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1 Introduction

The aim of this thesis was to investigate the biochemistryotditile compounds and
its molecular regulation in the two closely related spedeshalianaandA. lyrata
The differences and similarities of volatile terpene bemistry in flowers and fo-
liage of A. thalianaand A.lyrata were determined. The natural variation of floral
volatiles among populations &. lyratain Central Europe was investigated. Different
A. thaliana ecotypes were employed to study molecular mechanismsatiogtrthe
variation of insect-induced terpene volatiles.

1.1 Scent, Flavour & Fragrances

Unraveling the roles of plant volatiles in natural ecosysds a continuing and fas-
cinating challenge requiring a wide range of different agghes. Volatile organic
compounds are common in the living world and are often usathasling molecules.
For a compound to be volatile under ambient temperatureighaMapour pressure is
required. Most lipophilic molecules with a molecular massip to ca. 270 atomic
mass units (amu) are volatile at standard atmosphericymeeasd temperature.
Mobile organisms such as animals use sensory systems t delatiles as guid-
ance to food resources, mating partners, or help them taveusy provoquing avoid-
ance reactions. Plants are sessile organisms for mostiofitheycle. Hence, the use
of volatiles is of crucial importance for plants to gain infaation about their physio-
logical status and potential stress factors in the envientras well as to communicate
with other organisms, enemies and mutualists. A well stidase in which emission
of volatiles is directed at mutualists, is the attractiorpollinators to flowers with vi-
sual and olfactory cues [43]. Flowering plants usually emiittures of volatiles with
up to 100 different compounds per blend [89] of which the mddely occuring com-
pounds are shown in Figure 1. It is believed that by providipgcies-specific signals,
plants enable insect pollinators to learn about converigat sources which increases
their foraging efficiency [131]. However, to identify thespecies-specific signals is
a challenge. It is unclear whether pollinating insects ugg one main compound in
a floral scent mixture or if they use the combined informatibia set of compounds.
For the honeybedpis mellifera investigations revealed that this hymenopteran is able
to use the complete range of floral volatiles to differemtibetween four snapdragon
cultivars which all emitted the same compounds but in diffiéiquantities [171].
Volatiles can also function in direct as well as in indireeffehse mechanisms
[63]. Direct growth inhibiting effects are obvious agaiher plants in the vicinity
or as deterrent effects to feeding insects [15]. Indirefetotf are apparent in attraction
of herbivore enemies (also called tritrophic interactjoné well documented case
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for a tritrophic system involveZea maysunder attack by caterpillars &podoptera

littoralis. Upon feeding damage, maize produces a blend of volatipetas [163].

These attract females of the parasitic w&sgesia marginiventrisvhich deposits its

eggs into the feeding larvae [146]. Parasitoid developmeshices caterpillar feeding
and survival and so is believed to enhance the reproductizeess of the volatile
emitting maize plants.

1.2 The Terpene World

Terpenes, also known as terpenoids or isoprenoids, arg savge group of plant natu-
ral products formed by the condensation of branched fivBeraunits. Intramolecular
ring closures, hydride shifts, methyl shifts, and otherna@gements during the termi-
nal steps of terpene biosynthesis as well as secondanfdraraions by the addition
of functional groups lead to highly variable chemical stawes. This explains why
terpenes belong to the structurally richest class of netarapounds with more than
25,000 reported structures [27]. Terpenes are classifiedrdiog to the number of
pairs of five carbon units they contain. An overview of thdatiént terpene classes
is shown in Figure 2. The basic units for a biosynthetic teepformation are the
so-called isoprene units, isopentenyl diphosphate (IFPH)is double-bond isomer
dimethylallyl diphosphate (DMAPP). They are synthesizeglants by two different
pathways — the mevalonate (MVA) pathway in the cytosol arartethylerythritol
phosphate (MEP) pathway in plastids [105].

The cytosolic MVA pathway is also present in archaebactduiagi and humans
and was originally thought to be the only IPP producing pathw plants [29]. The
other more recently discovered MEP pathway is known alsm fembacteria [140],
green algae [150] andlasmodiunsp. [80]. The relationship of the two pathways in a
plant cell and their supply of five-carbon units to varioupéme classes according to
current knowledge [138] is shown in Figure 3.

The MVA pathway has been known in plants for many years [1I0jis path-
way produces isoprenoid units used for the biosynthesiseobls, brassinosteroids,
polyprenals, dolichols, sesquiterpenes and farnesylmarytgeranyl moieties used for
protein modifications [34, 79]. IPP and DMAPP units synthedivia the MVA path-
way are derived from acetyl coenzyme-A (Ac-CoA) in 6 enzyimateps (Figure 3).
The primary regulatory step is the formation of MVA catalg4sy hydroxymethylglu-
taryl coenzyme-A (HMG-CoA) reductase (HMGR) [104]. Potehiibitors of HMGR,
including statins like mevinolin or lovastatin, are imgort in medical applications.
The statins have become pharmaceutically valuable duestodbhility to reduce the
formation of cholesterol, one of the end products derivechfMVA pathway precur-
sors in animals [153].
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Figure 3: Schematic drawing of terpene synthesis in a pklhtvith emphasis on the
different compartments.

Compounds: HMG-CoA: hydroxymethylglutaryl coenzyme A; MVA: mevalaniacid; MVP: 5-
phosphomevalonate; MVPP: 5-diphosphomevalonate; IBPergenyl diphosphate; DMAPP: dimethyl-
allyl diphosphate; FPP: farnesyl diphosphate; GA3P: gbldehyde 3-phosphate; DXP: deoxyxylu-
lose 5-phosphate; MEP: methylerythritol 4-phosphate; @IE 4-diphosphocytidyl-methylerythritol;
CDP-MEP: CDP-ME 2-phosphate; ME-cPP: methylerythritd-2yclodiphosphate; HMBPP: hydroxy-
methylbutenyl 4-diphosphate; GPP: geranyl diphospha@PB: geranylgeranyl diphosphate
Enzymes:AACT: acetoacetyl CoA thiolase; HMGS: HMG-CoA synthase; BR: HMG-CoA reduc-
tase; MVK: MVA kinase; PMK: MVP kinase; PMD: MVPP decarboagk; IDI: IPP isomerase; DXS:
DXP synthase; DXR: DXP reductoisomerase; CMS: CDP-ME 3sghCMK: CDP-ME kinase; MCS:
ME-cPP synthase; HDS: HMBPP synthase; HDR: HMBPP reduc@B®S: geranyl diphosphate syn-

thase; FPPS: farnesyl diphosphate synthase; GGPPS: tgemamy| diphosphate synthase
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The MEP pathway leads to the building units which are usedherbiosynthe-
sis of isoprene, monoterpenes, carotenoids, plastogejrgbberellins, abscisic acid,
phytol, tocopherols, phylloquinones, and some sesqe@itexp.  The first enzyme in
the pathway is 1-deoxyxylulose 5-phosphate (DXP) syntliBs€S), a thiamin py-
rophosphate dependent transketolase that condensesgyand glyceraldehyde 3-
phosphate to form DXP (Figure 3, [100]). The next step yiettsthylerythritol 4-
phosphate (MEP) by the enzyme DXP reductoisomerase (DX89][1Many stud-
ies aimed at identifying the main regulatory control poiotshe MEP pathway have
demonstrated that both DXS and DXR affect flux through théway. However, a
single rate-limiting step has not been identified and rafiemms to depend on the
plant species organ and developmental stage in questionR €4 be specifically
inhibited with the transition state analog fosmidomycimg}-[99], which resultsn
plantain reduced production aofi-tocopherol, chlorophylls, and carotenoids. MEP,
once incorrectly proposed to be the first dedicated isopdeimbermediate [156], is
further converted in 5 enzymatic steps into a mixture of IR BMAPP in a fixed
ratio of 6:1 [49, 139].

Once IPP and DMAPP are formed, the prenyltransferases neadbhem to elon-
gated allylic diphosphates. Specific prenyltransferageslyce each one of these
products, geranyl diphosphate (GPRg)X farnesyl diphosphate (FPP; £}, and ger-
anylgeranyl diphosphate (GGPR,d} The prenyl diphosphate intermediates are fur-
ther converted into G-monoterpenes, {z-sesquiterpenes, andgditerpenes by en-
zymes called terpene synthases (TPS) (Figure 3). The GRIRasgn(GPS) is believed
to be primarily located in plastids and to some extent in tftesol [24], whereas FPP
synthase (FPS) is found predominantly in the cytosol andehiindria [35], but may
also be located in plastids [144]. Different isoforms of B&PP synthase (GGPS)
were found in plastids, mitochondria and the endoplasnticuleim [119]. Interest-
ingly, the chain length specificity of GPS and FPS can bedotererted by mutation
of a single amino acid. Sequence comparison and functidndies suggest that FPS
is the phylogenetic progenitor of GPS [128].

TPS occur in form of large protein families with high sequersimilarities as
identification of many TPS from multiple plant families angesies has shown. A re-
markable feature of terpene synthases is the multi-prahettificity. TPS are reported
which convert one substrate into 14 different volatilesO[L6Similar to prenyltrans-
ferases, few amino acid changes in key active site positianshave drastic effects
on the product spectrum of terpene synthases [94k genes from a wide range of
different plant families have been cloned and charactérizdonoterpene synthases
use GPP to form single or multiple monoterpenes, while sespene synthases act
on FPP, and diterpene synthases use GGPP. Although easlotlaspene synthases
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displays a kK, toward its native substrate in the low micromolar rangegsisrpene
and diterpene synthases can occasionally convert theeshweinyl diphosphate sub-
strates into hydrocarbon products albeit at low efficiesicldowever, in the plant cell
compartmentation of terpene synthases generally restriiciess to specific substrates.
The latter has not been proven yet without doubt.

Many essential plant compounds are derived from terpergybibesis. For ex-
ample the diterpenoid-derived gibberellins are a classmgortant phytohormones
with highly similar structures. Carotenoids and chlordphye also derived from ter-
pene biosynthesis. However, our knowledge of specializetaogical roles of many
mono- and sesquiterpenes is limited. The reason for this lmeathe long held be-
lief, that terpenes and other natural products are metabaistes and lack any further
function for the producing organism. Starting from the 197bis opinion began to
change because of results that suggested plant terpentesiarggrowth inhibiting or
repellent to other organisms. That let assume that theytnsigive prominent eco-
logical roles [101]. A review covering the current knowledgn functions of selected
terpenes was published recently [60].

1.3 Brassicaceae — a plant family to study variability and bology of plant
volatiles

Members of the mustard family, the Brassicaceae (alsodc@liacifers or Cruciferae),
have along history as important crops. RepresentativeBlissica oleraceaB. rapa

B. nigra, Sinapis albaCamelina sativaEruca sativa or Lepidium sativunare widely
cultivated, and breeding has resulted in the developmeatvafiety of important cul-
tivars. Other genera likélyssum Aubrietaor Matthiola have become cultivated as
ornamental plants and are widespread in garden culture.spéges included in the
Brassicaceae family are sometimes difficult to distinguismg only morphological
features. Characteristics of the siliques are essentiadtermination of species [38].
Another important characteristic for the distinction ofteén taxa is the presence
and morphology of trichomes [129]. This monophyletic familvhich is assumed
to contain from 3350 [149] to 3709 species [7] is currentlyidid into 338 genera
which sometimes have only one or very few species per gejudHa@wever, tradi-
tional morphology-oriented taxonomy may not necessagflect a natural phylogeny.
Due to the availability of large scale sequencing methodsesgears ago, the bras-
sicaceaoug\rabidopsis thaliandbecame the first flowering plant with a completely
sequenced genome [76]. Traditional systematics gave wagrtparative sequence
analysis with other Brassicaceae species. Efforts argyhidertaken to build a more
natural taxonomy based on nuclear and plastidic gene segsi¢t9, 92, 93]. A broad
taxonomic overview of the current tribal assignments withie Brassicaceae is given
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by Al-Shehbazet al. [7]. From a selected number of 48 taxa from 24 genera, the
sequences of the genggi and Chswere compared and timepoints of divergence
were inferred (Figure 4, [93]). Based on these results, thgses to reconstruct the
phylogenetic history of the Brassicaceae were formulakégufe 4). According to
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Figure 4. Phylogenetic context of the genimbidopsiswithin the Brassicaceae. A
strict consensus tree from nine most-parsimonious tresstbanmatK andChsAse-
guences is presented. Bootstrap values are indicated asenfzge of 1000 replica-
tions above the branches, asterisks indicate the presumepgdints of divergence in
million years before the present (mya). Figure is based sulteefrom [93] and is
reprinted from [32]. Permission to reprint the figure wasagied from [93] and [32].
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this model, after the appearance of the Brassicaceae apmtety 50 million years
ago (mya), the lineage of the family split unequally at abd® mya giving rise to
modern dayAethionema grandiflor§e0]. Aethionemas the most “basal”, which does
not mean most primitive, taxon in the Brassicaceae, as stgubby all sequencing
analyses up to now [19, 58, 64, 92]. All other members ingestid diverged more
recently, the basal ones bei@gchleariafirst and the europeafirabisspecies Arabis

s. str.) withAubrietabeing next. Before the next estimated timepoint of divecgen
(16 — 21 mya), a group with modeiatthiola, Braya Hesperis Buniasand other
genera split from the others [19]. At 16 — 21 mya, the TribesBigeae with genera
like Thlaspi Alliaria, Sinapis Brassica Raphanus Sisymbrium and Fourraea split
from the remaining branch. From that branch, another greupade up of the genera
Barbarea Rorippa andCardaminewhich split presumably around 13 — 19 mya ago.
Around 10 — 14 mya ago, the remaining branch split up into tiesentArabidopsis
clade on the one side and on the other side the North AmelBoanhera(named after
the botanist Bécher, the genus was formerly includefirabis[6]), Turritis, Olimara-
bidopsis Capsella andCrucihimalaya The model planA. thalianais included in the
Arabidopsisclade.

Traditionally, Arabidopsiswas treated as monophyletic, but now it is regarded as
paraphyletic [130] with the closest sister group belaydaminopsi¢l122]. The newly

Figure 5:Arabidopsis lyratessp.petraea Plants growing in a typical habitat in north-
ern Thuringia on gypsum rock. Photo taken by the author.
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describedArabidopsisclade comprising the genef@ardaminopsisand Arabidopsis
represents the natural phylogeny according to current lediye [121]. That resulted

in the renaming of formeCardaminopsisspecies toArabidopsisspeciesA. lyrata,

A. halleri andA. arenosa The current knowledge about these three species is com-
prehensively reviewed in [32]. Currently three subspeaiesrecognized oA. lyrata

A. lyrata ssp.petraea(Figure 5) distributed in central and boreal Euragialyrata
ssp.lyrata in North America andA. lyrata ssp.kamchaticain eastern Asia and north-
western North America [5]. In recent years, besid¢haliana,these otheArabidopsis
species have attracted more scientific attention and openew fields of research
which could not be studied using one model plant alone. Or@ob reason for this
direction of research was certainly the high sequence aiityilto the model plant

A. thaliang but other reasons were the different breeding system#qgical prefer-
ences and life formgA. thaliana,for example, has a generation time of 6 — 8 weeks and
is inbreeding, with flowers having a weak scent (to human sjosemposed mainly

of sesquiterpenes [30, 160]. With knowledge about clossivels like the outcrossing

A. lyrata, it is possible to infer ecological functions of particulaaits. The research
described here follows this approach.

1.4 Primary objectives of this study

The present work comprises three chapters which describetigations of the chem-
istry and biosynthesis of volatile compounds emitted frdnthaliana,an in-breeding

annual andA. lyrata, an outcrossing perennial. The results of the presentetiestu
provide a basis for further investigations of the evolutaord functional ecology of
volatiles of the two Brassicaceae species. The primaryctiges of the presented
study were

(1) to determine differences and similarities of volatédepene biochemistry in
flowers and foliage oA. thalianaandA. lyrata,

(2) to examine the natural variation of floral volatiles amopulations ofA. lyrata
in Central Europe, and

(3) to investigate the molecular mechanisms controlingséiv@tion of insect-induced
terpene volatiles in differer. thalianaecotypes.
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2 Chapter 1: Comparative Chemical and Molecular Analy-
sis of Induced and Constitutive Volatile Formation in Ara-
bidopsislyrata and A. thaliana

Abstract

Little is known about differences in constitutive and strésduced plant
volatile emissions and the mechanisms controlling theerdnces among re-
lated plant species with significantly different life hises. The model plant
Arabidopsis thalianaand its close relativé\. lyrata ssp. petraea provide a
promising system for such studies since, compared to tfipshiinating annual
A. thaliang A. lyratassp.petraeais a perennial that is strictly outcrossing.

A comparative analysis of floral and herbivore induced vi@amission from
plants of Germa. lyratassp petraeapopulations and. thalianaindicates that
the different life histories of the two closely related sipscre also reflected in
their volatile profiles: wherea8. thalianaflowers emit only low amounts of
sesquiterpenes, the floral scentfoflyratais characterized by benzenoids like
benzaldehyde and phenylacetaldehyde. These compounes$esrged by a diur-
nal rhythm and known to be attractants of insect pollinatérsother difference
is apparent after induction by insect feedifglyrataemits E)-3-caryophyllene
from vegetative tissue, whereas wound-induced emissiams A. thalianaare
dominated by TMTT andK)-p-ocimene. Using a homologous PCR based ap-
proach with primers based on sequence information fforthaliang we found
two terpene synthas@ P9 genes inA. lyrata vegetative tissue that are upregu-
lated after herbivory. The transcripts showed a sequererditg of 85% com-
pared to known sequences frafnthaliana An (E)-B-ocimene synthase and a
(E)-B-caryophyllene synthase could be functionally identifigdrvitro enzyme
assays. In floral tissues &f. lyrata populations in Germany, nipslike genes
were found to be expressed.

2.1 Introduction

Arabidopsis thalianeghas become a valuable plant model system to investigate basi
plant physiology as well as ecological aspects of plantdgipl[161]. However, the
specialized niche oA. thalianaas a self-compatible annual of disturbed habitats, lim-
its the range of ecological studies one can untertake withsiecies. To go further,
some of the resources developed Aotthalianacan be applied to other species of the
Brassicaceae. Within th&rabidopsisclade,Arabidopsis lyratais a close relative to

A. thalianawhose ancestors diverged ca. 5 million years ago [92]. Quifiat time

the species separated enough to develop different bresgtgms and different life
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histories. Meanwhile the genome was reduced from presyn@aahcestral chromo-
somes as in moder. lyratato 5 chromosomes iA. thaliana Still, on an individual
gene nucleotide sequence level there is an overlap of ca.@8%eenA. thaliana
andA. lyrata This close similarity makes this species pair an idealesysior com-
parative biological studies. Chief characteristics of tiearly worldwide occurring
annualA. thalianaare its small weedy habit and self pollination. Thus thiscggseis
not appropriate for studying the features of perennialsfimmdl biology of outcross-
ing systems. In comparison #. thaliang A. lyrata is different in several aspects.
Three subspecies from different continents can be disghgd [121]. The subspecies
A. lyrata ssp. petraeacan be found in isolated habitats of central Europe, but it is
mainly distributed in Eurasian boreal regions [143, 147heDther two subspecies
lyrata andkamchaticaoccur in North America and in East Asia, respectively.

Habitats ofA. lyrata ssp.petraeaare characterised by the absence of grassy vege-
tation. Plantlets can often be found rooting in small fissutieectly on rocks. Types
of rocks supporting growth are gypsum stone or basalt gravelolomitic calcareous
soil. The density of individuals rarely reaches more thandividual per M. Due to
its ability to reproduce vegetatively by shoots that prd&drom roots, clustering of
rosettes is usually observed in the field. Each rosette pasdone to several flowering
shoots, with the terminal flower on the shoots available faligmation. If not polli-
nated, the flower senesces and new terminal flowers appeercesp that leads in a
greenhouse to long unbranched shoots. If pollination lemdeed production, slender
capsules with a length of 2 — 3 cm are produced.

The flowers are similar in shape and colour to the flowerA.ahaliang but are
two to three times larger with a size of 8 — 12 mm. They can bemies in the
field from April until August, and extended flowering until @ber is described [32].
The species is strictly outcrossing, being pollinated amgbmmer mainly by bees and
small flies.

Given the fundamental differences in life histories andebieg systems oA. tha-
liana andA. lyrata, we were interested in whether there would also be differgric
their volatile profiles. A principal function of volatiles in attraction of floral visitors.
While the outcrossing\. lyrata depends on floral visitors to produce seeds, the self-
compatible flowers ofA. thalianaare also sometimes visited by insects [72]. Both
species have white-coloured flowers. However/yrata flowers usually produce a
much stronger scent thak thalianaflowers which is not unexpected given the self-
incompatibility of the species and the need for pollinatitragtion. The major floral
volatiles of the North American subspecisabidopsis lyratassp.lyrata were shown
to be benzenoids, benzaldehyde and phenylacetaldehy@g HL2 nothing is known
for A. lyratassp.petraea Based on the different life forms of the two closely related
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crucifers, any differences in floral volatiles may allow aswpothesize a function for
these chemical cues. Since floral scent may not only attigitbrs for pollination,
it may repel foraging insects searching for food or breedipgortunities. Therefore
we also investigated whether scent emissions change dniging and day. Diurnal
emission patterns may also help shed light on the activitiepss of insects that visit
floweringA. lyrata

Another major function of volatiles is to serve as signatsrfrherbivore-damaged
foliage to attract herbivore enemies. Feeding by catargiland other insects is well
known to induce the emission of volatiles in cultivated péalike maize [40], beans
[13], or cotton [141] which attracts wasps that are paraistof the feeding larvae
[146]. Unfortunately most of the studies on herbivore-icel volatiles have employed
crop plants that have been uncoupled from natural evolatiofiorces by breeding
efforts. We investigated the herbivore-induced volatdég\. lyratato compare with
the previously described volatiles frofn thaliana(Chapter 3 and [160]) to determine
if life history, breeding system or habitat influence thiittiusing a species pair that
has not been subjected to selection by humans.
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2.2 Materials and Methods
Plants

We sampledA. lyrata ssp.petraea(L.) Hiitonen from Germany, one of three sub-
species of\. lyrata. The subspecieA. lyratassp.lyrata occurs only in North America
andA. lyrata ssp.kamchaticalFisch. ex DC.) O’Kane & Al-Shehbaz can be found in
eastern AsiaA. lyrata ssp.petraeais also known agardaminopsis hispidéMyg.)
Hayek, C. petraea(L.) Hiitonen or Arabis petraegL.) Lam. In this study we apply
the classification of O’Kane & Al-Shehbaz [121] and Koch efi@l], who refer to it
asArabidopsis lyratassp.petraea Plants and seeds were derived from populations in
southern Germany (Germany, northern Bavaria, Frankische/&z). One population
was close to Neutras (NT), and another one was located naaRigch. For the des-
ignation of the Plech plants see Table 1. Plants were ctétiven plant climate rooms
with a constant 2ZC, 55% relative humidity (rel. H.) and 10-h light/14-h dargclkes
with a light intensity of 16Qumol mr2 s1 PAR.

Seeds from a controlled crossing experiment performed thé@lPlech population
[33] were treated for germination as follows: seeds werequaon wet filter paper
in petri dishes and vernalized in the dark aC4for 2 — 3 weeks. The substrate for
growing plants was an autoclaved mixture of vermiculitetilfeer, and Arabidopsis
soil. Germinated seeds from which lines could be estaldishere placed in plant
climate chambers on wet substrate and covered with a tigargliplastic dome to
preserve high humidity conditions.

As A. lyratais self-incompatible and leads by cross-pollination tchhigvariable
successors, clonal plant lines had to be established. sRlate propagated vegeta-
tively to obtain clonal lines by separating shoots that g@efrom the same rootstock.
The shoots were further cultivated on soil. Mature plantsevavailable two months
later. Designations for seeds and lines used are given ile Tab

Table 1: Designations for seeds and linesfofyrata from a controlled crossing ex-
periment which were used in this study. The desighated nmaldemale plants were
derived from field collections described elsewhere [33jog8mg of the male and fe-
male plants led to seeds from which several individual giaes could be established.

Male Female From 5 seeds More than 3 clones could be es-
germinated tablished from lines

59-2 59-5 4 Gr4Al, GrdA2, GraA4

61-5 50-1 5 6A4

56-3 61-4 4 8A4

80-1 S-4 5 11A2, 11A4

S-5 D-3 2 14A1

73-2 83-2 3 22A1, 22A2

R-9 50-3 2 24A1, 24A2

FR-3 -4 4 2B1

R-3 C-4 5 16B3

M-4 R-7 5 23B1, 23B3
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Insects

Insect-feeding experiments were performed with larvae Bfuella xylostellaG88
colony. Larvae were reared on artificial diet with a wheahgbase at 27C with 18-h
light/6-h dark cycle [134] and were used at their third orrfbunstar, when they had
a size of ca. 8 — 10 mm.

A dynamic headspace volatile collection system (see Vel@llection) was used
for the experiments. Potted plants were placed at day 0 iodhection system. In the
morning of day 1, 20 — 30 larvae Blutella xylostellawvere taken from the artificial diet
and placed on the leaf surface of plants. Volatiles wereectdd for 8 h. Twenty four
hours later, larvae were removed from the plants and vesatibllected for another
interval of 8 h. On day 3 a final volatile collection of 8 h wasfpemed.

\Volatile Collection

A dynamic headspace volatile collection system was empldgeherbivory experi-
ments and other longer-term collections. The system waalled in a plant climate
chamber operating at 22, 70% r. H. and 15Qmol mr2 s1 PAR with a 12-h light/12-h
dark cycle. The design of airflow allowed collection from &uptis to be sampled in
parallel with defined flow rates for each sample. The soil aad Ipalls of plants were
wrapped in aluminium foil and the complete plant was placed dessicator of 3 L
volume. Continuous dry air was passed over charcoal filtedsparrified by a What-
man Balston Zero Air Generator (Whatman, Tewksbury, MA, J8#&h a maximum
flow rate of 18 L/min. The flowrate of air into the plant conginvas 1.2 L/min, while
air was actively pumped out with a rate of 1.0 L/min. Air maig was regulated by
passing half of the incoming air through a flask containirgfilied water. Volatiles
were collected by passing the exiting air over a trap with 5ahgctivated charcoal
placed directly at the outlet of the glass container.

Less abundant volatiles from flowers were collected with aensensitive closed
loop stripping method [44]. Four to 15 individual flowers weaut and transferred to
10 mL glass beakers filled with tap water and placed in a 2 Lsglassicator in a plant
climate chamber. Air circulated continuously with a floveraif ca. 1 L/min, passing
over a trap with activated charcoal. Floral volatiles weskected over a period of 8 h
during the light phase.

Headspace solid-phase micro extraction (SPME) [176] wed & the analysis
of flower organ specific volatile emission and for collectimgpducts of enzyme as-
says. Fibers used were PDMS-100 (180 Polydimethylsiloxane) and CW/DVB-65
(65 um Carbowax/Divinylbenzene) fibers (Supelco, Bellefonte B8A). Single flow-
ers or parts were enclosed in a 1 mL glass vial sealed withtarsegap. The septum
was punctured and the SPME needle inserted without touamggsample material.
The complete system was incubated &Q@%and the fiber exposed for 30 min to the
headspace of samples. Following exposure, the fiber watédsato a GC-MS sys-
tem as described below.

Adsorbed volatiles were eluted from the charcoal trap wllub CH,Cl, with
nonylacetate or 1-bromodecane at a concentration of|2_rag internal standard (1S).
1L of the eluate was analyzed with a Hewlett-Packard 6890 haswatograph cou-
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pled to a Hewlett-Packard 5973 quadrupole mass selectiestde Separation was
performed on (5%-phenyl)-methylpolysiloxane columns \\&cientific, Folstom,
CA, USA) of 30 m x 0.25 mm i. d. x 0.2pm thickness. Helium was the carrier gas
(flow rate of 2 mL/min). A splitless injection was used, ancemperature program
starting at 45C with a ramp of 3C/min to 180C followed by a ramp of 60C/min to
300°C. Mass spectrometry was performed with a transfer line &atpre of 230C,
source temperature of 230, quadrupole temperature of T8L) ionization potential
of 70 eV, and scan range of 35 to 350 atomic mass units. Congisonare identified
using mass spectral libraries NIST98 (Agilent Technolsgialo Alto, CA, USA) and
Wiley275 and confirmed with authentic standards where abvkdl For quantification,
selected ion peaks of each compound were integrated artddétathe response of
the internal standard (SIM, selected ion monitoring).

An unknown benzenoid, detected with charcoal adsorptiambtiwith PDMS-
100 and CW/DVB-65 SPME fibers, could not be further identifiede EI mass spec-
trum of the unknown product had main fragments with m/z 51,and 105, a pattern
which is characteristic for a variety of benzenoids. Sdvewsenpounds suggested by
the MS libraries NIST98 and Wiley were analysed by GC-MS, dubf them had
retention times different to the unknown benzenoid.

Proton-Transfer-Reaction Mass Spectrometry (PTR-MS)

Proton-transfer-reaction mass spectrometry (PTR-MS) igaktime technique for
long-term continuous measurements of volatile emissiaih Vimited analyte frag-
mentation due to the low energy input used for protonatiohe detection allows a
high temporal resolution of less than 1 min. Details of thalgital technique are
described elsewhere [39, 106].

A mobile Proton-Transfer-Reaction Mass Spectrometer @RISRfrom lonicon
Analytik, Innsbruck, Austria) was used to measure contirslothe emission pattern
of whole floweringA. lyrataplants. One flowering plant (A) and one plant in a vegeta-
tive state (B) were placed in desiccators of 2 L volume. Dedirs were supplied with
scrubbed (free of volatile organic carbons and ozone) anddified air (~ 50% r. H.)
at a flow rate of 1 L/min. Light was obtained from two sodium faand the tem-
perature range was between°€3(night) and 28C (day). Volatile emission from
A. lyrata flowers and leaves was measured by alternating the air flony @@ min
between A and B with the help of an automatically controllat/g switch. The emis-
sion of floral and leaf volatiles was measured continuously46 hours, including
two nights and days. The PTR-MS was run at an E/N mode of 12Gcampounds
of interest were measured in selected ion mode includingptbtonated masses of
benzaldehyde (m107), phenylacetaldehyde (m121), m@uierolefins (fragments
of m81 and m137), methylsalicylate (m153), and sesquiterpdefins (fragments of
m149 and m205). PTR-MS data were corrected for mass diswtion and for the
background signal measured from each empty desiccatoal esquiterpenes were
calculated from the contribution of measured fragmentatiked to the total fragment
masses.



2.2 Materials and Methods 19

RNA Extraction and cDNA synthesis

For RNA extraction of leaves, 1 g fresh weight leaf materialsvground to a fine
powder under liquid nitrogen and incubated with 10 mL TRIRelagent (Invitrogen,
Carlsbad, CA, USA) for 15 min at 2&. Two mL chloroform were added and the
extract again incubated for 3 min at”a Phases were separated by centrifugation
(12.000xg, 15 min at4C). The aqueous phase was removed and mixed with 2.5 mL
isopropanol and 2.5 mL high salt precipitation buffer (1.Zbtlium chloride, 0.8 M
sodium citrate). Precipitated RNA was separated by ceg@iion (12.000xg, 10 min
at £C). After washing the RNA with 80% ethanol, the pellet wasdaied and dis-
solved in 200uL DEPC-treated water. The quality of RNA was determined lpase
rating RNA on a formaldehyde-agarose gel with ethidiumbdenand analyzed under
UV-light.

Floral RNA was extracted from 100 mg fresh weight of flowergtwihe RNA-
Extraction Kit RNeasy (Qiagen, Hilden, Germany) accordiaghe manufacturer's
protocol. An on-column DNA digestion was performed with BegQiagen, Hilden,
Germany). The quality of RNA was analyzed with the microttapi analyzer Bioan-
alyzer 2100 (Agilent, Palo Alto, CA, USA).

Synthesis of cDNA was done with dg of total RNA. cDNA was produced by
reverse transcription with an engineered version of M-MEVarse transcriptase from
Invitrogen (SuperScript Il RNase™HReverse Transcriptase, Invitrogen, Carlsbad, CA,
USA). Two hundred units were used in a total volume ofy0at 50°C for 60 min,
followed by an inactivation at 7@ for 15 min, according to the manufacturer’s proto-
col.

PCR and Sequencing

Polymerase chain reaction (PCR) was performed with Platifag polymerase (Invit-
rogen, Carlsbad, CA, USA) for standard procedureBfafurbo (Stratagene, La Jolla
CA, USA). PCR amplification from cDNA was done in independeimticates. Each
PCR cloned fragment and three clones of each replicate veegueaced with vector-
and fragment-specific primers to confirm correct amplifaati Onepl of template
cDNA was used per reaction; primer concentrations weud5Primers used in this
study to detect expressed sequence tags are listed in Tabkr@ene synthase tran-
scripts were detected with primers that were designed basea homology search
from theA. thalianaNCBI database (http://www.ncbi.nlm.nih.gov).

A T-Personal and T-Gradient Thermal Cycler (Biometra, @ggn, Germany)
were used with an initial denaturation step of@6for 3 min, followed by 30 cy-
cles of 94C for 20 s, annealing temperature for 30 s;G@Zor 2 min, and a final
elongation step of 7Z for 10 min. The annealing temperature was adjusted to the
characteristics of each individual primer pair and was i tlinge of 52—6&C. Ini-
tial cloning of PCR amplified fragments was done with the ¥e@CR4-TOPO (In-
vitrogen, Carlsbad, CA, USA) and propagatedEincoli Top10 (Invitrogen, Carlsbad,
CA, USA). Sequencing reactions were performed with the Byg-system Versionl.1
from ABI (Applied Biosystems, Foster City, CA, USA), purifiever Sephadex G50
superfine (Fluka, Buchs, Switzerland) 96 well plates andyaed on a ABI Prism
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Table 2: Primers used in this study to detect terpene syatinasscripts.

‘ Oligo ‘ Sequence 5-3'; fwd, rev Specific for
SL1 | TATATTTGATGTAATCATCG, TTGAACCATAGCAGTGAAGAG At3g25810
SL2 | TATTTGATGTGATCATCGACC, GGAACACTTAAGATATAAAAGGT At3g25830
SL3 | CTGGTGGATGGAGACAGGTTT, CGGTGAGGTTACAAGGTCGTT At2g24210
SL4 | GAGACAAAGGATCAAATGGAG, CCATTGGTCTTTAACATAGAA At4g16740
SL5 | TAAAGAAGAGGTGAGGAAGAC, CTAGAAATAAGTTTAAGTTCT At4g16730
SL6 | ATGATCGATGTCATTCAAAGT, TTAAATGTTTGAGACATTTCTC At1g61680
SL7 | CAGGAAATGGATGATCTTTGGA, GTGGTTAGTGTTTTCAGATCTTG At1g70080
SL8 | GAAATTGATAGCCTTGGGAGA, TTCACGATAGTTTGAAGCTCT At5g48110
SL9 | GATATGGATATGCTTACAATAG, CTTTCGACACAATCAAGAAGC At2g23230
SL10 | GAAATGAATGCCCTTGCCCA, TCAGAAACATTACCGTATCTA At4g15870
SL11 | GAAATGGATGTTCTTGAAAGA, ATTGATGAGGCTTTCGACCTC At3g29110
SL12 | GAAATGGATGCGCTTAGGAAA, CTCTCCAGACTATTGGTGAGG At4g20210
SL13 | ATTTCTTTAGGAGATTCAAAGG, CTCTTCTATTGTGGCACACAC At3g29190
SL14 | GAAATGGATGCACTTAAAGAA, GTGTATTTCACACTGTAAGAT At4g20230
SL15 | GAAATGGATGCCCTTAGAAAA, CTCTTCAAAAGTATCCAAAAT At4g20200
SL16 | ATGTATTCAGAAGATTCAAAGGGAG, TAGAATCGCTAAACAAGTGAAGTAC At1g66020
SL18 | TGGAGGAAAATATAGTGATAT, CGGTGCTGAGGTATGTGAAGA At5g44630
SL19 | AAACAAATGTCCAGATGGGAT, TCAAAGAGGTATTGGATGGAG At3g29410
SL20 | ATGGCAGTAGCAAGAACGGTT, CTCTTGGATGTAATGTAAACG At3g32030
SL21 | ATGGGTTTTCGAGCTAAAACT, TTGGTGAGAGTTTTTAGCTCT At1g33750
SL22 | TGAAGCCAAAAGTGAGAGACATG, GCTCTTGGATATAATGTAGCTGGC At3g14490
SL23 | GAGTTTGATGAGCTAGAAAGAGAGATTG, GTGAGCGTTTTGAGTTCTTGGA At1g31950
SL24 | ATGCCTTTGATAGATTCAGAG, CTCGTAGGTTCCTACGTCATT At3g14520
SL25 | ATGCCTTTGATAGATTCAGAG, CTCGTAGGTTCCTACGTCATT At3g14540
SL27 | GGAACTGAGACGTTCAAAGAG, CGCTGTGAATAAGATTAGTGC At5g23960
SL28 | ATGGGAAGGAGAAGAGCTTAA, TTAGTAGAAGCATGGTGCGAAT At1g61120
SL29 | TCAAAGGGAAGAGAAGCATA, CGATATGAGGTTTTTGTAACTC At1g79460
SL30 | ATACCAAAAGAGATAATGCA, CTCGCCAGGTAAGTCTTTCAT At4g02780
SL31 | GTGTATTCAAGAGATTTACAG, CTTTCCACACAATCTACGAGC At4g13280
SL32 | GCTTGTGAGTCTTGGTCTCGC, AGCGAGGTGCAGTTCCACGAT At1g48800
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Gen-Analysator 3100 sequencer with 16 capillaries (ApgpBesystems, Foster City,
CA, USA).

Protein Expression andin vitro Enzyme Assays

Standard protein expression was performed &itboli BL21(DES3) (Invitrogen, Carls-
bad, CA, USA) ancE. coli BL21(DE3) Codon Plus (Stratagene, La Jolla, CA, USA)
cells. Plasmid pCRT7/CT-TOPO (Invitrogen, Carlsbad, CSA) with the coding se-
guence of interest was transformed freshly and three liquidires were set up from
individual clones. Induction was performed at C8overnight with 1 mM isopropyl-
1-thiof3-D-galactopyranoside in LB medium with ampicillin. Tergesynthase activ-
ity was measured by determining the turnover of the sulestrgéranylpyrophosphate
(GPP) or farnesylpyrophosphate (FPP) in an aqueous emv@ohninto volatile prod-
ucts. A crude recombinant protein extract was obtained &dr@0 mLE. coli culture.
Cells were harvested at@, washed with 20 mL wash buffer (20 mM Tris-HCl pH 7.5
and 50 mM KCI) and resuspended in 5 mL MOPSO buffer (50 mM MORSI(Y.0,

5 mM MgCl,, 10% glycerol, 5 mM DTT, 5 mM sodium ascorbate, 0.5 mM PMSF).
Cells were lysed with a sonicator and the cell debris sepdribm crude extract by
centrifugation at 20.000xg for 20 min and@. The supernatant was desalted using
a Bio-Rad Econo 25 column. One hundngd of the purified eluate were used for
crude protein enzyme assays in a total volume of @00~or partially purified 6xHis
tagged protein extract, 1AL were used in a total assay volume of 5@0. Assays
were performed in 1 mL glass vials closed with a septum. A @®0polydimethyl-
siloxane SPME-fiber was inserted through the septum andsexptm the headspace
of the sample. The assay was incubated &C3for 1 h and adsorbed volatiles were
analyzed with a GC-MS system using conditions as describedea
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2.3 Results

Flowers from A. lyrata ssp. petraea populations in Germany emit ben-
zenoid metabolites but no terpenes

Sampling of floral scent from. lyrata ssp.petraeawith dynamic headspace collec-
tion as well as with closed loop stripping revealed the absef any floral emitted
terpenes in contrast tA. thaliana Instead, we found emission of benzenoid deriva-
tives from whole flowering plants as well as from single flosvesing headspace solid-
phase micro extraction (SPME) analysis. Figure 6 shows iaalgolatile profile of
flowering and non-flowering\. lyrata ssp.petraeadetermined via dynamic headspace
sampling. By conducting SPME analysis of volatiles fromasaped floral organs, the
two main benzenoid compounds, benzaldehyde and pherglidebyde, were found
to be emitted exclusively from flower petals, and not fromeothrgans (Figure 7).

a)
2.0
2
10 1 3 S
S
x Jl\ 4 5 6
:-; 1LM A‘l IKA}LA T Al T iJL A 1 T T
e
b) % IS
c
>
Ne)
<<
0.4 -
0.2
4 5
6
MW AﬁM;J\‘ LALMIA JU\\?/L_ M |A‘)\A -AI—A/\‘~I‘W
8 12 16 20 24

Retention time (min.)

Figure 6: GC-MS chromatogram (total ion current) of vokgtiemitted frormA. lyrata
ssp. petraeaduring (a) and prior (b) to flowering. 1: Benzaldehyde, 2: e
acetaldehyde, 3: unidentified benzenoid compound, 4: NaranDecanal 6: (+)-
Cyclosativene
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Other compounds, including C-8, C-9, and C-10 aldehydese wbserved in trace
amounts from vegetative tissue. In addition, the sesqéter (+)-cyclosativene was
detected reproducibly from leaf tissue in small amountse Wentification of (+)-
cyclosativene was confirmed with an authentic standardé@yluro discriminate from
the commercially not available isomer (+)-cycloisosatwe which has the same El
mass spectrum, samples and standard were separated on anBB52B-wax col-
umn. The retention times of the standard (+)-cyclosativamithe sample on the DB5
column was 22.03 min and on the wax column 13.59 min. The Ekrapsctra of the
standard (+)-cyclosativene and the sample were idenfiégli{e 13).

A) intact flower

B) petals

—_— e

C) flower, petals removed

Figure 7: Floral organ volatile analysis. Flowers were nadliyudissected and scent
emission of the different organs was monitored with heaclsi@PME. The GC-MS
analysis revealed that benzaldehyde and phenylacetaldebgre emitted from petals
only.
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Diurnal rhythm of volatile emissions from A. lyrata

Floral scent is usually emitted in a temporally variable merto attract putative pol-
linators at their time of highest foraging activity. We detined the temporal change
of floral emission by continuous volatile measurements é@&h. A diurnal rhythm
of emission for the benzenoids and the sesquiterpene ¢Hpsativene was evident
after continuous monitoring of emission from a plant in follbom with a dynamic
headspace system (Figure 8). Volatiles were collected 48dt in 2 h intervals and
analysed by GC-MS. From flowering plants, the most abundamipound detected
during light was benzaldehyde with amounts of roughly sixl foigher than during
darkness: the emission peaked approximately one hourligft¢ronset and began to
decrease around six hours later. At the beginning of dagribe level was already
low and it remained low until 1 — 2 hours before the onset difitligA similar pat-
tern was observed for phenylacetaldehyde, though this cantpis app. 10 fold less
abundant than benzaldehyde. An unknown benzenoid proailca lsimilar emission
pattern and abundance as benzaldehyde. (+)-Cyclosativaeehe only sesquiter-

Continuous monitoring of volatile emission of flowering A. lyrata
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Figure 8: \olatile benzenoid and terpene emission mortdtondgth a dynamic
headspace system. \olatiles were collected for 48 h in two Itervals on active
charcoal. Main volatile compounds: benzaldehydephenylacetaldehydgl, (+)-
cyclosativenex, an unknown benzenoid compoudd The ratios of the aldehydes
was different with PTR-MS and SPME detection, the unknownzbeoid was also
not detected with these two methods. The scale for (+)-sgtigene is on the right.



2.3 Results 25
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Figure 9: Continuous 48 h high-resolution volatile emissfmttern ofA. lyrata
ssp.petraearecorded by PTR-MS. A whole flowering plant (a) is comparethvai
plant without flowering shoots (b). The detected masses ntdidehyde/ (107),
phenylacetaldehyd& (121) and sesquiterpene olefifis (205) are shown. In (a) the
scale for the latter is on the right side due to the low amoahtesquiterpenes. ncps:
normalized counts per second
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pene detected and its emission was attributed to leaf tesiye Its emission pattern
was similar to benzaldehyde, but the peak emission wasedhift ca. 2 hours later
compared to benzaldehyde, whereas the overall abundarscaraiand 100 fold lower.

As the ratio of the aldehydes benzaldehyde and phenyldetigde detected with
the dynamic headspace collection was different to thatctledewith SPME, we used
a third volatile detection method to investigate diurnajthim. Proton-transfer reac-
tion mass spectrometry (PTR-MS) [159], confirmed the rhythemission of volatiles
obtained by dynamic headspace sampling. Volatile emissibia floweringA. lyrata
(Figure 9 a) in a glass jar were detected on-line over 48 hiimpawison to a plant with
only vegetative tissue (Figure 9 b). The flowering plant sbda clear light-dependent
emission of m/z 107 (benzaldehyde) and m/z 121 (phenylaettpde). The signal in-
tensity of m/z 205 (total of sesquiterpenes) was more th&fdl@ lower than m/z 107
or 121 but also follows a light dependent emission pattetthefOm/z signals detected
did not show this kind of oscillation and remained lower th@ckground intensities.
The analysis of a plant with vegetative tissue only showedstime light-dark pattern
for m/z 205 with a similar signal intensity, but neither m@71lnor m/z 121 could be
detected (Figure 9 b).

Terpenes are emitted from vegetative tissue @&. lyrata upon insect-feeding
and show high intraspecific variability

As we concluded that terpenes are not part of the floral sde@eomanA. lyrata
populations, we wondered whether they might be induced $Bcinfeeding as it is the
case forA. thaliana Feeding experiments oh. lyrata were performed with caterpil-
lars of Plutella xylostella a lepidopteran specialist feeding on Brassicaceae specie
Volatile analysis after feeding revealed that herbivorgoahduced volatile emission
from A. lyrata. Several lines were tested from the Neutras population @sy,
Frankische Schweiz), and most lines showed inducible éonisd/olatiles were de-
tected not earlier than 15 hours after insect feeding be§yagualitative comparison of
herbivore-induced plants versus controls (Figure 10) shiotvaspecific variability of
the volatile blends. The C-11 homoterpene, 4,8-dimethg|7tnonatriene (DMNT),
was frequently detected during herbivory, although it was present in every line
investigated. When the C-16 homoterpene 4,8,12-trimet8l7,11-tridecatetraene
(TMTT) was detected, usually the terpene alcohol nerolidad detected as well. The
monoterpenel)-f-ocimene was emitted from some lines, the only sesquitepde-
tected werek)-B-caryophyllene accompanied by minor amountsidfumulene. The
benzenoid methylsalicylate was present only in few plants .
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Figure 10: Qualitative comparison of volatiles emittednfré. lyrata Neutras (NT)
population lines after herbivory bilutella xylostella Each upper chromatogram is
a total ion current chromatogram from control plants, thvedloones show the emis-
sion during herbivory. NT-lines presented: A: NT16, B: NTZD NT35, D: NT51.
Volatiles: 1. DMNT, 2: (+)-Cyclosativene, 3:E}-p-Caryophyllene, 4: Nerolidol,
5: TMTT, 6: Methylsalicylate, IS: Internal Standard
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Table 3: Detection of terpene synthase transcripté.ityrata before and after her-
bivory by Plutella xylostella Shown are results of experiments with line NT20; in
brackets are transcript patterns of other lines: + = trapispresent, - = no transcript
detected

Locus TPS-Nr. Herbivore Control
damage
At3g25810 1 - -
At3g25830 2 + +
At2g24210 3 -(+) -(+)
At4g16740 4 -(+) - (+)
At4g16730 5 -(+) - ()
At1g61680 6 - -
Atlg70080 7 - -
At5g48110 8 - -
At2g23230 9 - -
At4g15870 10 - -
At3g29110 11 - -
At4g20210 12 - -
At3g29190 13 + +
At4g20230 14 - -
At4g920200 15 -(+) - (+)
At1g66020 16 - -
At4g13300 17 - -
At5g44630 18 - -
At3g29410 19 - -
At3g32030 20 - -
At1g33750 21 - -
At3g14490 22 + +
At1g31950 23 - -
At3g14520 24 + +
At3g14540 25 -(+) - (+)
At1g54660 26 - -
At5g23960 27 + -
At1g61120 28 -(+) -
Atlg79460 29 + +
At4g02780 30 + +
At4g13280 31 - -
At1g48800 32 - -
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Terpene synthase genes are upregulated in leaves Af lyrata in response
to herbivory

The sesquiterpenes detected as herbivore-induced eslafid. lyrataare direct prod-
ucts of terpene synthases. Therefore we wanted to invesstiga possible upregula-
tion of terpene synthas@ P9 genes after herbivory. Because of the high sequence
similarity betweerA. thalianaandA. lyrata, we chose an RT-PCR approach with ho-
mologous primers derived from. thaliana A primerset for all knownTPSgenes of
A. thalianawas developed based on the available sequence informdtmprimers
were designed to have annealing temperatures #5656 and to yield PCR amplified
fragments of 300 — 700 bp.

RNA of herbivore-treated and untreated samples was egtitdicim leaf tissue and
cDNA was produced. RT-PCR showed upregulated TPS tramsader herbivory
(Table 3). For the transcripts of TPS2 and TPS3, which weoadan herbivore-
treated and untreated samples in all lines other than NF0signal intensity was
clearly stronger in treated samples compared to contropkamAll transcripts except
the ones detected with primers specific for TPS13, 22, 24 &%P8 were sequenced
for verification. The detection of transcripts for TPS5 arRiISR7 correlated with the
emission of the terpeneg)-B-ocimene andK)-f-caryophyllene, respectively. Tran-
scripts of the E)-B-caryophyllene synthase homologous gene were only detaéter
herbivory in lines which emitteds)-p-caryophyllene.

Terpene synthases fromA. lyrata show high sequence similarity to terpene
synthases fromA. thaliana

We foundTPSsequences iA. lyratacorresponding to those responsible for the biosyn-
thesis of E)-B-ocimene andg)-f3-caryophyllene irA. thaliana and we sequenced the
full-length transcripts to determine the degree of seqeaimilarity. InA. thaliana

the gene At5g23960 (TPS27) was found to be uniquely resplentir floral emitted
(E)-B-caryophyllene [160]. At5g23960 has 7 exons which is theesgemetic structure

as othefTPSgenes inA. thaliana The resulting coding sequence of 1644 nucleotides
is translated into 547 amino acids. The homologue ffanyrataalso consists of 7 ex-
ons with two codons les§,e. 1638 nucleotides and 545 amino acids. DNA sequence
identity was 93%, whereas protein sequences were 91% dédémtnd 95% similar.
The protein sequence alignment is shown in Figure 11.

A transcript with a high similarity to the pseudogene At4¢36 fromA. thaliana
ecotype Col-0 was found after herbivory in some lines thaitteth (E)-3-ocimene.
The full transcript was amplified from cDNA by PCR and seqehcThe gene con-
sists of 7 exons, and the resulting cDNA has 1647 nucleotitsare translated into
549 amino acids. Thim vitro analysis of heterologously expressed proteifircoli
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showed activity of anK)-p-ocimene synthase (Figure 12 A). A comparative sequence
analysis of deduced amino acid sequences of the isofatiydatagenes and published
TPS sequences frof. thalianawas done with ClustalW (Figure 14).

Induced TPS enzymes ofA. lyrata with high similarity to At4g16730 and
At5g23960 fromA. thaliana make (E)-B-ocimene and E)-B-caryophyllene

Terpene synthases with different enzymatic function shibw a high sequence simi-
larity. Therefore we investigated the catalytic activifytloe proteins encoded by the
full-length sequences of the homologues At4g16730 andZ28960 fromA. lyrata. A
cDNA amplified by RT-PCR was cloned into an expression veatat overexpressed
in E. coliBL21 (Codon Plus) cells. Proteins were extracted after 2 diayn bacterial
culture. Enzyme assays with the At4g16730 homologue froml Doude extract in
1 mltotal assay volume and 1 geranyl diphosphate as substrate yieldedcimene
and E)-B-ocimene (Figure 12 A).

Enzyme assays with the At5g23960 homologue fromul€rude extract in 1 ml
total assay volume and 1M farnesyl diphosphate as substrate yieldEd-§-car-
yophyllene andx-humulene (Figure 12 B). The mass spectrak)f§-caryophyllene
obtained from volatile collections after herbivory, frohetin vitro enzymatic forma-
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Figure 11: Protein sequence comparison of the full-legtlyrata sequence of the
At5923960 homologue oA. thaliana Sequence similarity was 95%, and sequence
identity was 92% (shaded black). The DDxxD motif which is miatory for the cat-
alytic activity of TPS enzymes is underlined.
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Figure 12: Separation of volatile products formedifbyitro activity of theA. lyrata
proteins homologous to At4g16730 (A) and At5g23960 (B) franmhaliana Shown
are total ion current GC-MS chromatograms after headspacgling with SPME.
The assays were performed for 60 min with crude bacteriaghetkand 1QuM GPP (A)
and 10uM FPP (B). 1:B-myrcene, 2: Z)-ocimene, 3: [£)-3-ocimene, 4:a-copaene,
5: (E)-B-caryophyllene, 6a-humulene
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Figure 13: The El mass spectra of the detected sesquitergfeheyclosativene and
(E)-B-caryophyllene are identical to authentic standards. #entic standard for (+)-
cyclosativene, B: sample spectrum of (+)-cyclosativeneguthentic standard foEj}-
[B-caryophyllene, D: sample spectrum &){B-caryophyllene. Spectra were obtained
by ionisation with 70 eV.
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tion and from an authentic standard all gave the same fragpsdtern after 70 eV
ionization (Figure 13).
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Figure 14: Amino acid sequence similarities of terpene Igses fromA. thaliana
and A. lyrata obtained by the ClustalW algorithm with standard paransetebe-

duced amino acid sequences from databases (dashed linesjneleded along with
sequences of known enzymatic functions (solid lines).

thases.

Téguences cluster in
a monoterpene synthase group, a diterpene synthase graup &rge group of
sesquiterpene synthases which may contain pseudogenesllaagsvditerpene syn-
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2.4 Discussion

By analysingA. lyrata ssp.petraea a close relative t@. thaliang we found striking
differences in floral volatiles and those emitted from vate¢ organs. Nevertheless,
theTPSgenes responsible for the formation of terpenoid compowmals very similar.

Our analysis of floral scent oA. lyrata ssp. petraeapopulations in Germany
showed no floral specific terpene emission. The most abundéattles were the ben-
zenoid metabolites, benzaldehyde and phenylacetaldetytislies of floral volatile
emission of some members of the Brassicaceae family havedeseribed [88]. From
cultivars ofBrassica napu#t is known that the flowers emit several mono- and sesquiter-
penes, but no benzenoids [78]. Floral monoterpene emissianyrcene anctis-
ocimene from the North-American subspeciedyrata ssp.lyrata is reported [126].
The authors also report benzaldehyde and phenylacetaldets/major floral volatiles
from A. lyratassp.lyrata.

Molecular and chemical analyses of floral volatiles frémthaliana were de-
scribed recently [30, 160]A. thalianaproduces low amounts of floral volatiles. The
floral volatile blend consists mainly of a group of sesquiéres which are produced
by the activity of only two terpene synthase genes [160]. ddge, limonene and
linalool were detected as well. Benzaldehyde was a minorpooumd of the floral
scent.

Diurnal as well as nocturnal rhythms of floral volatile enossare known from
several members of different angiosperm families [109,98,9%, 132]. Benzenoids
that peak during the night are known frokioya carnosa(Rutaceae) [8], several
species ofNicotiana (Solanaceae) [132], anfintirrhinum majus(Scrophulariaceae)
[48]. For crucifers, nocturnal emission of benzenoids [kenylacetaldehyde is de-
scribed fromHesperis matronalifl 16], while cultivars oBrassica napusmit monoter-
penes diurnally [78].

Floral emission patterns fromicotiana sylvestrisvere studied as well. Flowers
emit large amounts of benzaldehyde and benzyl alcohol guhia night, but nearly
none during the day [109]. For methylbenzoate and methigidate, a similar oscil-
lation was found, but not folH)-p-caryophyllene [108].

Using A. lyrata we could show for a member of tirabidopsisclade that floral
specific volatiles were diurnally emitted\. lyrata has a peak emission of benzenoids
during daytime. The emission decreases several hoursebferonset of darkness,
and reach background levels at the onset of darkness. Bmi$sés again at the end of
darkness. This pattern could be shown by two different mathfirst with a dynamic
volatile collection with solid phase trapping followed byC&S analysis (Figure 8)
and second by PTR-MS analysis with a higher temporal rasalFigure 9).

To attract pollinators, it may be a good strategy to releadatiles at times of
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highest pollinator foraging activity. At times of low adty, volatile signals may be
counter-productive, attracting herbivores or non-paliing floral visitors, or at the
very least a waste of resources. The benzenoids benzaklema phenylacetalde-
hyde are known to attract nocturnal pollinating moths. Boene latifolia(Caryo-
phyllaceae), the nocturnal emission of phenylacetaldeliwydorrelated with the flight
activity of moths that act as pollinators [45]. We could destoate that the ben-
zenoids fromA. lyrata flowers were emitted in a distinct diurnal pattern. The pefak o
emission at mid-day suggests pollination by day activedtssend not nocturnal ones.
Foraging solitary bees (members of Andrenidae and Hadie)idhave been observed
on A. lyrata flowers (personal observations). Bees, known to be efiegollinators
of other species [52, 71], were most abundant as flower w@sabA. lyrata between
11 am and 1 pm. That correlates positively with the peak earisaf benzaldehyde
and phenylacetaldehyde observed under laboratory consliti

One reward for flower visiting insects is the carbohydratb-mectar produced
by the floral nectaries. Nectaries are often found at the bipetals. Morphological
analyses in the 1940s showed that among Brassicagetimlianahas nectaries [117].
For A. lyrata, the possible production of nectar was not investigated.

The spatial distribution of floral scent emission Af lyrata revealed exclusive
emission of benzenoids via the petals (Figure 7), whichasantteristic for floral scent
acting as an attractive pollinating cue. The restrictedssion of floral volatiles to the
petals is also known frorRetunia hybrida[166]. In contrast to that, irA. thaliana
other parts of the flower like sepals, stigma and the baseedfidtvers are the likely
origin of scent emission. These findings are based on apalf/siansgenid. thaliana
with promoter-GUS fusion constructs of the genes resp@§ilp scent production in
A. thaliana[30, 160], but not on direct analysis of scent emission. Tpetial and
temporal restricted emission of volatiles is a strong Hiatt floral scent irA. lyrata
indeed was developed to attract pollinating insects.

We detected the monoterperte){3-ocimene being emitted from leavesAflyrata
after herbivory by larvae dPlutella xylostella A large number of taxonomically dis-
tantly related plant species emi)¢3-ocimene from flowers [47, 88]. Induced emis-
sion of (E)-B-ocimene upon biotic stress is only known from a small nunabexper-
iments. Members of the Solanaceae, Brassicaceae, andelaabsicow an inducible
emission of E)-B-ocimene either after pathogen attack [75], wounding,iagfibn of
jasmonic acid [56], or herbivory [12]. Fro#. thaliana,analyses of different ecotypes
showed a high variability of inducedE)-3-ocimene (chapter 3). Here we could show
that E)-B-ocimene is emitted from lines &. lyrataandArabis hirsuta(unpublished
results) upon herbivory bilutella xylostella

A. thalianaand the closely related perenniallyrataboth show intraspecific vari-
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ation in volatiles. When both species are subjected to tampionly A. lyrata emits
the sesquiterpen&j-B-caryophyllene. The results so far suggest that regulatidine
(E)-B-caryophyllene synthase gene evolved significantly difieduring the last 5 mil-
lion years, the time sincA. thalianaandA. lyratadiverged [92]. From thé. thaliana
ecotype Col-0, E)-pB-caryophyllene is only known as a floral volatile, but notnfro
vegetative tissue [30, 165]. Reports from other plant systare known which state
(E)-B-caryophyllene to be important for the attraction of heobévenemies [133, 158].
It can therefore be speculated that in the pererigirataalso some yet undiscovered
tritrophic interactions exist, which are not present indghaualA. thalianabecause of
its shorter life cycle or presence in habitats without tHebée presence of herbivore
enemies. However, other as yet undiscovered functionsdes in interactions with
other organisms are not excluded.

The presence or absence B){3-caryophyllene emission frow. lyratais depen-
dent on specific genotypes, because not all investigated lirere able to emitH)-
[B-caryophyllene. There are several possibilities for a mission phenotype: single
nucleotide polymorphisms in the coding regions that leaa non functional protein;
differences in the promoter region leading to a lack of atibn by induction sig-
nals; chromosomal rearrangement with gene loss; or changebstrate availability.
Further investigations are needed to select from among ted other explanations.

Other volatiles which are frequently detected frémlyrata during herbivory are
the C-11 and C-16 homoterpenes, 4,8-dimethyl-1,3,7-nem& (DMNT) and 4,8,12-
trimethyl-1,3,7,11-tridecatetraene (TMTT), respediivdBoth volatiles are known to
play a role as signal molecules in insect-plant interastift®, 25, 154, 162]. The
correlated emission of nerolidol and DMNT was recently désd from maize [41].

Herbivore-induced volatiles have been demonstrated te hawmeficial effects for
the emitting plants in tritrophic interactions. A transgeapproach withA. thaliana
expressing nerolidol and DMNT showed the attraction of atexy mites to the plants
in a laboratory study [82]. Still, it is not known whether tiredluced emission of
terpenes in the Brassicaceae is of any direct benefit forlémgsin nature.

The coding sequences of At5g23960 frémthalianaand the homologue from
A. lyrata have 85% identity on the nucleotide level and 92% similaoitythe pro-
tein sequence. Similar values can be calculated betweeglB#80 and thé\. lyrata
homologue. Terpene synthases frémthalianacan be clustered based on sequence
analysis in different functional groups [14]. The terpenatbases fromA. lyrata
group very closely with terpene synthases framthaliana(Figure 14).

The results presented show an interesting divergence ivothéle profile for the
two Arabidopsisspecies. Floral scent of the outcrossiglyrata is different from
the inbreedingA. thaliang and the terpene-dominated volatile blends emitted after
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herbivory are also clearly different. Still, thREPS structural genes involved in the
biosynthesis of the terpene blends are very similar. Thgies a rapid evolution of
differences in gene expression during the last 5 mya, the siimce the two species
separated from a common ancestor. Future research sheukfdle be focused on
investigations of the promoter regions and the determinadf regulatory factors re-
sponsible for the observed difference in volatile terpemenotypes.
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3 Chapter 2: Floral Scent Variation of Arabidopsis lyrata in
Populations from Central Europe

Abstract

In the Brassicaceae family, the phenomenon of floral chepastyas rarely
been studied outside @éfrabidopsis thalianaHere we investigated a close rela-
tive of A. thaliang the perennial\. lyratassp.petraea The habitat, the breeding
system, and the range of these two species are completidyedit. We investi-
gated the floral scent of three populations in central Euvdpieh are separated
from each other by more than 200 km. For each of the popuktiamistinct
floral chemotype could be assigned to, determined by thedsnoe of various
benzenoids and terpenes.

3.1 Introduction

The phenomenon of chemotypes, which is the existence otigaling-based variation
in a specific chemical trait, has been described for spedissveral different plant
families. In the Brassicaceae, studiesfodbidopsis thalianaor cultivars ofBrassica
oleraceaand relatives have shown differences in glucosinolate awitipn [170, 20,
164], but there are no reports of variation in volatiles. téger, variation in floral
volatiles can be expected among specie&rabidopsis

A. thalianaandA. lyrata diverged from each other ca. 5 million years ago [93].
WhereasA. thalianais an annual species and seedset is mainly by selfingyrata
is a perennial and strictly self-incompatible [145]. Onartimal flower per shoot is
sequentially available for pollination. Main pollinatoase insects like solitary bees
and hover flies. Since the flowers Af lyrata are likely to have been selected to at-
tract pollinating insects, while those Af thalianamay not have been, this might lead
to a difference among these species. Previous work has stimtithe flowers of
A. thalianaemit volatiles in low amounts, and all belong to the mono- sesluiter-
penoids [30], while the flowers &. lyrataemit benzenoids (chapter 1).

Both of these species have extensive geographical rangasns&ct-pollinated
species distributed over a large area may face the challehg#tracting different
species as pollinators in different regions and so haverggbgal variation in floral
volatiles. We investigated whether the floral scenfofyratais different in scattered
European populations, or if the scent quality is constant.
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3.2 Materials and Methods
Plant Material

A. lyrata ssp.petraeafrom populations in central Europe were investigated (&ahl

Figure 15). Seeds as well as complete plants were colleasdd population in south-
ern Germany (Germany, northern Bavaria, Frankische Sahwbech), from lower

Austria (Austria, Lilienfeld), and from northern Bohemi&zech Republic,éeské

Stfedohdi, Boret). Seeds were collected from two further populations irsthé&hern

Harz region (Germany, Stidharz, Muhlberg and Stolberg) alf@ographical overview
of the sampled populations see the map in Figure 15.

As A. lyrata can reproduce vegetatively from roots, seeds were cotlefttan
plants that were separated from each other by at least 50 prevent collecting from
the same mother plant. Only plants with fully ripened cagsuwvere harvested.

Seeds from these collections and from a controlled crossipgriment performed
with seeds from the Plech population (Table 5) were treatedyérmination as fol-
lows: seeds were placed on wet filter paper in petri dishesvarmhlized in the dark
at £C for 2 — 3 weeks. Plant lines were established from germinséeds and placed
in plant climate chambers on wet substrate. To preservehugtidity conditions, the
trays with plants were covered with a translucent plastimelo Substrate for grow-
ing plants was an autoclaved mixture of vermiculite, fezdif, and regular Arabidop-
sis soil. Plants were cultivated in plant climate chambeér@2aC, rel. H. 55%, 10-h
light/14-h dark cycles, and light intensity of 1§@hol m2 s1 PAR.

Table 5: Designation oA. lyrata lines investigated in natural habitats. Except for
Lilienfeld where only mature plants were available, alebrnare derived from seeds of
different mother plants.

Population Geographic Coor{ Established lines

dinates
Alter Stolberg,| 51°31'N10°55'E S28-1, S28-2, S28-3, S28-4, S28-5, S32-1, S32-2,
Germany S36-1, S36-2, S36-3, S36-4, S36-5, S42-1, S42-2,

S42-3, S42-4, S42-5

M59-1, M59-2, M59-3, M67-1, M67-2, M67-3
M67-4, M67-5, M67-6, M69-1, M69-2, M71-1
M71-2, M71-3, M71-4, M71-5, M71-6

Grd4A2, 6A4, 11A2, 22A1, 24A1, 2B1, 16BS3
23B1

Muhlberg, Ger-
many

51°33'N10°45'E

Plech, Germany| 49°37'N11°30'E

BoreC, Czech| 50°31'N13*59'E BC1.1, BC1.2, BC1.3, BC1.5, BC1.6, BC2.3,
Republic BC2.7
Lilienfeld, Aus- | 47°59'N15°36'E LF10, LF12, LF14

tria
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Volatile Collection

Floral volatiles were collected with a closed loop strigpimethod [44]. Four to 15
individual flowers were cut and transferred to 10 mL glasskeesafilled with tap
water and placed in 2 L glass dessicators in a plant climaaenbler. Air circulated
continuously with a flowrate of ca. 1 L/min, passing over @ tsth activated charcoal.
Floral volatiles were collected over a period of 8 h during lilght phase.

Another method used for the detection of flower specific Vela&mission was
headspace solid-phase micro extraction [176] with PDM&{100um polydimethyl-
siloxane) and CW/DVB-65 (6am Carbowax/Divinylbenzene) fibers (Supelco, Belle-
fonte PA, USA). Single flowers were enclosed in a 1 mL glasiclased with a septum
cap. The septum was punctured and the SPME needle inseftgaliviouching any
sample material. The complete system was incubated°&t a&d the fiber exposed
for 30 min to the headspace of samples. Following exposheefitber was inserted
into a GC-MS system as described below.

Adsorbed volatiles from charcoal traps were eluted witpl5CH,Cl, with nonyl-
acetate at a concentration of 2 plg/as internal standard (1S). Samples were ana-
lyzed with a Hewlett-Packard 6890 gas chromatograph cduple Hewlett-Packard
5973 quadrupole mass selective detector. Separation wiasmped on (5%-phenyl)-
methylpolysiloxane columns (J&W Scientific, Folstom, CASA) of 30 m x 0.25 mm
i.d. x 0.25um film thickness. Helium was the carrier gas (flow rate of 2 mibjmA
splitless injection of UL was used, and a temperature program starting at 4&th
a ramp of 8C/min to 180C followed by a ramp of 60C/min to 300C was applied.

Mass spectrometry was performed with a transfer line teatpes of 230C, source
temperature of 23@, quadrupole temperature of &l ionization potential of 70 eV,
and scan range of 35 to 350 atomic mass units. Compounds degriified using mass
spectral libraries NIST98 (Agilent Technologies, PalocAIEA, USA) and Wiley275
and confirmed with authentic standards where available.gEantification, selected
ion peaks of each compound were integrated and related teshense of the internal
standard (SIM, selected ion monitoring).

3.3 Results and Discussion
Distribution of A. lyrata populations in central Europe

A. lyratassp.petraeais most abundant in boreal areas like Iceland, the northatisiB
Isles, southwestern Norway, Sweden and boreal Russia. Sotneences oA. lyrata

are described for the mainland of central Europe, but therphation of some of
them need to be verified. It soon became clear, that somadasatf A. lyrata men-
tioned in the literature are not reliable. While initial fledearches to verify individual
locations ofA. lyrata in Germany were successful, because detailed informafion o
geographic coordinates was made available from local sitafield visits outside of
Germany were difficult because of missing detailed geodcagidtta on putative habi-
tats. Published data from flora distribution atlases uguml/e a very low geographic
resolution (for example [68, 152]), because the intentibthese volumes is to inform
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about the occurence in a certain geographic area and nabtaprexact information
on habitats.

Locations ofA. lyrata on the European mainland that could be retrieved from the
literature, including the sampled populations, are degli¢h Figure 15. The sampled
populations are all within a distance of 200 km to each other.

For Germany, a detailed dataset exists for the geograpbidhdition of plant
species. Information is available online [1] and in floraastbooks [96, 147]. Oc-
curence ofA. lyrata in the Harz region was confirmed by the author’s visits to the
populations.

For the Czech Republic the Czech Flora [68] and the CzecH fi@tibution atlas
[152] were consulted. Besides the sampled population Borehe Ceské Jedo-
hofi, two other locations were researched. The occurende lyfataon Cerny Vrch
near Chomutov in Northern Bohemia had been previously n@ef] but searches in
possible habitats of this area were unsuccessful. Apprabeiy 100 km eastwards,

Figure 15: Distribution ofA. lyrata ssp.petraeain central Europe. Data points were
compiled for the different countries from diverse resoarfgee text). Indicated with
numbers are the sampled populations. 1: southern HarzmeGiermany, 2Ceské
Stfedohdi, Czech Republic, 3: Plech, Frankische Schweiz, Germénijlienfeld,
lower Austria. For details about the locations see text. ia@ was created with
MapCreator.



42 3 CHAPTER 2: FLORAL SCENT VARIATION OFA. LYRATA

A. lyratais reported to be present on the Bézdmountains. Here, some specimens
were found which were phenotypically identified Aslyrata. However, at this lo-
cation, the closely relatedl. arenosa(L.) Lawalrées. l. is growing in close vicinity
and therefore hybrids among the two species may be possitileanot be ruled out
without further genetic analysis. Frof arenosain this region, the occurence of
diploid, tetraploid or aneuploid members are known [115hisTarea may belong to
the hybridization zone among these species proposed fiareasustria (M. Koch and
M. Matschinger, unpubl.).

The occurence oA. lyratain western Bohemia and Moravia [152] were not con-
firmed by site visits, but these locations are indicated guFé 15. Data points from
Austria, Italy and Hungary were obtained from other sou{88s54]. The occurence
in Italy, southern Tirol, is doubtful as well as that in Auafrin eastern Tirol. For
upper Austria the species is reported to be extinct [3]. Randry, only one source of
information was available [135]. In general, the identibhdaccurence oh. lyratain
Hungary needs to be verified and revised. The occurenée lgfatain the northern
border region of Romania may not be correct due to possitdaanitification [118].

The floral volatile blend of A. lyrata varies among selected European pop-
ulations sampled

Headspace collections of flowerindy. lyrata were analyzed by GC-MS and com-
pounds identified by comparison with authentic standar@szBnoid derivatives were
prominent, including benzaldehyde, phenylacetaldehyutk raethylbenzoate. One
monoterpene was found, the alcohol linalool. Other comgsuike ketones, do-
decene, tetradecene, hexadecene, octanal, nonanal, asratlegere also present in
minor amounts. These compounds varied significantly ambagddifferent popula-
tions.

All compounds detected are known constituents of floraltsitem a wide variety
of unrelated plant families [88]. The benzenoid compoundmfA. lyrata ssp.pe-
traeaare similar to the ones previously reported from the Northetican subspecies
A. lyrata ssp. lyrata [126]. Benzaldehyde and phenylacetaldehyde described to
be the most abundant volatiles in that subspecies. Howesatpared to the floral
scent of the close relativA. thaliang the volatiles detected are strikingly different.
A. thalianaemits very low amounts of a blend containing mono- and sésgugnes
and minor amounts of benzaldehyde. Whereas two genes aansisle for the ter-
pene synthases producing the sesquiterpene blend [1@&0fndnoterpenes originate
from a multi-product monoterpene synthase and a linaloothese [30].

The qualitative composition of the floral scent bouquetaftbe individual plants
of German populations were similar. Benzaldehyde was thia wodatile compound,
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Figure 16: Major floral volatiles detected frof lyrata populations in central Eu-
rope. From the Plech population (A) only benzaldehyde chealdietected whereas
from the Czech population (B) linalool was also abundantoagmanied by minor
amounts of methylbenzoate (right, different scale). From Ltilienfeld population
in Austria (D) benzaldehyde and anisaldehyde could be digtht The structures of
these compounds are shown in the lower left (C).
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but the total amount of volatiles showed intra- and interysaiion differences. From
the populations of the southern Harz region, the total armoiwolatiles was remark-
ably low in comparison to the other German populations (datashown).

From the population in the Czech Republiceské Sedohdi, Boret), in addi-
tion to benzaldehyde, methylbenzoate and the terpenedltoalool were detected
regularly (Figure 16). The amounts of methylbenzoate wppe 40 times less than
benzaldehyde. The total amounts of linalool were slighdlydr than benzaldehyde.

The samples from Austria (Lilienfeld) emitted benzaldedgahd anisaldehyde (4-
methoxy-benzaldehyde) as the main floral scent compouridsiré-16). Samples
taken from another population in Austria (Voslauer HUtt&3]) showed the same
emission profile as the ones from Lilienfeld (data not shovBgth benzenoids were
emitted in similar amounts, and the results were also cogfirby single flower head-
space SPME. Other compounds detected from the Lilienfefsllation, including
methylbenzoate and linalool, were present in lower amounts

With the closed-loop stripping method used for volatilelection, none of the
samples was found to contain phenylacetaldehyde. Thisdenirast to the findings
for the German Plech population made with dynamic headspaldection (chapter
1), which showed both benzaldehyde and phenylacetaldehyaeain volatile com-
pounds. Analysis of these additional populations with kpade SPME also did not
reveal any phenylacetaldehyde, which suggests that tferatites reflect the natural
situation.

Benzaldehyde is consistently a major floral volatile while ther compounds
are variable

The sweet fragrance of benzaldehyde is best known from thef diitter almond,
Prunus amygdalusBenzaldehyde is widespread as a plant volatile, not onlyaas
of floral scent [88]. Itis also known from flowers éf. lyrata ssp.lyrata [126]. As
we could demonstrate, all samples/oflyrata ssp.petraeainvestigated from popula-
tions of central Europe emit benzaldehyde. The emissi@s radried from 2 to 16 ng
flowerlhourl, while the samples from Czech and Austrian plants showedssoni
rates from 2 to 7 ng flowekhour?! (Figure 16). Although benzaldehyde is a relatively
simple molecule and is widely used in the flavour and frageandustry, its biosyn-
thesisin plantais still unknown.

Phenylacetaldehyde is a benzenoid metabolite that is canas@ component of
floral scent. Several species of different plant familiegnotots as well as dicots,
emit phenylacetaldehyde as a main floral scent compound [B8m data based on
flowers ofPetunia hybridacv. Mitchell, a possible biosynthetic pathway for phenylac
etaldehyde has been proposed [81].
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Anisaldehyde is a volatile compound with a heavy sweet néi®.a constituent
of floral scent, several species from diverse plant fam#iest anisaldehyde [88]. A
selection of species where anisaldehyde was found by fledidpace analysis in-
clude subspecies @ypripedium calceolus North America [21]Fragaria ananassa
[65], Syringa oblatgd102], Crataegus monogyrnd37], Brassica napu§s5], and some
species oHypecouni36]. The latter case is interesting, because the absemceras-
ence of anisaldehyde between subspecies and between fpmmilaf one subspecies
is described. Behavioural experiments showed an attradficertain thrips species
to the scent of pure anisaldehyde [87, 157]. Thus the contpbmay be an attractant
to pest insects as well as to pollinators. This interestw@utionary problem is dis-
cussed elsewhere [77, 86]. Future experiments to invéstifa ecological relevance
of the compound foA. lyratashould be of interest.

Anisaldehyde is also found in a variety of essential oilsrfrepecies likdllicium
verum([174], Thalictrum minug17], or Foeniculum vulgargbut it can also be emitted
from mushrooms likePleurotus ostreatu$l20]. Results that show anisaldehyde as
a constituent of the essential oil should be considered watle, in particular when
(2)-anethole is also present. Since anisaldehyde can be adwgirof anethole oxi-
dationin planta or during the process of oil extraction [9, 97]. If anisalgéd from
flowers of A. lyratawas derived from anethole, some of this alcohol should hise a
been detected. As anethole was not detected under any staoces, we assume that
A. lyratais able to produce and emit anisaldehyde as a natural compohits floral
scent.

Linalool, a highly volatile oxidized monoterpene, is mgihown from flowers
but not from vegetative parts. However, after herbivonaliol is also emitted by
some species from leaf tissue [85].

Unfortunately, for the profiling of some populations, we weestricted to limited
numbers of samples because of the low abundance of plantgvatsdin flower pro-
duction, making it difficult to perform statistical analgsi Nevertheless, there were
very strong differences among these populations in flori@ties, suggesting signifi-
cant genetic differences among them. The investigatioppatia high variability as
expected from studies investigating genetic variabilityoag central European popu-
lations ofA. lyrata[31, 33].

The analysis of floral scent variability @&k. lyrata is a prerequisite for further
studies on floral biology. As we could show that the scentdeéd different among
certain European populations, it would be interesting westigate the pollinators of
these populations.
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4 Chapter 3: The emission of E)-B-ocimene and E,E)-a-
farnesene from leaves of different ecotypes dA. thaliana
is regulated by two different terpene synthases

Abstract

Arabidopsis thaliandas become a valuable model system to investigate the
biochemistry and function of terpene volatile biosyntkeSio far, little is known
about the variation of stress-induced volatile terpensypithesis and the mech-
anisms controlling these differences amaxghalianaecotypes. Here, we in-
vestigated induced terpene volatile emissions from véigettissue of the two
ecotypes, Wassilewskija (Ws) and Columbia (Col-0) in resedo elicitor treat-
ment and herbivory. While the Ws ecotype emi-p-ocimene upon insect
feeding and elicitor treatment, the Col-0 ecotype almostedg lacks the emis-
sion of (E)-B-ocimene. RNAI- and antisense analysis as well as GFP hgbrie
structs enabled us to pinpoint the differences in obserkiethical phenotypes of
these two ecotypes to two closely related terpene synthamsgAt4g16730 and
At4g16740. Expression of both genes is induced in leaveleo€bl-0 ecotype
while in Ws only At4g16730 is transcribed under induced dtios. In vitro
analysis of the At4g16730 (Ws) and At4g16740 (Col-0) recorait proteins
showed catalytic activity ag})-B-ocimene / E,E)-a-farnesene synthase for both
enzymes. At4g16730 (Col-0) yielded an inactive protein ttua double nu-
cleotide insertion. After reverting the sequence to a falbsed ORF, the protein
was still inactive but could be turned into a functional emeyby site-directed
mutagenesis of selected amino acids. Studies using Cxtet@FP hybrid con-
structs with the signal peptide (SP) from At4g16730 (Ws)vaba a plastidial
localization whereas the same approach with the putativé@® At4g16740
(Col-0) showed no plastidial targeting. The differentiabsellular location of
both enzymes suggestsvivo activities of At4g16730in Ws primarily a&j-f3-
ocimene synthase and of At4g16740 in Col-0 asik)-a-farnesene synthase.

4.1 Introduction

Plants are known to emit volatile organic compounds (VO®4).[ A large group of
VOCs belongs to the chemical class of terpenoids (synongniouerpenes) which
include low molecular weight hydrocarbon olefins and aldéstaf the monoterpene
(C10), and sesquiterpene {£} classes. Diterpenes 4£} are less or not volatile due
to their higher mass, an example for a plant volatile diteepis entkaurene [173].
The emission of terpenes occurs either constitutivelyndua plant’s life cycle or
after induction by external factors. These may be abiotiesstfactors like elevated
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ozone [67], water stress [123], temperature or light stf@8k Biotic factors include
bacterial and fungal pathogen attack, damage by ovipasji68] or herbivory by
feeding insects [124].

Induced terpenes are usually emitted as a complex mixtumob-, sesqui-, and
homoterpenes. The monoterpeg-f-ocimene is frequently found in terpene blends
emitted by plant species in response to different stregsr&a¢l2, 107, 142, 167].
Sesquiterpenes show a more diverse pattern of inductioner&edistantly related
plant species emit sesquiterpenes after herbivore at&;kid2]. Our knowledge of
specific functions of induced volatile terpenes is stillited. However, some inves-
tigations point towards their importance for plant fitheBstential functions include
protection against microbes due to the antibiotic effetsome terpene®(g.[28, 98])
and a role as indirect defense compounds in tritrophicactesns [42, 85]. Neverthe-
less, emitted volatiles can also have non-beneficial effentthe emitting plant by
attracting even more herbivores [74].

Arabidopsis thaliandas been established as a model plant for the study of wolatil
terpene biosynthesis, and herbivory Anthalianaleads to the induced production of
volatile terpenes [165]. In the genomic sequencé ofhaliana(Columbia ecotype)
more than 30 putative terpene synthase genes have beerat@adnfdt4]. Functional
analyses have been performed with four putative monoterggnthases and three
sesquiterpene synthases. Two of the sesquiterpene sgathesa florally expressed
(E)-B-caryophyllene synthase and a multi-product sesquiterpgnthase [160], while
one other is a root expressed){y-bisabolene synthase [136]. However, for some ter-
penes emitted under induced conditions lik§--ocimene or E,E)-a-farnesene, the
corresponding terpene synthases are yet not charactefihedeason whi. thaliana
contains such a large family of terpene synthase geneslsain®©ne explanation may
be that only one ecotype &. thaliana(Col-0) has been investigated, but the species
is able to express other terpene synthases in ecotypes ftwn locations. To gain
a deeper insight into the activity and function of the tegegnthase gene family,
the natural variability of terpene formation in the ecotypweds to be considered.
Recently, it was shown that several thalianaecotypes exhibit considerable quanti-
tative and to some extent qualitative variation in the eioissf floral volatiles [160].
Variation of induced terpene emission has not yet been fiigegsd.

Aside from differences in gene transcription, a possiblgsedor the variation in
volatile terpene formation can be the location of terpemdhgses in different cellu-
lar compartments. Proteins are targeted to different commeaats by transit peptide
sequences [22], which are clipped off during the trans-nramd transport generat-
ing fully functional proteins inside the compartment. Fempene synthases, substrate
availability may be restricted in different compartmen&cording to subcellular lo-
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calization studies and the prediction of targeting seqgeerior prenyltransferases, it
is generally believed that geranylpyrophosphate (GPB)stibstrate for monoterpene
synthases, is present almost exclusively in plastids [@4]the other hand, farnesylpy-
rophosphate (FPP), the substrate for sesquiterpene sestha primarily synthesized
in the cytosol [35]. However, GPP and FPP can also be prodimcether compart-
ments.

In A. thalianatwo isoforms of an FPP synthase derived from the same geraeare
tive. One isoform is targeted to mitochondria, whereas theraemains in the cytosol
[35]. The targeting of isoforms to different cellular comipaents is not uncommon
(reviewed by [37]). Similarly, irA. thalianaa cytosolic as well as a plastidic isoform
of GPP synthase is also known [24]. Thus the question renveliese particular ter-
pene synthases perform their activity. From genome segquefarmation all putative
monoterpene synthasesAfthalianaposess a conserved transit peptide, whereas the
annotated sesquiterpene synthases do not bear any diatoeting signal [14]. How-
ever, experimental verification of the hypothesized |@zdion of most terpene syn-
thases inA. thalianahas not been achieved. In other species, a more detailadepict
is available which helps to understand the functions ofeiees. For example, in fruits
of cultivated strawberryHRragaria x ananassathe monoterpene alcohol linalool and
the sesquiterpene alcohol nerolidol are formed in the oytekereas in the presumed
ancestor of cultivar§. vescathese compounds are not produced, but instead terpenes
are formed in plastids [4]. The breeding process presum@slylted in a change of
protein targeting from plastids to the cytosol, therebybding the production of these
new products, which are responsible for the aroma of ctétivatrawberry.

To study the range of inducible terpene emissio\irthaliana, we determined
the variability of emission using an array of ecotypes. Thew ecotypes (Col-0 and
Ws) were chosen for a more in-depth analysis of the genesdengcthe synthesis of
variable compoundsE)-3-ocimene andE,E)-a-farneseneln vitro andin vivo exper-
imental methods were used to show the function of two syeth#sat are most likely
responsible for the observed phenotypes. Expressionsisaknock-out studies and
subcellular localization investigations with signal pdptGFP hybrid proteins were
also performed.
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4.2 Materials and Methods
Plants and Treatments

An array of 27 ecotypes oArabidopsis thaliangL.) Heynh. was used for compar-
ative analyses of induced leaf volatiles. The two ecotypes(Wassilewskija) and
Col-0 (Columbia) were chosen for cloning of genes and RT-RE&tysis. Plants were
grown from seeds in plant climate chambers either underéayy(16-h light/8-h dark)
or short-day (10-h light/14-h dark) conditions. Hydropoplants were raised from
seeds with an aqueous mineral solution [61], with the falhgamodification: instead
of (NH4)gM070,, we used NaMoOy, the final concentration of 0.048 Mo®* re-
mained the same. Induction of volatile emission was aclivi¢h detached leaves or
via treatment of roots of hydroponically grown plants ofigas A. thalianaecotypes.
For induction, aqueous solutions of 2 alamethicin or 10QuM of the jasmonic
acid mimic coronalon (O-methyl-L-isoleucine§39)-ethyl-indanoylcarboxylamide)
[148] were applied. Controls contained 0.1% ethanol or OIM4SO. For inhibitor
experiments, one day prior to induction the inhibitors fagmmycin (50uM) and lo-
vastatin (10QuM) were applied.

Insects

Insect feeding experiments were performed with larvae Bfuella xylostellaG88
colony. Larvae were reared on artificial diet on wheat gersels 27C with a 18-h
light/6-h dark cycle. For feeding experiments, approxiehaf0 larvae were used in
their third or fourth instar with a size of ca. 8 — 10 mm.

\Volatile Collection

A closed-loop stripping method was employed for the detectif induced volatiles
from cut leaves and intact rosettes of hydroponically gretamts of wild-type Col-0
and Ws ecotypes as well as for the screening of RNAi/antésplants. Approximately
1 g leaves from 5-week old plants was transferred to a smadisgbeaker filled with
10 mL water with or without the elicitor. The beaker was pthae a 2 L desicca-
tor and emitted volatiles were collected under continudusigculation on activated
charcoal traps. Volatiles from hydroponically grown paniere collected in a similar
way with the exception that plants were placed with theitsaoto a shallow beaker
containing 30 ml aqueous solution. Trapped volatiles wireé with 50uL CH,Cly
containing 1.8 ng 1-bromodecane or 2.0 ng nonylacetatglpess internal standard
(IS). Samples from volatile collection or from headspadalgghase microextraction
were analyzed by gas chromatography-mass spectrometiyM&)CConditions were
used as described previously [30] with the following modifions: the temperature
program for all samples started at@5with a ramp of 3C/min to 180C followed by
a ramp of 60C/min to 300C. For quantification, one main fragment and two further
fragments together with their specific relative intensitreere selected for the identi-
fication of each compound, and peaks of each compound wegrateéd and related
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to the response of authentic standards and the IS for quatitiin (SIM, selected ion
monitoring).

Isolation and cloning of At4g16730 and At4g16740 cDNAs anddterolo-
gous protein expression irk. coli

Total RNA of A. thalianaleaves was isolated with the TRIzol reagent angyZRNA
were reverse transcribed into first strand cDNA as descriiediously [160]. Af-
ter amplification of full lengthTPScDNAs, the PCR products were inserted into the
cloning vector pCR-TOPO4 (Invitrogen, Carlsbad, CA, USBgne sequences were
verified for correct amplification with an ABI3100 capillasgquencer (ABI Applied
Biosystems, Foster City, CA, USA). Fé. thalianaecotype Ws, sequences of prod-
ucts from three independent amplification reactions weadyard to obtain a con-
sensus sequence for the ecotype-specific gene sequercnsineference sequence
was available. The full-length cDNAs of At4g16730 and At8@40 in the sequencing
vector pCR-TOPO4 were then amplified by PCR and cloned irgeitpression vec-
tor pCR-T7/CT (Invitrogen, Carlsbad, CA, USA). Gene se@asnin this expression
vector and sequences modified by site-directed mutagecesisng a C-terminal tag
for 6xHis were expressed . coli BL21(DE3) under ampicillin selection (5@y/ml).
Proteins were purified from crude bacterial extract and lteb@as described previ-
ously [160].

Site-directed mutagenesis

Site-directed mutagenesis was employed to alter specifieatides of the full-length

transcript of At4g16730 (Col) in the expression vector pCRET. Specific primers

with up to 36 nucleotides, the proofreading polymerm@gdurbo (Stratagene, La Jolla
CA, USA), and the restriction enzymepnl (New England Biolabs, Ipswich MA,

USA) were used according to the manufacturer's protocohef‘QuikChange Site-

Directed Mutagenesis Kit” (Stratagene, La Jolla CA, USA).

Terpene synthase enzyme assays

Terpene synthase enzyme assays were performed as de480hedth the follow-
ing modifications: The reaction volume was reduced to @0@ontaining 100uL of
protein extract, and assays were performed in glass vidsnolf volume. The reac-
tion mixture was incubated for 1 h at 3D. Volatiles were trapped with a solid-phase
microextraction (SPME) fiber exposed to the headspace aigbay and analyzed by
GC-MS as described above.

Construction of antisense and RNA interference (RNAI) lins

As no knock-out lines for the genes of interest were avaldbtough the seed stock
centres or other sources, we attempted to silence At4glé@8At4g16740 by anti-
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sense and RNAI approaches. For At4g16740 antisense Imegotding sequence of
At4g16740 (Col-0) was amplified by PCR with the primers Sggjtacccattatataattt-
gagtagag-3' and 5’-atagagctcattagcgagaggcgacac-didinting the restriction sites
Kpnl (5°) and Sad (3'), respectively. The fragment was cloned into the bynasctor
pBIN420 to be expressed as an antisense fragment undeplcoh CaMV 35S-
promoter. RNAi lines for At4g16740 were created with theteepFGC5941 (ABRC
stock CD3-447, Basta resistance) in a two-step procedingt. &=sense fragment am-
plified by PCR with the primers 5’-aatctagaggcgcgccagggggpataaaagtggt-3’ and
5’-aaggatccatttaaatagagggtggacgagcaaggac-3' wasliced in pFGC5941 after re-
striction digestion withAsd and Swd, then an antisense fragment was introduced with
BanH| and Xbd restriction sites. In the vector the two fragments are sspd by a
chalcone synthase gene of 1365 nucleotides. The antisengellaas the RNAI con-
structs were transformed info. tumefacien§V1301 andA. thalianaecotypes Col-0
and Ws were subsequently transformed with resistant clei@esacuum infiltration
[18]. Transformed seeds carrying the pBIN420 derived fragimvere selected on agar
plates for kanamycin resistance. Transformed seeds ngrthe pFGC5941 derived
fragment were selected on soil for glufosinate resistance.

GFP Localization Experiments

Fragments encoding putative signal peptides were clongdersequencing vector
pPCR-TOPO4 (Invitrogen, Carlsbad, CA, USA). A sequencerfragt of At4g16730
(Ws) was amplified by PCR with the primers 5’-taaccatggcgietatctatgcttc-3' and
5'-taactagtggtcgaggtcgttttggagacagc-3’ introducing rigstriction sitedNcd (5) and
Spé (3) and fused upstream and in-frame with the GFP varianfARA&[151], down-
stream of a 35S-CaMV promoter in the vector pPCAMBIA1302 (Ags. Nr AF234298,-
[62]). The same procedure was used for the fragment of AtagQgCol) with the
primers 5’-taaccatggctaaacgacaggctcaacggcg-3’ andabtdgttitcacatatgtattaccgag-
cg-3'. Following confirmation of error free constructs byjgencing, constructs were
transformed irAgrobacterium tumefaciertBV1301 and clones selected against kana-
mycin resistance (50g/mL). SubsequenthyA. thalianaecotypes Col-0 and Ws were
transformed by vacuum infiltration [18]. Transgenic seedsenscreened on agar
plates for hygromycin resistance (¢/mL) and genomic insertion of the correspond-
ing fusion constructs was confirmed by PCR.

Fresh, two week old plantlets were mounted on water and gubsdly used for
microscopy. The microscope used was a confocal laser sgnicroscope LSM 510
(Carl Zeiss, Jena, Germany) equipped with a HeNe lasendisstofluorescence was
excited with 458 nm and GFP fluorescence was excited with 488Band pass was
set to 500 — 550 nm (GFP fluorescence), long pass was set tarb@hiorophyll fluo-
rescence). Bright field images were acquired with the difigal interference contrast
channel. Images were processed from optical sections talkegy the optical axis
and projected into one image using the Zeiss LSM image brmo@&£e0. The final
images were aligned with the image software Adobe PhotogldfAdobe Systems,
San José, CA, USA).
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Determination of At4g16730 and At4g16740 gene expressioy RT-PCR

For expression analysis of At4g16730 in tissues of Col-0 W] RT-PCR reac-
tions were performed with the Col-0 specific primers 5'-gtcctatccgaccac-3' and
5'-ctgggcttccgtgge-3’. For expression analysis of At4¢46 in Col-0, RT-PCR reac-
tions were set up with the Col-0 specific primers 5'-ctagtdtgtctcttatc-3' and 5'-
gggtggacgagcaaggac-3'. cDNA was produced with reverssdrgptase as described
for cDNA cloning. PCR reactions and analysis of reactiondpais were done as
described [160].
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4.3 Results

(E)-B-Ocimene and E,E)-a-farnesene biosynthesis and emission are in-
duced in Arabidopsis thaliana leaves but vary among differentA. thaliana
ecotypes

A survey of 29 hydroponically grown ecotypes Af thalianawas done to investi-
gate the qualitative and quantitative natural variatiomdficed terpene emission from
rosette leaves. Induction was achieved with the jasmoiid/ @oronatine mimic coro-
nalon. The experimental setup allowed the uptake of thecedinto the leaves via
the roots. Detected terpenes were 4,8,12-trimethyl-11, B;#fidecatetraene (TMTT),
(E,B)-a-farnesene ande)-f3-ocimene. Control samples had very little or no terpene
emission. The total amount of terpenes emitted at day 2 ftlerction was highly
variable among different ecotypes (Table 6). AlthouBlf-ocimene was detected in
the largest amounts, some ecotypes emitted none of thisaomdg@and minor amounts
of TMTT or (E,E)-a-farnesene instead. Roughly more than two thirds of allyguest
showed induced emission of eithé&){B-ocimene andg,E)-a-farnesene. From three

Table 6: Terpene emission of 27 ecotypesotfhalianaafter induction with the elicitor
coronalon. Volatiles were collected between 22—-30 h aftduction. Values are ex-
pressed as average of three replicates (ng gfW) along with the standard deviation.
The ecotypes are sorted in ascending order for the emittediginof E)-B-ocimene.

Compound
Ecotype (E)-B-ocimene (E,E)-o-farnesene TMTT
Induced Control Induced Control Induced Control

AA-0 n.d. n.d. 1,3t 0,6 0,0+ 0,0 39t 19 0,0+ 0,0
BI-1 n.d. n.d. 0,1+ 0,0 0,0+ 0,0 1,8t 04 0,0+ 0,0
Lip-0 n.d. n.d. 1,8t 1,0 n.d. 31 1,7 0,1+ 0,1
Pi-0 n.d. n.d. 0,8t 0,5 0,1+ 0,1 1,1+ 0,3 0,0+ 0,0
Est-H1 0,1+ 0,0 n.d. n.d. n.d. 0,0+ 0,0 n.d.
Tsu-1 0,1+ 0,1 n.d. 0,0+ 0,0 0,0+ 0,0 0,4+ 0,6 n.d.
Col-0 0,1+ 0,1 n.d. 1,88 1,7 0,1+ 0,0 2,5+ 0,7 0,1+ 0,1
Can-0 0,2+ 0,1 n.d. n.d. n.d. 6,4+ 44 n.d.

Bla 1-10 0,2+ 0,1 n.d. n.d. 0,0+ 0,0 0,0+ 0,0 n.d.
Di-g 26+ 14 n.d. 0,2+ 0,1 n.d. 0,4+ 0,2 n.d.

Ri-0 94+ 77 n.d. 0,7+ 0,7 n.d. 0,6+ 0,3 0,0+ 0,0
Stw-0 9,7+ 22 0,3+ 0,6 0,2+ 0,2 n.d. 1,2t 0,2 n.d.
Lu-1 11,1+ 4,8 0,3t 0,3 04+ 0,3 n.d. 1,9+ 1,2 0,1+ 0,0
Est-0 18,6+ 15,3 n.d. 1,3t 1,0 n.d. 0,7+ 0,2 n.d.
Sei-0 19,9+ 10,1 0,1+ 0,0 0,3+ 0,1 n.d. 0,2+ 0,1 n.d.
Chi-0 20,0+ 16,3 0,3+ 0,1 0,4+ 0,3 n.d. 0,5+ 0,3 0,0+ 0,0
Hodja 20,8+ 11,5 0,2+ 0,2 0,6+ 0,3 0,0+ 0,0 0,6+ 0,3 n.d.
Tul-0 32,8+ 13,4 n.d. 32+ 1,3 n.d. 0,0+ 0,0 n.d.
Pog-0 36,2+ 18,8 n.d. 29+ 1,6 0,3+ 0,2 0,1+ 0,0 0,0¢ 0,0
An-1 375+ 7,8 0,3t 0,2 12t 0,1 0,1+ 0,1 0,5+ 0,1 0,0+ 0,0
Mt-0 459+ 33,8 0,1+ 0,0 59+ 43 0,1+ 0,1 2,2+ 0,2 0,2+ 0,1
Kil-0 46,9+ 30,2 0,0+ 0,0 1,1+ 0,8 n.d. 0,3+t 0,2 n.d.

JI-3 51,2+ 34,8 n.d. 2,8+ 21 0,1+ 0,1 1,3t 0,6 0,0+ 0,0
Ang-0 64,4+ 37,8 0,8+ 0,1 21+ 15 0,1+ 0,1 51+ 25 0,2+ 0,1
Condara 80,4+ 33,6 0,3+ 0,1 36 14 0,3+ 0,3 35+ 14 0,1+ 0,1
Bla-1 89,2+ 15,7 0,1+ 0,1 3,6t 15 0,0+ 0,0 0,2+ 0,2 n.d.

Ws 121,2+ 153 0,1+ 0,1 27+ 05 0,0+ 0,0 44+ 1,2 n.d.
Ty-0 141,5¢ 50,9 0,1+ 0,1 10,8+ 4,7 0,1+ 0,0 0,5+ 0,2 0,1+ 0,1

Kas-1 160,6x 20,9 0,2+ 0,1 2,7+ 0,3 0,0+ 0,0 54+ 15 nd.
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ecotypes (Ty-0, Kas-1, and Ws) very high emission rate€pf3focimene were ob-
served, but these did not correlate with high emission ¢feeiE,E)-a-farnesene or
TMTT.

The two ecotypes Col-0 and Ws were selected for further esuidiecause of their
different inducible terpenoid emission patterns (Table )duced terpene emission
from these ecotypes was not only observed upon treatmehtosibnalon but also
in response to treatment with the peptaibol elicitor aldmeat from the fungusTri-
choderma viridg(Figure 17). The Col-0 ecotype emitted small amountsEE)-a-
farnesene, but nde}--ocimene, whereas the Ws ecotype emitted a small amount of
(E,B)-a-farnesene, and large amounts Bj-3-ocimene.

Two closely related terpene synthases At4g16730 and At4g0 can cat-
alyze the formation of (E)-B-ocimene and E,E)-a-farnesene, but are dif-
ferentially expressed in Col and Ws ecotypes

Based on previous findings that terpene biosynthesis is|dma extent, regulated at
the transcription level of terpene synthases, we wantaa/astigate whether the pres-
ence and absence @&)--ocimene correlated with the transcription pattern of fnga
monoterpene synthase genes in the two ecotypes Col-0 anD&t&ched leaf material
treated with alamethicin was harvested and RNA extractéBPBR was done with
gene specific primers for all monoterpene synthases [3(jrdSsion patterns showed
an upregulation of At4g16730 in both ecotypes, althoughhi \WWs ecotype some
expression of At4g16730 was also detected from the con&mmipées. By contrast,
At4g16740 was upregulated in the Col-0 ecotype but not intseecotype (Figure
18). The DNA sequences and deduced amino acid sequencesAtdgh6730 and

a) 30 b) 30

W Alamethicin
H Alamethicin O Control
20 O Control ’

ng*gFW'h
=
ng*gFW'h

L o B

(Z)-ocimene  (E)-B-ocimene  (E,E)-a- TMTT (Z)-ocimene  (E)-B-ocimene (E,Eya- TMTT
farnesene farnesene

Figure 17: Induced emission of volatile terpenes from detdcleaves of the
A. thalianaecotypes Col-0 (a) and Ws (b). Emission (&)-3-ocimene occured in
Ws but not in Col-0. Leaves were cut and placed for 30 h in atismlwvith the fun-
gal derived peptaibol alamethicin. Volatiles were colecbver 8 h on day 1 after
induction.
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Figure 18: Transcript analysis of At4g16730 and At4g167#4Ca and Ws plants in
response to treatment with alamethicin for 30 h.
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Figure 19: Scheme of At4g16730 and At4g16740 in the two gasyCol-0 and Ws.

The genes in the two ecotypes are arranged as tandem copeesd(assumed to be
orthologous. The open reading frame of At4g16730 spansdr8ul kb; exons are
numbered from 1 — 7 (b). Non-synonymous nucleotide sulbistits in At4g16730 of

the Col-0 ecotype in comparison to the orthologous gene inaWsn the exons 1,
2, 3,6, and 7. A frame-shift mutation in the Col-0 ecotypedased by insertion of
an AT in the first exon (c). The insertion creates a prematamstation termination

codon downstream which results in a shortened proteinr{sistePutative subcellular
N-terminal targeting sequences are shaded dark (c). CoengdENAs of At4g16730

(ca. 1.7 kb) were detected in both ecotypes after induction.
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At4916740 of both ecotypes were compared. In the Col-O geotlge two genes are
arranged in tandem as deduced from the genomic sequencegRiga). Genomic se-
guencing of that region in the ecotype Ws revealed that tbagemes were also present
in tandem, and thus can be considered as orthologues. Howetlee Ws-At4g16730
promoter region, around 1 kb upstream of the start codon3@a.nucleotides were
found to be deleted. After induction with alamethicin, cdetp cDNAs of At4g16730
in the Col-0 and Ws ecotypes and At4g16740 in the Col-0 eeotyuld be retrieved.
Sequence analysis of At4g16730 revealed 13 non-synonymocigotide substitu-
tions and one double insertion in the Col-0 ecotype as cosap@rthe corresponding
sequence in Ws. The insertion at the end of the first exon daagseme-shift that
leads to a short protein due to a premature termination cddamstream of the start
codon (Figure 19 c).

To determine whether the isolated cDNAs encoded terpertbasgs whose prod-
ucts correlated with the induced volatile profiles, fulidggh cDNAs of At4g16730
(Ws) and At4g16740 (Col) were expressedeincoli and purified via a fused 6xHis-
tag. Enzyme assays with crude as well as partially purifiedepn revealed enzyme
activities with the G, substrate geranylpyrophosphate (GPP) and {s@bstrate far-
nesylpyrophosphate (FPP). Both enzymes converted GH)-fi¢cimene as the pre-
dominant product together with small amounts Bf-6cimene and@3-myrcene. With
FPP, E,E)-a-farnesene was the main volatile product (Figure 20).

Since At4g16730 from Col-0 appeared to be a pseudogene daehdt in the
reading frame [2], expression of the corresponding cDNAlted in a non-functional

50
4.0
4.0
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20

1: ; J\ ) ‘ - jﬁ

9 1 13 15 19 21 23 25
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Figure 20: Volatile products formed by vitro activity of Ws-At4g16730. Volatiles
were sampled in the headspace of the enzyme assay and ahlayy@&€-MS; total ion
chromatograms are shown. (a) The substrate geranylpyspphte was transformed
to (E)-B-ocimene and (Z)-ocimene. (b) With farnesylpyrophosphidiie main volatile
products were4,E)- and E,E)-a-farnesene. Monoterpenes: 3myrcene, 2: Z)-
ocimene, 3: [E)-B-ocimene; sesquiterpenes: B:farnesene, 5:4,E)-a-farnesene,
6: (E,E)-a-farnesene. Col-At4g16740 gave a similar product spectmitimboth sub-
strates.
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protein. We further investigated if it was possible to cahébe protein into a func-
tionally active enzyme by selected mutations based on cosgoaof the Col-0 and
WSs amino acid sequence. First, using site-directed muesignwe reverted the dis-
rupted open reading frame of At4g16730 (Col-0) by removivgAT pair responsible
for the frame-shift. However, the resulting protein wa#l atit active as shown bin
vitro enzyme assays. Next, the remaining non-synonymous nisegmoilymorphisms
responsible for 13 different amino acids in At4g16730 asparad to the correspond-
ing gene in Ws were subjected to step-by-step site-dirauigdgenesis. The resulting
sequences were overexpressel.igoliand proteins analysed for enzymatic function.
Full enzymatic function was achieved when all sites in exand 2 (encode part of the
N-terminal domain) were changed to the sequence of At4d1&681 Ws. The single
change of 1103F (exon 2), supposedly a structurally ctitoaino acid, resulted in an
active protein. In contrast, several changes in the C-texhdomain alone did yield in
proteins with no or only marginal activity. Taken togetharr studies indicated that the
Col-0 and the Ws ecotype each express one of two closeledsfahctional monoter-
pene synthases which both forfB){B-ocimene andk&,E)-a-farnesenen vitro. The
difference in the emission oEj}-B-ocimene between both ecotypes suggested that the
enzymes might reside in different cellular compartments gither primarily convert
GPP to E)-B-ocimene (plastids) or only FPP t&,E)-a-farnesene (cytosol).

At4g16740 (Col) is responsible for the formation of E,E)-a-farnesene while
At4g16730 (Ws) might be responsible for the formation of £)-f3-ocimene

By silencing of At4g16730 (Ws) and At4g16740 (Col-0) we hape show the func-
tion of the respective genés planta However, only for At4g16740 (Col-0) could an-
tisense as well as RNAI lines be established. Analyses sEttransformants showed,
that no E,E)-a-farnesene was emitted after induction with coronalon. @iméssion
of TMTT was not inhibited in the transformants and was simitathat in the Col-0
wild type (Figure 21).

Due to the high sequence similarity of TPS sequences, a mitetting of TPS
genes with one specific antisense fragment can be imaginadth&vefore investi-
gated whether the induced emissionBf-3-ocimene in the Ws ecotype could be also
inhibited with the RNAI construct for At4g16740 (Col-0). Alyses of 20 indepen-
dent transformant lines harboring the RNAI constructs an\tt's background showed
no reduced emission oEj-B-ocimene after induction. Induced control samples (Ws
wild-type) could not be distinguished from the transfortsafiigure 22). Our results
demonstrate that At4g16740 functions as BrEf-a-farnesene synthase in Col-0 and
that its homologous enzyme At4g16730 might be responsibl¢s)-3-ocimene for-
mation in the Ws ecotype.
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Figure 21: GC-MS chromatograms of induced volatiles fromvés of At4g16740
RNAI lines in the Col-0 background. Induction was achievgglacing cut leaves in
an aqueous solution of 1QM coronalon. Selected ion monitoring of 4 independent
RNA. lines (a-d) and a wild-type Col-0 as control (e) revellbe absence o E)-
o-farnesene in the transformants but not in wild-type. Thedrsignal at rt=23.6 min
represents background contamination and has no m/z sigmatacteristic fork,E)-
a-farnesene. 1: internal standard, B;K)-a-farnesene, 3: TMTT
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Figure 22: GC-MS chromatograms of induced volatiles fromvés of At4g16740
RNAI lines in Ws background. Selected ion monitoring of 4dépdndent lines (a-
d) compared with wild-type Ws as control (e) revealed noetdéhces between wild-
type and transformants. 1E)-B-ocimene, 2: methyl salicylate, 3: internal standard,
asterisk: impurity
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At4916740 (Col) is located in the cytosol while At4g16730 (8 is targeted
to the chloroplast

According to what is known about intracellular targetingarpene synthases in plants,
mono- and sesquiterpene synthases are thought to be ldngidastids and the cy-
toplasm, respectively. In order to investigate whetherdifference in emission of
(E)-B-ocimene in Ws and Col-0 ecotypes is caused by differenbahpartmenta-
tion of the At4g16730 and At4g16740 enzymes in plastids &edcytosol, respec-
tively, we intended to determine the subcellular locatidrbath TPSproteins. To
investigate the subcellular targeting of theSproteins encoded by At4g16730 and
At4g16740, we subjected the sequences of At4g16740 (Cah@)At4g16730 (WSs)
toin silico analysis [50]. The algorithm TargetP which integrates ttesligtions from
the common algorithms ChloroP and SignalP, predicted arapilast transit peptide
for Ws-At4g16730 and, interestingly, a putative mitochaaldransit peptide for Col-
At4g16740 (Table 7). To prove the subcellular targetinghefrespective terpene syn-
thases, we produced GFP hybrid fusion proteins with thetigataignal peptide se-
guences of At4g16730 (the putatide){3-ocimene synthase from Ws ecotype) and the
(E,B)-a-farnesene At4g16740 from the Col-0 ecotype. The binaryovgeCAMBIA-
1302 with mGFP5 resulted in C-terminal fused protein-mGRAarids. As a control
for plastidial localization, we used a construct with EGRFfached to the C-terminus
of the signal peptide (SP) of ferredoxin N-reductase (FNRansformed plantlets in
the four leaf stage were examined under UV light with a bifecmicroscope, but
no GFP fluorescence could be visualized. Therefore screeriGHP excitation were
conducted directly with a laser scanning microscope LSMZ&dss, Jena, Germany).
Pictures acquired from the different plant lines are showifrigure 23. The plas-
tid localized control (SP-FNR-EGFP) showed distinct GFghals that colocalized
with the chlorophyll fluorescence of chloroplasts. Wheraasmilar picture could
be obtained from the SP-At4g16730-(Ws)-GFP transformahies plants with SP-
At4g16740-(Col-0)-GFP did not show any clear subcellutaalization. GFP signals

Table 7: Prediction results of the TargetP algorithm to festsubcellular targeting
of Col-At4g16740 and Ws-At4g16730. cTP: chloroplast tegde mTP: mitochon-
drial targeted, SP: signal peptide for secretion, Loc: sliblar compartment (chloro-
plast or mitochondria), RC: reliability class, TPlen: pgoted length of transit peptide.
http://www.cbs.dtu.dk/services/TargetP/

Name Length cTP mTP SP other Loc RC TPlen
Ws-At4g16730 589  0.652 0.122 0.111 0.076 C 3 25
Col-At4g16740 565 0.205 0.722 0.008 0.126 M 3 9

cutoff 0.000 0.000 0.000 0.000
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Figure 23: Confocal laser scanning microscopyAothalianaseedlings transformed
with signal peptide-green fluorescent protein (SP-GFPYiiytonstructs. Pictures
were taken from hypocotyl regions. A-D: plastid localizeshtrol with the SP of
ferredoxin N-reductase and EGFP; E-H: SP of At4g16740 (@ud) mGFP5; J-M: SP
of At4g16730 (Ws) with mGFP5. In H no colocalization of GFBrsl and chloro-
plasts can be seen. The plastid-localized control (D) sHovedocalization of GFP
signals and chloroplasts as did At4g16730 (Mycblumn: images acquired by differ-
ential interference contrast?®@column: autofluorescence of chlorophylfd 8olumn:
fluorescence signals of GFPH4olumn: overlay of GFP and chlorophyll fluores-
cence. Band pass for GFP fluorescence was 500 — 550 nm, losa@pas0 nm for
autofluorescence. Laser excitation was with 458 nm and 48&Swade bars: 2fm
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may possibly be attributed to the nucleus and the cellwatldiol clearly not colocalize
with chloroplasts.

In addition to subcellular localization of the two terpepathases, we studied the
contribution of the plastidial MEP pathway and the cytosdVA pathway in the
formation of E)-B-ocimene andKE,E)-a-farnesene using pathway-specific inhibitors.
We hypothesized that the respective terpenes should beigeddoy G units from
one of the terpene biosynthetic pathways or the other, ahtiath. As the cytosolic
MVA pathway can be specifically blocked by inhibiting the k@yzyme HMGR with
statins, and the plastid localized MEP pathway can be itddbby fosmidomycin,
we applied lovastatin and fosmidomycin separately to tlypes Col-0 and Ws and
monitored volatile emission after induction with corormaloNe could show that the
emission of TMTT was completely inhibited in both ecotypgs$dsmidomycin but not
with lovastatin. In the Ws ecotype, induced emissionEjff-ocimene was roughly
eight-fold reduced by the application of fosmidomycin apgraximately two-fold by
lovastatin treatment. Interestingly, fosmidomycin aled to a four-fold reduction in
the formation of E,E)-a-farnesene, whereas lovastatin showed no effect. Thetsesul
suggest, that formation oE(E)-a-farnesene could occur in plastids — in contrast to
the localization of E,E)-a-farnesene synthase outside of plastids, — but might rather
indicate cross-talk between terpene biosynthesis pathivapoth compartments as
observed in other plant species.
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Figure 24: Volatile emission after inhibitor applicationda24 h after induction with
ethylindanone on cut leaves Af thalianaCol-0 and Ws (ng gFW h'1, standard de-
viation for n=3). Twenty four h after application of the ibftbrs the samples were
induced. First row (a-c): ecotype Ws, second row (d,e): ygmotCol-0. El: ethylin-
danone alone, Fos: El plus fosmidomycin, Lov: El plus loztst
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4.4 Discussion

A. thalianaecotypes were shown previously to have different profilegeiggene flo-
ral volatiles [160], but variation in induced terpene erigiss from rosette leaves has
not been studied until now. Terpene emission from diffeemdtypes ofA. thaliana
was induced using different elicitors. As these inducermimiherbivore attack by
eliciting defence pathways [51, 57], this induction can bedias a reliable method to
investigate plant stress responses. Each ecotype showedrtie volatile profile with
the fungal-derived elicitor alamethicin or with the cortina analog coronalon when
applied to cut leaves or to intact plants grown in hydropauilture.

A survey of 29 hydroponically grown ecotypes with coronaéaninducer revealed
a broad spectrum of)--ocimene emission rates from no emission to nearly 200 ng
gFW1 hl, For example, the ecotype Ws emitted ca. 120 ng g (E)-B-ocimene
under these conditions, which represents a high emissierirréhe spectrum obtained
from all ecotypes (Table 6). However, the ecotype Col-0 emibnly trace amounts
of (E)-B-ocimene. The amount of emitteH,E)-a-farnesene was similarly low in both
Col-0 and Ws ecotypes (ca. 2 ng giMi1). To explain the underlying molecular and
biochemical mechanisms responsible for these differerecelser investigation with
the ecotypes Ws and Col-0 was carried out.

Genomic sequence analysis and previous characterizdtignpene synthases in
A. thalianasuggested that two terpene synthases, At4g16730 and At4§l6ay be
responsible for the observed differences in the Col-0 ande¥dsypes. At4gl6740
was described recently as a monoterpene synthase (B}&-dcimene, 4% Z)-3-
ocimene) [56]. The authors reported an upregulation of ¢f@ise by mechanical
wounding and with jasmonic acid. By sequence comparisoAg24730 was also
assigned as a monoterpene synthase [14]. Another monoiesgathase, At2g24210,
was previously reported to synthesiZ€)-3-ocimene (20%) as well aB-myrcene
(56%) [23]. But, since we did not find any significant amount3anyrcene after
induction, At2g24210 was not further considered as a caelitbr induced ocimene
emission.

As terpene synthesis is often regulated at the transcupt td terpene synthases
[26, 172], it was assumed that the observed differencesrpemne blends could be
reflected in differenTPSgene transcript patterns. After induction of the ecotypé Co
0, we observed an upregulation of both At4g16730 and At4¢Q6However, in the
ecotype Ws, only At4g16730 was upregulated (Figure 18).lllnases, the induced
transcripts were full-length. Whilee)-3-ocimene emission from the Ws ecotype was
positively correlated with the observed transcript pattefr At4g16730, no emission
of (E)-B-ocimene was observed in the Col-0 ecotype despite the éntagpression
of both genes. We therefore investigated the coding seggeoicthe respectivéPS
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MdAFS1 QVLYNTTCIHARETEEEN O--VPOLTKV/ADFCKALBVEY 406
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Figure 25: Alignment of deduced amino acid sequences ofem®twith known
(E,B)-a-farnesene synthase activity generated with ClustalX amoe®oc. AtWsFS:
At4g16730 fromA. thalianaecotype Ws; AtColFS: At4g16740 frod. thalianaeco-
type Col-0; MdAAFS1: AAO22848 fronMalus domesticaPcAFS1: DQ309034 from
Pyrus communijsCsFS: AY640154 fronCucumis sativusPtFS: AAO61226 fronPi-
nus taedaPaFS: AY473627 fronPicea abiesUnderlined motifs: The DDxxD motif
which is characteristic for terpene synthases is at pos8iD, the RRXW motif is at
position 42.
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genes and thim vitro activities of their recombinant enzymes in greater detail.

In exon 1 of At4g16730 (Col-0) an insertion of an AT nucleetigair results in a
shift of the reading-frame which leads to a premature teation codon (PTC) (Fig-
ure 19). In plants as well as in yeast and animals there argyqoantrol systems
like nonsense-mediated mMRNA decay (NMD) to eliminate exous transcripts like
those with PTCs [73, 83, 111]. Interestingly, we still dé¢éelccomplete transcripts
of At4g16730 in Col-0 with the PTC in high amounts after ingme. However, it
is unclear whether the mRNA is targeted for NMD or not becausalid not mea-
sure transcript stability in detail. Nevertheless, evethd transcript is not targeted
for NMD, and a shortened protein or even a longer nonsenstoveis translated, it
would likely not have enzymatic activity because of the ¢argissing portion of the
catalytic domain. To verify thén vitro function of the other expresséiPSgenes,
At4g16730 from Ws and At4g16740 from Col-0, we expresseth benes irE. coli
and analysed the proteins for enzyme activity. Both enzywers able to convert the
substrates geranyl pyrophosphate (GPR) @nd farnesyl pyrophosphate (FPRsC
into olefinic products. Whereas with GPP the monoterpeBgg{ocimene (75%),
(2)-ocimene (22%), an@-myrcene (3%) were produced, the main volatile product
with FPP was the sesquiterperte, )-a-farnesene (plus minor amounts &,E)-a-
farnesene) (Figure 20). The results of At4g16740 are inrashto a previous analysis
by Faldtet al.[56] who note the inability to produce farnesene from thestiaite FPP.
The reason for that may rely on sequence differences bethegeaised the ecotype
C24 and not Col-0. As the wild type version of At4g16730 froml-C was not ac-
tive due to the frame-shift mutation (see above), we askegthven only this specific
mutation was responsible for the loss of enzyme activity ottier observed polymor-
phisms also contribute to enzyme function. We used siectid mutagenesis with a
mutated primer-based polymerase chain reaction to tryeerp the sequence to one
encoding an active protein. Enzyme assays following oygession of the construct
without the frame-shift mutation still yielded an inactpmtein. We then conducted a
step-by-step mutagenesis of the 7 non-synonymous nuideptilymorphisms differ-
ent to the Ws gene in the N-terminal domain of the deducedpraequence. After
all 7 different sites in the N-terminal domain were changefittthe sequence of the
Ws gene, the result was an active protein. One of these Baéd3 (position 160 in
Figure 25), is located in the protein’s periphery and noselto the active site, and
can therefore be regarded as a residue required for syabflithe conformation of
the enzyme. Changes of non-synonymous nucleotide polyjmismg in the translated
C-terminal domain did not seem to have any effect on enzyraativity.

The amino acid sequences of the investigatethalianagenes were compared to
published sequences with significant similarity (Figuré. 28|l compared sequences
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are reported to beE E)-a-farnesene synthases. Four of them, AtWsFS, AtColFS,
MdAFS1 [125], and CsFS [114], also convert GPP E)-B-ocimene as shown by

in vitro assays. From PcAFS1 which differs from MdAFSL1 in only 13 amaeids,

no data on activity with GPP are available [59]. From the twangosperm [, E)-
a-farnesene synthases, PtFS [127] and PaFS [113], &) -farnesene synthase
activity is reported. A high degree of conserved residues feand between the se-
guences, even though they are members of the BrassicassrdRe, Cucurbitaceae,
and Pinaceae plant families which are only distantly relat€he protein alignment
(Figure 25) showed two conserved motifs characteristictdgpene synthases: The
DDxxD motif is essential for the binding of the cation ktgn the central cavity of
the protein. The other conserved motif in the N-terminal domthe RRXW motif,

is predicted to be important for monoterpene formation [1@phimann [113] sug-
gested it to be a conserved plastid targeting motif. Dudeeeal. [47] point out that
this motif is characteristic for thgos-b andtpsd gene families of monoterpene syn-
thases, but is absent in thgs-g group. The latter is a family of terpene synthases that
produce acyclic monoterpenes. However, these statementeduced from sequence
comparisons only and lack proof of function in targeting.

In addition to the analysis of recombinant proteins, werdtal to determine the
function of the targeted. thalianagenesn vivo. For most of the genes &f. thaliana,
multiple gene knock-out lines have been generated via T-dArtion or transposon
mutagenesis. However, for neither At4g16730 nor for Atdgllbare such mutants
available in the Col-0 or Ws backgrounds. Because of theggatons we attempted
to generate mutants by using antisense and RNAi-sileng@pgoaches. No antisense
or RNAI lines could be established for At4g16730 (WSs) in the Béckground due to
problems generating the correct sequence constructs. \lovem antisense approach
with the full coding sequence of Col-At4g16740 resulted icomplete depletion of
induced E,E)-a-farnesene emission. To verify this result by an altereatiethod, we
generated an RNAI construct. Transformed plants showedsadbE, E)-a-farnesene
emission (Figure 21). Since At4g16730 and At4g16740 hawé gdquence iden-
tity over 650 nucleotides in the middle of their transcrjpt& examined whether the
At4g16740 (Col-0) RNAI construct might affect expressidnAt4g16730 in the Ws
background by inhibiting induced emission &){pB-ocimene andK,E)-a-farnesene.
No difference between Ws transformants and wild-type waeonded after induction
indicating no loss of At4g16730 expression. We therefoneckhale thatTPSgene
expression can be specifically altered by RNAIi approachspitgethe high sequence
similarity of TPSgenes (Figure 22). The combinationiofvitro analysis and the gene
silencing experiments strengthen the hypothesis, thag#§440 in Col-0 is indeed
responsible for the production o (E)-a-farnesene whereas At4g16730 in Ws may
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be responsible forH)-pB-ocimene formation in this ecotype.

To further analyze why the Col-0 enzyme functions as ByE)-a-farnesendn
vivo without any production ofE)--ocimene, we investigated the subcellular loca-
tion of this protein in comparison to its homolog At4g16780Ns. InA. thaliana,the
enzyme that produces the substrate FPP, the FPP synthiemtés in the cytoplasm
and mitochondria [35], while the GPP synthase may be prasdahe cytosol or the
plastids [24]. The subcellular targeting of signal seqesntan be estimated by algo-
rithms [50]. Thein silico localization prediction by the TargetP algorithm (whickein
grates the algorithms of ChloroP and SignalP), suggestgdtiag of Col-At4g16740
to mitochondria and Ws-At4g16730 to plastids. The genematf GFP-protein fusion
constructs was attempted to confirm the predictions of tget® algorithm.

A green fluorescent protein (GFP) was fused with the putdkamesit peptide se-
guences of the respective proteins. We used mGFP5 [1514bleathrough the vector
pCAMBIA-1302 (Accession Nr AF234298, [62]). The sequenEenGFP5 was opti-
mized for plant codon usage, but the modified version pradiackess bright fluores-
cence signal compared to other versions like the enhanc®d&FFP). The latter ver-
sion was used as positive control fused to the chloroplagétiag signal of the ferre-
doxin NADP reductase (FNR) [112]. Compared to the eGFP eBrshe background
intensities with mGFP5 were much higher with confocal nmscapy due to lower sig-
nal specificity. However, a fusion product of the signal mpiof At4g16730 (Ws)
was localized in the chloroplasts, confirming the predictb TargetP. For At4g16740

(Coal-0), no chloroplast transit peptide localization abhk assigned, and confocal mi
croscopical analysis could neither confirm nor excludeetiang of the protein to mi-
tochondria, as suggested inysilico analysis. Mitochondria might be a possible com-
partment because the substrate FPP is present and useg flomtfation of ubiquinone
and heme A. As recent studies indicate, sesquiterpeneasggltan be directed to mi-
tochondria and hence efficiently convert FPP into volati@hout diverting too much

of the substrate [82]. Another case of metabolite changesethby the breeding of
cultivated strawberry was discovered recently [4]. Wheirgze fruits of the cultivated
form’s ancestor. vescaproduce monoterpenes as their main terpene volatiles, the
cultivar F. x ananassamakes linalool and the sesquiterpene nerolidol. Locadinat
experiments showed that tire X ananassamono- and sesquiterpene synthases both
were in the cytosol, but thE. vescamonoterpene synthase is localized to the mito-
chondrion. The flavor change may have occured by selectiomfdated varieties
with the more pleasant linalool-nerolidol flavor due to argin enzyme location
from the mitochondria to the cytosol.

An alternative to compartmentation different from the sgiowould be a com-
partment exchange of intermediates of terpene biosyrsthelie plastidially local-
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ized MEP pathway could providescunits transported into the cytosol and further be
converted to sesquiterpenes, a scenario which is sugglegtether studies [16, 46].
Therefore we further investigated the compartmentatiofEpf3-ocimene andg,E)-
a-farnesene formation via inhibition of the plastidial MERdathe cytosolic MVA
pathway that provide the IPP precursor for terpene bioggmh The overall picture
of biosynthetic pathways responsible for the productiotegéenes in plants was only
recently completed. Until the mid-90s, the MVA pathway @irg in the cytoplasm
was considered to be the only pathway for the production ®Gtunits of terpenes,
although doubts about that unique role were already prarenin The rate-limiting
step of the MVA pathway, which supplies substrates stemdssesquiterpenes among
other compounds, is HMG-CoA reductase (HMGR) [104] which ba specifically
inhibited by statins. In plastids, only recently a sepapathiway, the methyl-erythritol
phosphate (MEP) pathway, was found to operate that prodsudestrates for mono-
and diterpenes and carotenoids [103]. The regulation tptaway seems to be more
complex than that of the MVA pathway, but a limiting step ie #nzyme DXS [53],
which produces DXP and can be inhibited by fosmidomycin [80je application of
this inhibitor in A. thalianais well established to block the formation of carotenoids,
isoprene and the chlorophyll phytyl side chain [175]. Intitut of A. thaliana eco-
type Col-0 by herbivory oPieris rapaeresulted in emission of TMTT [165]. Our
inhibition experiments with fosmidomycin on cut leavesfofthalianastrengthen the
finding that TMTT inA. thalianais derived from a diterpene precursor [11, 70]. Nearly
no TMTT was emitted after fosmidomycin was added to the gmxyCol-0 and Ws.
As expected, K)-f3-ocimene emission in Ws was reduced by inhibition of the MEP
pathway although some reduction was also observed wittstatma. Interestingly,
(E,B)-a-farnesene emission was also reduced in both ecotypes mdosiycin but
not by lovastatin. These results possibly indicate a cralksbetween the cytosolic
and plastidial compartment as has been described in otkes ¢a6, 46]. However,
since lovastatin was not determined to inhibit the produrctf any terpenoids in these
experiments, its application may not have been effective.
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5 Summary

Plants emit a variety of volatile organic compounds intodbtmosphere, but the for-
mation and function of many of these substances is not yewvknolhe biological
variation of volatiles apparent in ecotypes or populati@ifferences in terms of bio-
chemical and molecular regulation is also widely unknowrhisTthesis employed
molecular biological methods as well as chemical analysesucidate the emission
profiles of two closely related crucifer species. Model oigms serve as a basis for
solving important scientific questions, but each modelesaffrom certain limitations
because of its physiological and ecological niche. We usedrtodel planfrabidop-
sis thalianaand the close relativA. lyrata ssp.petraea The variability between these
two species is likely caused by differential selective pues since the divergence of
the two species 5 million years agd\. thalianais a predominantly selfing annual
of disturbed sites whilé\. lyrata is an obligate outcrossing perennial of rocky habi-
tats. Temporal and spatial variability of volatile emissiwas investigated including
different organs, ecotypes and populations.

Variability of floral scent in A. lyrata ssp.petraea populations

UsingA. thalianaandA. lyrataas a model system, we demonstrated significant intra-
and interspecific differences in floral and vegetative Walabf A. thalianaandA. lyra-
ta. To estimate the variability of floral scent in central EugapA. lyrata ssp.petraea
populations, plants from geographically isolated popoet were investigated. Floral
volatiles ofA. lyrata ssp.petraeafrom populations from Germany, the Czech Repub-
lic and Austria were collected by headspace volatile tnag@ind analysed and iden-
tified by coupled gas chromatography-mass spectrometryNISE Besides single
timepoint analysis of flowers, continuous whole plant measents were done with
proton-transfer-reaction mass spectrometry (PTR-MS34ofor temporal changes of
scent emission over 24 hours. Furthermore, the organfaggcof floral scent emis-
sion was determined by dissection Af lyrata flowers. The results were compared
with the known volatile spectrum &. thaliana

While the low amounts of floral scent @&f. thalianamainly consist of sesquiter-
penes, no such compounds were found in the floral sceAt bfrata ssp. petraea
The scent of this species is instead dominated by benzeoomba@unds for which a
distinct diurnally regulated emission was shown by diffénmethods. The emission
peaked between 10 a.m. and 1 p.m., which correlates pdgitiith the high flight
activity of important pollinating hymenoptera observedtia field. Dissection of flo-
ral organs showed that the floral volatiles were exclusiwshjtted from the petals;
neither the gynoecium nor the androecium contributed t@thission. This finding is
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in contrast to promoter-GUS studies of floral volatile bigthetic genes ii\. thaliana
but in agreement with other studies on insect pollinatedispdike Silene latifoliaor
Nicotiana suaveolens

The emission of floral scent fromA. lyrata ssp. petraesawas different within
and between central European populations. In three igatstl populations, distinct
floral chemotypes were found (chapter 2). Compounds thatirdgded a particular
chemotype were absent or minor compounds in other chenmffgienylacetalde-
hyde, 4-methoxy-benzaldehyde, methylbenzoate, metligl/kde, linalool), with the
exception of benzaldehyde which was detected in all chegpesty The observed in-
terpopulational differences in floral scent profilesfoflyrata ssp. petraeamight be a
consequence of coevolution with a different local pollingtfauna.

Variation of vegetative volatile terpenes

We observed qualitative differences in insect-inducedhtiles between the annual
A. thalianaand the closely related perennial lyrata ssp. petraea When both
species are subjected to herbivory by the BrassicaceaébgieRlutella xylostella
only A. lyrata emits the sesquiterpen&)¢p-caryophyllene (chapter 1). Consider-
able variation of E)-B-caryophyllene emission together with other volatiledide
ing DMNT, TMTT and nerolidol was found among individuals okegle A. lyrata
population. A broad range from no emission &)-3-caryophyllene to emission of
(E)-B-caryophyllene as the predominant induced volatile comdowas found. In
A. thaliang (E)-B-caryophyllene is only emitted from floral tissue [30, 165} i is
not a constituent of floral scent ix. lyrata (chapters 1 and 2). Therefore, it can be
assumed that the regulation &){3-caryophyllene synthesis has evolved significantly
different since the divergence 6f thalianaandA. lyrata5 million years ago. While
A. thalianaas an annual species may uBg-3-caryophyllene as an antimicrobial agent
to protect flowers and seed formatioh, lyrata may use other volatiles with antimi-
crobial activity such as benzaldehyde for floral defenserbiere-induced emission
of (E)-B-caryophyllene in maize was shown to be involved in a putitibeneficial
tritrophic interaction [133], but whether a similar furanti exists forA. lyratais as yet
unknown.

In order to characterizeE}-pB-caryophyllene formation id. lyrata at the molecu-
lar level, a gene encoding B)-B-caryophyllene synthase was isolated by RT-PCR us-
ing primers derived from the previously identifieg){3-caryophyllene synthase from
A. thaliana[160]. The function of the gene was confirmed by heterologexres-
sion inE. coliand analysis of terpene synthase activity. The coding segseof the
(E)-B-caryophyllene synthases frof thalianaandA. lyrata have the same degree
of similarity as the housekeeping gemaat and Chs[93], with 85% identity at the
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nucleotide level and 92% similarity at the protein sequdacel. Similar values were
obtained for otheA. thalianaterpene synthase genes and their putative homologues in
A. lyrata. In contrast to the exclusive expression of h¢haliana(E)-f-caryophyllene
synthase in floral tissues, the homologous gene #olyratais not expressed in flow-
ers. Instead, transcription of this gene is upregulatetérfaliage ofA. lyrata which

is in correlation with the inducedEj-B-caryophyllene emission from this tissue. The
results suggest that tissue-specific differences in thadton of E)-B-caryophyllene

in A. thalianaandA. lyrataevolved by differential expression of the respective hamol
ogous terpene synthases in both species.

Two differently regulated terpene synthase genes are respsible for in-
duced formation of (E)-B-ocimene and E,E)-a-farnesene inA. thaliana

We investigated the emission of volatiles among®2¢halianaecotypes in response to
treatment with the elicitor coronalon. The monoterpdgief-ocimene, the sesquiter-
pene E,E)-a-farnesene and the C16-homoterpene TMTT were observed sheuo-
types. Major quantitative differences were found for théssion of E)-B-ocimene;
for example, the Col-0 ecotype almost completely laés§-ocimene emission, while
the ecotype Ws shows release Bj-3-ocimene as the major volatile compound upon
coronalon treatment. These two ecotypes were selecteddetailed molecular ana-
lysis of the difference inE)-f-ocimene emission.

A treatment with coronalon caused an upregulation of tm@piscof the closely
related terpene synthases At4g16730 and At4g16740 in tigpecCol-0, while only
At4g16730 was upregulated in the ecotype Ws. Both ecotypeduped full-length
transcripts of the respective genes after induction. A424®, another monoterpene
synthase gene &. thaliang was previously shown to function aganyrcene (56%)
and E)-B-ocimene (20%) synthase [23]. As we did not find ganyrcene in con-
siderable amounts, At2g24210 was not considered to benstpe for the polymor-
phism in E)-B-ocimene / E,E)-a-farnesene emission.

Although At4g16730 and At4g16740 are annotated as morenergynthases by
sequence comparisons with other organisms [14, 47, 113]demeonstrated byn
vitro assays with the recombinant enzymes of At4g16730 from WoaAt¥g16740
from Col-0 that each enzyme can function as a mono- and segggeme synthase.
Whereas with geranyl pyrophosphate the monoterpeBe§-o6cimene (75%), 4)-
ocimene (22%), an@-myrcene (3%) were produced, the main volatile product with
farnesyl pyrophosphate was the sesquiterp&ne){a-farnesene (plus minor amounts
of (Z,B)-a-farnesene). No enzyme activity was found for the recomtiipeotein en-
coded by At4g16730 from Col-0 because of a mutation introduea premature stop
codon. Reestablishment of the full-length open readingérand site-directed mu-
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tagenesis of selected amino acids in the N-terminal regased) on nucleotide poly-
morphisms in the gene of the Ws ecotype restoEBe3¢ocimene / E,E)-a-farnesene
activity of the Col-0 enzyme.

Silencing of At4g16740 in Col-0 via RNAI and antisense apgttes resulted in
the lack of inducedH,E)-a-farnesene emission, concluding that this terpene syathas
is responsible for the formation OE(E)-a-farnesene in the Col-0 ecotype. The func-
tion of At4g16740 from Col-0 as a sesquiterpene synthasesugzorted by a putative
localization of a GFP-fusion protein in the cytosol, whistthe primary compartment
for the synthesis of FPP. In contrast, GFP-fusion of the iNigal sequence of the
At4g16730 protein from WSs resulted in targeting of this pmotto the chloroplast,
suggesting ain vivo function of At4g16730 from Ws as &J-B-ocimene synthase.
This function remains to be further confirmed via RNAi-arsédy Together, the results
indicate that differences in induce&)¢p-ocimene / E,E)-a-farnesene emissions of
two A. thalianaecotypes are determined at the levels of gene mutatiorereiffial
gene expression and subcellular location of two closeBteel terpene synthases.
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6 Zusammenfassung

Obgleich schon lange bekannt ist, daf3 Pflanzen fliichtigdeSitofdie Umgebung
abgeben, so ist bis heute von vielen dieser Duftstoffe wébigr ihre Biosynthese
und Funktion bekannt. Wie die biologische Variabilitat ssie Stoffe auf der Ebene
von Okotypen oder Populationen biochemisch und molekigkdisch erklart werden
kann, ist ebenso weitgehend ungeklart. Mit Hilfe chemisdkealytik und moleku-
larbiologischen Methoden behandelt die vorliegende Arthei Frage, inwieweit die
induzierte pflanzliche Emission von Volatilen zwischen@alrwandten Arten erkléart
werden kann. An Modellorganismen kénnen viele grundlegamd] wichtige Fragen
geklart werden, mit ihrer Hilfe allein kdnnen jedoch nurtirasnte Probleme geklart
werden, da jede Art phylogenetisch in ihrer Auspragung dregjrist. Hier wurde die
ModellpflanzeArabidopsis thalianarzerwendet sowie vergleichend dazu die eng ver-
wandte Felsen-Schaumkresge,lyrata ssp.petraea Die rezenten Arten haben sich
in den vergangenen finf Millionen Jahren aus einer gemeiasdJrsprungsart durch
unterschiedliche Ausleseprozesse ausreichend dkologisersifiziert. A. thaliana
ist eine vorwiegend selbstbefruchtende Annuelle mit RiamiarakterA. lyratadage-
gen ist ausdauernd, auf Fremdbestaubung angewiesen undugtielsigem Terrain
zu finden. Die raumliche und zeitliche Variabilitat der Abgavon fliichtigen Stof-
fen wurde auf der Ebene verschiedener Pflanzenorgane, gotnd Populationen
untersucht.

Variabilitat im Blltenduft von A. lyrata ssp.petraea

Mit dem vergleichenden Systefn thalianaundA. lyratakonnte gezeigt werden, daf3
sowohl Blitenduft als auch die Emission Uber vegetativea@egn beiden Arten intra-
und interspezifisch erhebliche Schwankungen aufweist. dDeditative und quan-
titative Bandbreite an Blutenduft voA. lyrata in Mitteleuropa wurde anhand von
geographisch weit voneinander isolierten Populationeterancht. Blitenduft von
A. lyrata aus Populationen in Deutschland, Tschechien und Ostemaicde gesam-
melt und die Komponenten durch gekoppelte Gas-Chromaibgraviassenspektro-
metrie (GC-MS) analysiert und identifiziert. Es wurden shivounktuelle Bliten-
messungen als auch kontinuierliche Messungen von gesatfilrzen durchgefihrt.
Dafir wurde u. a. die neue Technik der Protonentransfersbtapektrometrie (PTR-
MS) benutzt, um zeitliche Veranderungen der Duftemisstoer inehr als 24 Stunden
aufzunehmen. Die Ergebnisse wurden in den vergleichendeekt zuA. thaliana
gestellt.

Der Blitenduft vonA. thalianaist schwach ausgepragt und besteht hauptséachlich
aus verschiedenen Sesquiterpenen. Bluten Aiptyrata emittieren dagegen grol3e
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Mengen an Benzenderivaten in einem ausgepragten diurRddgthmus, was durch
verschiedene Methoden gezeigt werden konnte. Die Haugpséoni im Labor war
zwischen 10 und 13 Uhr. Zur gleichen Tageszeit war die Flingtt von wichti-
gen bestdubenden Hymenopteren im Feld am hochsten. Dugchettiennte Ana-
lyse einzelner Blitenorgane wurden die Blitenblatter Bdsnégge Duftquelle inner-
halb der Blute identifiziert, weder Gynoeceum noch Andraeté&ugen zur Emission
bei. Diese Ergebnisse stehen im Gegensatz zu Promoter-Giti$suchungen von
Genen zur Biosynthese von BlutenduftstoffenAinthaliang stimmen aber Uberein
mit Ergebnissen von Arten wiSilene latifoliaoder Nicotiana suaveolenglie durch
Insekten bestaubt werden.

Die Duftemission vorA. lyrata Bliten war sowohl zwischen als auch innerhalb
der untersuchten Populationen verschieden. Von dreisuttbten Populationen wur-
den spezifische Duftmuster ausgemacht (Kapitel 2). Substagie einen bestimmten
Chemotyp ausmachten waren nicht oder nur in geringen Meimgeanderen Chemo-
typen zu finden (Phenylacetaldehyd, 4-MethoxybenzaldeBgdzoésauremethylester,
Salicylsduremethylester und Linalool). Die Ausnahme daifnet Benzaldehyd, das
in allen Chemotypen gefunden wurde. Die gefundenen Unterde im Blitenduft
zwischen den Populationen sind méglicherweise das Ergelimér Anpassung an eine
unterschiedliche lokale Bestauberfauna.

Unterschiede in der vegetativen Abgabe von fliichtigen Terpeen

Durch Insektenfrald induziert abgegebene Duftstoffe waralitativ unterschiedlich
zwischen der ausdauernden Artlyrata ssp.petraeaund der AnnuellerA. thaliana
Nach Frafd durch Raupen der auf Kreuzblitler spezialisigftghimotte Plutella xy-
lostellagab nurA. lyrata das Sesquiterperie]-3-Caryophyllen ab (Kapitel 1). Aller-
dings war die Abgabe fllichtiger Stoffe innerhalb einer Pagaoih vonA. lyrata vari-
abel, einige Individuen emittierten die Homoterpene DMINW,TT oder den Sesquiter-
penalkohol Nerolidol. E)-B-Caryophyllen war teilweise der einzige abgegebene Stoff,
z. T. war es Uberhaupt nicht vorhanden. Von Bliten wurde Kejr3-Caryophyllen
abgegeben, beh. thalianadagegen ist es Teil des Blutendufts [30, 165]. Aus den
Ergebnissen kann geschlossen werden, dal? die Regulatiddiadynthese vonK)-
-Caryophyllen seit der Trennung in die beiden Ari&nthalianaund A. lyrata vor

ca. funf Millionen Jahren eine unterschiedliche Evolutefahren hat. Wahrend bei
der AnnuellerA. thaliana(E)-B-Caryophyllen vielleicht als praventives Antibiotikum
von Vorteil ist, um Bliten und Samenansatz vor einem Befafich Pathogene zu
schitzen, so Ubernehmen in Bluten vorlyrata die Benzenderivate neben einer Sig-
nalfunktion auf Bestauber moglicherweise eine Schutafonkgegen Pathogene. In
Mais wurde eine Emission voie)-B-Caryophyllen nach Raupenfrald gezeigt, wo es an
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einer fur Mais maoglicherweise nutzlichen tritrophischateraktion beteiligt ist [133].
Es ist jedoch nicht bekannt, ob eine &hnliche FunktiorAfliyratagegeben ist.

Die Bildung von E)-B-Caryophyllen inA. lyratasollte auf molekularer Ebene un-
tersucht werden. Dafir wurde durch einen RT-PCR Ansatz rimté?n, die homolog
zur karzlich identifizierten E)-B-Caryophyllensynthase aés thalianasind, ein Gen
identifiziert, das ebenfalls fur eind€)-p-Caryophyllensynthase kodiert [160]. Die
Genfunktion wurde durch Analyse der Terpensynthase#ktiviach heterologer Ex-
pression irk. coli bestétigt. Die zueinander homologéf)-3-Caryophyllensynthasen
ausA. thalianaundA. lyrata haben mit 85% identischer Nukleotidsequenz und einer
zu 92% &hnlichen Proteinsequenz den gleichen Grad der dkieiit wie matK und
Chs[93]. Ahnliche Werte wurden fiir andere Terpensynthasegeaeihre moglichen
Homologe inA. lyrata gefunden. Im Gegensatz zur ausschlief3lichen Expression de
(E)-B-Caryophyllensynthase in Bluten vah thalianawar das homologe Gen von
A. lyrata nicht in BlUten exprimiert. Die Transkription dieses Gernarwagegen in
Blattern vonA. lyrata nach Raupenfral® hochreguliert, was mit der induzierten Ab-
gabe von E)-B-Caryophyllen von Blattern korreliert war. Die Ergebnidassen ver-
muten, dalR gewebespezifische Unterschiede in der BildundB)ep-Caryophyllen
in A. thalianaundA. lyratadurch differentielle Expression der jeweiligen homologen
Terpensynthase in beiden Arten entstanden sind.

Zwei unterschiedlich regulierte Terpensynthasegene sinfiir die induzierte
Bildung von (E)-B-Ocimen und (E,E)-a-Farnesen inA. thaliana verant-
wortlich

Die Bandbreite der Emission von Volatilen nach Induktiomatiudas Induktionsmit-
tel Coronalon sollte beA. thalianaanhand von 29 Okotypen untersucht werden. Die
meisten Okotypen gaben das MonoterpEh§-Ocimen, das SesquiterpeR,E)-a-
Farnesen sowie das C16 Homoterpen TMTT ab. GrolRe quardithithterschiede
wurden fir €)-B-Ocimen gefunden. Wahrend der Okotyp Col-0 z. B. fast k& (
B-Ocimen abgab, ist bei dem Okotyp WE){B-Ocimen die Hauptkomponente. Diese
zwei Okotypen wurden fiir eingehende molekulare Untersugbu in Bezug auf die
unterschiedlicheH)-B-Ocimenabgabe verwendet.

Coronalon bewirkte eine Hochregulation von Transkripten mahe verwandten
Terpensynthasegene At4g16730 und At4g16740 in dem Okoby® ,Gvohingegen
At4g16730 nur in dem Okotyp Ws transkribiert wurde. In beidékotypen wur-
den vollstéandige Gentranskripte nach Induktion gefund&t2g24210, eine weitere
Monoterpensynthase vof. thaliana wurde vor kurzem alg§-Myrcen- (56%) und
(E)-B-Ocimen (20%) Synthase beschrieben [23]. Bei unseren kltbungen wur-
den keine wesentlichen Mengen giMyrcen gefunden, At2g24210 wurde daher fir
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den E)-B-Ocimen / E,E)-a-Farnesen Polymorphismus nicht in Betracht gezogen.

Durch Sequenzvergleiche mit anderen Organismen waren eliee @t4g16730
und At4g16740 als Monoterpensynthasen annotiert [14, #3]. 1nserdn vitro Un-
tersuchungen mit den rekombinanten Enzymen At4g16730 ausid At4g16740
aus Col-0 ergaben jedoch, dal3 die Enzyme sowohl als Monauals als Sesquiter-
pensynthasen fungieren konnen. Wahrend mit dggSlibstrat Geranyldiphosphat
die MonoterpeneH)-B-Ocimen (75%),Z-Ocimen (22%) und3-Myrcen (3%) pro-
duziert wurden, so wurde das £Substrat Farnesyldiphosphat neben geringen Meng-
en an Z,B)-a-Farnesen zuH,E)-a-Farnesen umgesetzt. Keine Enzymaktivitat wurde
dagegen mit At4g16730 von Col-0 erhalten, da eine Mutatioiverzeitiges Transla-
tionsterminationscodon verursachte, das ein stark vetdsiProtein zur Folge hatte.
Nukleotidspezifische Mutagenese wurde eingesetztjnuwitro einen geschlossenen
Leserahmen zu erstellen und gezielt einzelne AminosaumeN-iTerminus im Ver-
gleich zur Sequenz aus Ws zu revertieren. Durch diesen Angatde die Aktivi-
tat von At4g16730 von Col-0 al&€}-B-Ocimen / E,E)-a-Farnesensynthase kinstlich
hergestellt.

Mittels RNAI silencingund einenmantisenseAnsatz von At4g16740 in Col-0 wurde
die induzierte E,E)-a-Farnesen Emission vollstandig unterdriickt. Das lasdieftdn,
daR At4g16740 in Col-0 fiir die Bildung vok (E)-a-Farnesen verantwortlich ist. Die
Funktion von At4g16740 aus Col-0 als Sesquiterpensynthasde unterstiitzt durch
die Lokalisierung von GFP-Hybridproteinen im Cytosol, démt, an dem am meisten
Farnesyldiphosphat hergestellt wird. Im Gegensatz daigtere Hybridproteinver-
suche mit der N-terminalen Region von At4g16730 aus Ws urd &iie Lokalisierung
in Chloroplasten, was di@ vivo Funktion von At4g16730 in Ws al€}-B-Ocimen-
synthase unterstitzt. Die Funktion von At4g16730 &s[{-Ocimensynthase harrt
weiterer Bestatigung durdRNAi Experimente. Zusammengefasst zeigen die Ergeb-
nisse, dafd die Unterschiede in der induzierten{-Ocimen / €,E)-a-Farnesen Emis-
sion vonA. thalianaOkotypen auf verschiedenen Ebenen reguliert werden: Genmu
tationen, differentielle Genexpression und subzellulskalisierung von zwei ahn-
lichen Terpensynthasegenen sind daflir verantworlich.
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