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Summary

Ecological interactions between plants and animals have led to the evolution of much

of the world's biological diversity. About 90 percent of the estimated 250'000 angiosperm

species depend on animals for pollination and hence for successful reproduction. Flowers

attract pollinators with a great diversity of phenotypic traits. Plant investments into floral

characters that enhance pollinator visitation are thought to increase reproductive success, but

may simultaneously increase the risk of herbivory, parasitism or pollinator-transmitted

diseases. Plant secondary metabolites are often involved in direct and indirect chemical

defence against such antagonists. Of the volatile secondary metabolites, many have acquired a

new function during plant evolution and now have their primary function in the chemical

attraction of pollinators.

Floral odours vary qualitatively and quantitatively within and between species and in

some cases even between sexes of the same species. Differences in floral odours and other

floral traits allow pollinators to recognize flowers of a certain plant species. Pollinator

behaviour such as flower-constancy may result in assortative flower-visitation and thus

contributes to floral isolation and reproductive isolation. Such pre-pollination isolation

mechanisms are most important in closely related plant species where post-pollination

mechanisms to prevent hybridization may be absent.

The aim of this study was to characterize odour variation and odour differences within

and between the closely related night-flowering Silène latifolia and day-blooming S. dioica

and to investigate the importance of these differences for pollinator attraction and the

maintenance of species integrity as well as the effects that pollinators and pathogens may

have on odour composition and emission:

Chapter I: I investigated species differences in floral odour and its role in

reproductive isolation. Floral odour of S. latifolia and S. dioica was found to differ

qualitatively and quantitatively. In a field experiment, odour differences between species were

artificially decreased in treatment plots, which led to a higher pollen dye transfer across

species boundaries and thus to reduced floral isolation. These results suggest that floral odour

differs between species and is an important trait contributing to premating reproductive

isolation between plant species.
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Summary

Chapter II: I tested the influence of fungal infection by anther-smut disease on S.

latifolia odour and pollinator visitation. Floral odour of flowers infected by Microbotryum

violaceum was significantly different from odour of uninfected flowers and behavioural tests

showed a high preference of Hadena bicruris moths for healthy flowers. Fungal infection

possibly alters floral odour composition that results in changed flower visitations by

pollinators.

Chapter III: I examined odour differences between sexes in S, latifolia to test the

hypothesis that sexual selection leads to increased odour emission in males compared to

females. Total amount of odour emitted differed between populations and between sexes,

with males emitting significantly higher amounts of odour. In particular, pollinator-attracting

compounds were found in significantly higher amounts in males than in females. The

observed sexual dimorphism in odour emission is proposed to have evolved through

pollinator-mediated sexual selection.

Chapter IV: Effects of pollen deposition on S. latifolia floral odour emission was

tested. Pollinated flowers showed a reduced odour emission compared to unpollinated

flowers. The observed post-pollination odour changes may reduce the attractiveness of

pollinated flowers to seed-predators and may therefore lead to increased reproductive success.
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Zusammenfassung

Interaktionen zwischen Pflanzen und Tieren sind wichtige ökologische

Wechselwirkungen, die im Laufe der Evolution massgeblich zur Entstehung der weltweiten

Biodiversität beigetragen haben. In über 90 Prozent der circa 250'000 bekannten

Angiospermen sind Tiere für die Bestäubung und damit für eine erfolgreiche Fortpflanzung

verantwortlich. Blütenpflanzen locken Bestäuber mit einer Vielzahl von phänotypischen

Eigenschaften an. Investitionen in Blütenmerkmale, die Bestäuber anlocken, erhöhen den

Fortpflanzungserfolg. Mit einer erhöhten Attraktivität für Bestäuber steigt aber zugleich auch

die Gefahr unter Frass, Parasitismus oder durch Bestäuber übertragene Krankheiten zu leiden.

Sekundäre Pflanzenstoffwechselprodukte werden in vielen Pflanzen zur direkten und

indirekten Abwehr solcher Antagonisten produziert. In den meisten obligat fremd

befruchteten Pflanzen haben einige dieser Stoffe im Laufe der Evolution eine neue Funktion

erhalten und dienen zur Anlockung von Bestäubern.

Blütendüfte können sich qualitativ und quantitativ nicht nur innerhalb und zwischen

Pflanzenarten, sondern auch zwischen den Geschlechtern unterscheiden. Duft- und andere

Merkmalsunterschiede nutzen Bestäuber zur Erkennung von Blüten, und konstantes Besuchen

eines bestimmten Blütentyps führt zu spezifischer Blütenwahl. Dieses Bestäuberverhalten

spielt daher eine wichtige Rolle in der Blütenisolation und der daraus resultierenden

reproduktiven Abgrenzung. Besonders in nah verwandten Pflanzenarten, in denen nach der

Bestäubung wirkende Mechanismen fehlen, spielen die vor der Bestäubung wirksamen

Isolationsmechanismen eine wichtige Rolle zur Verhinderung von Hybridisierung.

Das Ziel dieser Arbeit war es, Duftunterschiede innerhalb und zwischen der in der

Nacht blühenden Silène latifolia und der am Tag blühenden S. dioica zu identifizieren, und

die Rolle dieser Unterschiede für die Erhaltung der Artgrenzen und in der

Bestäuberanlockung, sowie die Auswirkungen von Bestäubern und Pathogenen auf den Duft

zu untersuchen:

Kapitel I: Ich untersuchte Blütenduftunterschiede zwischen den Arten und deren Rolle

in der reproduktiven Isolation. Die Düfte von S, latifolia and S. dioica unterschieden sich

qualitative und quantitativ voneinander. In einem Feldexperiment wurden die

Duftunterschiede zwischen den Arten in Versuchsplots minimiert, was zu einem erhöhten

Transfer eines Pollenanalogs zwischen den Pflanzenarten und somit zu verminderter
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Zusammenfassung

Blütenisolation führte. Diese Resultate zeigen, dass Blütenduft eine wichtige Rolle in der

reproduktiven Isolation zwischen Pflanzenarten spielt.

Kapitel II: Ich untersuchte den Einfluss von Infektion mit Antherenbrandpilz auf den

Blütenduft und die Bestäuberbesuche von S. latifolia Blüten. Der Blütenduft, von mit

Microbotryum violaceum infizierten Blüten, unterschied sich signifikant vom Duft von

uninfizierten Blüten. Verhaltensexperimente mit dem Bestäuber Hadena bicruris zeigten eine

hohe Präferenz für nicht infizierte Blüten. Dies legt nahe, dass Pilzinfektionen die

Duftzusammensetzung soweit beeinflussen können, dass sich verändertes Bestäuberverhalten

auf den Blütenbesuch auswirkt.

Kapitel III: Ich untersuchte in S. latifolia Duftunterschiede zwischen den

Geschlechtern, um zu testen, ob sexuelle Selektion zu erhöhten Duftmengen bei den

männlichen Blüten geführt hat. Die Duftmenge war in zwei Populationen zwischen den

Geschlechtern verschieden. Besonders die Bestäuber anziehenden Substanzen wurden in

signifikant höheren Mengen in den männlichen Blüten gefunden. Der gefundene

Sexdimorphismus könnte daher durch sexuelle Selektion entstanden sein.

Kapitel IV: Die Auswirkungen von Pollenübertragung auf den Duft von S. latifolia

Blüten wurde getestet. Im Vergleich von bestäubten mit unbestäubten Blüten wurde ein

Rückgang der gesamten Duftabgabe festgestellt. Die Duftveränderungen nach der Bestäubung

könnten zu einem erhöhten Fortpflanzungserfolg führen, da Samenräuber durch die

verminderte Duftabgabe weniger stark angelockt werden.
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General introduction

Plant-animal interactions

Plants interact with a great diversity of other organisms, from large mammals to small

microbes (Howe & Westley, 1988). Some of these interactions are beneficial or even essential

for the plant, while others have negative or detrimental effects. Interactions between plants

and other organisms are therefore of fundamental importance to many key processes in

ecology and evolution (Agosta, 2006).

The interactions between plants and pollinators are examples for mutualism because

many flowering plant species that rely on pollinators for pollen transfer reward their

pollinators with pollen, nectar or oil for their service (Vogel, 1983; Waser & Price, 1983).

Many of these pollination mutualisms are prominent and thoroughly studied (Bronstein,

1994). Other interactions in which the effects for the involved plant species are not beneficial

include herbivory, parasitism, or pathogen infections (Linhart, 1991; Maron & Crone, 2006).

Numerous plant diseases are transmitted by pollinators (Antonovics, 2005), as is the case with

the fungal anther-smut disease that infects more than 100 species in the Caryophyllaceae

(Thrall et al, 1993) or the economically important fire-blight disease of pome fruits caused

by bacteria (Buban & Orosz-Kovacs, 2003).

Many plant species have developed external structures like spines and thorns for

protection against herbivores or produce secondary metabolites (e.g. terpenoids) that are toxic

or repellent against herbivores, parasites or microbial pathogens and act as direct chemical

defence (Feeny, 1976; Euler & Baldwin, 1996; Cheng et al, 2007). Indirect plant defence

against herbivores and parasites includes the emission of secondary metabolites for the

attraction of predators or parasitoids to affected plants (Arimura et al, 2005). However, in

many flowering plant species, secondary metabolites serve primarily in pollinator attraction

(Metcalf, 1987).

Insect-pollination is regarded as a key adaptation for the early diversification of

angiosperms through coevolutionary processes because the angiosperm diversification

correlates positively with the radiation of pollinator-rich insect taxa, which allowed plant

lineages to evolve through pollinator-mediated isolating mechanisms (Pellmyr, 1992). Floral

traits are influenced by plant-pollinator interactions and evolve under pollinator-mediated
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General Introduction

selection (e.g. Nilsson, 1988; Galen, 1989; Schemske & Bradshaw, 1999). Flower colour,

shape and size are signals that pollinators can learn to associate with rewards (Waser & Price,

1983). While these traits have been thoroughly investigated, research on floral odour as a

chemical attractant for pollinators has only recently started (Knudsen et al, 1993; Raguso,

2001).

The majority of pollinators are insects that belong to the orders Hymenoptera, Diptera,

Lepidoptera and Coleoptera, but other insect orders and vertebrates (e.g. birds, bats, and in

rare cases even lizards) can also act as pollen vectors (Proctor et al, 1996; Traveset & Saez,

1997). Many pollinators, including honeybees, bumblebees and solitary bees, moths and

butterflies, beetles and flies have strong preferences for particular flowers and display floral

constancy, a tendency to visit flowers of one species sequentially while ignoring other

rewarding flowers (Chittka et al, 1999). This behaviour leads to assortative flower visitation

(Grant, 1950; Chittka et al, 1999) promoting successful pollination and preventing pollen

wastage, stigma clogging by foreign pollen, and hybridization (Grant, 1950; Jones, 1978;

Waser, 1983, 1986). Floral constancy can therefore be important for reproductive isolation

and the maintenance of species boundaries between cross-fertile plant species (Waser, 1986;

Chittka et al, 2001). Pollinators become more selective as flowers show fewer trait

similarities (Grant, 1994), and already genetically simple changes in floral traits can alter

pollinator choices significantly (Schemske & Bradshaw, 1999, 2003). The pollinators distinct

innate preferences for certain flower types is not only based on morphology of flower and

insect, but also on the pollinators sensitivity to various stimuli such as floral colour or odour

(Grant, 1949; Giurfae/a/., 1995).

Floral odour

Floral odour mediates plant-pollinator interactions alone or in conjunction with visual

and tactile cues and promotes out-crossing in many plant species (Omura et al, 1999).

Particularly strong odours are found in night-flowering plants species in which visual cues

may be obscured and therefore of less importance in pollinator attraction (Knudsen &

Tollsten, 1993). In addition to the primary function of odour to attract pollen vectors (Pellmyr

& Thien, 1986; Metcalf, 1987; Raguso, 2001) other functions have been described including a

role in plant defence and protection against abiotic stress (Pichersky & Gershenzon, 2002).
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General Introduction

Floral odours vary within and between species qualitatively and quantitatively

(Knudsen et al., 2006). This odour variation can be a product of phylogenetic constraints and/

or pollinator-mediated selection (Raguso, 2001). Odour can be spatially and temporally

different within a flower, between flowers of the same plant, between plants, between sexes

and between populations of a specific plant species (Schiestl et al, 1997; Azuma et al, 2001;

Knudsen, 2002; Jürgens et al, 2003; Dufay et al, 2004; Dötterl et al, 2005b; Muhlemann et

al, 2006). Most plant species produce their own specific odour, but a few plant groups show

little interspecific variation (Tollsten & Knudsen, 1992; Tollsten & Bergstrom, 1993). Odour

production and composition is genetically determined (Raguso & Pichersky, 1995; Dudareva

& Pichersky, 2000; Pichersky & Gang, 2000), but can be affected by environmental factors

such water stress or temperature (Hansted et al, 1994; Jakobsen et al, 1994; Nielsen et al,

1995).

Odours detected in fragrant flowers contains only a few up to more than one hundred

different compounds in varying amounts (Knudsen et al, 1993; Knudsen et al, 2006). This

number and diversity make odour one of the most variable traits of a plants phenotype.

Volatiles emitted by flowers belong to several different chemical classes, but most are of low

molecular weight and vapour pressure is sufficient that they are released into the air under

ambient temperature conditions. Compounds belonging to different chemical classes are

found in most plant species, probably reflecting the fact that the major biosynthetic pathways

leading to their production are present in nearly all plants (Knudsen et al, 2006).

Most of the compounds reported so far are lipophilic and the two largest groups are

the terpenoids, synthesized by the cytosolic mevalonate (MVA) or plasitidic methylerythritol

phosphate (MEP) pathway (Cheng et al, 2007), and the aliphatics, produced from fatty acids.

The terpenes, which include the monoterpenes, sesquiterpenes, diterpenes, and irregular

terpenes are produced by terpene synthases either from geranyl diphosphate (GDP) or

farnesyl diphosphate (FDP), which derived from the C5 precursors isopentenyl diphosphate

(IDP) and its allylic isomer dimethylallyl diphosphate (DMADP) (Aharoni et al, 2005; Owen

& Penuelas, 2005). The aliphatics consist of one to 25 carbon atom chains. Another large

group consists of benzenoids and phenylpropanoids, which are synthesized from substances

derived from the phenylpropanoid or the shikimate pathways. Other, less common groups are

the C5 branched-chain compounds, the nitrogen-containing compounds, the sulfur

compounds and the miscellaneous compounds of uncertain biosynthetic origin (for a complete

overview see Pichersky et al, 2006). The most common functional groups found in all

chemical classes are esters, followed by alcohols, ketones, ethers, aldehydes and acids
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General Introduction

(Knudsen & Gershenzon, 2006). The variability of odour compounds and its chemical

properties require technical consideration for successful odour sampling and analysis.

Detection and identification of odour volatiles

An appropriate sampling technique for odour volatile analysis has to take the biology

of the plant system and the purpose of the study into consideration (Tholl et al., 2006)

because flowers of species that release only very small amounts of odour (e.g. Arabidopsis

thaliana) require a more sensitive collection method than flowers that release high amounts of

odour such as Silène latifolia. Importantly, the developmental stage of flowers and timing of

collection have to be considered, since the odour emission can change after pollination

(Schiestl & Ayasse, 2001; Muhlemann et al, 2006) and the volatile profile can differ between

day and night (Matile & Altenburger, 1988; Raguso et al, 2003; Effmert et al, 2005; Huber

et al, 2005). This is because some plant species are mainly pollinated by moths during the

night and attract pollinators by emitting volatiles at night, while other species are pollinated

by insects active mainly during the day (Raguso & Pichersky, 1995; Jürgens, 2004).

I selected the dynamic headspace sampling technique for odour collection in the two

species S. latifolia and S. dioica, which allows to quantitatively collect large amounts of

volatiles over long time periods by adsorption in a continuous air stream (Dobson, 1991;

Raguso & Pellmyr, 1998). This method is easily applied and portable to the field, since no

elaborate devices are needed. Additionally, temperature and gas exchange is provided in the

headspace that may affect the headspace and background impurities can be avoided by

cleaning the incoming air with filters containing activated charcoal.
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Main methods

Volatile collection

I collected the highly volatile floral odour compounds in the field or in the greenhouse

by using the dynamic headspace sorption method (Dobson, 1991). The entire inflorescence

with newly opened flowers was enclosed in a polyethylene terephtalate oven bag (Nalo ®). A

filter, filled with the absorbent material Porapak Q, was used as an odour trap. One adsorbent

trap was placed inside each bag and nine filters were connected to a battery-operated vacuum

pump that drew air over the filter throughout the sampling period. After sampling, the trapped

volatile compounds were eluted with a solvent mixture into glass vials. All floral odour

samples were stored in a freezer at -20°C until further analysis.

Gas chromatography

For the chemical analysis of the samples, we used a gas Chromatograph (GC) equipped

with a column and a flame ionization detector (FID). Gas chromatography allows the

separation of complex blends of organic molecules (Heath & Dueben, 1998). This type of

chromatography usually uses an inert gas as the mobile phase and a stationary phase that is a

microscopic layer of an inert solid support inside a metal column for the separation of

compounds in a complex sample such as floral odour bouquets. The samples are injected into

the column and heated up according to a temperature program. The strength of adsorption,

which is depending on the chemical and physical properties of the analyte to the stationary

phase, defines the velocity of the transportation through the column, i.e. its retention time

(Schomburg, 1990). The chemicals are ionized by the FID when they exit the column and the

corresponding current recorded. Since each type of molecule has a different progression rate

the injected compounds are separated. Variation in column coatings and alteration in

temperature programming or carrier gas flow allows the separation of complex samples of

chemicals with similar chemical characteristics. Compounds were identified by comparing

retention times with those of authentic standard compounds and confirmed by comparison of

spectra obtained by analyzing a few samples by gas chromatography-mass spectrometry (GC-

MS). The internal standard method was applied for quantitative analyses (Schomburg, 1990).

The relative amounts for each volatile compound were obtained by dividing the absolute

amount of a single compound by the sum of all compounds.
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Bioassays

Since many compounds are found in the odour bouquet of a given plant species,

methods like electroantennographic detection (EAG) or single sensillum recordings (SSR)

allow specifying a subset of compounds that are detected by pollinating insects (Schiestl &

Marion-Poll, 2002) but no conclusions about their behavioural function can be drawn from

such analyses. Therefore, behavioural tests with the identified and synthesized compounds

have to be conducted to reveal behavioural effects. Trapping experiments can be used to test

the attractiveness of specific odour compounds or blends (Huber et al, 2005; Steinebrunner,

personal communication) and proboscis extension reflex (PER) is often used to test for a

feeding response (Bitterman et al, 1983). A powerful tool are wind tunnel bioassays to

investigate the behavioural responses to floral volatiles and synthetic blends of

electrophysiologically active compounds (Miller & Roelofs, 1978). In contrast to

olfactometer studies that allow only a partial enactment of the normal stimulus-response

sequence, wind tunnel bioassays permit to record a sequence of complex behavioural

responses and those involved in free flight in moving air (Kennedy, 1977). Therefore, I used

wind tunnel bioassays to test flower preferences of pollinators.

Study species

Plant species

Silène latifolia and S. dioica are closely related, perennial plants belonging to the

family Caryophyllaceae. Their natural range extends over most of central and northern

Europe (Hess et al, 1972). The two species are dioecious, prefer different habitats and differ

in morphology (Goulson & Jerrim, 1997). Silène latifolia is found in more disturbed habitats

like gravel pits, roadsides and field margins (McNeill, 1977) whereas S. dioica grows in more

stable and moist sites (Baker, 1947b; Richards & Baker, 1947). In Switzerland, the species

are often separated along an altitudinal gradient with S. latifolia found at lower altitudes and

S. dioica prevailing in montane and sub alpine habitats (Hess et al, 1972). Contact sites in

which the two species grow in close proximity exist and hybrids may be formed in such sites

(Minder et al, 2007). Silène latifolia with its white flowers emits a strong odour during the

night and attracts primarily nocturnal pollinators such as sphingid and noctuid moths (Shykoff

& Bucheli, 1995; Jürgens et al, 2002), Silène dioica has red flowers and emits a weak odour
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(Jürgens, 2004). It is visited by day-active insects including bumblebees, syrphids and

butterflies (Westerbergh & Saura, 1994; Carlsson-Graner et al, 1998). Hence, the species

differ in floral traits and have different pollination biologies. A more comprehensive

description of both species and ecotypes is given by Baker (1947a, 1948). The species pair is

well suited for investigations of floral odour and to test the role of odour in reproductive

isolation because the species often attract different pollinator groups, but may be visited by

the same pollinators when growing in contact zones.

Silène pollinators

The two Silène species investigated in the present study are visited by a diverse group

of pollinators. In S. dioica, bees, bumblebees, butterflies and hoverflies have been reported as

flower visitors (Hegi, 1906; Knuth, 1908; Baker, 1947a; Jürgens et al, 1996) and some

studies identified bumblebees and bees as the main pollinators (Kay, 1982; Kay et al, 1984;

Jürgens et al, 1996). Silène latifolia is mostly visited by noctuids and syrphids, but Bombus

species were also recorded (Hegi, 1906; Brantjes, 1976b; Shykoff & Bucheli, 1995; Jürgens

et al, 1996; Young, 2002). In contact zones, it is thus possible that some pollinators visit both

plant species, as found for the noctuids Autographa gamma and Diachrysia chrysitis and the

sphingid Deilephila porcellus (Jürgens et al, 1996), which may lead to pollen transfer

between species.

One of the most thoroughly studied and common pollinators is the noctuid moth H.

bicruris. The interdependence of S. latifolia and H. bicruris has been well known for a long

time (Brantjes, 1976a; 1976b). The moth, which is found in more than 90 % of the S. latifolia

populations in western Europe (Wolfe, 2002), acts not only as pollinator of S. latifolia, but

also as seed predator (Brantjes, 1976a; Bopp & Gottsberger, 2004). Generally, moths of the

Lepidopteran genus Hadena (Schrank 1802) are specialized on Caryophyllaceae (Hacker,

1996). Hadena bicruris has a strong preference for S. latifolia (Dotted et al, 2005a), but is

also found on S. dioica as an alternative host when S. latifolia flowers are rare (Bopp &

Gottsberger, 2004). After nectar drinking on a female flower, the female moths deposit an egg

on the ovary (Brantjes, 1976b, 1978). The first instar larvae chew a small hole in the ovary

directly after hatching to enter the fruit and to feed on the developing seeds. The later instar

caterpillar leave the primary seed capsule after all seeds are consumed to subsequently enter

secondary capsules to access fresh seeds. After around four weeks of feeding, the caterpillars

pupate in the soil and depending on the time of year, new adult moths hatch approximately

after three weeks, or the pupae enter diapause (Elzinga et al, 2003). The caterpillars have an

15



General Introduction

impact on the fitness of the plants, since they consume 25-100 % of all seed capsules (Biere

& Honders, 1996; Wolfe, 2002). Hadena bicmris has therefore been considered a parasite of

the plant rather than a mutualist (Elzinga et al, 2002; Bopp, 2003). Furthermore, adult moths

transfer diseases, including spores of the anther-smut fungus Microbotryum violaceum, when

foraging on infected flowers (Jennersten, 1983; Roche et al, 1995). We therefore used H.

bicruris, which can easily be reared in the laboratory on freshly collected capsules or on

artificial diet (Elzinga et al, 2002), to test behavioural effects of odour differences on

pollinators.

Anther-smut disease

Anther-smut diseases are pollinator-transmitted and infect a wide range of plant

species of Caryophyllaceae (Thrall et al, 1993; Alexander & Antonovics, 1995). The Silène -

Microbotryum interactions in particular have become a model system for studying the

dynamics of host and pathogen populations (Alexander & Antonovics, 1988; Thrall & Jarosz,

1994; Shykoff & Bucheli, 1995; Thrall et al, 1995; Alexander et al, 1996; Altizer et al,

1998). A well-studied example of a such interaction is the infection of S. latifolia by M.

violaceum, that can also be found on S. dioica (Biere & Honders, 1998; Bucheli et al, 2001).

Microbotryum violaceum (Pers.: Pers) Demi & Oberw. (=Ustilago violacea (Pers.)

Fuckel) (Ustilaginaceae) is a heterobasidiomycete fungus and an obligate parasite that infects

both sexes of S. latifolia (Alexander & Antonovics, 1988; Thrall et al, 1993) and S. dioica

(Bucheli et al, 2001; Bopp & Gottsberger, 2004). Diseased plants are sterile, since infested

hosts only produce flowers with fungal diploid teliospores in the anthers rather than pollen

(e.g., Baker, 1947b). A morphological sex change is induced in female flowers to produce

spore-bearing anthers and the ovaries as well as the pistils are developed in diminished size

(Ruddat etal, 1991; Thrall et al, 1993). The fungal spores are dispersed to uninfected

flowers by insects visiting diseased flowers (Jennersten, 1983, 1988; Shykoff & Bucheli,

1995). The diploid teliospores germinate on the plant tissue, undergo meiosis, and after a

yeast-like budding, haploid sporidia of different mating types conjugate to form infective

mycelium. These dikaryotic hyphae penetrate the tissue of the host plant, and when this

fungal mycelium infects the host successfully, the disease becomes systemic (Day & Garber,

1988).

Infection stimulates flower production since many infested plants produce more, but

smaller flowers than uninfected ones (Lee, 1981; Alexander & Maltby, 1990; Shykoff &

Kaltz, 1997). Studies have shown that pollinators distinguish between uninfected and diseased
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flowers and preferentially visit uninfected flowers (Shykoff & Bucheli, 1995; Altizer et ai,

1998). Additionally, female moths avoid infected flowers for oviposition (Biere & Honders,

2005). The M. violaceum - S, latifoUa - H. bicruris interrelation therefore represents a useful

system to investigate pathogen-induced changes of host floral odour and its effects on

pollinators.

Objectives and research questions

The main objectives of this thesis were to study the roles of floral odour in plant reproductive

isolation, and the effects that pollinators and pathogens may have on odour composition and

emission. For this purpose I characterized odour differences between the two species Silène

latifoUa and S. dioica, between the sexes within species, between uninfected and anther-smut

infected individuals, and between pollinated and unpollinated flowers.

The main research questions based on the objectives were the following:

• Which compounds are emitted? (Chapters I-IV)

• Does floral odour contribute to reproductive isolation between species? (Chapter I)

• What is the influence of fungal infection on floral odour and pollinator behaviour?

(Chapter II)

• Is floral odour different between sexes? (Chapter III)

• How is floral odour emission influenced by pollination? (Chapter IV)
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Abstract

Mechanisms preventing interspecific pollination are important in closely related plant

species, in particular when postzygotic barriers are weak or absent. We investigated the role

of floral odour in reproductive isolation between the two closely related species Silène

latifolia and Silène dioica. First, we tested whether floral odour composition and emission

differed between the species. We found significant odour differences, but contrary to

expectations, both species showed a rhythmic emission of the same compounds between day

and night. Second, in a field experiment, odour of the two species was made more similar by

applying phenylacetaldehyde. This manipulation led to higher fluorescent-dye transfer

between species showing that floral odour differences are important for maintaining

reproductive isolation. We conclude that differences in single key compounds can reduce

pollen transfer across species boundaries by pollinators and demonstrate that odour

differences are an important component of premating floral isolation between species.
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Introduction

The evolution and maintenance of reproductive isolation is of central interest in

evolutionary biology because it is essential for speciation and the maintenance of species

integrity (Coyne & Orr, 2004). Reproductive barriers involve both pre- and post-zygotic

mechanisms. Ecological habitat differences, pollinator-mediated reproductive isolation, and

pollen competition are known as prezygotic barriers, whereas examples for postzygotic

barriers are genetic incompatibility, decreased hybrid viability and low hybrid fertility

(Müller, 1942; Stebbins, 1950; Dobzhansky, 1951; Grant, 1981). In closely related plant

species that grow in sympatry or parapatry and have weak intrinsic reproductive barriers,

species integrity relies in particular on successful prevention of interspecific pollination, and

thus on prezygotic barriers.

Interspecific pollination of related, insect-pollinated species can be prevented by floral

isolation, which can be brought about by either morphological or ethological components

(Grant, 1994). If the flower structure between two plant species differs, so that the pollinating

insects of one species are unable to enter or pollinate the flowers of the second species, then

this is known as morphological or mechanical isolation (Dobzhansky, 1951). Ethological

isolation occurs when cross-pollination is prevented through pollinator behaviour (e.g.

specific attraction through floral signals). Colour, shape, size and odour are such signals that

can contribute to reproductive isolation between species (reviewed by Grant, 1994).

While the roles of floral colour, shape and size have been thoroughly investigated in the

past, less is known about the role of floral odour in the evolution and maintenance of plant

reproductive isolation. Floral odour is known to have many important roles in the relationship

between flowers and their pollinators. Odour attracts pollinators and promotes floral

constancy and thus foraging efficiency of insects, which increases plant fitness (Wells &

Wells, 1985; Goulson, 1994; Grant, 1994; Chittka et al, 1999). Floral odour is often variable

between or within populations of the same species (Knudsen & Tollsten, 1991; Schiestl et al,

1997; Ayasse et al, 2000; Knudsen, 2002) and typically differs among closely related species

(Gregg, 1983; Knudsen & Mori, 1996; Dobson et al, 1997; Jürgens et al, 2002; Raguso et

al, 2003). This suggests that odour is also of importance for plant reproductive isolation, but

specific experimental data are lacking (Knudsen, 1994; Tollstein et al, 1994; Levin et al,

2001).
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The genus Silène L. (Caryophyllaceae), with about 700 species worldwide, is one of the

largest genera of the world's flora (Greuter, 1995). Floral odour differences between several

Silène species have been investigated (Jürgens et al, 2002; Jürgens, 2004), as well as odour

variation among populations of the dioecious species S. latifolia and changes in odour

emission following pollination (Dötterl et al, 2005b; Muhlemann et al, 2006). These studies

have shown that odour is a key trait for pollinator attraction in several species, and inter¬

specific differences in floral odour can be pronounced, making the genus a suitable model

system to test the role of odour in plant reproductive isolation.

Two species that are closely related but differ in floral odour and other floral traits are

S. latifolia and S. dioica of Silène section Elisanthe (Fenzl). These two perennial, dioecious

plant species are native and widespread in Europe (Baker, 1948; McNeill, 1978). Silène

latifolia Poiret is often found in highly disturbed habitats such as gravel pits, roadsides and

field margins (McNeill, 1977). Male and female plants produce flowers with white petals and

are heavily scented during the night (Jürgens et al, 2002). Common pollinators are sphingid

and noctuid moths (e.g. Hadena bicruris) (Brantjes, 1978; Meusel & Mühlberg, 1979;

Shykoff & Bucheli, 1995; Jürgens et al, 1996; Altizer et al, 1998). Silène dioica (Linnaeus)

Clairville grows in more stable and moist habitats and often occurs at higher altitudes (Baker,

1947; Richards & Baker, 1947). It has red flowers that emit odour during the day (Jürgens,

2004) and are primarily visited by day-active insects such as bumblebees, syrphids, butterflies

and muscid flies (Westerbergh & Saura, 1994; Goulson & Jerrim, 1997; Carlsson-Graner et

al, 1998). In Switzerland, the two species are often somewhat separated along an altitudinal

gradient. Silène latifolia is found growing in lowland habitats and S. dioica predominantly

occurs in montane and sub alpine habitats (Hess et al, 1972). Nevertheless, the two species

co-occur where their habitats and altitudinal distribution ranges meet and often have

overlapping flowering times (Hess et al, 1972). Because pollinators do not strictly

discriminate between the two species and intrinsic reproductive barriers are weak

hybridization may occur (Baker, 1948; Goulson & Jerrim, 1997; Minder et al, 2007).

Here we used this pair of closely related species to investigate the role of floral odour

in plant reproductive isolation. For this purpose, we sampled odour from several populations

of both species, quantified floral odour composition and compared emission during both day

and night in order to identify odour differences between species. In a second step we assessed

the role of floral odour differences in reproductive isolation between the two species. We

experimentally manipulated odour to decrease the species difference in a single "key" odour

compound and measured pollen transfer between species in experimental arrays.
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Materials and Methods

Plant material

In 2002, we collected seeds from three pure S. latifolia populations (Leuk,

Switzerland; Ribes de Fraser, Spain and Lyon, France) and from a pure S. dioica (Davos,

Switzerland) population. The plants were grown in a greenhouse in Zurich. Since S. dioica

needs a vernalisation period to induce flowering in spring, all plants were placed outside

during winter and returned to the greenhouse at the beginning of May 2003. Floral odour was

collected in the greenhouse when the plants were in full flower. In total, we analyzed 55 S.

latifolia floral odour samples (27 day samples, 28 night samples) and 52 S. dioica samples (23

day samples, 29 night samples). We tested for differences among floral odour bouquets by

including all samples in a multivariate analysis. To characterize floral odour chemistry of the

two species and to compare rhythmic odour emission, we used only those individuals that

were sampled both during day and night. To examine effects of artificial floral odour

manipulation on reproductive isolation, plants from a single S. latifolia population (Leuk)

were used in a field experiment. For S. dioica, plants derived from populations near Davos

and the Gotthard Pass (Switzerland) were used. In total, 60 individual potted plants of each

species grown in the greenhouse were used for the experiment.

Volatile collection

Floral odour was collected in the greenhouse using the dynamic headspace sorption

method (Dobson, 1991). The plants were sampled during the day and night. We collected

odour at daytime from 8 am to 6 pm and from 9 pm to 7 am during the night. The entire

inflorescence, with newly opened flowers, was enclosed within a polyethylene terephtalate

oven bag (Nalo®, Kalle GmbH, Germany). A filter, constructed from cut glass micropipettes

(Blaubrand®, Brand Gmbh+Co, Germany) filled with 4 mg of Porapak Q (Mesh size 80/100,

Alltech Associates Inc., USA) between two plugs of glass beads (-0.3 mm, Merck KGaA,

Germany) and quartz wool, was used as an odour trap. One adsorbent trap was placed inside

each bag and connected to a battery-operated vacuum pump (Personal Air Sampler, SKC

Inc.), which drew air over the filter at a rate of approximately 150 ml min"1 throughout the

sampling period. Before use, all the filters were cleaned with 100 ul dichloromethane and 100

(xl hexane. Surrounding air samples were taken simultaneously as a control sample for

ambient contaminants. After sampling, the trapped volatile compounds were eluted with 50 \i\
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of a hexane and acetone (9:1) solvent mixture. All floral odour samples were stored in sealed

glass vials at -20 °C for subsequent gas Chromatograph (GC) analysis. Infomiation about

duration and volumes of sampling was used to calculate absolute amounts of each compound

per litre sampled air and hour and plant or flower, respectively.

Chemical analysis

The headspace samples were analyzed with an Agilent 6890 N gas Chromatograph

(GC; Agilent Technologies, Palo Alto, USA) fitted with an HP5 column (5 %-Phenyl-

methylpolysiloxane, 30 m x 0.32 mm 0 x 0.25 ^im film thickness, Agilent Technologies) and

a flame ionization detector (FID). Hydrogen served as carrier gas and nitrogen was used as

make-up gas. The injector temperature was kept at 300 °C. For quantitative analysis, an

internal standard was added to all samples (100 ng n-octadecane, purity 99.8 %, Fluka, Buchs,

Switzerland). One micro-litre of the odour samples was injected splitless at a temperature of

50 °C (Imin) followed by heating to 150 °C at a rate of 5° C min"1, and then to 300 °C at a

rate of 10 °C per minute; the oven was then kept at 300 °C for ten minutes. Chromatogram

outputs were recorded by the Chemstation program (Agilent Technologies, Palo Alto, USA)

for qualitative and quantitative analysis. The internal standard method was applied to

calculate absolute amounts of odour compounds (Schomburg, 1990). To identify the floral

odour compounds, peak retention times were compared with those of authentic standard

compounds and confirmed by comparison of spectra obtained by gas chromatography-mass

spectrometry (GC-MS). One micro litre aliquots of the odour samples were injected into a GC

(HP G 1800 A; Hewlett Packard Inc, Palo Alto, USA) with a mass selective detector using the

oven and column parameters described above. Lilac aldehyde C and benzylacetate eluted

together and could therefore not be listed individually. Since some compounds in the flower

odour samples could not be identified, we calculated the Kovàts retention index (Schomburg,

1990) to provide a means for comparing our data with future studies.

Manipulation offloral odour

In the field experiment we used phenylacetaldehyde to artificially make the floral

odour bouquets of the two species more similar in the treatment plots. The plants were placed

in 20 plots, each comprising three S. dioica and three S. latifolia individuals that were

positioned at random (Figure 1). The distance between the plots was 3 m and within each plot

plants were positioned with a distance of 0.5 metres to the neighbouring plant. Ten plots were
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randomly assigned to either treatment or control groups. We coiled a rubber septum (0=

11mm, Supelco Inc., Bellefonte, USA) that was cut in quarters and beaded on thread, around

each inflorescence for odour application. In the treatment plots, the septa were soaked for two

hours in a phenylacetaldehyde/ dichloromethane mixture (1:5) before they were applied to the

inflorescence of each plant. In control plots, septa solely soaked in the solvent

dichloromethane (2 hours) were used on the inflorescences. All treatment and control septa

were changed every 48 hours. Detection of interplant visitation by pollinators was achieved

by applying small amounts of fluorescent pigments (Radiant Color ®, Magruder Color,

Richmond, USA) to flowers using a brush. Fluorescent dye powders are good pollen-

analogues for studying carry-over and estimating pollen flow between flowers (Waser &

Price, 1982; Adler & Irwin, 2006). Transfer of pigments was detected using a UV lantern

(Super Mini Ultra Violet fluorescent lantern; Goulson & Jerrim, 1997). We used four

different colours for the detection of visitation between plants by pollinators in this

experiment. Silène latifolia flowers were brushed with blue and green pigments and S. dioica

flowers with pink and orange. Two colours per plot were applied on flowers, one for each

species. We applied different colours for the species in neighbouring plots in order to detect

transfer of pigments between plots. Data were collected every day shortly after dawn. The

transfer between species and between plots was counted by the presence of foreign colours.

Flowers with foreign colours were removed and the total number of flowers was noted for

every plant. The interspecific dye transfer rate was calculated as the proportion of flowers

with dye from the other species. The experiment was run for four days.
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Figure 1: Design of experimental array. Circles represent potted S latifolia (open circles) and S.

dioica (filled circles) plants. Treatment plots are shown in grey. Each plot comprised six plants. The

experiment was performed with 20 plots arranged in five columns and four rows. Distances are not

shown to scale.
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Statistical analysis

All data were tested for homogeneity of variances (Levene's test) and normality

(Kolmogorov-Smirnov test). The relative amounts for each volatile compound were obtained

by dividing the absolute amount of a single compound by the sum of all compounds. The

differences in relative amounts of chemical classes between day and night were analyzed by

paired t-tests or by nonparametric Wilcoxon signed rank tests for related samples when data

distribution differed from normality. The relative amounts of single odour compounds when

comparing night and day emission within species were analyzed by Wilcoxon signed rank

tests. We used the mean of day and night emission to analyze differences in relative single

amounts between species on the basis of a Mann-Whitney U-test. Total amount of odour was

compared between day and night within species by using log-transformed data in a paired t-

test. We used principle components analysis (PCA) to reduce the numerous volatile

compounds to fewer factors and to ensure independence of variables for the multivariate

analysis. The extraction method included varimax rotation with 25 iterations and Kaiser

Normalization for the volatile compounds. Only factors with an eigenvalue higher than one

were considered in the further canonical discriminant analyses (CDA). We used the stepwise

method with an F value of 3.84 to enter an independent variable and an F value of 2.71 to

remove it in the CDA and pair wise group comparisons were applied to describe which

groups were different from each other.

In the floral odour manipulation experiment, the interspecific transfers occurring

within plots and the numbers of flowers were added up for the duration of the experiment and

for each plot. A t-test was carried out to test for significant differences of mean interspecific

transfers within plots per flower between treatments. Differences in the distance (intraplot/

interplot) were compared with a Wilcoxon signed rank test. The difference in direction (S.

dioica to S. latifolia and reverse) of transfer was tested in the same way. All analyses were

conducted using SPSS 11.0.4 for Mac OS X (SPSS Inc., Chicago, USA).

Results

Floral volatiles

We identified 28 different odour compounds in the floral odour of both S. latifolia and

S. dioica. Table 1 shows the relative amounts of the compounds found in the headspace
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samples for both species at day and night separately. Absolute amounts of the odour

compounds are listed in Table 2. Five out of the 28 compounds could not be identified. Floral

odour was qualitatively and quantitatively different between the two species (Table 1, 2). The

three compounds 2-methoxyphenol, veratrole and benzyl benzoate were not found in the

odour of S. dioica, whereas nonanal was absent in the odour of S. latifolia. Quantitative

differences between species on basis of mean relative amounts of day and night emission

were found in 18 different compounds (Table 1).

We found eight different compounds that showed significantly different emission

between day and night in S. latifolia (Table 1). Five of these compounds were

monoterpenoids, two were unknown compounds, and one was a benzenoid. The lilac

aldehydes A and B, and lilac alcohol, were emitted in significantly higher relative amounts

during the night. Benzaldehyde, a-pinene, limonene, and the two unknown compounds 1 and

2 were found in significantly higher relative amounts during the day. In S. dioica, six

compounds were found that showed significant differences in emission between day and night

(Table 1). All compounds were monoterpenoids, except 6-methyl-5-hepten-2-one, an

irregular terpene. Linalool, the lilac aldehydes A and B, and lilac alcohol were found in

significantly higher relative amounts during the night, whereas limonene and 6-methyl-5-

hepten-2-one were found in significantly higher relative amounts during the day. Altogether

we found four compounds that showed the same rhythmic pattern of day-night emission in

both species, namely limonene, the lilac aldehydes A and B, and lilac alcohol (Table 1).

Odour classes

In S. latifolia, floral odour was dominated by monoterpenoids (> 44 %) followed by

benzenoids (> 23 %). There were large differences in the composition of odour profiles

between day and night. In the night, the monoterpenoids were emitted in significantly higher

relative amounts, whereas the unknown compounds were produced in significantly larger

relative amounts during the day (Table 1; Figure 2). In S. dioica, the same two chemical

classes as in S. latifolia were prominent in the floral odour, but were found to occur in

reciprocal proportions, with > 46 % being benzenoids and > 33 % monoterpenoids. The

monoterpenoids were found in significantly higher relative amounts during the night, whereas

the relative amounts of the irregular terpenes were found in significantly higher amounts

during the day (Table 1; Figure 2).
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Table 1: Mean relative amounts of odour compounds (± SE) identified in headspace samples.

Compounds belonging to the same chemical class are ordered according to retention times.

Compounds

S. dioica (N =

Day
Mean ± SE

16)

Night
Mean ± SE

S. latifolia (N = 20)

Day Night
Mean ± SE Mean ± SE

Fatty Acid Derivates 1.88 ± 0.56 1.88 ± 0.56 5.67 k 2.55 2.90 ± 0.92

Octanal 1.86 ± 0.57 1.88 ± 0.56 5.67 ± 2.55 2.90 ± 0.92

Nonanal 0.02 ± 0.02 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Benzenoids 52.64 ± 4.95 46.10 ± 5.53 24.13 ± 3.69 23.75 ± 4.24

Benzaldehyde1 0.48 ± 0.19 0.89 ± 0.20 3.78 ± 0.81 * 1.70 ± 0.47

Phenylacetaldehyde
'

50.53 ± 4.95 43.19 ± 5.47 12.88 ± 3.18 11.42 ± 2.86

2-Methoxy phenol1 0.00 ± 0.00 0.00 ± 0.00 0.21 ± 0.16 0.07 ± 0.03

Methyl benzoatc1 1.08 ± 0.16 0.86 ± 0.14 1.17 ± 0.75 0.04 ± 0.02

2-Phenylethanol1 0.18 ± 0.10 0.20 ± 0.16 1.25 ± 0.56 1.41 ± 0.47

Veratrole' 0.00 ± 0.00 0.00 ± 0.00 3.17 ± 2.29 7.53 ± 2.95

Methyl salicylate1 0.37 ± 0.13 0.96 ± 0.74 0.12 ± 0.10 1.18 ± 0.65

Benzyl benzoate1 0.00 ± 0.00 0.00 ± 0.00 1.56 ± 1.33 0.40 ± 0.19

Monoterpenoids 33.95 ± 3.70 * 42.93 ± 4.52 44.81 ± 4.76 * 63.85 ± 4.17

a-pinene 5.42 ± 1.16 4.44 ± 0.82 17.11 ± 3.91 * 8.15 ± 2.09

Camphene1 0.84 ± 0.12 1.21 ± 0.33 3.62 ± 0.85 2.25 ± 0.59

ß-pinene 4.12 ± 2.89 1.87 ± 0.96 0.99 db 0.25 0.45 ± 0.18

Limonene1 6.12 ± 0.97 * 2.94 ± 0.30 1.84 ± 0.57 * 0.86 ± 0.44

Eucalyptol 0.53 ± 0.37 0.13 ± 0.13 0.34 ± 0.24 0.85 ± 0.48

Trans-ß-Ocimene 0.04 ± 0.03 0.13 ± 0.07 0.25 ± 0.20 0.05 ± 0.02

Linalool1 0.13 ± 0.06 * 0.37 ± 0.12 0.14 ± 0.09 0.08 ± 0.07

Lilac aldehyde A 7.32 ± 1.60 * 15.82 =t 2.34 7.45 ± 1.67 * 19.73 ± 2.43

Lilac aldehyde B1 6.12 ± 1.33 * 10.14 ± 1.51 9.35 ± 2.17 * 24.23 ± 3.04

Lilac aldehyde C/
1.39 ± 0.33 2.56 ± 1.16 1.89 ± 0.35 2.60 ± 0.43

Benzylacetate
Lilac alcohol 1.92 ± 0.49 * 3.32 ± 0.63 1.83 ± 0.56 * 4.60 ± 0.84

Sesquiterpenoides 0.21 ± 0.15 0.66 ± 0.43 1.10 ± 0.40 1.52 ± 0.78

ß-farnesene1 0.21 ± 0.15 0.66 ± 0.43 1.10 ± 0.40 1.52 ± 0.78

Irregular terpenes 4.82 ± 0.92 * 1.72 ± 0.29 1.09 ± 0.35 1.88 ± 0.78

6-Methyl-5-hepten-2one' 4.82 ± 0.92 * 1.72 ± 0.29 1.09 ± 0.35 1.88 ± 0.78

Unknowns with Kovat's

retention index {R,) 6.49 ± 1.70 6.69 ± 2.29 23.19 ± 4.44 * 6.11 ± 1.66

unknown 1 (978)1 0.41 ± 0.15 0.63 ± 0.11 2.51 ± 0.62 * 1.02 ± 0.28

unknown 2 (992) 5.29 ± 1.71 5.34 ± 2.27 18.23 ± 4.35 * 2.64 ± 1.75

unknown 3 (1009) 0.22 ± 0.13 0.05 ± 0.05 0.62 ± 0.30 0.11 ± 0.08

unknown 4 (1112) 0.01 ± 0.01 0.19 ± 0.12 0.00 ± 0.00 0.23 ± 0.18

unknown 5 (1191)' 0.56 ± 0.24 0.48 ± 0.10 1.83 ± 0.74 2.10 ± 0.59

Significant differences between species on basis of mean amounts of day and night emission. Asterisks (*)

indicate significant differences between means comparing day and night amounts within species. Rf Kovat's

retention index.
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Table 2: Mean absolute amounts of odour compounds (ng/h ± SE) identified in headspace samples.

Compounds belonging to the same chemical class are ordered according to retention times.

S,dioica(H = 16) S. latifolia (N = 20)

Day Night Day Night

Compounds Mean ±SE Mean ± SE Mean ± SE Mean ± SE

Fatty Acid Derivates 1.59 é 0.36 1.97 ± 1.33 2.46 ± 1.16 1.21 ± 0.25

Octanal 1.51 ±0.35 1.97 ± 1.33 2.46 ± 1.16 1.21 ± 0.25

Nonanal 0.08 ±0.08 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

Benzenoids 53.81 é 14.65 40.92 ± 11.02 25.82 ± 14.85 38.76 ± 15.30

Bcnzaldehyde' 0.73 ±0.44 0.48 ± 0.13 1.87 ± 0.46 1.28 ± 0.49

Phcnylacctaldchyde1 51.64 ± 13.93 39.09 ± 10.69 10.31 ± 3.48 13.56 ± 4.47

2-Methoxy phenol
'

0.00 ±0.00 0.00 ± 0.00 0.05 ± 0.03 0.29 ± 0.14

Methyl benzoate1 1.06 ±0.29 0.58 ± 0.13 0.09 ± 0.06 0.08 ± 0.05

2-Phenylethanol 0.15 ±0.08 0.32 ± 0.27 0.52 ± 0.26 3.11 ± 1.75

Veratrole1 0.00 ±0.00 0.00 ± 0.00 12.25 ± 11.92 18.56 ± 11.94

Methyl salicylate1 0.23 ±0.11 0.45 ± 0.25 0.56 ± 0.54 1.49 ± 0.91

Benzyl benzoate1 0.00 ±0.00 0.00 ± 0.00 0.16 ± 0.12 0.38 ± 0.19

Monoterpenoids 39.75 ± 12.28 53.19 ± 18.40 23.94 ± 10.10 * 131.25 ± 45.65

a-pinene1 5.63 ± 1.60 3.80 ± 1.33 6.43 ± 2.19 4.07 ± 0.96

Camphene 0.98 ±0.29 0.61 ± 0.14 1.33 ± 0.43 1.09 ± 0.25

ß-pinene 3.57 ±2.29 1.69 ± 0.83 0.48 ± 0.16 0.50 ± 0.18

Limonene 6.31 ± 1.87 2.94 ± 1.04 2.17 ± 1.03 0.58 ± 0.23

Eucalyptol 1.09 ± 1.06 0.10 ± 0.10 0.13 ± 0.09 0.27 ± 0.14

Trans-ß-Ocimene 0.08 ±0.07 0.05 ± 0.03 0.06 ± 0.04 0.09 ± 0.04

Linalool 0.11 ±0.06 0.22 ± 0.10 0.04 ± 0.03 0.09 ± 0.07

Lilac aldehyde A 10.08 ±4.98 18.63 ± 6.34 3.62 ± 1.77 * 42.07 ± 15.09

Lilac aldehyde B 7.72 ±3.46 13.24 ± 4.98 6.82 ± 3.58 * 62.04 ± 22.62

Lilac aldehyde C/
1.75 ±0.63 6.90 ± 5.17 1.35 ± 0.51 6.95 ± 2.43

Benzylacetate
Lilac alcohol 2.43 ± 1.08 5.02 ± 2.07 1.53 ± 0.97 * 13.50 ± 5.08

Sesquiterpenoides 0.07 ± 0.05 0.25 ± 0.23 0.65 ± 0.24 0.57 ± 0.24

ß-farnesene1 0.07 ±0.05 0.25 ± 0.23 0.65 ± 0.24 0.57 ± 0.24

Irregular terpenes 4.13 é 0.92 * 1.21 ± 0.34 0.48 ± 0.17 1.32 ± 0.42

6-Methyl-5-hepten-2one' 4.13 ± 0.92 * 1.21 ± 0.34 0.48 ± 0.17 1.32 ± 0.42

Unknowns with Kovat's

retention index (Ri) 9.78 ± 4.42 9.34 ± 5.16 13.44 ± 3.90 10.92 ± 4.67

unknown 1 (978)1 0.66 ±0.40 0.40 ± 0.10 1.45 =t 0.40 1.02 ± 0.33

unknown 2 (992) 8.03 ±4.05 8.12 ± 4.73 10.87 ± 3.64 * 1.91 ± 0.90

unknown 3 (1009) 0.26 ±0.14 0.18 ± 0.18 0.25 ± 0.09 0.13 ± 0.07

unknown 4 (1112) 0.01 ±0.01 0.05 ± 0.03 0.00 ± 0.00 0.10 ± 0.07

unknown 5 (1191)' 0.83 ±0.46 0.59 ± 0.24 0.88 ± 0.41 7.76 ± 4.44

Mean total amount of

odour (ng/h) 109.13 ± 0.59 106.89 ± 32.10 66.78 ± 26.03 184.03 ± 60.30

Significant differences between species on basis of mean amounts of day and night emission. Asterisks (*)
indicate significant differences between means comparing day and night amounts within species. Rf Kovat's

retention index.
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Figure 2: Relative proportions of odour classes within the two species shown separately for day and

night emission.

Total amount ofodour

Silène latifolia emitted significantly more odour during the night (mean total absolute

amount ± SE: 184.03 ± 60.30 ng/ h/ flower) than during the day (66.78 ± 26.03 ng/ h/ flower;

t = -2.615, df = 19, p
= 0.017), whereas the amount of odour emitted by 5". dioica did not

show a significant difference between day and night (day: 109.13 ± 27.22 ng/ h/ flower; night:

106.89 ±32.10 ng/ h/ flower t = 0.829, df = 15, p = 0.420)

Species differences: floral odour bouquet

We found that the floral odour bouquets differed significantly between S. latifolia and

S. dioica, both during the day and at night (Figure 3). The reduction of the 28 odour

compounds with a PCA produced 10 PCA factors explaining 71.6 % of the total variance.

From the factor-loading data of the first two components (not shown) we concluded that the

lilac aldehydes A and B, lilac alcohol as well as benzaldehyde, phenylacetaldehyde and the

unknown compound 1 were important for the differentiation of S. latifolia from S. dioica. A

canonical discrimination analysis with the first two discriminant functions explaining 100 %

of the variance (Discriminant function 1: Eigenvalue = 1.08, Chi-square = 103.53, p < 0.001;

discriminant function 2: Eigenvalue = 0.36, Chi-square = 30.84, p < 0.001) revealed that the

floral odour bouquets differed significantly between the two species (Figure 3). Species

differences were more pronounced during the day than at night (Pairwise comparison: day: Fi,

7
= 21.364, p < 0.001, night: Fi, 7

= 16.379, p < 0.001). The differences in odour bouquets
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between day and night within species were greater in S. latifolia than in S. dioica, in which no

significant difference between day and night could be detected (Pairwise comparison: S.

latifolia: FU7 = 11.013, p < 0.001, S. dioica: Fi,7 = 1.375, p
= 0.255).

Manipulation offloral odour

Interspecific dye transfer per flower within plots was significantly different between

treatment and control plots (t-test: t = -3.82, p < 0.01), with a higher dye transfer rate in

treatment plots (Figure 4). Transfer occurred more frequently from S. dioica to S. latifolia

than vice versa (Wilcoxon signed rank test: Z = -3.67, p < 0.001). Furthermore, significantly

more transfers took place within plots than between plots (Wilcoxon signed rank test: Z =

-3.67, p< 0.001) (Figure 5).

Group Centroids

D S.latifolia day

H S.latifolia night

O S.dioica day

• S.dioica night

Figure 3: Plot of the first two functions of the discriminant analysis of odour compounds classifying

the two species S. latifolia and S. dioica.
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Discussion

Floral isolation is a form of ecological isolation, where gene flow between plant

species is prevented by the specific interaction with pollinators (Grant, 1992; Coyne & Orr,

2004). Although floral isolation is thought to be common (Grant, 1994), we know little about

the mechanisms involved. In this study, we demonstrated that floral odour differences

between two closely related Silène species are important for floral isolation, and thus for

reproductive isolation.

Species differences in floral odour

In our study, the odour of the two species S. latifolia and S. dioica was found to be

dominated by monoterpenoids and benzenoid compounds that are known as typical floral

odour constituents (Knudsen et al, 1993; Knudsen & Gershenzon, 2006) and that have been

identified previously in these species (Jürgens et al, 2002; Jürgens, 2004; Dötterl et al,

2005b; Waelti et al, unpublished data). Interestingly, even though most compounds were

emitted by both species, the floral odour bouquets of the two species were distinct from each

other, because the relative amounts of individual compounds emitted differed between the

species. These results are in agreement with those reported previously for the two study

species (Jürgens et ai, 2002; Jürgens, 2004) and for other related plant species that differ in

floral odour (Knudsen & Tollsten, 1993; Tollstein et al, 1994; Jürgens et al, 2003; Huber et

al, 2005; Raguso et al, 2006; Salzmann et al, 2006). Remarkably, some of the compounds

contributing most to the species differences have been identified to be electrophysiologically

and/or behaviourally active in several insect species. The lilac aldehydes are known to be

attractive to noctuid moths or elicit electrogrammic responses (Raguso et al, 1996; Raguso &

Light, 1998; Meagher, 2002; Plepys et al, 2002a; Plepys et al, 2002b; Dötterl et al, 2005a;

Dötterl et al, 2006). Benzaldehyde is a very common compound occurring in floral odours of

many plant families (Knudsen et al, 2006) and is, like the lilac aldehydes,

electrophysiologically and/or behaviourally active in butterflies (Omura et al, 1999a; Omura

et al, 1999b; Andersson, 2003; Andersson & Dobson, 2003), moths (Haynes et al, 1991;

Heath et al, 1992; Bruce & Cork, 2001; Meagher, 2002) and beetles (Pierce et al, 1990;

Huber et al, 2005) but is not attractive to H. bicruris (Dötterl et al, 2005a), a specialist

pollinator of these two Silène species. Phenylacetaldehyde is a widespread floral volatile

(Knudsen et al, 2006) and is found to be very attractive to butterflies and various moth
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species including H. bicruris (Cantelo & Jacobson, 1979; Haynes et al, 1991; Heath et al,

1992; Honda et al, 1998; Omura et al, 1999a; Omura et al, 1999b; Landolt et al, 2001;

Meagher, 2001, 2002; Cunningham et al, 2004; Huber et al, 2005; Cunningham et al,

2006). In contrast to other studies, however, we avoided an a priori classification in

pollination syndromes and thus compared, in both species, odour emitted during both day and

night, although S. dioica is thought to be primarily diurnally-pollinated. This comparison is

important, because different pollinators are active during day and night, and a breakdown of

odour differences for example during the night could open a window during which floral

isolation is reduced.

Rhythmicity, day-night emission

Relative amounts of single odour compounds emitted differed not only between

species but also within species between day and night. Silène latifolia showed a strong

periodical odour production by emitting more scent during the night than during the day.

Most notably, lilac aldehydes A and B, and lilac alcohol were emitted more strongly during

the night. These compounds are known to elicit behavioural responses in the nocturnal

pollinator Hadena bicruris and Autographa gamma (Plepys et al, 2002a; Dötterl et al,

2005a). Stronger emission of these compounds during the night may therefore increase

attraction of flowers for pollinators and therefore be adaptive. Similar results have been

reported for other moth-pollinated plants that emit strong floral odours at night (Knudsen &

Tollsten, 1993) and exhibit periodical odour production (Loughrin et al, 1990; Nilsson et al,

1990; Heath et al, 1992; Miyaké & Yahara, 1998; Raguso et al, 2003; Huber et al, 2005).

In contrast to S. latifolia, S. dioica produced similar amounts of odour during the day

and at night. Surprisingly, however, lilac aldehydes A and B, and lilac alcohol were also

emitted in higher relative amounts in S, dioica at night. This result was unexpected, because

S. dioica is thought to be visited primarily by diurnal pollinators. This periodicity may

potentially be adaptive for attracting additional nocturnal pollinators to S. dioica, or represent

a phylogenetic inertia, inherited from a moth-pollinated ancestor.

Overall, our study found clear differences in floral odour between the two species both

during the day and at night, but the differences at night were less pronounced than initially

expected, because S. dioica was unexpectedly found to display periodicity in the emission of

some odour components similar to S. latifolia.
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Manipulation offloral odour

Our field experiment revealed that transfer of fluorescent dye, a pollen analogue,

between species was increased in plots in which the similarity of floral odour was

experimentally increased, compared to control plots in which the species-characteristic floral

odour differences remained unchanged. These results provide strong evidence for an

important role of odour in floral isolation, and thus in reproductive isolation between the

species. Importantly, we used only a single compound in our experiments and thus

demonstrated that assortative flower visitation by pollinators can be strongly influenced by a

single compound whose synthesis is likely dependent of the expression of a single gene

encoding phenylacetaldehyde synthase (Kaminaga et al, 2006). A similar result of relative

simple genetic control of floral isolation has been reported for flower colour in Mimulus, in

which allelic differences at a single locus affecting flower colour significantly influenced

visitation rates by different pollinators (Bradshaw et al, 1995; Bradshaw et al, 1998;

Schemske & Bradshaw, 1999, 2003).

Although experimental studies in which floral odour is augmented with synthetic

blends provide a powerful tool to assess the importance of floral odour differences for

pollinator attraction and floral isolation, studies using this technique remain scarce (Baldwin

et al, 1997; Dobson et al, 1999; Cunningham et al, 2004). So far, most odour-manipulation

studies applied extracts from different flower parts to test behavioural effects on pollinators

(Hossaert-McKey et al, 1994; Nogueira et al, 2001; Ashman et al, 2005), but importance of

single compounds has not yet been assessed. Given that many closely related and potentially

interfertile species differ in floral odour, this approach could be used more widely to assess

the importance of floral odour differences for the maintenance of species boundaries. We

suggest that at least in moth pollinated plants, where pollinator attraction is primarily odour

driven, and few or even single compounds have been shown to be sufficient to attract specific

pollinators (Plepys et al, 2002a; Dotted et al, 2005a; Huber et al, 2005). Few loci involved

in the production of floral scent compounds may be crucial for pre-mating reproductive

isolation, and odour differences between species could evolve as a consequence of selection

for the maintenance of reproductive isolation.

Transfer directions between species was found to be significantly higher from S.

dioica to S. latifolia than vice versa, confirming similar results of fluorescent dye movements

in mixed experimental S. latifolia - S. dioica arrays (Van Putten, 2002). Additionally, the

findings of a genetic study in two S. latifolia - S. dioica contact zones showed evidence for

unidirectional introgression of S. latifolia into S. dioica, because most of the individuals
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carried the chloroplast haplotype of S. latifolia (Minder et al., 2007). The transfers of the

pollen analogues in our study were more often found within than between plots, like in the

study by Van Putten (2002), who found the dye frequency on S. latifolia and 5". dioica flowers

decreasing with distance from the dye source, for both interspecific and intraspecific flower

visitations. This distance pattern possibly reflects the optimal foraging strategy of pollinators

(Charnov, 1976) and transfer directions might be influenced by the different pollinator

groups, in which nocturnal pollinators seemed to be more choosy by more exclusively visiting

S. latifolia than S. dioica (Van Putten, 2002).

Conclusion

Although the floral odour of S. latifolia and S. dioica was composed of similar odour

constituents, differences in relative amounts and in the periodical odour production resulted in

a distinct chemical identity contributing to floral isolation. The result of our field experiment

revealed that a single compound could influence pollen transfer between species, and thus

species integrity. We therefore propose that floral odour is an important mechanism

contributing to the reproductive isolation of plant species. Studies investigating the molecular

basis for such odour compounds could be very promising in the future to learn more about

how floral isolation works on a molecular basis and how it evolved between recently diverged

species.
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Abstract

Flower attractiveness enhances pollinator visitation rates, but simultaneously increases

the risk of infection by pollinator-transmitted diseases. We investigated how floral odour of

Silène latifolia is affected by infection with the anther-smut fungus Microbotryum violaceum,

and whether the specialized pollinator Hadena bicruris prefers healthy over infected flowers.

We collected volatile and non-volatile floral odour compounds and measured floral traits on

healthy and infected plants. Odour compounds were analyzed by gas chromatography (GC).

Preference tests were performed with H. bicruris moths in a wind tunnel. Volatile and non¬

volatile compounds differed significantly between infected and healthy plants. Of the

behaviourally active compounds, lilac aldehydes were found in smaller absolute and relative

amounts, and veratrole in higher amounts in infected flowers. Moths were found to

preferentially visit healthy flowers. Those odour compounds that differed most strongly

between healthy and infected plants were biologically active compounds. We therefore

propose that moths used the here demonstrated odour differences to distinguish between

healthy and infected flowers and to discriminate against infected flowers.
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Introduction

The majority of flowering plants have evolved floral traits to attract pollinators, and

variation in these traits influences the interactions between plants and their pollinators.

Attractive flowers of entomophilous plants are more likely to be visited by pollinators than

less attractive flowers and are therefore expected to have higher fitness. However, a trade-off

between attractiveness and plant fitness may exist, for example when more attractive plants

are also more likely to be infected by pollinator-transmitted diseases or to attract seed

predators. Crucial plant traits affecting pollinator visitation are those related to floral

morphology, colour, and odour (Brantjes, 1976; Waser et al, 1996; Plepys et al., 2002a;

Bradshaw & Schemske, 2003). Insect visitation is generally maintained by rewards such as

pollen, nectar or oviposition sites. Floral visual cues have been studied extensively already

since the 18th century providing evidence that visual cues of flowers attract pollinators

(Sprengel, 1793; Stanton, 1987; Emms et al., 1997). In recent years however, floral odour has

increasingly attracted the interest of biologists. Floral odour transmits complex olfactory

signals that attract pollinators (Jürgens et al., 2002; Schiestl & Ayasse, 2002; Dötterl et al.,

2006) and is important for recognizing conspecific flowers (Raguso & Willis, 2005). Floral

odour can function alone or in combination with visual cues (Omura et al, 1999) and

pollinating insects learn to associate odour with reward of specific flowers (reviewed in

Dobson, 1994; Raguso, 2001). In some plant-pollinator associations, a trade-off in pollinator

attraction exists, since pollinators can also act as seed predators. Such interactions, where

plants rely on specific insects for pollination that also lay their eggs into the flowers when

pollinating, are known as nursery pollination systems. Currently, 13 nursery pollination

systems are known (Dufay & Anstett, 2003), of which the fig - fig wasp and the yucca - yucca

moth systems have been the most thoroughly studied (Riley, 1892; Wiebes, 1979; Anstett et

al, 1997; Cook & Rasplus, 2003; Pellmyr, 2003). Another prominent example for a nursery

pollination system is the interaction between the noctuid moth H. bicruris with its host plant

Silène latifolia (Caryophyllaceae). Here, female plants provide oviposition sites for the

specific pollinator, whose larvae consume seeds and develop at the expense of the plants

fitness (Dufay & Anstett, 2003; Bopp & Gottsberger, 2004; Dötterl et al, 2006). In this

system, pollinator reproductive behaviour directly reduces the reproductive output of the host

plant (Bopp, 2003). Other indirect fitness consequences arise when pollinators act as vectors
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for sexually transmitted diseases as they visit infected flowers containing spores and transfer

them to healthy flowers during foraging (Alexander, 1990; Biere & Honders, 2005).

A well-known example of such a disease is the anther smut fungus Microbotryum

violaceum (Microbotryaceae), an obligatory parasitic basidiomycetous fungus that infects a

wide range of Caryophyllaceae species. The fungus M. violaceum takes advantage of the

close association between S. latifolia and H. bicruris since the latter is not only an important

pollinator but also acts as an effective vector for smut spores (Jennersten, 1983; Roche et al,

1995). The H. bicruris moths are expected to avoid anther-smut infected female plants for

oviposition since their ovaries are aborted and do not provide food for the larvae, yielding

pupae with reduced survival rates (Biere et ai, 2002). A recent analysis of oviposition

preferences of//, bicruris in natural populations revealed the expected preference for healthy

S. latifolia flowers (Biere & Honders, 2005). This suggests that pollinators can discriminate

between healthy and infected plants, but the cues used by the pollinator to distinguish healthy

from infected plants remain unknown.

The aim of the present study was to test whether floral odour produced by infected

plants differs from that emitted by healthy plants and to assess whether pollinators use floral

odour differences in order to discriminate between healthy and infected plants. Specifically,

we asked whether the highly volatile odour compounds and the non-volatile flower extract

compounds differ between healthy and infected flowers and whether H. bicruris discriminates

between both of them displaying a preference for healthy ones.

Materials and Methods

Study species

The white campion, Silène latifolia Poiret (syn. S. alba {Miller} Krause, syn. S.

pratensis {Spreng} Gren. & Godr., syn. Lychnis alba Miller, syn. Melandrium album

{Miller} Garcke, Caryophyllaceae) is a dioecious, short-lived perennial. It is native to Europe

(Baker, 1948) and was introduced to the eastern United States at the beginning of the 19th

century. Silène latifolia is often found in highly disturbed habitats such as gravel pits,

roadsides and field margins (McNeill, 1977). Male and female plants produce flowers with

white corollas.
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In Switzerland, S. latifolia flowers from June until September (Hess et al, 1972). The

plant's white flowers open before dusk and remain open until the next morning. An intense

floral odour is emitted during the night (Jürgens et al, 2002; Dötterl et al, 2005). Nectar

production in both sexes peaks in the evening (Witt et al, 1999) and flowers are primarily

pollinated during the night. One of the most common pollinators is H. bicruris, but other

sphingid and noctuid moths also act as pollinators (Brantjes, 1978; Shykoff & Bucheli, 1995;

Jürgens et al, 1996; Altizer et al, 1998).

The anther-smut fungus M. violaceum {Pers.} Demi & Oberwinkler (^Ustilago

violacea {Pers.} Fuckel, Ustilaginaceae) infects a wide range of Caryophyllaceae, including

both sexes of S. latifolia (Alexander & Antonovics, 1988; Thrall et al, 1993). Insects transmit

the disease to healthy plants when foraging on infected flowers (Jennersten, 1983, 1988). If

the infection reaches the rootstock, it becomes systemic, and in subsequent seasons all the

flowers are diseased. The fungus has a strong effect on the floral morphology. Infected plants

produce more but smaller inflorescences and flowers (Day & Garber, 1988; Jennersten, 1988;

Biere & Honders, 1996; Shykoff & Kaltz, 1998). In females, it reduces ovary development

(Biere & Honders, 2005) and in both male and female plants, the fungus effectively sterilizes

the plant and induces the formation of anthers that contain fungal teliospores instead of pollen

(Baker, 1947).

Study sites

Our study was carried out at two sites in Switzerland. The first population was situated

near Leuk (Canton Valais) in the Swiss Alps, an area where plants grow along field margins

and small roads. The second population was studied in the northern part of Switzerland near

Neunkirch in the vicinity of Schaffhausen, This population was composed of various

wildflower strips that were sowed between the fields. Infected and healthy plants were found

together in both populations. Floral odour was collected from a total of 159 plants in 2004 and

2005, with approximately equal sample sizes for infected and healthy plants of both sexes. In

Leuk, odour samples were taken during the two nights of June 16 and June 17, 2004 (N = 63

plants, 29 infected, 34 healthy), and on May 31 and June 2, 2005 (N = 64 plants, 33 infected,

31 healthy). The population in Neunkirch was sampled once on August 23, 2005 (N = 32

plants, 18 infected and 14 healthy).
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Collection ofvolatiles

Floral odour was collected in the field using the dynamic headspace sorption method

(Dobson, 1991). The entire inflorescence, with newly opened flowers, was enclosed within a

polyethylene terephtalate oven bag (Nalo ®, Kalle GmbH, Germany). A filter, constructed

from cut glass micropipettes (Blaubrand ®, Brand Gmbh+Co, Germany) filled with 4 mg of

Porapak Q (Mesh size 80 / 100, Alltech Associates Inc., USA) between two plugs of glass

beads (~ 0.3 mm, Merck KGaA, Germany) and quartz wool, was employed as an odour trap.

Such an adsorbent trap was placed inside each bag and nine filters were connected to a

battery-operated vacuum pump (Personal Air Sampler, SKC Inc.), which drew air over the

filter at a rate of approximately 150 ml min"1 throughout the night. Before use, all the filters

were cleaned with 100 \i\ dichloromethane and 100 ul hexane. Surrounding air samples were

taken simultaneously as a control sample for ambient contaminants. After sampling, the

trapped volatile compounds were eluted with 50 \û of a hexane and acetone (9:1) solvent

mixture. All floral odour samples were stored at -20 °C in sealed glass vials for subsequent

gas Chromatograph (GC) analysis. Information about duration and volumes of sampling was

used to calculate absolute amounts of each compound per litre sampled air and hour and plant

or flower respectively.

Flower extracts

Whole flower extracts of a total of 18 different individuals were prepared (12 healthy,

6 infected flowers) from the population near Leuk to analyze the non-volatile compounds of

S. latifolia flowers. Flowers of healthy and infected plants of both sexes were extracted in 400

ul dichloromethane for one minute. After extraction, all samples were stored in small vials at

- 20 °C until GC-analysis.

Chemical analysis

The headspace samples were analyzed with an Agilent 6890 N gas Chromatograph

(GC; Agilent Technologies, Palo Alto, USA) fitted with an HP5 column (5 % -Phenyl-

methylpolysiloxane, 30 m x 0.32 mm 0 x 0.25 \im film thickness, Agilent Technologies) and

a flame ionization detector (FID). Hydrogen served as carrier gas and nitrogen was used as

make-up gas. The injector temperature was kept at 300 °C. For quantitative analysis, an

internal standard was added to all samples (100 ng n-octadecane, purity 99.8 %, Fluka, Buchs,

Switzerland). One micro-litre of the odour samples was injected splitless at a temperature of
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50 °C (lmin) followed by heating to 150 °C at a rate of 5 °C min"1, and then to 300 °C at a

rate of 10 °C per minute; the oven was then kept at 300 °C for ten minutes. Flower extract

samples were analyzed using the same GC parameters but a different temperature program

operating with the same starting parameters but heating up to 310 °C at a rate of 10 °C per

minute and keeping it on this temperature for 20 minutes. All Chromatogram outputs were

recorded by the Chemstation program (Agilent Technologies, Palo Alto, USA) for qualitative

and quantitative analysis. The internal standard method was applied to calculate absolute

amounts of odour compounds (Schomburg, 1990). To identify the compounds, peak retention

times were compared with those of authentic standard compounds and confirmed by

comparison of spectra obtained by analyzing a few samples by gas chromatography-mass

spectrometry (GC-MS). One micro litre aliquots of the odour samples were injected into a GC

(HP G 1800 A; Hewlett Packard Inc, Palo Alto, USA) with a mass selective detector using the

oven and column parameters described above. Since compounds in the flower extract samples

could not yet be identified, we calculated the Kovàts retention index (Schomburg, 1990) to

provide a mean for comparing our data with future studies.

Behavioural experiments

Plants and insects used in flight tunnel experiments were reared in the lab. We

collected H. bicruris caterpillars in the field and reared them on a diet of fresh seed capsules

in a climate cabinet. Pupae were sexed and the two sexes were placed in separate cages until

eclosion. Imagos were not fed and were allowed to mate prior to experiments. Wind tunnel

bioassays were performed two days after hatching.

The plants were grown in a climate chamber from 18 different seed families collected

in the field from a population near Leuk (Switzerland) in early 2006. We experimentally

inoculated plant seedlings with M, violaceum spores to receive both infected and healthy

plants. Seeds of each family were arranged on two Petri dishes containing agar. One Petri dish

per family was inoculated with 1.5 ml of a suspension consisting of sporidial isolates of M.

violaceum on day seven after germination. The other half of the Petri dishes were treated

identically, but instead of using the sporidial suspension, distilled water was used. The same

procedure was repeated two days after the first inoculation process. Two weeks after

germination the seedlings were transferred to pots until flowering. For a more detailed

description of the inoculation process, see Biere & Honders (1996).

We performed dual choice preference tests in a 200 x 80 x 80 cm Plexiglas flight

tunnel to test the attractiveness of infected and healthy S. latifolia flowers for H, bicruris
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moths. The experiments were conducted under red light illumination. Air speed of the laminar

flow was approximately 0.35 m s"1.

Prior to the experiments, fresh flowers were collected randomly from the available

healthy and infected plants. Flower-naive moths were transferred in small glass tubes to the

flight tunnel room on the morning before the experiment for acclimatisation. One infected and

one healthy flower of the same sex were assigned randomly to one or the other side of a rack

at the upwind end of the flight tunnel. Then an insect was positioned on the starting platform

in its glass tube at the downwind end. All insects were allowed to fly individually and were

used only once. If a moth remained in the wind tunnel without approaching a flower after five

minutes, it was caught and used again later. Moths that did not fly during a ten-minute period

were removed and the trial was recorded as failed.

Morphological measurements

Morphological measurements on the plants were taken in both populations in 2005.

Before 9 a.m. in the morning, we sampled two newly opened flowers from each plant after

odour samples had been collected. The flowers were stored in a cooler until images of each

flower were taken with a digital camera. We measured floral diameter from these images

using the software ImageJ (http://rsb.info.nih.gov/ij).

Statistical analysis

First, the relative amounts for the volatile and non-volatile compounds were obtained

by dividing the amount of a single individual compound by the absolute total amount. The

data from the two years in the Leuk population was pooled together for the analyses of the

relative amounts. The total amounts were log transformed for the ANOVA.

We compared absolute and relative amounts of each odour compound and the total

amount of odour emitted in both healthy and infected plants in each population. Absolute

amounts did not differ significantly between the two populations and therefore were pooled

for further analysis. We used principle component analyses (PCA) to reduce the numerous

volatile compounds and the large number of non-volatile extract compounds to fewer factors

and to ensure independence of variables for the multivariate analysis. The extraction method

included varimax rotation with 25 iterations and Kaiser normalization for the volatile

compounds. Only factors with an Eigenvalue higher than one were considered in the further

canonical discriminant analyses (CDA). We used the stepwise method with an F value of 3.84

to enter an independent variable and an F value of 2.71 to remove it. Absolute amount of
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odour per flower was analyzed by an ANOVA with log transformed total absolute amount of

odour per flower as dependent variable and the factors sex and infection as factors with

population as blocked factor. The residuals of the dependent variables in the ANOVA were

checked for normality and data were transformed if necessary. The Leuk population, which

was sampled in 2004 and 2005, and the population in Schaffhausen were pooled in the factor

population in all ANOVAs. Flower number was square root transformed to ensure normal

distribution (Kolmogorov-Smirnov statistic test) and homogeneity of variance (Levene's test).

Differences in flower number between healthy and infected flowers were analyzed by a t-test.

The behavioural data from the wind tunnel assays were analyzed with a chi-square test (Sokal

& Rohlf, 2005). All analyses were conducted using SPSS 11.0.4 for Mac OS X (SPSS Inc.,

Chicago, USA).

Results

Floral volatiles

The floral odour of S. latifolia was composed of 28 different compounds. The relative

amounts of the compounds identified in headspace samples are shown separately for infected

and healthy plants in Table 1. They are ordered in chemical classes. Five out of the 28

compounds could not be identified. Lilac aldehyde C and benzylacetate eluted together and

are therefore not listed separately.

All odour compounds listed were found in both healthy and infected plants.

Benzenoids and monoterpenoids were the most prominent compound classes. Benzenoids

were found in significantly higher relative amounts in infected flowers (infected 48.19 ± 1.64

%, healthy 31.97 ± 1.62 %, t-test: ti.is? =
- 7.042, p < 0.001). On the other hand,

monoterpenoids were found in significantly lower relative amounts in infected flowers

(infected 37.09 ±1.51 %, healthy 52.14 ± 1.69 %, t-test: tM57 = 6.649, p < 0.001). In both

plant groups, the same compounds were dominating within a chemical class (e.g. veratrole

among the benzenoids, lilac aldehyde isomers among the monoterpenoids; see Table 1).
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Table 1: Mean relative values (± SE) of odour compounds identified in headspace samples with

compounds within a chemical class ordered according to retention time.

Healthy Plants infected Plants

All

populations
N=79

Leuk Schaffhausen

N=65 N=14

All

populations
N=80

Leuk Schaffhausen

N=62 TSM18

Compounds Mean±SE Mean±SE Mean ± SE Mean±SE Mean±SE Mean ± SE

Fatty Acid Derivates
3.50±0.56 3.23±0.51 4.73 ± 2.19 2.74±0.48 2.28i0.34 4.34 ± 1.78

Octanal 1.32±2.10 1.48±0.28 0.61 ± 0.29 0.90±0.20 0.92±0.24 0.81 ± 0.39

Nonanal 2.18±3.65 1.76±0.26 4.13 ±1.95 1.85±0.35 1.35±0.17 3.53 ± 1.42

Benzenoids 31.97il.62 31.13il.77 35.83 i 4.02 48.19±1.64* 50.51±1.87 40.19±2.72

Benzaldehyde 4.39±4.76 3.71±0.39 7.54 ±2.30 4.68±0.41 4.03 ±0.42 6.90 ± 0.94

Phenyl acetaldchyde 2.48±4.37 2.56±0.56 2.15 ± 1.01 3.40±0.72 4.02±0.91 1.25 ±0.44

2-Methoxy phenol 0.40±0.59 0.45±0.08 0.18 ±0.12 0.73±0.16 0.93±0.20 0.04 ± 0.04

Methyl benzoate 1.67±3.01 0.55±0.13 6.88 ± 0.97 2.48±0.51 0.49±0.11 9.34 ± 1.27

2-Phenylethanol 0.53±0.87 0.29±0.07 1.66 ±0.33 1.18±0.28 0.97±0.34 1.90 ±0.32

Veratrole 16.41*14.78"1 17.81±1.89 9.90 ± 2.79 25.71±2.12* 30.25±2.39 10.09 ± 2.01

Methyl salicylate 3.89±3.32 3.29±0.35 6.67 ± 1.08 6.62±0.72 5.80±0.80 9.45 ± 1.53

Benzyl benzoate 2.18±2.64 2.47±0.35 0.86 ± 0.20 3.39±0.43 4.02±0.52 1.20 ± 0.39

Monoterpenoids 52.14±1.69* 52.34Ü.88 51.20 i 3.94 37.09il.51* 34.37±1.59 46.47 ±3.00

-Pinene 1.35±1.93 1.62±0.25 0.11 ±0.05 1.29±0.14 1.52±0.16 0.50 ± 0.14

Camphene 1.93±2.27 2.31±0.29 0.18 ±0.07 2.33±0.31 2.88±0.36 0.45 ± 0.16

-Pinene 0.69±1.21 0.84±0.16 0.00 ± 0.00 0.64±0.13 0.82±0.16 0.00 ± 0.00

Limonene 2.76±4.02 1.89±0.44 6.80 ± 0.99 3.44±0.51 1.76±0.40 9.25 ± 0.97

Eucalyptol 1.65±2.67 1.14±0.11 4.02 ±1.49 1.94±0.24 1.58±0.21 3.18 ±0.73

Ocimene 7.25± 12.94 3.84±0.82 23.06 ±5.74 7.49±1.35 4.57±1.17 17.57 ± 3.60

Linalool 0.84±1.09 0.94i0.15 0.39 ± 0.09 0.79±0.09 0.90±0.11 0.38 ± 0.08

Lilac aldehyde A 11.57±8.38* 12.94±1.02 5.16 ± 1.62 5.09±0.57* 5.36±0.59 4.17 ± 1.53

Lilac aldehyde B ^^±14.66* 23.10±1.75 5.32 ± 1.32 9.49±0.93* 11.42±1.08 2.83 ± 0.42

Lilac aldehyde C /

Benzyl acetate 3.77±3.44 3.28±0.41 6.05 ± 0.86 4.32±0.57 3.22±0.54 8.10 ± 1.42

Lilac alcohol 0.38±0.46 0.44±0.06 0.10 ±0.05 0.27±0.04 0.34±0.05 0.03 ± 0.03

Sesq uiterpenoides 0.24i0.06 0.28i0.07 0.08 ± 0.04 0.23 ±0.05 0.27±0.06 0.11 ± 0.07

-Farnesene 0.24±0.51 0.28±0.07 0.08 ± 0.04 0.23±0.05 0.27±0.06 0.11 ± 0.07

Irregular terpenes 0.42±0.10 0.50±0.12 0.05 ± 0.04 0.23±0.05 0.29±0.06 0.00 ± 0.00

6-Methyl-5-hepten-2-one 0.42±0.89 0.50±0.12 0.05 ± 0.04 0.23±0.05 0.29±0.06 0.00 ± 0.00

Unknowns (RJ
Unknown 1 (978)
Unknown 2 (992)
Unknown 3 (1009)
Unknown 4 (1112)
Unknown 5 (1191)

11.74±1.43* 12.52±1.71 8.10 ± 1.04 11.52±0.82* 12.29±0.98 8.89 ± 1.20

2.59±2.15

6.63±1.24

0.44±0.53

0.10±0.32

1.99±1.44

2.70±0.29

7.23±1.68

0.52±0.07

0.06±0.03

2.02±0.17

2.09 ±0.29

3.84 ±0.71

0.07 ± 0.07

0.27 ±0.15

1.83 ±0.49

3.46±0.31

4.41 ±0.75

0.49±0.07

0.15±0.04

3.01±0.31

3.70±0.38

4.24±0.92

0.62±0.08

0.11 ±0.03

3.62±0.37

2.66 ± 0.29

5.01 ± 1.02

0.02 ± 0.02

0.28 ± 0.16

0.92 ± 0.15

Asterisks (*) indicate significant differences between means comparing healthy and infected plants of all

populations together on basis of Mann-Whitney-U-test; R,: Kovat's retention index.
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Single substances

Absolute amounts of lilac aldehyde A and lilac aldehyde B per flower were found to

be higher in healthy plants (Figure la,b). The relative amounts of three compounds differed

significantly between infected and healthy plants after Bonferroni correction (Table 1). Lilac

aldehyde A and lilac aldehyde B were detected in significantly higher relative amounts in

healthy plants. In contrast, the emission of the benzenoid veratrole was found in significantly

higher relative amounts in infected plants.
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Figure 1: Absolute amounts of electro-antennographic odour compounds of healthy (filled bars) and

infected flowers (open bars) divided in non-active (a) and active (b) compounds in H. bicruris as

described by (DÖtterl et al, 2006). Note the difference in scale in the y-axes. Asterisks (*) indicate

significant higher amounts.
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Floral bouquet

The floral odour bouquets differed significantly between healthy and infected plants in

the Leuk population but not in the Schaffhausen population and odour bouquets differed

significantly between the two populations (Figure 2). The reduction of the 28 odour

compounds with a PCA produced 9 PCA factors explaining 73.0 % of the total variance. A

canonical discrimination analysis with the first two discriminant functions explaining 99.3 %

of the total variance (discriminant function 1: Eigenvalue = 5.012, chi-square = 365.051, p <

0.001; discriminant function 2; Eigenvalue = 1.916, chi-square = 92.391, p < 0.001) revealed

that the floral odour bouquet in Leuk was significantly different between infected and healthy

plants (pair wise comparison: Fi>I5g = 14.083, p < 0.001). The bouquet in the population of

Schaffhausen was not significantly different between infected and healthy plants (pair wise

comparison: Fi,i59 = 1.192, p
= 0.307). The bouquet differences between infected and healthy

plants were smaller within populations, than the differences between populations for infected

and healthy plants (pair wise comparison: infected Leuk - infected Schaffhausen: Fi.isy =

56.892, pair wise comparison: healthy Leuk - healthy Schaffhausen: F1J59 = 38.209, both p <

0.001).

-4 -'2 0 2 4 6 8

Discriminant Scores from Function 1

Figure 2: Plot of the first two functions of the discriminant analysis classifying the healthy (filled

symbols) and infected plants (open symbols) of the two populations. Circles, Schaffhausen population;

squares, Leuk population; triangles, group centroids.
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Total amount ofodour

Odour amount per flower was analyzed by an ANOVA with log transformed total

absolute amount of odour per flower as dependent variable and the factors sex and infection

as factors with population as blocked factor. Males produced more total amount of odour than

did females (Table 2). The interaction sex
* infection and infection per se were not

significant, but the block factor population was (Table 2).

Table 2: ANOVA of the effects of infection, sex and population (entered as block factor) of Silène

latifolia plants on log transformed total amount of odour per flower.

Source Type ITT sum of squares df mean square F

Population 19.822 2 9.911 39.911 **

Infection 0.774 1 0.774 3.118

Sex 1.064 1 1.064 4.285 *

Sex*Infection 0.135 1 0.135 0.545

error 37.993 153 0.248

*, P< 0.05; **,P< 0.001

Flower extracts

Absolute amounts of 48 compounds found in the whole flower extracts with a mean

concentration higher than 50 ng ml"1 are listed in Table 3. A significant difference in absolute

amounts between healthy and infected flowers was detected in five of the non-volatile

compounds. Extract compound number EX 3 to number EX 5 were found in higher absolute

amounts in infected flowers whereas extract numbers EX 9 and EX 23 were detected in

higher absolute amounts in healthy flowers (Table 3).

A PCA reduced the compounds to 10 PCA factors explaining 93.761 % of the

variation. A canonical discrimination analysis (discriminant function 1: Eigenvalue = 4.177,

chi-square = 23.018, p < 0.001) revealed that the non-volatile compounds were significantly

different between infected and healthy flowers (pair wise comparison: Fi,4 = 13.574, p <

0.001).
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Table 3: Mean absolute amounts (ng ± SE) of unidentified non-volatile compounds found in flower

extract samples with compounds ordered according to Kovat's retention index (Ri).

Healthy Flowers Infected Flowers

(N = 12) (N = 6)

Compounds (Ri) Mean ± SE Min. Max. %b Mean ± SE Min. Max. %b

EX 1 (1961) 95.44 ± 22.42 5.89 239.36 100 184.08 ± 25.33 113.43 280.10 100

EX 2 (2024) 275.08 =t 73.45 5.57 778.91 100 177.72 ± 53.76 78.28 427.50 100

EX 3(2132) 34.30 ± 11.60* 0.00 135.41 83 234.18 ± 59.70* 67.71 444.14 100

EX 4(2147) 51.52 ± 18.51* 0.00 213.79 83 187.88 ± 53.14* 0.00 382.24 83

EX 5(2161) 33.04 ± 8.36* 0.00 81.89 92 99.53 ± 18.30* 36.00 172.33 100

EX 6(2294) 131.20 ± 51.16 0.00 572.93 92 157.97 ± 42.61 27.84 306.18 100

EX 7(2375) 64.73 ± 23.24 7.36 285.75 100 37.83 ± 15.36 0.70 87.36 100

EX 8(2552) 316.42 ± 174.84 11.24 1803.9 100 184.00 ± 145.44 2.05 901.95 100

EX 9 (2572) 68.30 ± 10.24* 11.35 114.62 100 22.15 ± 5.55* 6.06 42.93 100

EX 10 (2662) 86.47 ± 18.26 10.14 245.51 100 72.85 ± 15.26 32.26 122.76 100

EX 11 (2699) 101.36 ± 11.38 39.54 204.78 100 89.53 ± 15.97 56.21 163.43 100

EX 12 (2716) 64.35 ± 10.31 9.81 135.68 100 51.84 ± 14.99 8.49 116.51 100

EX 13 (2773) 102.90 ± 18.82 19.81 239.38 100 65.30 ± 17.88 16.62 119.69 100

EX 14(2806) 106.27 ± 19.30 25.94 232.79 100 68.60 ± 24.17 5.02 171.78 100

EX 15 (2816) 120.16 ± 36.54 12.14 383.23 100 86.83 ± 27.88 2.47 200.87 100

EX 16 (2819) 90.17 ± 32.52 0.00 351.61 83 17.87 ± 5.35 1.60 36.24 100

EX 17(2831) 261.94 ± 61.30 9.86 648.24 100 203.88 ± 62.36 116.35 513.14 100

EX 18 (2839) 246.17 ± 50.33 10.70 479.99 100 114.06 ± 37.05 36.88 288.74 100

EX 19 (2852) 364.74 ± 64.22 127.27 741.26 100 259.34 ± 109.18 8.34 772.86 100

EX 20 (2889) 245.99 ± 47.31 22.87 577.80 100 204.88 ± 56.67 75.77 463.55 100

EX 21 (2901) 60.53 ± 9.49 13.02 122.71 100 34.88 ± 11.89 0.00 79.37 83

EX 22 (2907) 175.84 ± 32.00 26.43 358.11 100 111.86 ± 31.55 42.35 255.02 100

EX 23 (2914) 171.25 ± 35.83* 36.86 445.42 100 43.50 ± 19.53* 7.54 136.31 100

EX 24 (2918) 63.92 ± 14.88 0.00 165.06 83 34.46 ± 14.55 7.83 103.89 100

EX 25 (2931) 148.29 ± 32.91 14.32 428.72 100 136.49 ± 31.27 36.27 225.53 100

EX 26 (2934) 101.64 ± 33.53 12.43 428.05 100 79.41 ± 70.28 0.00 430.37 67

EX 27 (2941) 84.90 ± 13.77 15.37 164.65 100 64.53 ± 21.28 20.09 159.18 100

EX 28 (2947) 219.22 ± 46.88 29.24 606.78 100 276.27 ± 77.43 49.08 602.39 100

EX 29 (2969) 76.34 ± 17.79 4.29 217.59 100 51.16 ± 17.16 9.06 108.80 100

EX 30 (2972) 64.34 ± 10.99 8.52 139.05 100 33.95 ± 9.22 9.55 74.79 100

EX 31(2980) 107.84 ± 21.68 0.00 218.59 92 120.99 ± 29.00 54.17 246.85 100

EX 32 (2989) 109.01 ± 25.99 12.49 329.85 100 78.81 ± 20.77 27.15 164.92 100

EX 33 (2996) 100.42 ± 17.37 19.15 189.22 100 85.25 ± 21.67 42.32 183.90 100

EX 34 (2999) 62.84 ± 8.63 22.49 122.07 100 78.08 ± 12.98 38.11 134.20 100

EX 35 (3019) 68.48 ± 20.76 12.90 274.78 100 83.03 ± 18.83 29.03 137.39 100

EX 36 (3017) 65.65 ± 11.32 13.20 129.23 100 52.94 ± 13.52 18.18 102.13 100

EX 37 (3031) 64.03 ± 13.40 8.12 167.70 100 71.42 ± 13.01 33.74 127.78 100

EX 38 (3034) 70.43 ± 13.47 8.31 136.37 100
79.84±24.2924.41178.31100EX39(3958)119.57±30.1512.24318.7910088.08±23.7621.24159.40100EX40(3064)80.69±15.3016.26189.7410082.14±24.3328.31187.35100EX41(3075)291.97±72.3716.61810.50100189.57±55.6572.43405.25100EX42(3080)81.98±14.2118.40187.9810072.44±21.6023.80164.94100EX43(3111)52.45±11.318.85146.8110047.41zt10.4510.3977.43100EX44(3118)80.53±15.829.28157.3710032.58±9.942.1870.03100EX45(3147)55.97±13.606.59167.9010041.33±10.9314.7083.95100EX46(3174)179.16±50.1711.72530.68100134.17±38.3447.28267.05100EX47(3183)52.25±11.790.00141.009259.30±17.5715.00134.00100EX48(3194)64.57±17.3321.11239.2810038.40±18.262.27119.64100*,indicatesignificantdifferencesbetweenmeansofhealthyandinfectedflowers;Min,minimalvalue;Max,maximalvalue;b,proportionofindividualsshowingaparticularcompound.57
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Behavioural experiments

We used in total 33 (11 male and 22 female) flower-naïve H. bicruris moths in our

dual-choice preferences tests. In both sexes, the moths showed a significant preference for

healthy flowers. Overall, 86.4 % of females and 81.8 % of males selected the healthy flower

in their first approach to the flowers (Figure 3; female moths %
= 9.757, p

= 0.002; male

moths x2 = 10.667, p
= 0.001).

100

Female H. bicruris Male//, bicruris

Figure 3: Results of the dual choice experiments using flower-naïve H. bicruris moths. A healthy and

infected flower of the same sex was presented to the moths in a wind tunnel and the first choice was

recorded. Filled bars, healthy flower choice; open bars, infected flower choice.

Flower number and diameter

Female infected plants had significantly more flowers than healthy ones (flowers

planf
'
± SE: infected 7.39 ± 0.55, healthy 4.52 ± 0.57, t-test: t2)82 = -6.864, p < 0.001). In

contrast, infected males had fewer flowers than healthy ones, but the differences were not

significant (flowers plant"1 ± SE: infected 11.95 ± 1.81, healthy 16.29 ± 1.85, t-test: t2,74 =

1.266, p
= 0.209). Flower diameter did not differ significantly between infected and

uninfected plants, whether male or female (flower diameter ± SE: female flowers: infected

2.61 ± 0.05 cm, healthy 2.48 ± 0.04 cm, t-test: t2j4 = -1.865, p
- 0.068; male flowers: infected

2.52 ± 0.06 flowers plant"1, healthy 2.58 ± 0.05 cm, t-test: t2,74 = 0.725, p
= 0.472).
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Discussion

Infection of plants and their flowers by pathogenic smut fungi is a common and

widespread phenomenon and affects a great diversity of host plants (Vanky, 1994). In

Caryophyllaceae, the anther smut fungus M. violaceum has been found to infect 92 species in

Europe and 21 species in North America (Thrall et al, 1993). In our system, we found that

infection of S. latifolia by M. violaceum leads to changes of key compounds in the volatile

odour bouquet. These changes can be detected by the pollinating moth H. bicruris and allow

them to preferentially visit healthy flowers. Changes have also been found in the composition

of non-volatile compounds presented on the flower surface and may affect the egg-laying

behaviour of female moths.

Pathogen-induced changes of host morphology and behaviour have been demonstrated

in a wide diversity of animals and plants (Lockhart et al, 1996; Antonovics, 2005). Such

modifications typically serve to increase successful transmission of the pathogen to another

successive host, or to improve transmission of infectious stages to healthy hosts.

While the majority of plant pathogenic fungi uses wind as dispersal agent, some

pathogens exploit animal vectors. In associations between the rust fungus Puccinia monoica

with its crucifer (Brassicaceae) hosts of the genus Arabis, for example, the fungal infection

inhibits flowering of the host plant and induces the formation of flower mimicking "pseudo-

flowers" on the host leaves (Roy, 1993). Olfactory and visual cues emitted by these flower-

mimics attract insects that transfer the fungal spermatia to other infected plants, hence

completing the sexual reproduction of the pathogen (Roy & Raguso, 1997; Raguso & Roy,

1998). In the endophytic fungal genus Epichloë (Clavicipitaceae), fruiting bodies are formed

on the grass hosts that emit specific odour compounds to attract flies for the transmission of

spermatia (Schiestl et al, 2006). Altogether, a diverse group of fungi relies on insects for

effective spore dispersal (Alexander & Antonovics, 1988; Alexander & Maltby, 1990;

Jennersten & Kwak, 1991; Shykoff & Bucheli, 1995). The transmission in a substantial

number of these vector-transmitted plant diseases involves "pseudo-flowers" or "floral

mimicry" (reviewed by Antonovics, 2005), in which host flowers are not involved, and spore

vectors are often different from pollinators. In such cases, the pathogen does not directly

interfere with the plant-pollinator association.

In contrast, the M. violaceum - S. latifolia - H. bicruris interrelation represents a

system, in which the pollinator H. bicruris transmits either pollen or spores between infected
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or healthy male and female plants. Unlike systems involving "pseudo-flowers", the pathogen-

induced changes in the host should be minimal so as to avoid disruption of the host-pollinator

association, which is being exploited by the parasite. However, pathogen-induced host

changes are well documented in the M. violaceum - S. latijolia - H. bicruris system and

include changes in flower number and size, and the induction of spore-filled anthers in female

plants (Baker, 1947; Day & Garber, 1988; Alexander & Maltby, 1990; Biere & Honders,

1996; Shykoff & Kaltz, 1998), this study). In addition to these studies, we found that

pathogen infection led to changes in host floral odour composition and that these changes

affected the visitation behaviour of the pollinator H, bicruris.

Most volatiles detected in the floral odour bouquets of both healthy and infected S.

latifolia are common floral odour compounds (Knudsen et al, 2006) and belonged to the

benzenoids and the monoterpenoids, which are products of anabolic or catabolic biosynthetic

pathways (Raguso, 2004). All volatiles we identified were previously reported in other studies

investigating S. latifolia odour in plants of healthy populations (Jürgens et al, 2002; Dötterl et

al, 2005). In addition, none of the numerous volatile floral odour compounds was emitted

exclusively by either infected or healthy plants and could therefore be used for discrimination

between healthy and infected flowers by pollinators. However, we found significant changes

of the absolute amounts of the key odour compounds lilac aldehyde A, lilac aldehyde B and

veratrole in comparisons between healthy and infected flowers in both populations. These

compounds are known to elicit biological activity in H. bicruris (Dötterl et al, 2006), and

have been found to be attractive to other pollinators and herbivores (Metcalfe/ al, 1975;

Lampman et al, 1987; Plepys et al, 2002b). In infected S. latifolia, the relative amounts of

lilac aldehydes A and B decreased, whereas the relative amount of veratrole increased, which

represents a substantial change of the odour bouquet. Such a shift in the emission of key

odour compounds could potentially be detected by pollinators and used to avoid infected

flowers, if selection pressure is strong enough, which could disrupt the interactions in this

system.

A reduction in the emission of lilac aldehydes was discovered not only in infected

plants, but also in the odour of pollinated S, latifolia flowers (Dötterl et al, 2005; Muhlemann

et al, 2006), where it is thought to reduce the attractiveness of the flower. On the other hand,

the increase in veratrole emission does not resemble the floral odour change observed in

pollinated flowers, where veratrole emission decreases. Our preference tests in flight tunnel

experiments clearly revealed that H. bicruris are able to distinguish between healthy and

infected flowers, and that they strongly prefer healthy flowers.
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Factors other than odour composition that could affect pollinator preference are flower

colour, flower size, and the total amount of floral odour emitted. In night-flowering moth-

pollinated plants, colour is of subordinate importance to odour since most Noctuidae and

Sphingidae react specifically to odours (Brantjes, 1978), but may have a synergetic effect on

nectar feeding (Raguso & Willis, 2005). Colour differences between healthy and infected

plants occur only in older flowers when the spores are released from the anthers and fall onto

the petal limbs. We therefore used only freshly opened flowers in our behavioural study to

avoid these colour differences. Diverse studies demonstrated that the total amount of floral

odour emitted plays a crucial role in pollinator attraction (Knudsen & Tollsten, 1993; Huber

et al, 2005; Wright et al, 2005) and plants that emit higher total amounts of odour are

expected to receive more pollinator visits (Brantjes, 1978). As predicted, Brantjes (1976)

found that visitation rates of H. bicruris moths on S, latifolia plants were proportional to

higher odour amounts of flower extracts, and higher odour concentration amplified the

response of the pollinators in wind tunnel bioassays (Dötterl et al, 2006). In our study

populations, however, flower size and the total amount of odour per flower were not different

between healthy and infected flowers in both sexes, despite differences between the sexes.

Because our wind tunnel experiments were carried out with pairs of healthy and infected

flowers of the same sex, we can conclude that the observed preference for healthy flowers

was not affected by sexual dimorphism.

In contrast to the volatile floral odour compounds, for which a biological significance

has been shown by the choice-tests in this study, the relevance of the observed differences in

non-volatile compounds is not yet clear. Preliminary results showed high antennal responses

by H, bicruris moths to some of these compounds in gas chromatography electro-

antennographic detection experiments (GC - EAD; S. Dötterl, pers. communication). Based

on these results, we hypothesize that female moths are able to detect these differences and use

them to avoid egg-laying in infected female flowers. The latter have strongly reduced ovaries

and provide a poor food source for developing Hadena larvae (Bière et al, 2002; Bopp,

2003). A study of oviposition by H. bicruris in natural populations of S. latifolia found that

oviposition was strongly reduced on flowers from infected plants compared to flowers from

healthy plants. This suggests that recognition and avoidance of infected flowers for egg laying

is an adaptive response by H. bicruris (Biere & Honders, 2005).

We conclude that infection with the anther-smut fungus M. violaceum alters floral

odour composition of the host plant S. latifolia. These odour differences between healthy and

61



Chapter II; Influence ofanther smut infection on odour composition andpollinator visitation

infected flowers are detected by H. bicruris pollinators and allow them to preferentially visit

healthy flowers.
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Abstract

Sexual selection theory predicts that males compete over females since male

reproductive success is often limited by access to mates, whereas female reproductive success

is limited by resources. In animal-pollinated plants, attraction of pollen-vectors and successful

pollination is crucial for sexual reproduction. In dioecious plant species, one can therefore

expect that males increase their attractiveness to pollinators by investing more than females in

floral traits that enhance pollinator visitation and thus reproductive success. While an array of

floral signals may generally influence pollinator attraction, olfactory stimuli are most

important in many night-flowering plant species, such as the dioecious S. latifolia. Here, we

report larger amounts of odour emitted by male than by female flowers. Nearly all

biologically active compounds were emitted in significantly higher amounts in male flowers.

Additionally, males produced significantly higher numbers of flowers per plant. We propose

that the higher amounts of odour, and especially of biologically active odour-compounds, in

addition to the well-known phenomenon of higher flower production produced by males are a

consequence of sexual selection for higher pollinator attractiveness.
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Introduction

According to sexual selection theory, males compete with each other over access to

females since the reproductive success of a male is limited by the number of mates he can

fertilize, whereas female reproductive success is limited by the number of offspring she can

produce (Bateman, 1948; Trivers, 1972). In plants, access to pollinators should therefore limit

the reproductive success of males to a greater extent than it restricts reproductive success of

females (Willson, 1979; Bell, 1985; Queller, 1987). Consequently, different selection

pressures are expected to act on males than on females, resulting in male-male competition

over mates (Bateman, 1948).

The majority of plants rely on pollinators for successful pollen transfer (Faegri & van

der Pijl, 1979). Prepollination-competition among male gametophytes has been described as

pollen competition within the female organs (Howard, 1999), that can be influenced through

physiological interactions with the pistils (Heslop-Harrison, 1975). However, pollinator

attraction is the first step in the reproductive cycle of animal-pollinated plants and in

dioecious species, sexual reproduction is impossible without the transfer of pollen from male

to female flowers. In contrast to most other plants that have hermaphroditic flowers, males

and females can respond differently to pollinator-mediated selection. In this situation,

selection hence may favour traits that improve pollination and fertilization success, which

may lead to sexual dimorphisms in pollinator attractive traits rendering male flowers more

attractive than females since access to mates is a function of access to pollinators.

It has been known for a long time that floral traits like colour, shape, size and odour

influence the behaviour of flower visitors (Waser & Price, 1983; Dobson, 1994). Traits

involved in attraction of pollinators often have a greater effect on males than on females and

therefore sexual dimorphism in these traits can evolve by sexual selection. Sexual

dimorphisms have been found in various plant traits. Male flowers are often larger than

female flowers (Bell, 1985; Delph et al, 1996). Male individuals profit from higher

investment into floral display since individuals with more or more attractive flowers will be

visited by a higher number of pollinators, possibly resulting in higher pollen transfer and

greater mating success than individuals with fewer or less attractive flowers (Stephenson &

Bertin, 1983; Queller, 1987; Stanton, 1994). Floral odours in particular act as olfactory

stimuli to flower visiting animals (Raguso, 2001) and are found to be strong in night-

pollinated species, in which other visual traits like floral colour are obscured (Knudsen &
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Tollsten, 1993). Therefore, for nocturnal pollinators, odour stimuli might be more important

for pollinator attraction than visual stimuli.

We investigated floral odour emission in male and female S. latifolia plants that

flower at night, to test the hypothesis that male flowers produce more odour than female

flowers.

Materials and Methods

Plant material and odour collection

For volatile collection, S. latifolia plants from seeds collected in two populations

(Leuk, Switzerland and Ribes de Fraser, Spain) were grown in a green house. Floral odour of

555 S. latifolia plants (Switzerland: 79 males and 123 females, Spain: 217 males and 136

females) was collected at night by headspace sorption as described by Huber et al. (2005). We

used only newly opened flowers for odour collection. All floral odour samples were stored in

sealed glass vials at -20 °C for subsequent gas Chromatograph (GC) analysis.

Chemical analysis

The samples were analyzed with a gas Chromatograph (GC, Agilent 6890N) fitted with

an HP5 column (30 m x 0.32 mm internal diameter x 0.25 ^im film thickness) and a flame

ionization detector (FID); hydrogen served as carrier gas. We injected one micro-litre of each

odour sample splitless at 50 °C (lmin) followed by heating to 150 °C at a rate of 5° C min"1,

and then to 300 °C at a rate of 10 °C per minute before keeping the oven at 300 °C for ten

minutes. For odour compound identification peak retention times were compared with those

of authentic standard compounds and confirmed by comparison of spectra obtained by gas

chromatography-mass spectrometry (GC-MS). One micro litre aliquots of the odour samples

were injected into a GC (HP G1800A) with a mass selective detector using the oven and

column parameters described above.

Morphology

We counted all newly opened flowers per plant before odour sampling. The next

morning, two flowers per plant were collected and images taken with a digital camera. We
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measured floral diameter from these images using the software ImageJ

(http://rsb.info.nih.gov/ij).

Statistical analysis

All data were tested for homogeneity of variances (Levene's test) and for normality

(Kolmogorov-Smirnov test). We used an ANCOVA to examine the effects of sex and

population on mean absolute odour emission. Log-transformed total amount of odour was

used as dependent variable and sex and population as factors. Floral diameter was used as

covariate to correct for flower size. Nonparametric Mann-Whitney U-tests were used to

analyze the differences in absolute amounts of individual compounds and of flower numbers

between males and females since no transformation allowed analysis with a parametric test.

Flower diameter was analyzed by a t-test. All analyses were carried out using SPSS 11.0.4 for

Mac OS X (SPSS Inc., Chicago, USA).

Results

Floral odour

In both populations investigated, male flowers produced significantly more odour than

female flowers (Figure 1; Mean ng/ h/ flower ± SE: Switzerland: males: 422.05 ± 47.34,

females: 202.56 ± 25.57; Spain: males: 115.19 ± 16.88, females: 81.56 ± 7.90). In the

ANCOVA, both sex and population showed a significant effect and there was a significant

interaction between sex and population (Table 1; ANCOVA: sex*population: Fi,555 = 11.252,

p
= 0.001). The covariate flower diameter was not significant (Table 1).

Table 1 : ANCOVA of the effects of sex and population of Silène latifolia plants on log transformed total

amount of odour per flower.

Source Type III sum of squares df mean square F P

population
sex

population*sex
flower diameter

33.571

12.560

3.830

0.104

1

1

1

1

33.571

12.560

3.830

0.104

98.623 < 0.001

36.899 < 0.001

11.251 =0.001

0.304 =0.581

error 187.217 550 0.337

70



Chapter III: Sex differences infloral odour ofS. latifolia

500-

5400-
w

-H

i300'

•=200-

o

o

I loo-

0-

Switzerland Spain

female male female
'

male

Figure 1: Absolute amounts of odour emitted by female (grey bars) and male (black bars) flowers of

two S. latifolia populations (ANCOVA, *
: p = 0.001).

In the analysis of individual compounds, the emission of most compounds that have

previously been shown to be behaviourally active in Hadena bicruris (Dötterl et al, 2006)

were found to be significantly higher in male flowers than in female flowers in both

populations (Figure 2a, b; Table 2). In Switzerland, 2-methoxy phenol, the lilac aldehydes A,

B and C, and veratrole were found in significantly higher amounts in male flowers. The

amounts of phenylacetaldehyde and linalool were not significantly different between the

sexes. In Spain, phenylacetaldehyde, lilac aldehyde A, and veratrole were found in

significantly higher amounts in male flowers. 2-metoxy phenol, and the lilac aldehydes B and

C were not significantly different in males and females, but showed a trend to higher emission

in males. Only linalool was found in significantly higher amounts in females.
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Table 2. Mean absolute amounts of odour (± SE) in headspace samples of S. latifolia flowers with

compounds within a chemical class ordered according to retention time-

Compounds

Switzerland

Females (N= 123)
Mean ± SE

Males (N =

Mean ±

79)
SE

Spain
Females (N =

Mean ± SE

Males (N =

Mean ± SE

Fatty Acid Derivates 0.63 ± 0.10 0.16 ± 0.04 0.73 ± 0.06 0.35 ± 0.05

Octanal 0.43 ± 0.14 0.33 ± 0.10 0.11 ± 0.01 * 0.10 ± 0.03

Nonanal1 0.24 ± 0.02 0.20 ± 0.03 0.19 ± 0.02 * 0.13 ± 0.02

Benzenoids 36.03 ± 1.93 39.47 ± 1.74 47.51 ± 1.61 53.66 ± 2.16

Benzaldehyde' 0.59 ± 0.08 0.48 ± 0.08 1.14 ± 0.18 0.94 ± 0.11

Phenylacetaldehyde2 3.49 ± 0.66 3.85 ± 1.53 34.80 ± 4.02 * 45.93 ± 6.07

2-Methoxy phenol2 0.68 ± 0.11 * 1.15 ± 0.21 0.08 ± 0.01 0.19 ± 0.04

Methyl bcnzoate1 0.04 ± 0.01 * 0.80 ± 0.46 0.06 ± 0.01 * 0.06 ± 0.01

2-Phenylethanol' 0.28 ± 0.13 0.31 ± 0.13 3.02 ± 0.54 * 2.26 ± 0.30

Veratrole2 72.94 ± 14.95 * 173.27 ± 25.43 1.88 ± 1.41 * 7.28 ± 3.53

Methyl salicylate' 0.85 ± 0.10 * 1.14 ± 0.34 5.41 ± 0.81 * 4.01 ± 0.84

Benzyl benzoate 5.22 ± 3.20 * 3.95 ± 1.01 0.58 ± 0.11 * 0.34 ± 0.08

Monoterpenoids 55.34 ± 1.89 56.11 ± 1.66 34.58 ± 1.27 37.67 ± 2.01

-pinene 0.16 ± 0.01 * 0.12 ± 0.02 0.13 ± 0.01 * 0.08 ± 0.01

Camphene 0.16 ± 0.01 0.14 ± 0.02 0.12 ± 0.01 * 0.08 ± 0.01

-pinene 0.10 ± 0.01 * 0.06 ± 0.01 0.10 ± 0.01 * 0.06 ± 0.01

Limoncnc 0.46 ± 0.04 0.36 ± 0.03 0.36 ± 0.02 * 0.23 ± 0.02

Eucalyptol 0.52 ± 0.11 * 0.86 ± 0.17 0.76 ± 0.10 0.72 ± 0.11

Trans- -Ocimene1 1.25 ± 0.53 1.95 ± 0.84 1.73 ± 0.25 1.23 ± 0.27

Linalool" 0.14 ± 0.01 0.11 ± 0.01 0.15 ± 0.01 * 0.08 ± 0.01

Lilac aldehyde A2 36.63 ± 4.34 * 80.64 ± 8.02 8.41 ± 1.21 19.34 ± 3.83

Lilac aldehyde B2 61.92 ± 7.02 * 122.04 ± 12.12 13.81 ± 1.88 24.89 ± 5.13

Lilac aldehyde C2/

Benzyl acetate 7.29 ± 2.09 * 11.99 ± 2.43 1.37 ± 0.21 2.20 ± 0.40

Lilac alcohol' 2.15 ± 0.25 * 4.05 ± 0.38 0.58 ± 0.07 1.01 ± 0.18

Sesquiterpenoides 0.11 ± 0.02 0.05 ± 0.01 0.07 ± 0.02 0.03 ± 0.00

-farnesene 0.11 ± 0.02 * 0.05 =t 0.01 0.07 ± 0.02 0.03 ± 0.00

Irregular terpenes 0.11 ± 0.02 0.10 ± 0.02 0.10 ± 0.01 0.06 ± 0.01

6-Mcthyl-5-hepten-2-one 0.11 ± 0.02 0.10 ± 0.02 0.10 ± 0.01 0.06 ± 0.01

Unknowns with

Kovat's retention index

w 7.69 ± 0.71 4.21 ± 0.48 16.85 ± 1.17 8.15 ± 1.05

unknown 1 (978) 0.99 ± 0.10 0.95 ± 0.12 0.90 ± 0.08 * 0.65 ± 0.08

unknown 2 (992) 3.63 ± 0.41 * 2.47 ± 0.55 4.98 ± 0.66 * 1.86 ± 0.23

unknown 3 (1009) 0.09 ± 0.01 0.05 ± 0.01 0.09 ± 0.02 * 0.02 ± 0.01

unknown 4 (1112) 0.29 =1= 0.06 * 0.82 ± 0.11 0.14 ± 0.02 * 0.26 ± 0.04

unknown 5 (1191) 2.33 ± 0.36 * 9.85 ± 1.20 0.51 ± 0.06 * 1.17 ± 0.19

Asterisks (*) indicate significant differences between female and male amounts within populations. Rf. Kovat's

retention index. 'Eleetrophysiologically detected and 2bchaviourally active odour compounds in H. hicruris as

described by Dötterl et al. (2005, 2006)
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Figure 2: Mean emission of behaviourally active odour compounds by female (grey bars) and male

(black bars) S. latifolia flowers in the Swiss and the Spanish population (Mann-Whitney U-test, * =
p

< 0.05). Note the difference in scale in the y-axes

Morphology

Males produced more flowers in both populations than did females (flowers plant" ±

SE: Switzerland males 7.74 ± 0.53, Switzerland females 5.26 ± 0.50, Mann-Whitney U-test:

U = 2887, p < 0.001; Spain males 8.63 ± 0.54, Spain females 4.67 ±0.19, Mann-Whitney U-

test: U = 8908, p< 0.001).

Male flowers were significantly smaller than female flowers in both populations

(mean flower diameter: cm ± SE: Switzerland males 2.51 ± 0.03, Switzerland females 2.60 ±

0.03, West: t = 2.017, df= 193, p < 0.05; Spain males 2.67 ± 0.02, Spain females 2.84 ± 0.02,

t = 5.405, df= 351, p< 0.001).
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Discussion

Consistent with theoretical expectations for sexual selection on floral attractiveness,

we found that odour emission per flower and flower production were significantly higher in

males than in females. Such floral traits increasing attractiveness to pollinators are expected

to evolve through stronger selection on males because they compete for pollinator visitation

whereas females are usually limited by resources other than pollen (Bateman, 1948; Willson,

1979; Bell, 1985; Queller, 1987).

In many dioecious plant species, males produce larger or more flowers than females

(Lloyd & Webb, 1977; Bell, 1985; Delph et al, 1996; Costich & Meagher, 2001), which is a

common secondary sex difference in plants (Stephenson & Bertin, 1983). Such plants with

increased floral display receive higher numbers of visits by pollinators (Young & Stanton,

1990; Johnson et al, 1995; Vaughton & Ramsey, 1998; Ashman & Diefenderfer, 2001). In S,

latifolia, male flowers are smaller than female flowers, but male plants produce more flowers

than females (Meagher, 1992). Silène latifolia pollinators prefer plants with larger floral

displays (Shykoff & Bucheli, 1995). Therefore, the increased number of flowers found on

male S. latifolia plants enhances the attractiveness to pollinators (Meagher, 1992; Carroll &

Delph, 1996). Floral colour is another example, where increased attractiveness is connected to

a visual cue; e.g. the yellow morphs in Raphanus raphanistrum are strongly preferred by

pollinators over their white coloured conspecifics (Stanton, 1987).

In addition to visual cues, olfactory stimuli are well known to be important for

chemical attraction of pollinators in plants, and especially so in night flowering species

(Metcalf, 1987; Raguso, 2001). Odour bouquets may contain from only a few to more than

100 compounds (Knudsen & Gershenzon, 2006). However, often only a subset of all

compounds emitted by a plant influences the behaviour of its pollinators (Schiestl & Marion-

Poll, 2002). These compounds influence pollinators together with visual cues, though in

night-flowering species visual cues might be obscured by darkness and olfactory stimuli are

therefore of greater importance in attraction of potential pollen vectors in these species. The

importance of odour in plants pollinated during the night is reflected in the fact that such plant

species produce strong odours and that emission corresponds with activity-peak of pollinators

(Knudsen & Tollsten, 1993).

In addition to qualitative differences in floral traits also quantitative differences

including odour intensity often influences attractiveness and directly affects individual plant
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fitness (Young & Stanton, 1990; Johnson et al., 1995; Schiestl, 2004). We found that male

flowers produced significantly higher amounts of odour. Other studies in S. latifolia failed to

detect higher odour production by males (Dotted et al., 2005), but the results showed a

similar trend (Dötterl & Jürgens, 2005). The higher production is not a consequence of male

flowers being larger, because male flowers were smaller in size than female flowers. The

findings, that in particular the behaviourally attractive compounds were found in significantly

higher amounts in males, reflects a specific increase of certain compounds rather than an

increase of the whole odour production, which possibly evolved through selection for

enhanced pollinator attraction.

Sex differences in odour amounts are also detected in other plant species with male

plants releasing more attractive volatiles or higher amounts than conspecific females (Miyake

& Yafuso, 2003; Dufay et al., 2004). Ashman et al. (2005) showed that in the gynodioecious

wild strawberry Fragaria virginiana the smaller hermaphroditic flowers emitted significantly

more odour, which resulted in more visits by pollinators compared to conspecific females. In

contrast to our study, these authors suggest that the odour of hermaphroditic flowers is

preferred due to the production of unique compounds produced by anthers, as also found in

other species (Dobson & Bergstrom, 2000) rather than due to differences in odour production.

In S. latifolia, visitation rates of//, bicruris moths were proportional to odour amounts

of flower extracts (Brantjes, 1978), and higher odour concentration amplified the response of

the pollinators in wind tunnel bioassays (Dötterl et al, 2006). Schiestl (2004) showed that

larger amounts of a biologically active floral odour compound attracted more pollinators of

the orchid Chiligottis trapeziformis. We therefore expect that the higher amounts of odour

produced by male S. latifolia flowers result in a higher attractiveness of these flowers. We

suggest that future experiments such as dual-choice experiments with male and female

flowers and with synthetic blends should be done to confirm these expectations. However, our

findings of higher amounts of pollinator-attracting odour compounds emitted by male flowers

strongly suggest that pollinator-mediated sexual selection on floral odour of S. latifolia lead to

the observed sexual dimorphism.
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Abstract

Floral odour is a key trait for pollinator attraction in many plants, but may also direct

antagonists like herbivores to the flowers. In this study, we examined how floral scent

changes after pollination in Silène latifolia that has a specialized relationship with the seed

predator Hadena bicruris. We found an overall decrease in total scent emission and

considerable changes in relative amounts of scent compounds after pollination. Lilac

aldehydes A and B as well as veratrole contributed most to the decrease in scent emission.

These three compounds are known to be key signals for the attraction of H. bicruris to the

flowers. A specific downregulation of these compounds may thus increase the reproductive

success of the plant by reducing seed prédation after pollination.
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Introduction

In plants, mating involves the movement of pollen from one individual to another. A

large number of flowering plants rely on animal pollinators to ensure pollen movement and

reproductive success and produce different signals like shape, color, and odour to attract them

to the flowers. So far, pollination biologists have devoted their studies mainly to shape and

colour, but compared to these signals, still little is known about odour as a signal for

pollinator attraction. Odour, however, was found to act as a signal in many plant-pollinator

interactions and a large diversity of floral scent compounds have been described.

Odour is a floral trait that varies greatly within a species, as well as between species.

The intensity and ratios of compounds in flower scent changes over the lifespan of a flower,

depending on age (Dudareva et al, 2000), pollination status (Tollsten & Bergstrom, 1989;

Tollsten, 1993; Schiestl étal, 1997; Schiestl & Ayasse, 2001; Negre, 2003; Dotted et ai,

2005; Theis & Raguso, 2005) and circadian rhythms (e.g. Dötterl et al, 2005 and Negre,

2003).

Of particular interest is the variation in scent emission before and after pollination.

Post-pollination changes in scent production reduce metabolic costs and decrease the

attractiveness of the flower, thus directing the pollinator to other flowers of the plant and

increasing its overall reproductive success (Schiestl & Ayasse, 2001). In Silène latifolia Poiret

(Caryophyllaceae), a perennial native to Europe, post-pollination changes may have the

additional function of reducing the attraction of seed predators (Dötterl et al, 2005). S.

latifolia has a close relationship with Hadena bicruris Hufnagel (Lepidoptera, Noctuidae),

where H. bicruris is designated as a parasitic pollinator. The female moths effectively

pollinate the female flowers. After nectar ingestion, they lay their eggs into the flower. The

larvae subsequently feed on the developing seeds (Bopp & Gottsberger, 2004). Usually, there

is one larva hatching per vessel. Once the larva has eaten the whole seed set, it moves to

another intact vessel (personal observation). Adult female moths are attracted to flowers

mainly by scent, and lilac aldehydes A-D and veratrole were found to be key compounds in

their attraction (Dotted et al, 2005). These compounds make up about 80% of the total blend

(Table 1).

If post-pollination changes are adaptive in terms of reducing the attraction of seed

predators, a specific downregulation of the behaviourally active compounds should be

observed. The present study aimed at analyzing compositional and quantitative changes in the

80



Chapter IV : Post-pollination changes infloral odour in S. latifolia

floral scent emission of S. latifolia after pollination. Furthermore, we analyzed whether

pollinator-attracting and non-attracting compounds changed differently in the pollinated

flowers.

Materials and Methods

Plant material and sample size

16 potted female plants were grown from seeds collected in 2003 from a S. latifolia

population located in Leuk (Switzerland). The inflorescence of each potted female plant was

separated in two equal parts of three to ten flowers. One part of each inflorescence was hand-

pollinated, whereas the other part remained unpollinated. Pollination was achieved at 7 pm by

dabbing a female flower with a male flower. We used only female flowers that underwent

anthesis 24 hours before the treatment. Older flowers and buds were removed.

Scent Collection

Floral scent was collected during the first and the second night after pollination, from

8 pm to 7 am. Each treated inflorescence was separately packed in an oven-baking bag (PET,

Toppits ®). A filter was placed inside the bag and connected to a vacuum pump (Personal Air

Sampler, SKC Inc.) pulling the air at a rate of about 140 ml/min. The air in the bag was drawn

over the filter consisting of 5 mg of Porapak Q as an adsorbent material, sealed in a small

glass tube. Nine filters were connected by silicone tubes to one vacuum pump, one of them

sampling surrounding air to identify background contaminations. Before scent collection,

filters were cleaned with 100 ul dichloromethane and 100 |il hexane. After sampling,

desorption was achieved by slowly running 50 ul of a hexane/acetone mixture (9:1) through

the filter. Desorption was carried out immediately after sampling. Eluates were stored at 20

°C in sealed glass vials for later analysis.

Quantitative GC Analysis and Compound Identification

Before analysis, 100 ng of n-octadecane (Fluka, Buchs) was added to each sample as

an internal standard. One ul of the eluate was injected splitless at a start temperature of 50 °C

into a gas Chromatograph (Agilent 6890N) equipped with a HP5 column (30 m x 0.32 mm x

0.25 urn) and a flame ionisation detector. Hydrogen was used as the carrier gas and nitrogen
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as make up gas. The injector temperature was kept at 300 °C. The oven was kept at 50 °C for

one min and was then heated to 150 °C at a rate of 5 °C/min and subsequently to 300 °C at a

rate of 10 °C/min, and kept at 300 °C for 10 min. Chromatograms were analyzed using the

program ChemStation (Agilent Technologies). Absolute amounts of compounds were

quantified using the internal standard (IS) method, i.e. by integrating the peak of every

substance and dividing every substance peak area with the integrated IS peak area and

multiplying with the IS amount. None of the samples collecting surrounding air contained

considerable amounts of one of the compounds used in our analyses. We thus did not subtract

these samples. For a few samples, gas chromatic analyses with mass selective detection

(Hewlett Packard G1800 A) were conducted using identical column and oven parameters.

Compounds were identified by comparison of retention times and GC-MS spectra with those

of known standard compounds. Data were first checked for normality (Shapiro-Wilk test) and

homogeneity of variances (Levene test) and then analyzed using t-test and ANOVA.

Results and Discussion

We found 28 odour compounds in our samples, two of which belong to the class of

fatty acid dérivâtes (nonanal and octanal), eight to the class of benzoids (benzyl acetate,

benzaldehyde, benzyl benzoate, methyl benzoate, 2-methoxyphenol, methyl salicylate,

phenylacetaldehyde, phenylethyl alcohol and veratrole), and twelve to the class of terpenoids

(camphene, eucalyptol, lilac aldehyde A, lilac aldehyde B, lilac aldehyde C, limonene,

linalool, 6-methyl-5-hepten-2-one, trans-_-ocimene, __-pinene, -pinene, -farnesene) (see

also Dötterl et al, 2005). Five of the reported compounds remained unidentified (Table 1).

Pollinated plants emitted significantly lower total scent amounts over the two nights

than unpollinated plants (mean unpollinated ± SE: 408.90 ± 105.33 ng-lf'-r'-flowcr"1; mean

pollinated ± SE: 95.68 ± 29.55 ng-lf'-r'-flower"1; t-test: t = 2.86, df = 60, P < 0.01). Earlier

studies on post-pollination changes also found a decrease in total scent emission. Tollsten &

Bergstrom (1989) and Tollsten (1993), for example, detected a decrease in scent production

of Platanthera bifolia. In Ophrys sphegodes, the scent emission also decreased after

pollination (Schiestl et al, 1997). In two thistle species, scent decreased strongly after

pollination leading to reduced attractiveness of the flowers to honey bees (Theis & Raguso,

2005). Dötterl et al. (2005) showed that S. latifolia almost completely stopped emitting scent
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Figure 1: Mean (± SE) absolute amounts of (A) the four most abundant electrophysiologically active

scent compounds and (B) the four most abundant electrophysiologically non-active compounds

(Dötterl et al, 2006) sampled over the two days. Lilac aldehydes A and B and veratrole significantly

decreased after pollination (**t-test: t = 3.33, df = 60, P < 0.01, ""t-test: t = 2.20, df = 60, P < 0.05),
whereas the other six analyzed compounds did not change significantly after pollination (n.s. t-test, df

- 60, P > 0.05).
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Table 1: Mean (± SE) relative amounts (%) of odour compounds in pollinated and non-pollinated

plants of Silène latifolia over two nights.

Nonpollinated Pollinated

First night Second night First night Second night
Compound3 Mean ± SE Mean ± SE Mean ± SE Mean ± SE

Fattv acid dérivâtes

Octanal 0.56 ±0.14 be 0.59 ±0.13 be 1.77 ±0.29 a 1.30 ± 0.23 ab

Nonanal 0.29 ± 0.04 be 0.77 ±0.15 be 1.46 ±0.30 a 1.96 ±0.33 ab

Octanal 0.56 ±0.14 be 0.59 ±0.13 be 1.77 ±0.29 a 1.30 ±0.23 ab

Benzoids

Benzaldehyde 2.19 ±0.29 be 3.12 ±0.61 be 7.70 ± 0.99 a 6.92± 1.11 ab

Phenylacetaldehyde 0.95 ± 0.19 bd 1.41 ±0.36 abd 2.85 ±0.81 acd 3.33 ± 0.83 ac

2-MethoxYphenol 0.14 ±0.03 ab 0.39 ±0.10 be 0.29 ±0.10 abc 0.54 ± 0,20 ac

Methvl benzoate 0.09 ± 0.03 a 0.21 ±0.08 a 0.09 ± 0.05 a 0.50 ± 0.14 c

Phenvlethvl alcohol 0.16 ±0.04 be 0.18 ±0.09 be 0.67 ±0.15 a 0.62 ±0.15 ab

Veratrole 15.66 ± 4.48 b 11.08 ±3.08 ab 4.21 ±0.99 a 7.92 ± 3.68 ab

Methyl salicylate 1.05 ± 0.14 bd 2.39 ± 0.60 abd 4.19 ±0.77 acd 5.37 ± 0.88 ac

Benzyl benzoate 1.44 ±0.62 a 1.14±0.59a 0.68 ±0.14 a 1.23 ± 0.15 a

Terpenoids
a-Pinene 0.16 ±0.05 ab 0.66 ±0.15 ad 0.53 ±0.13 abd 1.53 ± 0.26 c

Camphene 0.74 ± 0.09 b 2.52 ±0.59 a 2.94 ± 0.42 a 5.71 ± 0.89 c

ß-Pincnc 0.31 ±0.05 be 0.51 ±0.12 be 1.30 ±0.20 a 1.17 ±0.19 ab

6-Methyl-5-heptcn-2-one 0.25 ± 0.04 be 0.37 ±0.11 be 1.06 ±0.23 a 1.13 ±0.22 ab

Limonene 0.40 ±0.14 ab 1.13 ±0.29 abc 1.50 ±0.27 abc 2.50 ± 0.97 ac

Eucalyptol 2.50 ± 0.45 b 1.41 ±0.41 b 9.25 ± 1.48 a 3.06 ± 0.58 b

/rara-ß-Ocimene 1.46 ± 1.22 a 2.18 ±1.09 a 0.85 ±0.21 a 2.64 ±0.56 a

Linalool 0.20 ± 0.04 be 0.43 ± 0.09 be 1.07 ±0.20 a 0.84 ±0.17 ab

Lilac aldehyde A 22.69 ± 1.93 b 16.77 ±2.52 ab 13.80 ± 2.42 ac 9.24 ± 2.09 ac

Lilac aldehyde B 41.45 ± 2.85 b 32.99 ±4.71 ab 23.98 ± 4.04 ac 18.78 ±4.50

Lilac aldehvde C/

Benzylacetateb 2.68 ±0.36 be 3.54 ±0.40 be 6.27 ± 0.70 a 5.90 ± 0.70 ab

ß-Farnesene 0.11 ± 0.04 abd 0.43 ± 0.17bcd 0.09 ± 0.05 abd 0.74 ± 0.22 cd

Unknowns (RJ0
Unknown 1 (978) 1.08 ±0.16 be 2.16 ±0.42 be 4.11 ±0.52 a 4.60 ± 0.68 ab

Unknown 2 (992) 1.98 ±0.89 ab 12.21 ±3.59 ad 6.15 ±1.77 abd 10.09 ± 2.47 c

Unknown 3 (1009) 0.15 ±0.04 a 0.43 ±0.10 a 0.52±0.15a 0.93 ±0.14 a

Unknown 4 (1112) 0.11 ±0.05 a 0.12 ±0.05 a 0.18 ±0.07 a 0.04 ± 0.03 a

Unknown 5 (1191) 1.22 ± 0.27 b 0.85 ± 0.26 b 2.51 ±0.40 a 1.41 ±0.21 b

"Underlined compounds elicit electrophysiological signals (Dötterl et al, 2006). Different letters indicate

significant differences between groups as calculated by one-way ANOVA with LSD post hoc test, P <

0.05. As lilac aldehyde C and benzyl acetate co-elute and the amounts of benzyl acetate are much lower

than the amounts of lilac aldehyde C, they are listed together in the class of terpenoids. cKovats retention

only 24 hours after pollination. In our study there was an approximately four-fold decrease in

total scent emission (see above). Lilac aldehyde A and B as well as veratrole, which made up

about 80% of total scent emission before pollination, contributed most to this decrease

(Figure 1). Most of the other compounds remained unchanged after treatment (Figure 1).

In terms of relative amounts, pollinated plants sampled in the first and second night

emitted significantly lower proportions of lilac aldehyde A and B than unpoUinated plants

sampled in the first night (Lilac aldehyde A: ANOVA; F3,58 = 6.21, P = 0.001 ; Lilac aldehyde

B: ANOVA; F3,58 = 5.84, P = 0.001;). UnpoUinated plants sampled in the second night,
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however, emitted the same relative amounts of lilac aldehyde A and B than pollinated plants

sampled in the first and second night (Lilac aldehyde A: ANOVA; F3,58 = 6.21, P = 0.001;

Lilac aldehyde B: ANOVA; F3,58 = 5.84, P = 0.001). This could be due to senescence in

flowers. For most of the other compounds, pollinated plants emitted the same or greater

relative amounts than unpollinated ones (Table 1). There are contradictory results on

compositional changes in scent emission reported in the literature. In Platanthera bifolia, the

relative amounts of scent compounds remained almost constant after pollination (Tollsten &

Bergstrom, 1989; Tollsten, 1993). By contrast, pollination changed the bouquet composition

of Cirsium repandum (Theis & Raguso, 2005) and Ophrys sphegodes (Schiestl et al, 1997).

Interestingly, in the latter species, the emission of farnesyl hexanoate increases after

pollination, that functions as a repellent compound for the pollinator (Schiestl & Ayasse,

2001). This mechanism is thought to direct pollinators to other, as yet unpollinated flowers,

thereby maximizing the overall reproductive success of the plant. The strong compositional

changes in the floral odour of S. latifolia are mostly due to a decrease in lilac aldehyde A and

B as well as in veratrole. Since these compounds were demonstrated to be of key importance

for host finding in S. latifolia (Dotted et al, 2005), we interpret their drastic reduction after

pollination as a mechanism for avoiding or reducing further parasitism by the nursery

pollinator H. bicruris.

Taken together, our results show how adaptations in the chemical communication

between plants and their pollinators can be fine-tuned to the regulation of specific compounds

in the odour bouquet. Furthermore, our findings underline the key functions of the lilac

aldehydes and veratrole for plants' reproductive success, which is largely determined by the

attraction of pollinators and avoidance of seed predators.
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