthey might respond differently and
be able to discriminate between plants of differdiWtB pre-treatments. Contrasting
results have been found for effects of plant U\atineent on leaf chewers. Chewing
herbivores are either deterred by high UV-expodadtp (Ballaréet al, 1996; Caputo
et al, 2006; Foggoet al, 2007) or not affected by UV treatment (Reifenratid
Miller, 2009).

The characteristic defence metabolites of Brassaac glucosinolates, were mostly
unaffected by UV-B. This has also been shown edidiethe combined effects of UV-
A and UV-B on various species of Brassicaceae @Redtth and Miller, 2007;
Kuhlmann and Miiller, 2009). The low constitutivencentrations of glucosinolates in
all greenhouse-grown broccoli plants may have beemarily responsible for the
similar insect infestation patterns after outdorpasure despite different UV-B pre-
treatment. Most likely, insect infestation led t@taong induction of glucosinolates in
all broccoli plants. Even though plants were alyeiafested with insects after 24 hours,
the threefold induction of indolyl glucosinolatesutd only be detected at 72 hours after
field exposure and insect infestation (Table 3.Fit), 3.3.1). The total glucosinolate
amounts per plant, mainly represented by indolyicgsinolates, correlated with the
number of attacking insect individuals per plantret final harvest. Different abiotic
factors, such as temperature or wind, may havetiaddlly influenced the metabolite
changes in field-exposed broccoli plants. A higthuiction of indolyl glucosinolates by
herbivorous insects, i.e. leaf chewers, has alrebdgn described for several
Brassicaceae (Textor and Gershenzon, 2009). Tiveps the most abundant herbivores
on broccoli, therefore indolyl glucosinolate protiae was probably largely caused by
these insects. However, the combination of multipsect attacks may also have strong
induction potential. Recently it was shown thatighieeding induces an increase in
jasmonate levels iA. thaliana(Abe et al, 2008). Jasmonate is an important signalling
hormone, also leading to the induction of indollglapsinolates in various Brassicaceae
(Textor and Gershenzon, 2009; van Deinal, 2009). However, the effects of thrips on
glucosinolate concentrations have never been direntestigated.

Flavonoid amounts per plant were not correlatedh wisect infestation and flavonoid

concentrations were not correlated with glucositgoleoncentrations. Broccoli thus

responded specifically to UV-B with an inductionfl@vonoids and to insect infestation

and outdoor-exposure with an induction of glucokites, showing separate stimulus-
specific responses. Earlier studies reported anagé gene-expression due to UV-B
and herbivore feeding (lzaguirre et al., 2003), Iplants are obviously able to

distinguish between impact by UV-B radiation andest by herbivorous insects

(Pandey and Baldwin, 2008). More studies are netmétsentangle plant responses to
different environmental impacts on a molecular amdetabolite level.

Increases of defence metabolites might also inerdhs plant quality for human
nutrition. Flavonoids, as well as aliphatic andalytlglucosinolates and their hydrolysis
products of broccoli, potentially have importannefts for human health due to their
anti-inflammatory and anti-tumorigenic propertig€soMmeset al, 2008; Jeffery and
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Araya, 2009). Growth of plants in innovative greeaes transmitting higher UV-B
radiation levels can increase the plant qualityhwégard to flavonoid concentrations,
whereas these UV-B conditions will not improve glsinolate quantities. Higher UV-B
radiation during early plant growth did not foreabmoccoli plants against the attack of
various herbivorous insects when transferred todamt conditions. Longer field
exposure of plants that received high UV-B at egrlywth may, however, reveal other
values for these plants.
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Abstract

Plants face various abiotic and biotic environmkfaetors and therefore need to adjust
their phenotypic traits on several levels. UV-B iation is believed to impact
herbivorous insects via host plant changes. Plaspanses to abiotic challenges
(ultraviolet-B radiation) and their interaction tvitwo aphid species were explored in a
multifactor approach. Broccoli plantBr@ssica oleraceal. convar. botrytis (L.),
Brassicaceae) were grown in two differently covegegenhouses, transmitting either
80 % of ambient UV-BHigh UV-B or 4 % (ow UV-B). Three-week-old plants were
infested with either specialist cabbage aphBieyicoryne brassicaél.), Aphididae,
Sternorrhyncha) or generalist green peach apiiyzus persicag¢Sulzer), Aphididae,
Sternorrhyncha). Plants grown under high UV-B istees were smaller and had higher
flavonoid concentrations. Furthermore, these plah&l reduced -cuticular wax
coverage, whereas the amino acid concentratiortheopphloem sap were only little
influenced by different UV-B intensities. Cabbagehias reproduced less on plants
grown under high UV-B than on plants grown undev IdV-B, whereas green peach
aphids reproduced on both plant sources equallie,litdemonstrating different
sensitivities of species, which depend on theit dgecialisation and feeding mode.
Aphids also affected plant chemistry to some ext&he high infestation by cabbage
aphids on low-UV-B plants led to decreased indglycosinolate concentrations. The
induced change of these glucosinolates might deparal certain infestation threshold.
UV-B radiation considerably impacts plant traitsttwieffects on specialist phloem
feeding aphids, whereas aphid growth forces brocplaints to generate specific
defence responses.

Keywords: Brassicaceae; cuticular waxes; flavonoids; glucdates; plant-aphid
interactions; phloem-amino acids; UV-B radiation
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4.1 Introduction

Sunlight provides the energy plants require fornafitabolic processes. Ultraviolet-B
radiation (UV-B, 280-315 nm) is the most energétaction of the sunlight, which is
mainly absorbed by the ozone layer (Paul & Gwynme3a2003; McKenziet al.2007).
The intensity of UV-B that reaches the earth’'s atef depends on a variety of
environmental factors. UV-B radiation can potemyialestruct DNA, proteins, lipids
and membranes of organisms and can cause reactigero species generation. In
response, plants have evolved various mechanism3UY6protection and repair.
Therefore UV-B radiation is also an environmentanal that influences plant
development, morphology and chemical constitutiRozemaet al. 1997; Jansert al.
1998; Jenkins & Brown 2007). The mechanisms of U\p&ception and signal
transduction are poorly understood, but it is vikelbwn that plants respond to UV-B
radiation with a reduced growth and an increasedraalation of phenolic compounds
in the epidermal cells (Caldwe#t al. 2007; Jenkins & Brown 2007). However, a
multifactor investigation of UV-B-induced change$ warious plant responses is
lacking.

Plants are not only exposed to abiotic factors aglJV radiation but also to biotic
impacts such as herbivorous insects. Several ilgatisns of plant-insect relationships
on differently UV-exposed plants recorded that U\HRdiated plants were to a lesser
extent damaged by insect herbivores than non UVk&liated plants (Ballarét al.
1996; Zavalaet al. 2001; Rousseaurt al. 2004). The surrounding environmental
conditions provoke plants to build up a repertafeefficient self-protection. The first
interface boundary between plants and their enwmemnt is the cuticle, which is coated
with a wax layer that protects plants against abieind biotic harms (Mdiller &
Riederer 2005). The cuticular wax layer provides pigtection by absorptive and non-
absorptive optical properties (Loreg al. 2003; Pfundekt al. 2006) and can mediate
resistance against herbivores (Muller 2008). Planterior defence barriers are
comprised of ubiquitous compounds such as flavanfmdUV and herbivore protection
(Harborne & Williams 2000; Close & McArthur 2002réltter 2005), and of taxon-
specific metabolites such as glucosinolates in 8caseae. The latter do not act as UV
shield but are deterrent to generalist herbivormsects and pathogens, whereas
specialists are stimulated by these compounds (iHsgk al. 2009). Herbivore damage
and pathogen infestation provoke the enzymatic dlydis of glucosinolates by
myrosinases, which enhances the repulsive or atiga@ffect of those secondary
metabolites (Bednareét al. 2009; Clayet al. 2009; Textor & Gershenzon 2009). UV
radiation induces the accumulation of flavonoidglants, whereas no UV-effects on
glucosinolate concentrations could be found in 8axeae (Reifenrath & Muller
2007; Kuhlmann & Miller 2009).

Aphids are serious pest insects of many cultivatedl wild plants, including
Brassicaceae (Powedt al. 2006; Goggin 2007). It is likely that aphids aegher
exposed to intact glucosinolates than to hydrolps@ducts, because they cause only
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slight tissue damage (Kiret al. 2008). Glucosinolates can reduce fecundity of the
generalist green peach apityzus persica¢o some degree (Kim & Jander 2007) but
stimulate feeding of the specialised cabbage apmaVicoryne brassica€Yusuf &
Collins 1998), which derive a benefit from sequeste glucosinolates to protect
themselves against enemies (Bridgesal. 2002; Kazanaet al. 2007). Aphids contact
the upper leaf surface first, when approachingaatplThe wax coverage, the texture
and the chemical constitution of the plant, whighested by brief intracellular probes,
determine, whether the plant is a suitable hoghdfplant is suitable, the aphids move
to the lower leaf surface (Powadt al. 2006). Aphid growth and reproduction mainly
depend on the total amount and quality of phloenwvdd amino acids as nitrogen
source (Douglas 2006). Additionally a cue-basedtrobrof aphid reproduction is
discussed, because aphids will not settle, feedgmrdduce, when appropriate cues are
lacking (Thompson 1963; Powaedl al. 2006). Nothing is known about plant mediated
UV influences on aphids and possible effects of BlVadiation intensities on amino
acid composition and wax coverage of Brassicaceaegiants.

Next to influences of plant chemistry on aphidsjidgeeding can also induce changes
in host plant quality. Aphids effect their host mis by injection of salvia and removal
of assimilates (Goggin 2007) and can cause an fiwtuor reduction of glucosinolate
concentrations, as shown, for example Amabidopsisthaliana Heynh. (Mewiset al.
2005; 2006; Kim & Jander 2007; Knierczyket al.2008).

This study aimed to analyse the effects of UV-Batdn on a Brassicaceae crop plant,
broccoli Brassica oleraceg in a multifactor approach and to study the cqnseces
of plant chemistry changes on aphid performanceedksas the consequences of aphid
feeding to plants. Broccoli plants were grown irotdifferently covered greenhouses,
transmitting either high or low levels of UV-B. Midle plant traits and the
reproduction of the generalist. persicaeand the specialif. brassicaavere measured
after five days of aphid infestation in three-was#-plants. Moreover, effects of aphid
feeding on plant secondary chemistry were consitleitewas expected that UV-B
influences aphid population growth by plant alterss in dependence of the species
specialisation and that plant chemistry is modifaitferently by abiotic and biotic
impacts.

4.2 Materials and Methods

4.2.1 Plant growth and aphid breeding

Broccoli seeds Brassica oleraced.. convar. botrytis (L.) Alef. var. cymosaDuch.
Monopoly F1 Hybrid; Syngenta Enkhuizen, Netherldrgerminated in fertilised soil
(ED 73, pH 6) in individual pots (diameter: 12 cheight: 9 cm) in two differently
covered greenhouses. The greenhouses were locatedei Botanical Garden of
Wirzburg (conception of greenhouses by Gerhardifgs University of Bonn,
Germany, construction by Siedenburger GewachshaudRadhen, Germany) in a
distance of 10.2 m (for details see also Kuhimanki@ller in press). One greenhouse
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was covered with conventional float glassw( UV-B about 4 % UV-transmittance)
(Siedenburger Gewéchshausbau, Radhen, Germany)th@ndther with ethylene-
tetrafluorethylene (ETFE) foilhjgh UV-B about 80 % UV-transmittance) (Asahi Glass
Green-Tech, USA, China, South Korea, Japan) (Fig.1% The ground area of the
greenhouses was 4.2 x 3.0 m with the longer aigaed in north-south direction. The
trisected roof sloped from 3.9 (north) to 2.0 mufed and had three inclinations (from
north to south: 14°; 21.8°; 28.8°). Plants werengrmn U-shaped tables (85 cm height)
that were adjoined to the east, south and westswall the greenhouses. The
greenhouses were closed systems to impede insé@nes Air circulation was
achieved by ventilators (Univent Ventilatoren, Wien-Schwenningen, Germany).
Two woven acryl fabric tubes per house (Schumanmergeschirm und
Schattierungstechnik, Kleinmaischeid, Germany),clwhivere arranged under the U-
shaped tables, were showered with water for copliigen the greenhouse temperature
exceeded a defined threshold of 23 °C. Plants weposed to the natural day light

cycle.
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Fig. 4.2.1 Spectral irradiance in the two greenksubigh UV-B: ETFE foil, solid line; low UV-B: flat
glass, dashed line). Radiation measurements weestigated in the early afternoon under cloudl&ss s
with an UV-visible spectroradiometer (OL 754, OpiimLaboratories, Orlando, USA). Highlighted grey
scales indicate UV-B (280- 315 nm) and UV-A (318041m) wave bands. Note the logarithmic y-axis.

Green peach aphidMygzus persicag¢Sulzer), Aphididae, Sternorrhyncha) and cabbage
aphids Brevicoryne brassicadl.), Aphididae, Sternorrhyncha) were raised i th
laboratory on savoyBfassica oleraced.. convar.capitata(L.) Alef. Var. sabaudaL.,
Sabrosa F1 Hybrid; Bejo Zaden, Warmenhuizen, Nkthds) at 21 °C and a 16:8 h
light:dark cycle in bugdorms (60 x 60 x 60 cm, madeoolyester netting and vinyl,
MegaView Science Education Services Co., Taiwan).
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4.2.2 Aphid infestation experiment

To investigate the interactions between plants apdids under different UV-B
conditions, plants (20 days old, five-leaf stagepoth greenhouses were each infested
either with 10 individuals oB. brassicagN=20 plants) or with 10 individuals .
persicae(N=20) or were kept uninfested as control (N=W)ngless (apterous) aphids
(adults and fourth nymph stage) were placed wistofa paintbrush on the adaxial side
of the second-oldest leaves. Within treatment,tplarere placed at a distance of 15 cm
from each other. Five days later, aphids were rad@and numbers counted. The leaf
area of the second-oldest leaf of all plants wassueed with a digital calliper rule
(Mitutoyo, Digimatic, Japan). The above-groundues®f aphid-infested and uninfested
control plants was harvested, immediately transtein liquid nitrogen and stored at -
80 °C. Ambient light conditions during the expermtad time period (11 April to 5 May
2007) were on average 19 kJ*rd* UV-B; 1,490 kJ rif d* UV-A; 6,871 kJ nf d*
PAR (photosynthetically active radiation) and 2B0kJ m? d’ global radiation
[recorded in 25 m distance to the greenhousesrgtaorological station (Thies Clima,
Gottingen, Germany)].

4.2.3 Biomass determination and chemical analyses

The harvested above-ground broccoli plant materéa lyophilised and dry weight was
determined. For chemical analyses dried materia @mogenised (mixer mill 301,
Retsch, Haan, Germany) and aliquots taken for tigegton of flavonoid and
glucosinolate concentrations.

4.2.4 Flavonoids

For determination of flavonoid aglycones sampleseweydrolysed according to the
protocol described by Kuhlmann & Mdller (in predsjied plant material was extracted
in aqueous 80 % methanol with myricetin (Fluka, |&&=e Germany) as internal
standard. Thereafter extracts were dried and Bhblisd in aqueous 80 % methanol.
After addition of an equal volume of 2.5 M HCI hgtrsis was conducted for 30
minutes at 85°C and was stopped on ice. Diethydrettas used for solvent extraction
of hydrolysed samples. The upper diethyl ethertivacwas separated, dried, and
dissolved in 80% aqueous methanol. These extraete wnalysed by HPLC (1100
Series, Hewlett-Packard, Waldbronn, Germany) witfuaternary pump and a 1040M
diode array detector. Gradient separation of flambraglycones was achieved on an
Agilent Zorbax Bonus RP column (250 mm x 4.6 mm prB) with an eluent gradient
(solvent A: 0.5 % acetic acid in bidest water, solvB: acetonitrile) of 5-50 % B (5
min), 50 % B (5 min hold), 50-95 % B (5 min), 95 B4(5 min hold) followed by a
cleaning cycle. Flavonol aglycones were identitigdcomparison of retention time and
UV spectra to those of standards (kaempferol frotrdsynthese, Genay, France and
guercetin from Phytoplan, Heidelberg, Germany). mifiaation was obtained by
integration of the peak area at 360 nm (bandwidttm) relative to the area of the
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internal standard peak, corrected by the calculegspgonse factors (0.79 for quercetin,
0.75 for kaempferol).

425 Glucosinolates

For determination of glucosinolate concentrationeddplant material was extracted in
aqueous 80 % methanol with benzyl glucosinolatetdtitan, Heidelberg, Germany) as
internal standard. Glucosinolates were convertetetulfoglucosinolates using purified
sulfatase [E.C. 3.1.6.1, ‘type H-1, frohtelix pomatia 15,100 units (gram solid)
Sigma, Taufkirchen, Germany; purified after Graset al. (2001)]. The
desulfoglucosinolates were analysed by HPLC, ifiedtiand quantified as has been
described previously (Muller & Wittstock 2005; Gigshvili et al.2007). Aliphatic and
indolyl glucosinolates were each summed.

The following parameters (adaxial leaf wax and phiaccomposition) were investigated
only in dependence of UV growth conditions fromfasied plants.

4.2.6 Wax collection and analysis

To determine the composition of adaxial cuticuksaflwaxes of uninfested plants in
dependence of UV-conditions, plants (five-leaf e)agere taken from each greenhouse
and waxes were extracted. Plant growth and waecidin were carried out during 23
April to 15 May 2008 with ambient light conditioraveraging 20 kJ ihd* UV-B;
1,496 kJ rif d* UV-A; 7,248 PAR and 20,358 kJfrd* global radiation. Plants were
kept dark over night until wax extraction to gudesnstomatal closure. The second
oldest leaves were placed on a flexible rubber anat glass cylinders (diameter: 0.95
cm) were gently pressed onto the adaxial leaf sitles cylinders were filled five times
with 1 ml chloroform for 30 seconds. The solventsvamitated during these periods
with a Pasteur pipette and then removed and cetldcta glass vessel. Tetratriacontane
(Fluka, Buchs, Switzerland) was added as intertaaldard. Chloroform was evaporated
from the wax extracts under a gentle nitrogen sire&#lydroxyl-containing wax
compounds were converted into the correspondintethylsilyl derivatives by reaction
with  N,O-bis-trimethylsilyl-trifluoroacetamide (BFR; Macherey-Nagel, Duren,
Germany) in pyridine (30 min at 7). Qualitative composition of wax compounds
was identified with gas chromatography (GC: 689@%jlent Technologies, Santa
Clara CA, USA) coupled with mass spectrometry (M8:eV; m/z 50-750; 5973N;
Agilent Technologies, Santa Clara CA). GC was edrout with on-column injection
(DB-1, 30 m, 0.32 mm inner diameter, d=f0.1 um; J & W Scientific, Folsom, USA).
Oven temperature was programmed as follows: 2 m&0eC, 40°C/min to 200°C and
2 min hold, 3°C/min to 320°C and 30 min hold. Helicarrier gas inlet pressure was
programmed as follows: 5 min at 50 kPa, 3.0 kPa/aii50 kPa and 30 min hold.
Quantitative composition of the wax compounds wetemhined by GC-FID (5890 II;
Hewlett-Packard, Avondale PA, USA) under the sam@ ¢nditions as described
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above, but with hydrogen as carrier gas. Wax comgswere quantified against the
internal standard. Single compounds were subsuntedgubstance categories.

4.2.7 Phloem sap collection and amino acid analysis

To determine the amino acid composition of phloesmp $n dependence of UV-
conditions, phloem was collected from uninfesteghfd using stylectomy. Phloem sap
collection from in total 9 plants per UV conditiovas performed over a longer period
of time (9 April to 27 May 2008), because stylecyom a rather labour intensive
method. Ambient light conditions were averagingkliéni? d* UV-B; 1,258 kJ rif d*
UV-A; 5,762 kJ nf d* PAR and 16,124 kJ thd” global radiation. Plants in the five-
leaf stage were taken from each greenhouse ansfdreed to the laboratory. Second
oldest broccoli leaves of intact plants were fi@ad Plexiglas. Twenty aphids &f.
persicaewere caged on these leaves in Plexiglas cylinddrsnm diameter) with foam
rubber to prevent leaf damage on one side, whareasther side was covered with
gauze to prevent aphid escape. Cages were fixédolamps. Aphids were kept on the
leaves for a minimum time of two hours to allowtleebent and start of feeding. Stylets
were then disconnected by a laser beam (700-80@.06 nm, 0.5 Hz) of a laser
microscope (constructed by Heinrich-Beck-Institutdeiningen, Germany). After
stylectomy, phloem exudates were collected with Ql5capillaries (Hirschmann
Laborgerate, Eberstadt, Germany) for one hour uaimgicromanipulator. To prevent
evaporation of phloem exudates the air was hurneidlifAfter sampling capillaries were
immediately transferred into reaction vials, frozenliquid nitrogen and stored at -
80°C until amino acid analysis. Reaction vials wptlloem-filled glass capillaries were
vortexed with 15 pl norvaline (Phenomonex, Aschafteg, Germany) as internal
standard and centrifuged (1 min, 7,500 r/min). $og@ants were transferred into
sample processing glass vials (Phenomonex, Asciiaffg, Germany). To increase the
yield of phloem amino acids capillaries were wasthgde times with 5 pl 0.005M HCI
by vortexing and centrifugation and supernatantsewpooled. Further sample
processing and analyses of phloem amino acids esr@ucted by the GC-MS EZ:faast
free (physiological) amino acid analysis kit (Pheemex, Aschaffenburg, Germany),
whereby the solid phase extraction step was omitted

Qualitative composition of the amino acids was tdex with GC-MS. GC was carried

out with split (1:15) injection on a Zebron ZB-AAéolumn (10 m, 0.25 mm inner

diameter, Phenomenex, Aschaffenburg, Germany). @a@perature was programmed
for 1 min at 110°C, followed by a ramp of 30°C/mm320°C. Helium carrier gas inlet

pressure was 1.1 ml/min with constant flow. Quatitie composition of the amino

acids was investigated using GC-FID (6850 II; Agild@echnologies, Santa Clara CA,
USA) under the same GC conditions as describedealdmyt with hydrogen as carrier
gas. Amino acids were quantified by integratingrtipeak area relative to the area of
the internal standard peak corrected by the cakdiléby comparison to reference
samples) response factors.
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4.2.8 Statistical analysis

Data of morphological and chemical measuremenksaxcoli plants that were exposed
to different UV-B and aphid infestation conditionsre analysed by MANOVA. Aphid
numbers on high and low-UV exposed plants as welktwicular wax compounds of
broccoli were compared with unpaired t-tests. Amawood concentrations of broccoli
phloem sap in dependence of UV-B treatment werg/s@ad by Mann-Whitney U-tests.
The analysis of data was performed with Statisi€a(StatSoft, Tulsa, USA).

4.3 Results

4.3.1 Effects of UV-B and aphid infestation on growth andsecondary
metabolites

Broccoli plants grown in greenhouses with high amnbi UV-B radiation were
significantly smaller (smaller leaves, lower biosiakig. 4.3.1, Table 4.3.1) than plants
grown under low UV-B radiation conditions, regasile of aphid infestation.
Furthermore, they accumulated higher concentrataingV-protective pigments, i.e.
flavonoids (MANOVA for total flavonoids: UV-B treatent:F.52= 30.50;P < 0.001,;
Infestation treatment:52)= 1.45;P = 0.244; UV-B x Infestation treatmerft;so) =
0.32;P = 0.731), with kaempferol aglycones being higharaemtrated than quercetins
(Fig. 4.3.1). Total glucosinolate concentrationsA(NDVA; UV-B treatment:F.50) =
1.67, P = 0.203; Infestation treatment s = 1.43; P = 0.249; UV-B x Infestation
treatmentF.52= 2.91;P = 0.064) and aliphatic glucosinolate concentrativese not
influenced by any treatment, whereas indolyl glimniste concentrations were
significantly influenced by UV-B treatment x Infaibn treatment (Table 4.3.1). Plants
infested with B. brassicae had significantly reduced indolyl glucosinolate
concentrations when grown under low UV-B radiat{big. 4.3.1).
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Fig. 4.3.1 Growth and chemical parameters (meaardard error) of plants grown under two intensitie
of UV-B radiation (either high UV-B: 80 % or low UB: 4% transmittance) with and without aphid
infestation. Plants of both UV-B treatments werfested at the age of 20 days with ten aphid indizis

of eitherMyzus persica®r Brevicoryne brassicaeControl plants were kept uninfested. Above-ground
tissue was harvested five days after aphid infestaGS = glucosinolates; DW = dry weight. Statiati
analyses see Table 4.3.1.



Table 4.3.1 Influence ofV-B treatmentand Infestation treatmenbn growth and chemical parameters of broccoli abground tissue. MANOVA was used to analyse
treatment effects. Broccoli plants were grown i tfferently UV-B transmitting greenhouses (80%486 UV-B transmittance). At an age of 20 days amére each

infested with ten individuals of either the genitahphidMyzus persica®r the specialist aphiirevicoryne brassicaeControl plants were kept uninfested. Above-ground
tissue was harvested five days after aphid infiestaBoldface indicate®<0.05. GS — glucosinolates; DW = dry weighSignificant P-values after Bonferroni correction
carried out following Benjamini & Hochberg (199%)r presentation of descriptive data see Fig. 4.3.1

Plant parameter

MANOVA
UV-B treatment

Infestation treatment

UV-B x Infe$on treatment

F @52 P F 252 P F (2:52) P
Dry weight [g] 66.21 <0.00F 2.99 0.059 1.95 0.153
Leaf area [cm?] 44.69 <0.001 2.05 0.139 1.97 0.150
Kaemperols [pmol g DW] 23.43 <0.00% 1.59 0.213 0.38 0.685
Quercetins [tmol g DW] 49.30 <0.00% 1.06 0.354 0.14 0.872
Indolyl GS [umol g DW] 3.50 0.067 2.21 0.120 3.22 0.048
Aliphatic GS [umol ¢ DW] 0.16 0.693 0.68 0.511 1.26 0.293
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4.3.2 Aphid population growth

The population growth of the specialist apBidbrassicaavas significantly reduced on
broccoli grown under high UV-B radiation compareddw UV-B conditions (unpaired
t-test; T = -2.07,P = 0.046), whereas the population growth of the gais¢ aphidM.
persicae did not differ significantly on plants of both UB-radiation conditions
(unpaired t-testT = 0.96,P = 0.345). In general, the specialist apBidbrassicaevas
able to reproduce five to six times more than tkaegalist aphidVv. persicae(Fig.
4.3.2).

* T = High UV-B
Low UV-B

1.

Fig. 4.3.2 Number of aphids (mean + standard eworproccoli plants five days after infestatiorai®s
were raised in two greenhouses transmitting high 49 and low UV-B (4%) radiation intensities,
respectively. Plants had been infested with teividdals (grey solid line) of either the specialgihid
Brevicoryne brassicaéBb, N=19 and 20 plants) or the generalist ap¥ligrus persicagMp, N=19).
Statistics were performed with unpaired t-tes<*0.05).

Number of aphids
N ~
o o

[EEN
o

4.3.3 UV-B dependent effects on cuticular waxes and phloaeamino acid
contents

Plants grown under high UV-B radiation conditioredlsignificantly lower total wax
coverage on adaxial leaves than plants grown ulodeiUV-B radiation (high UV-B
5.7 + 0.3 pug c, low UV-B 6.8 + 0.2 pg cffi [mean + SE]; unpaired t-tesk;= -2.81;

P = 0.026; N = 4 and 5). The wax composition dependadUV-B treatment.
Concentrations of aldehydeE € -4.47,P = 0.003), alkanesl(=-2.49,P = 0.042) and a
C-29 ketone T = -2.88,P = 0.024) were significantly reduced in plants gnowm
greenhouses with high UV-B radiation, whereas adkefi = 3.69,P = 0.008) and one
unidentified wax component (unpaired t-teébt= 2.93,P = 0.022) were significantly
higher concentrated in these plants. Alkanes wegertain components of the broccoli
cuticular waxes (Fig. 4.3.3).
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The total amino acid concentration of phloem exeslatas on average lower on plants
grown under high UV-B but did not differ significiynbetween plants of both radiation
conditions (high UV-B 143 + 25 nmol il low UV-B 206 + 45 nmol it [mean + SE];
Mann-Whitney U-testU = 29; P = 0.310; N = 9). Only the amino acid proline was
significantly lower concentrated in phloem exudaiéplants grown under high UV-B
radiation conditionsy = 18,P = 0.047). Glutamic acid, aspartic acid and lysieze
the three major amino acids in the phloem exudattesoccoli plants (Fig. 4.3.4).
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Fig. 4.3.3 Cuticular wax composition (mean * staddarror) of adaxial broccoli leaves"{ldest of
plants with five leaves) grown either under high-B\Wadiation (80 % transmittance, N=5) or low UV-B
radiation conditions (4% transmittance, N= 4). Stalal analyses were performed by unpaired t-tests
Asterisks denote significant UV-B treatment diffeces (P < 0.05; ** P < 0.01).
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Fig. 4.3.4 Free amino acid concentrations (meatatidard error) of phloem of broccoli plants grown

under two different UV-B intensities (80 % or 4%rnsmittance, respectively). Probed plants had five
leaves. Stylectomy for phloem sap collection wadgomed on Myzus persicae settled at the second
oldest leaves. Conc. = concentration. Treatmerecedff were analysed with Mann-Whitney U-tests,

asterisks indicate significant P-values gP.05; N = 9).

4.4 Discussion

UV-B radiation forces plants to build up protectivarriers and influences their growth
and chemistry. Those changes of plant trait gealitian impact the next trophic levels.
Various effects on broccoli plant traits were meadun plants grown under either high
or low ambient UV-B conditions and interactions lwgipecialist and generalist aphids
were determined. Thereby plant traits influenceticdperformance of the specialist
species, whereas aphid feeding had only littlect$fen plant chemistry.

4.4.1 UV-B effects on plants

In response to high ambient UV-B broccoli plantowed a reduced growth but
increased flavonoid concentrations, as expecteddy@d et al. 2007; Kuhlmann &
Muller 2009; in press). Glucosinolate concentragjowhich can serve as defence
against insect herbivores, remained unaffected ¥BUas has been also shown earlier
in broccoli and other Brassicaceae (Reifenrath &I&(2007; Kuhlmann & Mduller
2009; in press) (Fig. 4.3.1, Table 4.3.1). Forfitret time, cuticular waxes of the adaxial
leaf sides of broccoli were investigated in dep@&edeof ambient or diminished UV-B
radiation. Broccoli plants grown under high ambiei-B conditions had lower wax
coverage than plants grown under low UV-B (Fig..3).3This result is in contrast to
earlier findings on pea and cucumber, in whichfiardl UV-B radiation led to an
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increase of the cuticular wax coverage (Gonzateal. 1996; Fukudaet al. 2008). This
discrepancy might be either species-specific otccbe explained by the different UV-
B exposure conditions (artificially increasedrsusambient) of plants. Nothing was
known about the influence of UV-radiation on thengmsition of the amino acids in the
phloem sap, which might specifically influence mofeeding herbivores. Therefore,
phloem samples were collected by stylectomy andysed. The phloem composition
was only little affected. Plants grown under higk-tadiation contained on average
slightly lower concentrations of amino acids witkignificant difference only found for
proline (Fig. 4.3.4).

4.4.2 Plant mediated UV-B effects on aphids

UV-B induced changes in plant constitution did imipshe population growth of
specialist cabbage aphids, whereas the generalegngpeach aphid in general
performed poorer on plants of both growing condsig¢Fig. 4.3.2). Kénierczyket al.
(2007) also found a higher sensitivity of the spksiB. brassicado differences in host
plant chemistry with regard to glucosinolate pesilof threeArabidopsis thaliana
ecotypes compared to the generahkt persicae.Moreover it has been shown that
indolyl glucosinolates are an efficient defenceiagfa. persicag(Kim & Jander 2007,
Kim et al. 2008). Therefore it is likely that the indolyl ghsinolate concentrations of
broccoli inhibited the reproduction of generalidl. persicae The decreased
performance oB. brassicaeon ‘high UV-B’ broccoli plants might be either due the
plants’ higher concentrations of flavonoids, whichve been described to constrain
aphid reproduction (Lattanziet al. 2000) and/or due to UV-affected changes of plant
tissue structures (Jansen 2002), which could actexhanical barriers. Differences in
the cuticular waxes between plants of both grovaogditions could have also affected
the aphid performance, as host plant selectionaghid performance are known to be
influenced by the quality and quantity of the culac wax coverage (Thompson 1963;
Powell et al. 1999). Amino acids are the major nitrogen soueaphids but the
concentration of essential amino acids in the phlaelow (Douglas 2006). Symbiotic
bacteria enable aphids to overcome the insufficeemqgply of essential amino acids.
Thereby the amino acid composition can influeneertiationship between aphids and
their symbiotic bacteria and thus affect aphid dgwment (Chandleet al. 2008). The
slightly higher levels of amino acids in plantsgrounder low UV-B conditions could
have improved the performance®f brassicaeA direct effect of UV-B on aphids can
be most likely excluded, because the aphids setiledhe lower leaf sides. The
oligophagous leaf chewd?haedon cochlearia¢-. (Coleoptera: Chrysomelidae) was
shown to be unaffected by UV-B induced differeniceglant chemistry of Brassicaceae
species (Reifenrath & Muller 2009). Similar resultsre also found for a specialist
caterpillar feeding on UV-challenged leave$Ptdntago lanceolatd.. (Plantaginaceae),
whereas the growth of a generalist caterpillar gsewas accelerated on leavesPof
lanceolata grown under elevated UV-B (McCloud & Berenbaum 9P9Different
sensitivities of herbivores in response to UV-inellichanges thus highly depend on the
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feeding mode (phloemersustissue feeding) and the degree of specialisagpadjalist
versusgeneralist) of the insect species.

4.4.3 Aphid effects on plants in interaction with UV-B

Plants did not only impact aphid performance butidpeeding also influenced plant
traits to some extent. Flavonoid concentrationdrmiccoli kept unaffected by aphid
feeding. Similarly, in wild tobaccd\{icotiana attenuatal orr. andNicotiana longiflora
Cav., Solanaceae) flavonoids were only induced By-BJradiation but not by
simulated herbivory (Izaguirret al 2007). However, different phenolic compounds
obviously respond differently as phenylpropanoidivdgives were induced by UV-B
and artificial herbivory in wild tobacco (lzaguiret al. 2007). However, in broccoli
(data not shown) as well as in two other Brassmad®eifenrath & Miller 2007) no
UV dependent effects on hydroxycinnamic acids werend. A significant effect on
glucosinolate induction was only apparent by theeraction of UV-B and aphid
treatment on indolyl glucosinolates in broccoli. dontrol andM. persicaeinfested
plants the concentration of indolyl glucosinolatess slightly higher under low UV-B
conditions compared to plants grown under high U¥dditions (Fig. 4.3.1). These
differences in concentrations might be explainedtiy different growth and thus
developmental stages of these plants. In ‘low U\pBints, feeding b§. brassicaded

to a reduction of indolyl glucosinolate concentwat compared to control plants. The
increased number of cabbage aphids on these mlankd have exceeded a population
density threshold in ‘low UV-B’ broccoli plants athich plants responded with a
decrease of indolyl glucosinolateBrevicoryne brassicaaested ‘low UV-B’ plants
also showed a slight reduction of biomass comptredntrol andVl. persicaeinfested
plants, which indicates an induced inhibition obdwoli by cabbage aphids. Aliphatic
glucosinolate concentrations remained uninfluenbgdaphid feeding. Changes of
glucosinolate concentrations due to aphid feednegkaown for several Brassicaceae.
Interestingly, Brussels sproutBr@ssica oleraceavar. gemmifera Brassicaceae) with
very high numbers of cabbage aphids had the loveestcentrations of total
glucosinolates and the highest concentrationses# thiocyanates compared to control
plants (Yusuf & Collins 1998)Arabidopsis thaliangLer; Col-0) plants infested with
cabbage aphids or green peach aphids had lowerrasnoti aliphatic glucosinolates
whereas indolyl glucosinolates did not change (Kimdander 2007; Kénierczyket al.
2008). In contrast, a slight increase of aliphgticcosinolates and no changes in indolyl
glucosinolate concentrations or no changes at aleweported in two other studies
investigating Arabidopsis thalianaCol-0 infested byB. brassicaeand M. persicae
(Mewis et al. 2005; Mewiset al. 2006). The low number d¥l. persicaeaphids on
broccoli in our study could have been below a nemgsinfestation threshold and
therefore no changes in broccoli glucosinolate aceeynwere detectable due to this
aphid species. Furthermore, aphid infestation chkdntp a lesser extent and in a
different manner the glucosinolate chemistry ofcloadi than multiple herbivore attack
did. A high infestation by thrips, white flies amghids led to a threefold increase of
indolyl glucosinolates within 72 h in broccoli (Kmmann & Mdiller in press). Overall



94

the different results show that plant responseshaglly plant- and insect-species
specific and furthermore could depend on the exdéisect infestation. A reduction of
glucosinolate levels might reduce feeding by thecgpist B. brassicage whereas
increased glucosinolate concentrations might preveopulation growth of the
generalist herbivoreM. persicae In future studies, infestation thresholds of pdan
perception of aphid species by plants and plantispeand age-dependent influences
of plant traits should be examined in more detagain a better understanding of plant-
aphid interactions.

From a practical point of view, the new coveringtenals for greenhouses, which
transmit more UV-B, not only improve plant qualityy increasing flavonoid
concentrations for human nutrition (Gometsal. 2008; Schreineet al. 2009) but also
by inhibition of aphid population growth and themef by reducing the application of
unsustainable and expensive insecticides.
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Appendix

Controlled climate chamber experiments with threeieties of cabbage and one
Arabidopsis thalianaecotype (Col-0) (all Brassicaceae) were carrietliowrder to
better distinguish between ultraviolet-B (UV-B)-ummkd and aphid-induced plant
changes. Experiments were conducted in collabaratith Jacqueline Fuchs.

Seeds from white cabbage ((Kronos Hybrid, SemiBisyssica oleraced.. convar.
capitata (L.) Alef. var. alba DC.), red cabbageui@o F1, BejoBrassica oleracea..
convar. capitata (L.) Alef. var. rubra DC.) anddwoli ((Monopoly, SyngentaBrassica
oleracealL. convar. botrytis (L.) Alef. var. cymosa Duch.gme grown in fertilised soil
in individual pots (diameter: 9 cm, height: 7cr@abidopsis thaliana(L.) Heynh.
ecotype Col-0 plants were grown from seeds in atockaved mixture of soil
(Beetpflanzensubstrat Type RHP 19; Klasmann-Deimavermiculite, and sand
(10:0.5:0.5). All plants were grown in a climateaatber (24°C, 16:8 L:D; 70% r.h.,
light conditions: UV-B (280-315 nm) 0.014 WmUV-A (315-400 nm) 0.381 W f
photosynthetic active radiation (400-700 nm) 71 imds?) for 28 days. Plants were
either infested with specialist cabbage aphBieyicoryne brassicaél.), Aphididae,
Sternorrhyncha) or with generalist green peach dsphflyzus persicag(Sulzer),
Aphididae) or remained uninfested as control plaGbbage plants were infested with
five wingless (apterous) aphid individuals, whileabidopsisplants were infested with
three aphid individuals per plant. At the age ofdays aphid numbers were counted.
The plants were harvested and immediately frozetiqund nitrogen. Samples were
stored at -80°C until sample processing. Whole tptamples were lyophilised, dry
weight was determined and samples were homogenidkgluots were used for
glucosinolate (all plants) and flavonoid (only cabb) analyses (methods@mapter Il
andChapter 111 ).

It was expected that aphids may grow differentlydifferent cabbage varieties and
ArabidopsisCol-0 due to diverging metabolite compositionsrtkermore, differing
plant responses owing to aphid species and aphbldgvation were anticipated.
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5.1  Plant chemistry

Table 5.1.1 Glucosinolate and flavonoid concerdregi(mean + standard deviation (SD), N = 7-10) in

control plants of three different cabbage varietindArabidopsis thalianaecotype Col-0. Abbreviations:
GS, glucosinolate, -, not included, n.a., not asedy

Plant compounds  White cabbage Red cabbage Broccoli Col-0
[umol g* DW] Mean = SD Mean + SD Mean = SD Mean + SD
Aliphatic GS 2.64 +0.41 237 +0.56 0.52 +0.15 23.71+5.32
Indolyl GS 1.62+0.24 1.20+0.17 3.46+0.77 4458.95
Aromatic GS 0.38 £ 0.06 0.80+0.11 - 0.38+£0.08
Total GS 4.64+0.48 4.36 +0.75 3.98 £ 0.87 283108
Quercetins 0.08 £0.01 0.25+£0.08 0.08 £0.04 n.a.
Kaempferols 1.04 +0.27 1.80 +0.37 1.29 +0.52 . ha
Total flavonoids 1.12+0.28 2.05+0.37 1.37 0.5 n.a.

Aliphatic glucosinolates dominated in white and @&bbage, with sinigrin as main
aliphatic glucosinolate (Table 5.1.1, Fig. 5.11h)broccoli indolyl glucosinolates (I3M)
were most abundant, while aromatic glucosinolatesewabsent (Table 5.1.1, Fig.
5.1.1). Arabidopsis Col-0 had the most diverse glucosinolate compmsitand the

highest total glucosinolate concentrations compat@dcabbage plants. Aliphatic
glucosinolates dominated irArabidopsis Col-0 with 4MSOB as predominant
component (Table 5.1.1, Fig. 5.1.2). Regardingfithenoids, kaempferols were higher
concentrated than quercetins in all cabbage vesidffable 5.1.1). [Total flavonoid
concentrations of climate chamber broccoli werey\ew compared to concentrations
of outdoor exposed broccoli planGhapter I, 1, 111 )].
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Fig. 5.1.1 Glucosinolate concentrations in threbbege varieties, which were uninfested (control) or
infested either with the specialist aphil brassicaeor the generalist aphid. persicae GS,
glucosinolates, conc., concentration, 3MSOP, 3-gistifinylpropyl, R2Z0H3B, R2-hydroxy-3-butenyl,
4AMSOB, 4-methylsulfinylbutyl, sinigrin, 2-propenyOHI3M, 4-hydroxy-indol-3-methyl, I3M, indol-3-
yl-methyl, 4AMOI3M, 4-methoxy-indol-3-yl-methyl, 1IMQM, 1-methoxy-indol-3-yl-methyl.
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Fig. 5.1.2 Glucosinolate concentrations Awabidopsis thalianaCol-0. GS, glucosinolates, conc.,
concentration, 3MSOP, 3-methylsulfinylpropyl, 4MSOB4-methylsulfinylbutyl, 5MSOP, 5-

methylsulfinylpentyl, 40HI3M, 4-hydroxy-indol-3-mieyl, 6MSOH, 6-methylsulfinylhexyl, 3MTP, 3-
methylthiopropyl, 7MSOH, 7-methylsulfinylheptyl, 4NB, 4-methylthiobutyl, 13M, indol-3-yl-methyl,

8MSOO, 8-methylsufinyloctyl, 4MOI3M, 4-methoxy-ind8-yl-methyl, 2PE, 2-phenylethyl, 1IMOI3M,
1-methoxy-indol-3-yl-methyl.

Statistical evaluations with ANCOVA indicate onhgét differences in plant chemistry
induced by either specialist or generalist aphieécsgs (Table 5.1.2). Significant
differences after Bonferroni correction of glucadate concentrations were only found
in ArabidopsisCol-0 plants.Arabidopsisplants infested by cabbage aphids did not
contain 2-phenylethyl, plants infested by greencheaphids had only little amounts of
2-phenylethyl, whereas highest concentrations vpeesent in control plants. The 3-
methylthiopropyl glucosinolate showed the same epajt but was abundant in
Arabidopsis plants of all treatments. The slightest concemtngt of 6MSOH
glucosinolates in plants were foundAnabidopsisplants of theM. persicaetreatment,
while B. brassicaeand control treatment 6MSOH concentrations weraparable. The
same pattern can be seen for 7TMSOH glucosinolateetdrations. Altogether, the
strongest treatment differences were found for @gumlates that were normally very
low concentrated. Generally, the strong proliferatiof green peach aphids on
Arabidopsisinduced reductions of specific glucosinolate com@ions compared to
control plants, whereas cabbage aphid infestatidmdt change concentrations at all
(Table 5.1.2, Fig. 5.2.1).



Table 5.1.2 Statistical results of analyses of davmae (ANCOVA) conducted for four plant speciesontler to reduce an unwanted source of variatioN, Bry weight,
defined as covariate. Treatment plants remainedfested (control) or were infested with either specialist cabbage aphil brassicaer the generalist aphid. persicae

Data were not transformed to achieve homogeneityamiances.' denote significant P-values after Bonferroni coiicn carried out for each plant species following
Benjamini and Hochberg (1995).

Compounds White cabbage Red cabbage Broccoli Col-0
[umol g* DW] DW [g] Treatment DW [g] Treatment DW [g] Treatmt DW [g] Treatment
Faus) P Fous) P Faus) P Fr.1s) P Fa.s) P Fe.1s) P Fa.42) P Fo.a2) P
3MSOP 969 0.006 056 0581 7.81 0.012 1.81 0.192 0.04 0.839 1.98 0.162 17.0.000 2.41 0.102
5MSOP - - - - - - - - - - - - 9.24 0.004 3.79 0.031
R20H3B 1.24 0.281 1.38 0.277 3.05 0.098 2.65 0.098- - - - - - - -
4MSOB 10.80 0.004 194 0.173 865 0.009 3.07 0.071 0.02 0.896 1.73 0.201 13.09.00f 2.75 0.075
Sinigrin 0.02 0.886 287 0.083 7.240.015 3.74 0.044 - - - - - - - -
40HI3M 0.12 0.731 6.59 0.007 0.21 0.651 0.05 0.950 0.05 0.821 3.33 0.055 3.09 088. 1.51 0.234
6MSOH - - - - - - - - - - - - 8.72 0.005 11.84 0.000
3MTP - - - - - - - - - - - - 498 0.031 12.21 0.000
7MSOH - - - - - - - - - - - - 1.55 0.221 8.05 0.001
AMTB - - - - - - - - - - - - 3.99 0.052 1.85 0.170
I3M 1.00 0.330 0.46 0.641 6.47 0.020 5.47 0.014 0.06 0.806 1.13 0.342 9.47 0.004 2.20 0.123
8MSOO - - - - - - - - - - - - 0.29 0.591 4.26 0.021
4MOI3M 0.32 0.576 3.68 0.046 087 0363 123 0316 0.81 0.379 1.37 0.277 2.20 1480. 5.12 0.010
2PE - - - - - - - - - - - - 213  0.152 42.110.000
1MOI3M 0.00 0.999 054 0590 193 0.182 1.30 0.299.13 0.726 057 0.575 1.69 0.200 0.00 1.000
Aliphatic GS 1.53 0.233 228 0131 8.260.010 3.24 0.063 0.00 0.946 1.78 0.192 7.080.011 3.08 0.056
Indolyl GS 0.75 0.396 0.46 0.640 5.610.029 4.43 0.027 0.02 0.899 0.61 0.555 8.81 0.005 0.36 0.699
Aromatic GS 1.24 0.281 1.38 0.277 3.05 0.098 2.65.099 - - - - 2.13 0.152  42.11 0.000
Total GS 1.96 0.179 246 0114 2.01 0.173 239 ®.120.02 0.900 0.59 0.564 8.52 0.006 2.56 0.089
Quercetins 0.38 0.543 243 0.117 399 0.060 3.88.038 0.16 0.691 0.04 0.961 n.a. n.a. n.a. n.a.
Kaempferols 0.80 0.382 041 0668 0.03 0866 3.15.06% 13.21 0.002 9.03 0.002 n.a. n.a. n.a. n.a.
Total Flav 0.66 0.428 0.62 0.550 0.30 0.589 3.8H.039 1252 0.002 8.31 0.003 n.a. n.a. n.a. n.a.

GS, glucosinolates, Flav, flavonoids, n.a., notlgs®d, 3MSOP, 3-methylsulfinylpropyl, 5SMSOP, 5-mgdsulfinylpentyl, R20H3B, R2-hydroxy-3-butenyl, 4N, 4-
methylsulfinylbutyl, sinigrin, 2-propenyl, 40HI3Mi-hydroxy-indol-3-methyl, 6MSOH, 6-methylsulfinylkg, 3MTP, 3-methylthiopropyl, 7MSOH, 7-methylsulfilheptyl,

4AMTB, 4-methylthiobutyl, I3M, indol-3-yl-methyl, 8800, 8-methylsufinyloctyl, 4AMOI3M, 4-methoxy-ind8kyl-methyl, 2PE, 2-phenylethyl, 1IMOI3M, 1-methoidol-
3-yl-methyl.
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5.2  Aphid proliferation

60 r
HE B. brassicae
M. persicae T
C A
i)
= 40 f
k) b
S AB b [
o
S
g_ 20 F
< a B
: T
T
0
Wc Rc Broc Col-0

Fig. 5.2.1 Mean = standard deviation (N = 20) dfidpncrease after seven days of infestation wiithee

the specialist cabbage apHid brassicaeor the generalist green peach aphidpersicae Plants were
infested with five (cabbage) or thre@rébidopsi3 aphid individuals. Wc, White cabbage; Rc, Red
cabbage; Broc, Broccoli; Col-@rabidopsis thalianaCol-0. To achieve homogeneity of variances data
were transformed with log (x+10) f@&. brassicadreatment and with (sqrt (x) féd. persicaetreatment.
Afterwards ANOVA were performed (ANOVA foB. brassicae F .76 = 12.22; P < 0.001, foM.
persicae F 3.7y = 33.30; P < 0.001). Letters above bars indicagaificant differences localised by
Scheffé post-hoc tests. Upper case letters ref@&. forassicag upper letters toM. persicaegrowth on
different plant species.

B. brassicaeperformed significantly better on red cabbage #&ndccoli than on
Arabidopsis Col-0. In contrast,M. persicae performed significantly better on
ArabidopsisCol-0 and broccoli than on white cabbage and eddbage. (Fig. 5.2.1).

Plants with different chemical profiles did influmnthe growth of two aphid species
and aphids primarily induced reductions of glucokite concentrations particularly in
Arabidopsis The best performance of the generalist green hpegahid was on
Arabidopsiswith the highest and most diverse glucosinolateeatrations, whereas the
specialist cabbage aphid reproduced worst compardiaeir performance on cabbage
plants. Normally, one would expect the reverse,abse the Brassicaceae specialist
should have been better adapted to glucosinolateecrations in host plants than the
generalist green peach aphid. The same aphid-p&afare pattern of both aphid species
on Arabidopsishas also been shown Wgusnierczyk et al. (2007). Furthermore,
specialist cabbage aphids as well as generalishgreach aphids use glucosinolates as
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feeding stimulants (Wensler, 1962; Moon, 1967; H#of et al, 1972; Gabryst al,
1997). Arabidopsisplants responded to higher amounts of the gesemgeen peach
aphids with a reduction of some glucosinolates,civiihay indicate an exceeding of a
certain infestation threshold.
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Summary

Plants must respond to multiple stimuli in a ndtera/ironment. Therefore they need
the ability to rapidly reorganise and specificallyild up appropriate metabolites to
adapt to their environment. Abiotic cues, suchrabiant solar radiation, influence the
next trophic level directly, but also an alterecmil composition triggered by these
environmental cues can have an effect on the beteawif herbivores. The aim of this
study was to test effects of the important ultreatiqUV) radiation on plants and on
plant-insect interactions using multi-level invgstions. The focus was on the
conduction of controlled experiments with broccpliants in highly engineered
greenhouses covered with innovative materials, hwidaly differed in their UV-B
transmission. For the first time in this controlleavironment the plant-mediated UV-B
effects on phloem-feeding aphids were studied.

Broccoli plants Brassica oleraced.. convar.botrytis Brassicaceae) were under filter
tents either exposed to (inclusion, +UV) or not @sgd to (exclusion, -UV) UV-A /
UV-B radiation. In greenhouses covered with newowative materials transmitting
high (80%), medium (23%) or low (4%) levels of aertiti solar UV-B radiation, in
particular the influence of UV-B radiation on broticwas examined. Different
parameters of the above ground broccoli plant ¢éissare investigated: plant growth
was measured, secondary plant metabolites (fladshglucosinolates) analysed with
high performance liquid chromatography (HPLC), culiir waxes determined with gas
chromatography coupled with mass spectrometry (G&);Mproteinase inhibitor
concentrations measured by radial diffusion asaagsthe combustion analysis allowed
the calculation of the carbon / nitrogen ratio. i&mg a laser microscope (stylectomy)
phloem sap was obtained from UV-B treated brogalaints to analyse and quantify its
amino acid constitution by GC-MS. Herbivore infésta and performance was
investigated by counting the insect individualgher number of infested and uninfested
plants after a defined period of time.

The broccoli plants acclimatised to high UV-corahis by increasing the concentrations
of phenolic compounds, e.g. flavonoids, and by cedyuthe accumulation of biomass.
These responses to their UV-environment dependgdyhon the developmental stage
of the plant. Young developing plants faced a msicbnger trade-off between growth
and defence than mature plants, as they may net mailt up enough reserves yet. This
was shown by exposing broccoli plants of two défdgrdevelopmental stages in filter
tents including or excluding solar UV radiationoBcoli plants either germinated under
the filter tent constructions or were first growna climate chamber with low radiation
and subsequently transferred under the filter tanthe field at an age of three weeks.
Only broccoli plants, which already germinated \Afilter tents, were smaller due to
the UV-treatment. Thus, the environmental stimlslight is much more shaping at
germination stage than it is for older plants. Thacentration of Brassicaceae-specific
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defensive compounds such as glucosinolates andpatdéeinase inhibitors remained

unaffected in broccoli of both UV treatments. Inatve greenhouses were used to
minimise disturbing factors and to measure UV-Buitetl plant changes selectively.
Both experimental setups led to comparable plaspaeses (higher flavonoids,

unchanged glucosinolates, smaller growth), whictlicates that plant changes are
mainly driven by high UV-B irradiation. The totaliticular wax coverage, which is the

first protective barrier of plants, was significgnteduced in broccoli plants irradiated

with high amounts of UV-B radiation. Total aminoichconcentrations showed only

slight reductions in high UV-B irradiated plantd#thaugh the amino acid proline was
significantly reduced. No clear pattern was visitdgarding the C/N ratio and therefore
seemed not to be influenced by UV-radiation. Par@nges induced by ambient solar
UV-B radiation are clearly measurable.

These plant responses caused by high UV-B radiaimuld result in discrimination
behaviour of insect herbivores. Whiteflies (Aleyidak) and aphids (Aphididae) were
attracted by +UV conditions, whereas thrips (Thigs) avoided +UV conditions,
which led to different infestation patterns of krok plants. The direct effect of UV
radiation on behavioural choice responses of cabbduteflies Aleyrodes proletella..
(Aleyrodidae)) was closer examined. Artificial plallummy constructions made of
green sticky traps were placed under both filtatsend only the dummies under +UV
conditions were infested by cabbage whiteflies. ta contrary, different UV-B pre-
treatments of broccoli plants in greenhouses didead to discrimination behaviour of
whiteflies, aphids and thrips after plant transferthe field. Despite known UV-B
induced differences of plant metabolites, the itsetid not respond to them. An
artificial infestation of high and low UV-B irradied greenhouse broccoli plants with
the specialist cabbage aphirévicoryne brassicaél..), Aphididae) or the generalist
green peach aphidvif/zus persica¢Sulzer), Aphididae) led to a reduced performance
of cabbage aphids on high UV-B irradiated plantser@ll, the proliferation of the
cabbage aphid was much higher on both UV-B treatsnencomparison to the green
peach aphid, which reproduced equally on plantbaih treatments. This indicates
species-specific behavioural responses of herbisoriosects to differences in UV
radiation directly as well as to UV-B radiation uwkd host plant differences.

Insects can change the host plant chemistry, wiviat investigated after UV-B pre-

treated broccoli plants were transferred from theed greenhouses to the field. A
threefold increase of indolyl glucosinolate concatibns was only detectable due to a
high infestation with thrips, whiteflies and aphefser 72 h in all plants independent of
the UV-B pre-treatment. An artificial aphid infesten of broccoli plants affected the

plant chemistry in a different manner. Althoughataglucosinolate concentrations did
not change, only high numbers of cabbage aphid®leécreased indolyl glucosinolate
concentrations of broccoli plants, whereas low @dpcing green peach aphids did not
change glucosinolate concentrations. Plants rgedifecally towards herbivore species
and elicit an appropriate response only after areeding of an infestation threshold.
Furthermore, it may also be possible that aphideipodate plant responses for their
own benefit.
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In climate chambers with constant low light coraht three different varieties of
cabbage (white cabbagBr@ssica olerace&. convar. capitata (L.) Alef. var. alba DC.),
red cabbageBrassica oleraced.. convar. capitata (L.) Alef. var. rubra DC.), booli
(Brassica oleraced. convar. botrytis (L.) Alef. var. cymosa Duchaghd Arabidopsis
thaliana (L.) Heynh. ecotype Col-0 were cultivated and stéel with one aphid species
(cabbage aphid or green peach aphid). Glucosinptafdes were rather similar among
the three cabbage varieties, but differed to tlodlprof Arabidopsisplants.Arabidopsis
had the most diverse profile and accumulated higllesosinolate concentrations. The
performance-pattern of both aphid species mirrdied difference in glucosinolate
composition and concentration; generally speciaiégibage aphids performed best on
cabbage plants, whereas the generalist green papblds performed better on
Arabidopsis Thus, the generalist green peach aphid toler&igtier constitutive
glucosinolate concentrations than the specialisbage aphid did. In all plants, both
aphid species did again not change the total ginolage concentrations, but induced
rather a decrease of particular glucosinolate camg@s. Total flavonoid concentrations
were and remained very low in all cabbage planttRaphid interactions are mainly
driven by species-specific differences in plantratstry within the family Brassicaceae.
The two aphid species differed in their toleranod aptimum range towards distinct
plant metabolites.

Plants respond highly specific to environmentaisti such as UV-B radiation and

herbivory. UV-B radiation has a strong impact oe ghants’ architecture and flavonoid
contents, which can in turn influence plant-insetéractions. Phloem-feeding aphids
can be negatively affected by UV-B mediated pldranges. However, a direct effect of
UV radiation on the behaviour of herbivores is aladent. Mainly the number,

composition and quality of herbivorous species & as an exceeding of a certain
infestation threshold determine the mode of pla@inges.

In conclusion, UV-B radiation has the potentiaherden plants against herbivores and
simultaneously increases the concentrations of abddu secondary metabolites for
human nutrition in important crop species suchrasdwli.



Zusammenfassung

In ihrer nattrlichen Umgebung sind Pflanzen vemrsdbnsten und vor allem
wechselnden Umwelteinflissen ausgesetzt, auf deée sshnell und angemessen
reagieren mussen. Das Insektenverhalten der nachsighischen Ebene wird direkt
durch abiotische Umweltfaktoren, wie zum Beispi@nSenstrahlung, sowie durch
daraus resultierende Verdnderungen in Pflanzen egedt Das Ziel dieser
Untersuchung war es, herauszufinden, wie sich witiette (UV) Strahlung auf
Pflanzen und Pflanzen-Insekten Interaktionen ad®mir kann. Dies wurde auf
verschiedensten Ebenen untersucht. Mit Hilfe vonezm angefertigten
Gewéchshéausern konnten Brokkolipflanzen unter kdirdrten UV-B Bedingungen
angezogen werden. Der Einfluss von UV-B Strahlun§ Brokkoli und von UV-B
induzierten Effekten in Brokkoli auf phloem-fresden Blattlause wurde erstmals
untersucht.

Die Experimente wurden mit BrokkolipflanzeBréssica oleraced.. convar.botrytis
Brassicaceae) durchgefuhrt, die in Folienzelten mibterschiedlicher UV-
Strahlungsdurchléssigkeit exponiert wurden. Diedeakungen der Folienzelte waren
entweder UV-A / UV-B durchlassig (+UV) oder unduiéssig (-UV). Gewachshauser
mit innovativen Eindeckungsmaterialien, die spézidf-B in hohen (80%), mittleren
(23%) oder geringen (4%) Mengen transmittiertentden genutzt, um den alleinigen
Effekt von UV-B Strahlung auf Pflanzen hervorzuheb¥erschiedene Parameter der
oberirdischen Biomasse von Brokkolipflanzen wurden diesem Zusammenhang
erfasst: die Pflanzen wurden vermessen, sekundéezBninhaltsstoffe (Flavonoide,
Glucosinolate) mittels Flissigkeitschromatograpii#’LC) analysiert, die cuticulare
Wachsauflagerung durch Gaschromatographie gekoppélt Massenspektrometrie
(GC-MS) ermittelt, ein Enzymassay zur Bestimmungn vBroteinaseinhibitoren
durchgefuhrt und das Kohlenstoff / Stickstoffvethél (C/N) bestimmt. Mit Hilfe eines
Lasermikroskops (Stylectomy) konnte pflanzlichedemsaft zum ersten Mal von
unterschiedlich UV-B behandelten Brokkolipflanzenesgmmelt und dessen
Aminosauregehalt durch GC-MS bestimmt werden. Desektenbefall und das
Insektenwachstum wurden durch Zahlen der Herbivodaviduen beziehungsweise der
infizierten und nicht-infizierten Pflanzen innerbaines definierten Zeitraums ermittelt.

Die Pflanzen passten sich an hohe UV-Strahlungebgadgen durch Anreicherung
phenolischer Verbindungen, z.B. Flavonoide, undchklueine Reduzierung von
Biomasse an. Dabei bestimmte der Entwicklungszdstiem Pflanzen das Ausmal3 der
Reaktionen. Junge Pflanzen waren, vermutlich aoffjyrgeringerer Reserven, starker
von UV-Strahlung beeinflusst als altere PflanzenesDwurde gezeigt, indem
Brokkolipflanzen zweier Entwicklungsstadien in [oizelte mit UV-Ein- oder
Ausschluss exponiert wurden. Die Pflanzen keimted wuchsen entweder in diesen
Folienzelten oder sie wurden zuerst in einer Kliamkner mit geringen
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Strahlungsintensitaten aufgezogen und im Alter dogi Wochen ins Freiland in die
Folienzelte transferiert. Nur Brokkolipflanzen, diereits in den +UV Folienzelten
keimten, waren aufgrund des UV-Einflusses kleiS@mit pragt der Umweltfaktor UV-
Licht die Pflanze wahrend der Keimung starker als einem spateren
Entwicklungsstadium. Glucosinolate als charaktegbe Sekundarmetabolite der
Brassicaceae und die Konzentrationen der Protenfab#oren wurden durch UV-
Behandlung nicht beeinflusst. Innovative Gewachsbéauboten die Maoglichkeit,
Storfaktoren auszuschlieRen und speziell UV-B imelte Pflanzenveranderungen und
Herbivorenreaktionen auf diese Veranderungen zuersmthen. Vergleichbare
Ergebnisse (erhdohte Flavonoid-, unveranderte Gioolzgehalte, kleinerer Wuchs)
aus beiden Versuchsansatzen lassen den Schlussdaas die pflanzlichen
Veranderungen hauptsachlich durch hohe UV-B Strahluerursacht werden. Die
cuticulare Wachsauflagerung stellt die erste Sdiarteere der Pflanzen dar und war bei
hoher UV-B Strahlung in Brokkolipflanzen signifikan reduziert. Die
Gesamtaminosaurekonzentration im Phloemsaft waerumher UV-B Strahlung nur
leicht vermindert, obwohl eine signifikante Redokti des Prolingehaltes ermittelt
werden konnte. Das C/N Verhaltnis zeigte kein Idakuster und schien somit nicht
durch UV-Strahlung beeinflusst zu sein. Durch UV-8trahlung induzierte
Pflanzenveranderungen sind jedoch eindeutig nacihaei

Diese durch UV-B Strahlung veranderten Pflanzeftesodas Wirtswahlverhalten von
Herbivoren beeinflussen. WeilRe Fliegen (Aleyrodjdaed Blattlause (Aphididae)
bevorzugten +UV Bedingungen, wohingegen Thripseripltae) +UV Bedingungen
mieden. Dies resultierte in unterschiedlichen Befalistern von Brokkolipflanzen. Der
direkte Einfluss von UV-Strahlung auf die Kohimeotsehildlaus Aleyrodes proletella
L. (Aleyrodidae)) wurde genauer untersucht. Pflaateappen bestehend aus griinen
Klebetafeln wurden in den Folienzelten exponiertpbei +UV Zelte von den
KohIimottenschildlausen eindeutig bevorzugt wurdenGegensatz dazu zeigten Weil3e
Fliegen, Blattlause und Thripse im Freiland keirev@zugung von Brokkolipflanzen,
die in den Gewéchshéausern verschiedenen MengenvaB Licht ausgesetzt waren.
Die Insekten reagierten somit nicht auf nachweiglic Unterschiede im
Pflanzenmetabolitspektrum. Wurden BroccolipflanzenGewachshausern mit hoher
oder geringer UV-B Durchlassigkeit kinstlich mitnei definierten Menge an
spezialisierten Mehligen Kohlblattlauseldrévicoryne brassicaél..), Aphididae) oder
generalistischen Grinen Pfirsichblattlausevly{us persicae(Sulzer), Aphididae)
infiziert, wurde ein vermindertes Wachstum der sgdesderten Laus auf Pflanzen unter
hohen UV-B Bedingungen festgestellt. Im Allgemeinear die Vermehrungsrate der
Mehligen Kohlblattlaus unter beiden UV-B Bedingungsehr viel héher als die der
Grinen Pfirsichblattlaus, die unter beiden Bedimgum gleich schlecht wuchs.
Herbivore Insekten reagieren artspezifisch auf téctdede in ihrer direkten
Strahlungsumwelt sowie auf UV-B vermittelte Wirtigpizenunterschiede.

Durch herbivore Insekten hervorgerufene Anderungerder Wirtspflanzenchemie
wurden untersucht, indem UV-B vorbehandelte Broidt@inzen aus den drei
Gewéchshausern ins Freiland exponiert wurden. Haéfallsdichten von Thripsen,
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WeilRen Fliegen und Blattlausen induzierten eine dx&fachung der Indolyl-
glucosinolatkonzentrationen nach 72 h in allen e unabhangig von der UV-B
Vorexposition. Das gezielte Infizieren von Brokkdlanzen mit Blattlausen
beeinflusste die Pflanzenchemie in anderer Weisebwadbl sich die
Gesamtglucosinolatkonzentrationen in Brokkoli niériderte, bewirkten erst groRRe
Mengen an  Mehligen Kohlblattlausen eine  Abnahme  ddndolyl-
glucosinolatkonzentrationen, wohingegen die sichlestht entwickelnden Grinen
Pfirsichblattlause keine Verdnderungen hervorriefitanzen reagieren demnach sehr
spezifisch und erst nach dem Uberschreiten einéallBschwelle auf inre FraRfeinde.
AulRerdem scheint es nicht ausgeschlossen, daskBsat die Wirtspflanzenreaktionen
zum eigenen Nutzen manipulieren kénnen.

In Klimakammern mit konstant schwachen Lichtbedimggn wurden drei verschiedene
Kohlarten (Weil3kohl Brassica oleraced.. convar. capitata (L.) Alef. var. alba DC.),
Rotkohl Brassica oleraced.. convar. capitata (L.) Alef. var. rubra DC.), Rkwoli
(Brassica oleraced. convar. botrytis (L.) Alef. var. cymosa Duchyipd Arabidopsis
thaliana (L.) Heynh. ecotype Col-0 angezogen und mit eiBkttlausart (Mehlige
Kohlblattlaus oder Griine Pfirsichblattidusnfiziert. Die Glucosinolatprofile der
Kohlpflanzen @hnelten sich untereinander aber satéeden sich stark vom Profil der
ArabidopsisPflanzen.Arabidopsishatte die meisten Glucosinolate und akkumulierte
die hochsten Mengen. Diese Glucosinolatunterscrded&Virtspflanzen spiegelten sich
im Blattlausperformancemuster beider Arten wied@enerell vermehrte sich die
spezialisierte Mehlige Kohlblattlaus am besten #&awhlpflanzen, wohingegen die
generalistische Grine Pfirsichblattlaus besser Arsbidopsis wuchs. Die Griine
Pfirsichblattlaus tolerierte somit hohe Mengen afuc@sinolaten besser als die
spezialisierte Mehlige Kohlblattlaus. In allen Pitan induzierten beide Blattlause
erneut keine Veranderungen der Gesamtglucosinalagrationen, sondern
induzierten vielmehr eine Abnahme einzelner Glunalsite. Die
Gesamtflavonoidkonzentrationen waren und blieberalien Kohlarten sehr gering.
Pflanzen-Blattlaus-Interaktionen werden sowohl Huertspezifische Veranderungen
der Pflanzenchemie als auch durch blattlausspezdisdJnterschiede in der Toleranz
gegenuber pflanzlichen Metaboliten bestimmit.

Pflanzen reagieren auf verschiedene Umweltreize auim Beispiel UV-B Strahlung

und Herbivorie sehr zielgerichtet. UV-B Strahlunat leinen starken Einfluss auf das
Pflanzenwachstum und die Flavonoidgehalte, was ewied Pflanzen-Insekten

Interaktionen artspezifisch steuern kann. Phloesasiende Herbivoren kénnen durch
UV-B-induzierte Pflanzenveréanderungen negativ faesst werden. Ein direkter UV-

Effekt auf das Verhalten von Herbivoren ist jedabenfalls erwiesen. Sowohl die
Anzahl, Zusammensetzung und Qualitdt von Herbivamten also auch das

Uberschreiten einer definierten Befallsschwelle tibesen das AusmaBR der
Pflanzenveranderungen.
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Zusammenfassend ist zu sagen, dass UV-B StrahlflagzBn gegentber Frafl3feinden
abharten und gleichzeitig die Konzentration wetropflanzlicher Inhaltsstoffe fur die
menschliche Erndhrung in Feldfriichten erhéhen kann.
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