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Summary

A key component shaping plant-pollinator interag$ias nectar. Its volume can regulate
the length and frequency of pollination events. tdeprovisioning can be costly for the
plant. Once secreted by the nectaries, the sugasalution is usually consumed by a
floral visitor and lost for “recycling” within thelant. Nectar reduction should thus be
advantageous for the plant: non-secreted carboteglcan be reallocated within the
plant to other structures promoting growth, repiitun or attraction. However, most
angiosperms provide nectar. It is assumed thatiogpollinator behaviors, so called
partner control mechanisms, favor nectariferous deeeptive plants and ultimately
prevent the spread of “cheaters”. The partner cbnmechanisms identified in the
context of plant-pollinator mutualisms aeoidance of nectarless speciasduction of
drinking time andnumber of flowers visited on nectarless plants. Not all behavioes ar
performed simultaneously, and external conditiarchsas plant density as well as
intrinsic factors of the foraging insect can detiexerto which extent certain behaviors are
exerted.

In the present study, we analyze foraging behadimocturnal hawkmoths on cheating
Petunia axillaris axillaris plants under several conditions. The aim of thesis was to
assess which partner control mechanisms are exebuytpollinators facing
nectarless/low nectar plants. We observed hawkimeitlavior in two field sites and
conducted experiments with naive and experiencedtiathsManduca sexta under
controlled conditions. We investigated which of tbeging decision rules might

potentially reduce the fitness of cheaters and limistheir spread in a population.



In field assays, we observed that the density tfrally occurringP. axillaris plants and
the presence of alternative food sources can infl@éawkmoth behavior on nectarless
Petunias: only when food plants were abundant andel pollinators would reduce the
number of flowers on nectarless Petunias, wheretiseilower density there seemed to
be no selection against cheaters.

In learning experiments under controlled conditjoms observed that none of the tested
behaviors (reduction of drinking duration on neletss plants, avoidance of nectarless
plants, reduction of number of flowers visited @ttarless plants) were improved over
the course of the experiment. However, in all leggrtrials there was a significant
reduction of drinking duration on nectarless plamdicating that this control mechanism
of hawkmoths is always exerted innately. Learninghitherefore not be of major
importance in discrimination against cheaters insystem.

We constructed a plant with extremely high phenictgpmilarity toP. axillaris yet only

a third of the regular nectar volume (F25). Genmigmf F25 revealed a high genotypic
similarity to its parental plant but failed to arevguestions about the genetic
background of low nectar volume. The low nectae hvas used in behavioral
experiments witiManduca sexta. A major goal was to find out how pollination belav
affects female reproductive success of F25. Analedo previous experiments, we
found that the drinking duration was significantiguced on cheaters. In hand
pollination assays, F25 produced significantly megeds thaR. axillaris, however this
effect was neutralized when pollinated Mgnduca sexta. The benefits of nectar

reduction are thus counterbalanced by a changellingtor foraging behavior. In the



future, we would like to assess which other fitngssameters are concerned when a plant
ceases its nectar production.

Altogether, we were able to show which foragingsuhre exerted by hawkmoths on
cheatingP. axillaris and how one partner control mechanism, namel\itgnduration,
affects seed set of a plant with reduced nectarioffs. We hope that this work has

contributed to answering questions about the @uisbenefits of cheating.

Keywords: mutualism, nectar, pollinatidPetunia axillaris, hawkmoth, cheating

Mots clés: mutualisme, nectar, pollinisati®@unia axillaris, sphinx, tricher
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General introduction

The history and significance of pollination science

Angiosperm flowers are characterized by an amadiveysity. This diversity in
architecture, colour, scent and other traits ré&fléze wide range of mechanisms that
flowers have adapted to attract certain pollinatiis assumed that animal-mediated
pollination is the major driving force of divergifition and evolution in angiosperms. A
great part of the plants, fruits and plant-relgieatiucts that we consume daily are
angiosperms.

One of the oldest agricultural methods to obtaiitsris the manual pollination of plants:
The first record of artificial plant fertilizatioto induce fruit set is shown on an Assyrian
bas relief, dating to 1500 B.C. (Real 1983). It Wdwowever be too time consuming and
expensive to fertilize each plant in a plantatigrhand. Farmers exploit the beneficial
behavior of insects and other pollinators that feedectar and pollen of a large number
of flowering plants. Thereby, they carry partsiwit load to adjacent flowers where they
drop pollen grains on the stigma and pollinateptiaat, the prerequisite for a plant to
produce fruits and seeds. The advantage of emgdkigse “professional” pollen vectors
is their directionality and their fast, reliablenh-distance service. It has been estimated,
that 35 % of the global crop supply depends on ahimediated pollination (Klein et al.
2007). Pollinators are thus crucial in the maintesof the world’s vegetable and fruit
supply. The biology underlying the interaction beén pollinators and plants has
received great attention from a large number argats, including ecologists,

ethologists, geneticists and many more.
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The pioneering work in this field mainly followed @escriptive approach, including
detailed observation of floral mechanisms and eidtiversity. One of the first naturalists
to show that pollinators are rewarded with necad(therefore implying mutualism) was
Sprengel (in Real 1983). Darwin focused on the wiahary processes influencing
pollination. He described that natural selectiorthis driving force of the evolution of

floral traits (reviewed in Real 1983). Recently iestists began to reveal general
principles of pollination and plant reproductionan ecological and evolutionary context
(Baker and Baker 1983). Today, the following therdeminate the field of pollination

biology: functional ecology of floral traits (paliation syndromes), dynamics of pollen
transport, competition for pollinator services,h@aelationships, community ecology of

pollination and the persistence of mutualisms (Neitet al. 2009).

The persistence of mutualisms

Mutualisms are interactions between unrelated iddals that both derive a net benefit
(Bronstein 1994, 2001). In the pollination mutualjgollinators transport male gametes
and fertilize plants, which in turn provide a redao the pollen vector. Typically,
mutualisms involve investment costs that either ameboth partners have to pay
(Bronstein 2001). The production of floral nectara costly expenditure into plant-
pollinator mutualisms (Southwick 1984). To savetsps nectar reduction would be
beneficial for the plant, if the pollination wasllsteassured. Energy that is not spent on
the production of nectar can be reallocated, emgnéature seeds (Pyke 1991). Some
flowering plants, namely the deceptive orchids, @amples of animal-pollinated plant

species that do not provide any reward to pollirsatdhe fertilization of deceptive
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orchids is accomplished by pollinators lacking tpng experience, which are lured to
the rewardless flower by sensory exploitation afiaite pollinator preferences (Dafni
1984, Schiestl 2005).

In spite of the example of the deceptive orchidspssingly few angiosperms (ca. 4%)
actually do not provide any reward to their poltora (Renner 2006). The paucity of
rewardlessness is assumed to be due to specificamisens employed by pollinators that
prevent the spread of rewardless species, termigdepaontrol mechanisms. The major
guestions that we need to understand are the camglitnder which partner control
mechanisms select for nectar production and thelitons under which plants may
circumvent control mechanisms and evolve into ¢rsat

Nectar is indisputably a key trait in plant-polliaainteractions, however little research
has been conducted concerning its role in thelstaton of mutualisms. In this thesis, |
studied pollinator responses (potential partnertrobnmechanisms) on plants with
reduced or no nectar offerings. In order to undectwhich conditions favor and which
select against rewardlessness, | have conductestaddwehavioral experiments: in the
laboratory with naive pollinators and with pollioeg that were exposed to nectarless
flowers in several successive trials, and in tle&fivith native pollinators. | will briefly
present these experiments in the order of theieaggmce in this thesis. Altogether, |
hope to contribute to understanding which pollingtehaviors might promote nectar

production of the plant and under which conditiomwardless plant species can spread.
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Nectar production and composition

In order to understand evolution and stability aftaalisms, one has to understand the
production of nectar first. Nectar is produced asl@ased from nectaries into the floral
tube. These specialized glands occur in or arowagtative or reproductive tissues; in
eudicots they are usually associated with repragdeicrgans (Nepi 2007). Nectaries vary
widely in morphology and cellular structure, and arterm that describes function rather
than the origin (Pacini et al. 2003). They musfilfuhree functions: (1) import primary
reduced carbohydrates from source tissues, (2y catrmetabolic reactions to allow for
local storage, diversification and concentrationeafl products, and (3) secrete nectar
into the extracellular environment through modifsgdmata, epidermal secreting cells or
secreting trichomes.

Nectar is a complex mixture of substances belongngjverse biochemical classes and
its chemical composition is highly variable (Brandarg et al. 2009). The main
constituents are three sugars: the hexoses glumodefructose and the dissacharide
sucrose. In the past, the particular compositiortheke three sugars was believed to
determine the pollinating guild (Baker and Bake83 However, due to recent advances
in nectar research, this paradigm has been reviSedpter 1 (The sweetest thing) will
review all topics, problems and new methodologlest thave become relevant in the

science of nectar in the last two years.

The cost of nectar
Nectar production and secretion require energycistavhich is broken down to sugars is

lost once consumed by a pollinator. Little is knoaout the true cost of nectar. The cost
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of sugar may be low for a photosynthesizing plamtcontrast to nitrogen containing
compounds such as amino acids. It remains unctaaramino acid and protein content
of nectar contributes to the total costs of neptaduction.

According to Southwick (1984), 4 to 37 % of the fdsynthetic products are secreted in
nectar as sugars isclepias, secretion costs not included. In other studiesmaval of
nectar resulted in replenishment and reduced seetligtion, indicating that a substantial
amount of the plant's resources are used for nectatluction (Pyke 1991, Ordano and
Ornelas 2005).

Unused nectar can be reabsorbed by the nectartbseergy that is saved can be
reallocated to growing ovules or new flowers (Napd Stpiczynska 2008). The fact that
nectar is worth saving suggests that it is expenshowever, more studies under
controlled conditions in multiple model organisme aeeded to support such generalized

statements.

Nectarless flowers

It is generally assumed that in the long term, 8oswproviding no reward to their visitors
will suffer severe fithess losses and eventuallyegtinct. However, deceptive orchids
provide an example how cheating can be an evolatignstable strategy (Dafni 1984).
One third of all orchids lure visitors to their etpflowers by mimicking either the floral
display of a common co-flowering species, the pedwf a female mating partner, or
without mimicry (generalized food deception). Pfatitat do not produce any nectar are
thought to gain a fithess advantage by reallocatasgpurces to other floral organs that

promote growth, reproduction or attraction (Nepd &tpiczynska 2008). However, a
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literature survey revealed, that nectarless orcigeiserally have a lower reproductive
success than rewarding ones (Neiland and Wilcod8)19lt is assumed that certain
pollinator behaviors might reduce the reproductseccess of nectarless flowers
(Smithson and Gigord 2003).

Conventional approaches to study plant-pollinatatualisms rely on nectar removal and
addition to observe pollinator response and effeots plant fithess. Nectar
supplementation studies have shown that rewardiagtp can have greater pollen
removal and generally higher reproductive succémsékova et al. 2008), but can lead to
an increase in self-pollination (Jersakova and dohn2006). A major drawback of
nectar supplementation studies is that they neglectcosts that might be involved in
nectar production and secretion, and do not alloy eonclusions about net fithess
consequences. Reduced nectar production may imgts due to a changed pollinator
response but also benefits due to the reallocaifaresources. Therefore we pursued a
novel approach in which we can measure the trafdeetdfveen costs and benefits in one
plant-pollinator system. We have bredPatunia line with naturally reduced nectar
volumes and observed pollinator behavior on rewardis. no or less rewarding plants.
One parameter of pollinator behavior, namely dngkiluration was always significantly
reduced in low nectar plants. We analyzed the impaceduced drinking duration on
single flower seed production of both cheaters amdualists in hand- and insect-

pollinated flowers. The results are presented aptdr 2.
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L ow nectar introgression lines

The prerequisite for conducting a study that cosgwicosts and benefits of nectar
reduction was the establishment of a line with leeetar volume. In the present study, |
introgressed the low nectar phenotype Pofintegrifolia into the P.axillaris genetic
background. In a backcross (BC) breeding desigmguRi axillaris as recurrent parent, |
have obtained one line (F25) in the third BC getiemavith 30% of the nectar volume of
P. axillaris yet a high phenotypic similarity. Genotyping wih co-dominant PCR-based
markers of the low nectar line revealed, that ssimgly, none of theP. integrifolia
alleles were retained. This is in sharp contrasthte 12.5% heterozygous markers
expected in the low nectar line F25 Ro integrifolia. This deviation from the theory
might be due to the breeding and selection prosssh was very much biased towards
P. axillaris. Further genotypic analysis, including multilocosarkers like amplified
fragment length polymorphic (AFLP) markers will tedplly help us to find theP.
integrifolia introgression responsible for the reduced neataduyxtion in the low nectar
line. The “cheater” line was used for behavioratags with pollinatorsM. sexta.
Increasing our knowledge about the genetic backgtoof nectar production will be
helpful to make more specific manipulations in fetiexperiments. The phenotypic

selection process and the genotyping of the lowandioe are described in chapter 3.

Density dependance and nectar distribution
An important advantage of using plant-pollinatosteyns to study the effects of cheating
on the maintenance of the mutualism is that intesas of pollinators and flowers can be

observed easily in the field. However, experimeothducted in the field can be
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challenging, as not only the plant-pollinator imtetfon has to be taken into account but
also the ecological settings both pollinators atodlys plants are embedded in. It is well
known, that plant density influences pollinator aging behavior (Bosch and Waser
2001). The situation becomes more complex, if theme cheaters intermingled with
rewarding plants (Internicola et al. 2006). Do paltors discriminate between cheaters
and rewarding species? How does plant density taffee foraging behavior of
pollinators? Currently there are two opposing higpets in the literature about plant
density and cheating: The “magnet species” thedbhpifnson 1978) describes the effect
of increased reproductive success of non-rewardpggies growing in the vicinity of a
large bout of rewarding plants (the “magnet”). &Adbincrease of pollinator abundance
leads to enhanced pollination success of mistakpalynated deceptive flowers. This
“facilitation” has been demonstrated Amacamptis mori, which significantly increase
their pollen removal and deposition when transgdnih habitats with rewarding species
(Johnson et al 2003). Opponents of this theory@sephat a high density would lead to a
severe competition between plants (Callaway 198Sjuming that reproduction in
flowering plants is pollinator-limited. Deceptivéodvers should thus benefit from a
sparse rewarding plant community and increase beliination success in a remote
habitat (Lammi and Kuitunen 1995). In line with ghargumentation, there was a
significant decrease in fruit set Bfactylorhiza sambucina in high density communities
independent of whether the surrounding plants wenearding or deceptive (Internicola
et al 2006).

We conducted experiments in two Uruguaytunia axillaris populations differing in

plant density and community composition. One pdjpaawas dense and intermingled
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with co-flowering food plants, while the other pdgion was less dense and featured
only P. axillaris as suitable foraging plant. Here, | used planth wanually extracted

nectar. These experiments are described in Chépter

Pollinator Learning

All insects tend to have an innate preference foergain flower type (Lunau and Maier
1995), however with proceeding foraging experierma|inators start to discriminate
between rewarding and cheating flowers (Giurfal 1985). Visiting empty flowers is a
waste of energy for foragers; therefore pollinatorsid species if the food gain obtained
is below the amount needed to maintain their méisthe (Heinrich and Raven 1972),
even after a single flower visit (Dukas and Rea®3)9 Avoidance learning has been
demonstrated mainly in hymenopterans (Internicolale2007). Phenotypic similarity
between rewarding and empty flowers has been showlow down the learning process
(Internicola et al. 2009, Dyer and Chittka 2004ading to an increased error rate of
foragers (Gigord et al. 2002, Johnson et al. 200&rnicola et al. 2007). Therefore,
avoidance learning might not be a pollinator fonggdecision rule if rewarding and
nectarless species are phenotypically not discebie

Other foraging decision rules like the number aiwirs visited per inflorescence or
drinking time reduction on nectarless plants hagenbfar less investigated. However,
these two decision rules are extremely importanthey might limit the spread of
cheating individuals in a plant population. Therefestudying the learning of pollinator
decision rules is essential if we want to undestaow plant pollinator mutualisms are

maintained stable.
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Other learning mechanisms that pollinators usevimidanectarless species, is spatial
learning (Burns and Thomson 2006). Floral visitassociate landmarks or celestial cues
with rich food sources (Menzel et al. 1996). Howevspatial learning might be
constrained by the unpredictable distribution aftaerewards in space and time. Nectar
volumes can be (temporarily) decreased by receplietien, evaporation or decreased
water supply; to name a few. This variation migbivér foraging efficiency but is
impossible to learn.

In Chapter 5, | investigate the role of learning fmartner control mechanisms in
Manduca sexta. The experiments with manually depleted versusltygle P. axillaris

were conducted in a greenhouse-based flight arena.

The study sytem Petunia

The genus Petunia has been studied widely (GemdtSaommer 2009). It is endemic to
South America, and today, populations of Petungafamnd throughout Uruguay, Brazil,
Paraguay, Bolivia and Argentina (Stehmann et @0920The genus comprises at least 14
species. These can be classified in three groujiimgied by distinct pollinator guilds:
the purple coloredPetunia complex, comprising the majority &fetunia species, e.d¢?.
integrifolia, P. mantiqueirensis andP. scheideana displays many characteristics that are
involved in hymenopteran pollination: purple coaplshort tube with wide opening and
low nectar volumes. The second complex consisét East three subspeci€s:axillaris
axillaris, P. axillaris parodii and P. axillaris subandina. These three subspecies are
classical hawkmoth pollinated plants: white corollang narrow floral tube and large

amounts of nectar. The last group is constituted eble species. exserta, a putative

10
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hummingbird pollinated species displaying a recotiarwith flexed petals, a long floral

tube and fairly large amounts of nectar (Figure 1).

Figure 1: DifferenPetunia species feature highly diverse floral traits taa involved in
pollinator attraction (images from Stehmann ef@D9)

Left: Petunia axillaris parodii, a hawkmoth-pollinated plant
Middle: P. exserta, a putatively hummingbird-pollinated plant
Right:  P.integrifolia, a hymenopteran-pollinated plant

Hybridization in natural habitats occurs betwéerexserta andP. axillaris, but has not
yet been observed iR.integrifolia and P.axillaris. It is assumed that a divergent
pollinator preference causes the reproductive timmicbetween these species (Galliot et
al. 2006, Hoballah et al. 2007). However, they bamanually crossed and yield fertile
offspring. Floral traits are extremely diversehese two species, e.g. there is a difference
in nectar volume of ca. 30l betweenP. integrifolia and P. axillaris. This offers the
possibility to cross traits of interest such as loectar volume oP. integrifolia into the

background oP. axillaris.

11
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Summary

We all appreciate the beauty of flowers, but we seldom consider their function in the life
cycle of the plant. The function of flowers is to advertise the presence of nectar. Floral
nectar is the key component in the mutualism between flowering plants and their
pollinators. Plants offer nectar as a reward for the transport of pollen by animal vectors.
Studying nectar is challenging because of its complex physiology, complex polygenetic
structure, and strong environmental variability. Recent advances set the stage for exciting
future research that combines genetics and physiology to study ecological and

evolutionary questions.

Introduction

Floral nectar is a key innovation of angiosperms that evolved as a reward to visitors that
transport pollen in return. It is a sugar-rich fluid dominated by the hexoses glucose and
fructose and the dissacharide sucrose. Nectar allows flowers to “outsource” the
pollination business to animal vectors, which assure a directional, accurate and efficient
transfer of pollen compared to wind pollination. The establishment of animal-mediated
pollination solves a problem but also creates new ones. First, nectar production is costly
in terms of photoassimilate allocation (Southwick 1984, Pyke 1991). Second, the sugar
solution does not only attract pollinators. Nectar robbers and microbes may consume the
reward without transferring pollen. Third, pollen may be deposited at the wrong recipient,

1. e. a different plant species. While this latter problem can be reduced with the evolution
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of more exclusive relationships with few or even only one pollinator species, plants using
this strategy limit their potential distribution to the distribution of their pollinators, which

may increase extinction risk (figure 1).

Figure 1. Closely related species attract different pollinators.
Left, Petunia exserta with Hylocharis chrysura; right, P. axillaris ssp axillaris with hawkmoth Manduca
diffisa. Nectar production is similar in the two species. Differences in color, fragrance and architecture of

the flower determine the specificity of the interaction.
Most floral traits are likely to be genetically complex, and few of the genes involved have
been isolated so far. The identification of such genes will allow for a genetic analysis of
floral traits involved in plant pollinator interactions. Downregulation of relevant genes
can give information about the effect of single gene mutations on pollinator behavior
(Baker and Baker 1983, Liu et al. 2007, Irwin and Adler 2008, Kessler and Baldwin
2007). Marker-assisted breeding (near isogenic lines) and transgenic plants can provide
useful material for field assays (Kessler et al. 2008, Hoballah et al. 2007)

We will briefly present the recent key advances in nectar research related to the following
topics: 1) the physiology of nectar sugar production, 2) nectar composition, in particular

the functions of primary and secondary compounds, and 3) the genetics of nectar
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production. We will conclude with propositions for important future research questions

on nectar.

The physiology of nectar sugar production

Figure 2. Floral reward and floral display. Longitudinal section through a flower of Petunia axillaris.
The nectaries (arrows) are concealed at the base of the gynoecium, favoring access to specific hawkmoth
pollinators and restricting access to unwanted visitors.

The site of nectar production, secretion and release are the nectaries (figure 2). These
specialized organs occur in or around vegetative or reproductive organs (Wist and Davis
2006, 2008, Nepi and Stpiczynska 2008). In evolutionary terms, the variability in location
reflects the broad diversity of pollinators and their foraging behavior. The specification of
nectaries does not depend on the ABC genes that control the specification of all other
floral organs. This lack of genetic constraints may explain the flexibility in position.
(Baum et al. 2001).

Although nectaries may have active chloroplasts, carbohydrates for nectar production are
mostly imported. Sucrose is transported from source tissues via the phloem and stored in

the nectary parenchyma as starch (De la Barrera and Nobel 2004, Cawoy et al. 2008).
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Ren et al. (Ren et al. 2007a) recently demonstrated in Nicotiana that starch-breakdown in
nectary plastids does not only produce nectar sugars but in addition causes an influx of
sucrose into the nectaries. The expression of genes involved in starch synthesis and
breakdown are tightly linked to nectary developmental stages, where starch catabolism is
correlated with nectar release prior to anthesis (Ren et al. 2007b).

It was originally assumed that the production of glucose and fructose resulted from the
hydrolysis of sucrose (Liittge 1961). However, the ratio may deviate significantly from
the expected 1:1 in many species. This discrepancy between theory and data was recently
resolved. (Wenzler et al. 2008): after the hydrolysis of sucrose, the hexoses are partially
cycled through various biochemical pathways before being secreted into the lumen of the
nectary. This more complex metabolism could explain a deviation from the 1:1 ratio. In
addition, microbial degradation can alter nectar composition (Herrera et al. 2008). To
counteract degradation and protect reproductive organs from microbial attack, some

plants secrete antimicrobial hydrogen peroxide into the nectar (Carter and Thornburg

2004).

Functions of nectar

From the plant’s perspective, in an ideal scenario, pollinators carry the maximum amount
of pollen from one plant to the stigma of a conspecific while consuming minimal nectar.
This entices pollinators to forage on a larger number of flowers and enhance pollen
distribution. Plants make a preselection by luring certain pollinator guilds via advertising

floral traits like scent (Raguso 2008), petal pigmentation (Tanaka et al. 2008) and other
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floral structures (waxes, cell shape...). Recently, Goyret and Raguso (Goyret et al. 2008)
demonstrated the importance of CO, emission as an attractant. Datura wrightii emits
large amounts of CO, at anthesis when nectar volume is highest, provoking a strong
attraction of the hawkmoth Manduca sexta towards the carbon dioxide source. Only
insects with CO, sensing organs can receive this signal and choose the flowers with
highest rewards. Species identity of the visitor as well as length and frequency of visits
are thus crucial factors for plant reproductive success.

Both length and frequency of foraging bouts are regulated by the composition and
concentration of primary and secondary metabolites in the nectar. The long-standing
dogma that pollinator preference is the driving selective force for nectar sugar
composition (Baker and Baker 1983) has been repeatedly supported (Chalcoff et al. 2008,
Lotz and Schondube 2006, Kromer et al. 2008, Wolff 2006). Lotz and Schondube (2006)
provide an extreme case for the importance of sugar composition by demonstrating that
two passerine bird clades cannot digest sucrose. In parallel, however, several authors
recently provided evidence for the importance of sugar concentrations and nectar volume
for pollinator preferences: for example, several species of birds consistently switched
from a hexose preference in diluted nectars to a sucrose preference in a concentrated diet
(Johnson and Nicolson 2008, Fleming et al. 2004, 2008).

The primary function of secondary compounds in the nectar is to repel less specialized or
even illegitimate visitors such as nectar robbers and pathogens. However, secondary
compounds may also regulate the duration of pollinator visits and as a consequence the
number of plants visited. Irwin & Adler (2008) demonstrated that the occurrence of the

alkaloid gelsemine in nectar of Gelsemium sempervirens significantly decreased both
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frequency and length of pollinator visitations but increased the number of flowers visited.
A model demonstrates that under specific ecological conditions, plants can thus favorably
influence pollen distribution patterns and promote outcrossing with alkaloids (Irwin and
Adler 2008). Kessler and Baldwin (2007) found that nicotine in nectar repelled
pollinators and decreased their visitation (drinking) times. In addition, they found that
plants may counterbalance this effect with increasing amounts of the major volatile
attractant, benzylacetone (BA). In subsequent field experiments, Kessler and colleagues
(Kessler et al. 2008) utilized plants where nicotine synthesis was knocked down, which
resulted in an increased visiting time on fewer flowers. In contrast to that, transgenic
plants with reduced BA emission received shorter visits on more flowers. Plants emitting
both attractant and repellent produced more seeds than any of the manipulated
experimental groups (Kessler et al. 2008).

Some angiosperms, in particular orchid species, have evolved an alternative pollination
strategy that involves no nectar production but still relies on pollinators. These species
deceive their visitors by mimicking a mating partner or a rewarding species, often
exaggerating attractiveness relative to models (for overviews see: (Schiestl 2005,
Jersakova et al. 2006, Schluter and Schiestl 2008). Sexually deceptive orchids, like
Ophrys exaltata fool their victims by producing female bee pheromones but actually in
different relative proportions than found in bees. Apparently, the plant exploits a mating
decision rule of male bees that makes them prefer novel pheromone combinations as an
outbreeding strategy that promotes mating with immigrated females (Vereecken and
Schiestl 2008). With respect to food deceptive species, Peter and Johnson (2008)

demonstrated that the mimic Eulophia zeyheriana differs in only 0.03 units in bee colour
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space from its model, which implies according to bee vision studies that model and
mimic are indistinguishable to the pollinator. Pollinators alter their flower visitation
patterns if they encounter empty flowers: they switch plants faster and move larger
distances between consecutive visits (Jersakova et al. 2006, Jersakova 2008). These
changes actually provide some benefits to the mimic in the form of enlarged pollen
dispersal radius and prevention of inbreeding (Anderson and Johnson 2006, 2008).
Nevertheless, recent experiments on the deceptive orchid Dactylorhiza sambucina
demonstrate that plants supplemented with nectar receive more visits and pollen
(Jersakova et al. 2008). The authors conclude that for the mimics the benefits of nectar
production must be outweighed by the cost of nectar production in a deceptive species.
The main concepts of the maintenance of plant-pollinator interactions mediated by nectar

are summarized in figure 3.

Nectar | «—» | No nectar

/ \ Sensory exploitation

Primary Secondary
compounds compounds

Sugar composition Toxins
Sugar concentration || Attractants

1
]
Coevolution
; with pollinator ;

Attract specific pollinators
Deter unsuitabtable species, microbes, nectar robbers

Figure 3: Functional relationship of nectar and floral visitors. Key strategic options how a plant may
maximize its lifetime reproductive success by adjusting nectar quantity and composition. The first decision
is whether to reward pollinators or to cheat through sensory exploitation of the pollinator’s nervous system.
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In the case of nectar production, coevolution with preferred pollinators should lead to specific compositions
of primary and secondary compounds that optimize visitation by pollinators help to reduce the number of
unwanted visitors. Physiological and molecular approaches will play a major role in testing this
evolutionary scenario

Nectar genetics

Experimental manipulation of floral traits, such as supplementation/depletion of volatiles
or sugars can give an indication of how these traits affect pollinator behavior and plant
fitness. However, such experiments will rarely be conclusive. They do not account for the
cost of production, and experiments are necessarily short-term. Nor do they give insight
into the underlying molecular and genetic mechanisms. Designing plants with genetically
modified nectars as seen in the studies discussed above offers obvious advantages
(Kessler et al. 2008, Kessler and Baldwin 2007). The production of such genetic material
is challenging, however. Characteristic for nectar is its substantial environmental
variability in concentration, composition and volume between populations (Leiss et al.
2004), plants (Herrera et al. 2006, Goulson et al. 2007, Canto et al. 2007); also genders
(Carlson 2008), and even inter- and intrafloral variability from day to day (Smith et al.
2008, Martins and Johnson 2007).

Floral traits that affect pollinator behavior have the potential to lead to reproductive
isolation. One of the most exciting aspects of plant reproductive biology is the fact that in
many cases, plants with major phenotypic differences may be isolated in the wild but
remain sexually compatible. A good example is the genus Petunia with species such as
P. axillaris, P. integrifolia and P. exserta that are partly or even complete reproductively

isolated in their natural habitats, yet are routinely crossed in the laboratory. Controlled
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interspecific crosses make it possible to elucidate the genetic modifications underlying
their contrasting pollination syndromes. Under controlled laboratory conditions, bee-
pollinated P. integrifolia produces an average of 1.2 pl nectar, whereas in the moth-
pollinated species P. axillaris it is as high as 13-23 pl (Stuurman et al. 2004, Galliot et al.
2006). Such clear differences between sister species offer unique opportunities to study
the genetic changes that have led to the evolution of new pollination syndromes and
reproductive isolation. Four minor QTL (VOL 4-7) were identified in an interspecific
cross between the two Petunia species. The additive effect of VOL 4-7 accounted for
30% of the difference between the parental lines (Galliot et al. 2006). This suggests that
nectar production is strongly polygenic. A different situation was found in Mimulus: Half
the phenotypic variance between two closely related species with an 80-fold difference in
nectar volume could be explained by one single major QTL (Bradshaw et al. 1995).
These few studies give first hints into the genetics of nectar traits. They demonstrate that
that, in addition to strong environmental variation, there is also abundant genetic

variation and thus a substantial opportunity for a response to selection on these traits.

Conclusions and future directions

The field of nectar research has evolved in recent years. Advances in analytical methods
have changed our views on the function of both the major and minor constituents. In
particular, the unexpected chemical complexity of secondary metabolites in floral nectar
translates into new insights into their ecological significance. An important field for

future research concerns the role of individual traits that make up pollination syndromes.
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Can we untangle the specific function of nectar composition from other floral traits?
Most experiments are conducted by conventional approaches such as nectar
supplementation or depletion. Genetic manipulations in model organisms such as
Mimulus, Petunia and Nicotiana will be invaluable. What will be the effect of genetically
reducing nectar content or composition? Will such cheating plants have reduced fitness
because they are avoided by pollinators, or will fitness be increased due to enhanced

outbreeding? We look forward to the answers to these and many other exciting questions.
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CHAPTER 1 THE SWEETEST THING

The genetic architecture of differences in floral size and nectar volume are studied in two
closely related Petunia species. An AFLP-based QTL map was established to define the
genomic regions explaining for phenotypical variation. QTLs with moderate and small

effects underlying nectar and size suggest the polygenic nature of these floral traits.
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CHAPTERII CHEATING

Summary

Most angiosperms provide food in exchange for poltansport. Manual nectar removal
has demonstrated that cheating reduces seed pimduthis approach ignores potential
benefits due to saved energy. We provide a newoaphprthat allows measuring net
effects usingPetunia axillaris and hawkmothiManduca sexta. In a crossing design &f.
axillaris andP. integrifolia, we obtained an introgression line produciagf the nectar
volume of P axillaris. There was no discrimination of cheaters prior tobpng. The
number of flowers visited per plant was similar.wéwer, drinking duration on cheaters
was significantly reduced. Similar results wereanid with plants with manually
removed nectar. We assessed how hawkmoth behamitwenced female reproductive
success of low nectar lines. Hand pollination reshiin higher seed sets of low nectar
plants compared to the wildtype. This apparent tierad nectar reduction was
neutralized when pollination was effected by hawkmop indicating that shorter visits
reduce the reproductive potential of cheaters. @learheating through nectar reduction
seems to be selectively neutral with respect toafemeproduction in our study system.
Fitness effects on male reproductive success retodie studied in order to understand

why a nectar reduction appears to be under negseieetion.

Key words: mutualism, cheating, nect@efunia, hawkmoth, fithess
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I ntroduction

Mutualisms are co-operative interactions betweemdwmore individuals from different
species gaining a net benefit from their assomat{@oucher et al. 1982). They appear in
a great number of biological systems and are bedi¢w be critical in shaping nearly
every existing ecosystem (Bronstein 1994, Herad.€t999). Most of these interactions
involve investment (a reduction of the actor’s inata¢e payoffs to the benefit of a
recipient) by at least one partner (Bronstein 2@¥rgstrom and Lachmann 2003,
Bshary and Bronstein 2004). The existence of imaests raises the question which
factors stabilise the mutualism, preventing cheatteait reduce their investment to spread
in the population. Game theory provides a numbesceharios how individuals may
potentially control their partner’s behaviour, ghdreby promote cooperation (Axelrod
and Hamilton 1981). The problem with the game tegolpproach is that it is extremely
difficult to quantify the payoff matrices for spécibehavioural options in naturally
occurring interactions. Therefore, the standard@ggh is to describe short term
consequences from which inferences are made améditness consequences. What is
lacking, however, are studies that measure thed#ironsequences of an individual with
reduced investment relative to the wildtype.

Plant-pollinator interactions are a model systersttmly the stability of a mutualism.
Pollination mutualisms are usually asymmetricadtiattions in the sense that only the
plant invests in the production of a costly rewatdle the pollinator ensures

reproductive success of the plant as a by-produs¢léserving foraging decisions.
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Therefore, a key question is what typically pregguitints from reducing or even
stopping the investment in nectar. Deceptive ocldiemonstrate that cheating may be an
evolutionary stable strategy at least under someitions (for overviews see Schiestl
2005 and Jersakova et al 2006). Furthermore, destedies found that reduction of
nectar volumes had positive effects on the plamibreeding and pollen export efficiency
in the deceptive speciégmacamptis morio were increased due to a change in pollinator
foraging behaviour (Johnson et al. 2004). In addijtresources necessary for nectar
production and secretion appear to be moderatertsiderable (Southwick 1984, Pyke
1991, Ordano and Ornelas 2005, Nepi and Stpiczy?2888 but see Harder and Barrett
1992).

Manipulation of nectar quantities has been instmtiaden deducing pollinator decision
rules that predict the fitness of plants with resthawvestment in nectar. Such plant-
pollinator interaction studies were conducted difi@al (Internicola et al. 2008) or
manipulated flowers, either by extraction of ne¢Rleasants 1981, Mitchell and Waser
1992, Hodges 1995, Smithson and Macnair 1997)ultyng nectar spurs (Ackerman
1994) or by manual supplementation of the floweith artificial nectar (Johnson and
Nilsson 1999, Wolff et al. 2006, Jersakova and 3ohr2007, Jersakova et al 2008).
Generally, deceptive orchid species produce lesdssihan rewarding ones (Neiland and
Wilcock 1998). However, the approaches do not abgevoper cost-benefit analysis. In
order to measure the net outcome of cheating, wd ttecompare plants with genetic
variation in the amount of nectar produced. Thils nvake it possible to integrate
measured costs (e.g. in terms of reduced seed groduwith the benefits of additional

resources available for reallocation.
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Here, we provide a framework in which net fithesasequences for plants with reduced
nectar investments as a function of pollinator véha may be studied for the first time.
In a backcross breeding design, we introgressed aéctar locus frorPetunia

integrifolia spp.inflata into Petunia axillaris ssp axillaris N, a species characterized by
high nectar volumes. To ascertain that the intregjoa line and the recurrent parent
differ specifically in nectar production we assekak floral traits known to affect
pollinator behaviour. In a next step, we studiezllibhavioural responses of a natural
pollinator of P. axillaris, the tobacco hornworm molanduca sexta, to both our
introgression lines and wild type plants with mdhudepleted nectar. We paired such
‘cheaters’ with standard wild type plants in chaiasks. If our introgression lines were
similar to the wild type with respect to essenfigitures other than nectar volume, we
predicted that the pollinators would treat bothetypf cheating plants in similar ways in
the experiments. Concerning the pollinators’ bebian/iwe were particularly interested in
behaviours that may affect the fitness of a plfodissing on three aspects: 1) Are the
moths able to discriminate between flowers withtaeand flowers without or with
reduced nectar? If so, we predicted that they pratelly choose the rewarding plants.
2) Are the moths able to adjust the number of fiewasited on a plant to the nectar
quantities they encounter per flower? Based omagltioraging theory (Pyke 1984), we
predicted that they would visit more flowers onni¢awith nectar. 3) Are the moths able
to adjust probing drinking duration to nectar voagsf We predicted that they spend more
time on flowers with nectar. Finally, we reportaffirst experiment designed to test how
one aspect of pollinator behaviour, namely drinlkdlogation, may affect a plant’'s female

reproductive success, measured as seed set pggyerifiower. We compared seed set in
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wild type plants and low nectar lines both aftendhaollination (as indicator of maximal
seed set, e.g. Oz et al 2009) and after a visit bgwkmoth. We focussed on probing
duration as a potential partner control mechanispleyed by hawkmoths because there
is some evidence that shorter visits may leadremlaced fertilization of the flower
(Thomson and Plowright 1980, Warren and James 2@8)e theoretic models propose
that power — the premature ending of an interadgtioesponse to cheating by a partner —
may indeed be a suitable partner control mechatostiminish the payoffs for cheaters
(Johnstone & Bshary 2002, Bowles & Hammerstein 2088 long as cheaters cannot
easily find new partners. This condition is fubill in our system under natural conditions
as hawkmoth population densities are generally keveral studies found that
hawkmoth-pollinated plants are actually pollindiarited (Vesprini and Galetto 2000,
Luyt and Johnson 2001, Wolff et al 2003). Therefare considered it reasonable to
assume that one pollinator visit per flower refsegatural conditions in our study system.
We predicted that if power plays a role in stabilisour study system by selecting for

stable nectar production, we should find a redwsssdi set in our low nectar lines.

Material and M ethods

The study system: Petunia axillaris axillaris N

Petunia axillarisaxillaris N (later referred to aB.axillaris) (Solanaceae), is a self-
compatible inbred line (Botanical Garden of Rostdgékrmany) derived from a wild
accession ofP.axillarisaxillaris. It was maintained in the greenhouses of thetirstof

Plant Science (University of Bern) by selfing. Tieavers display the typical
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characteristics of a hawkmoth pollination syndrdiffi@egri and van der Pijl 1979):
showy white corollas, long, narrow floral tubes,igsion of strong fragrance at night and
large amounts of dilute nectar. Hawkmoth pollinati@as been observed repeatedly
(Galetto and Bernadello 1993; Ando 2001; Hoballiahl €2007) P.axillaris originates in
South America, and has been found in Uruguay, Rasggorthern Argentina and
southern Brazil (Ando et al. 1995; 2001). Naturabitats are mainly found in disturbed
environments (roads, construction sites; Stehmaah2009) Petunias are
hermaphrodites with both male and female sexuaitfon; some populations &f.
axillaris are self-compatible, others and Rlintegrifolia accessions are self-incompatible
(Kokubun et al 2006). Plants were grown in peatdasil, in 15 cm diameter plastic
pots and kept under greenhouse conditions (supplkameight in winter months,
minimum 14h light).

The study was conducted at the Institute of Plargriges (University of Bern), from
mid-October 2005 until the end of December 2005femvah April 2007 until December
2007. All experiments were conducted in a greenddesturing a flight arena and one

pollinator speciesManduca sexta)

Pollinator species: Manduca sexta

Manduca sexta (L.) (Sphingidae), the tobacco hornworm moth, occurs throughout the
American continent. Female tobacco hornworm mothgosit two days after mating on
solanaceous species (elptura andNicotiana), where herbivorous larvae are known as

pests. Pupal stages last 19-23 days. Adult motheféective and specialized pollinators
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of solanaceous plants lilkdécotiana, Petunia axillaris (Ando 1995) andatura sp.
(Raguso and Willis 2005).

For behavioural experiments, female pupa®Mahduca sexta were obtained as pupae
from NCSU Insectary (Raleigh), USA. Animals hadreeared under laboratory
conditions, described in detail elsewhere (Bell dogchim 1976). Pupae were kept in
BugDorm-%’ insect tents at 24°C, with 60% air humidity anbb&8 day/night cycle and
controlled daily for eclosion of adults. Adult metemerged 1-5 days before the trials,

and were used unmated for experiments.

Establishment of alow nectar line (F25)

Petunia integrifolia ssp.inflata S6 (later referred to &integrifolia) was used in the
breeding design to establish a low nectar linB.akillaris. Flowers ofP. integrifolia are
purple, emit very little fragrance at night, contéoow nectar amounts (1.35 £ 0.4lf and
are pollinated by hymenopteran species. Both spdw@ee been observed growing in
sympatry in Uruguay (Hoballah et al. 2007), aressroompatible and routinely crossed
by hand. However, no hybrids have been found i tlagive habitats, probably due
reproductive isolation based on pollinator prefeee(Hoballah et al. unpublished data,
Galliot et al 2006). To establish a low nectar liasingle k- progeny of an initial cross
betweerP.axillaris andP. integrifolia was backcrossed (BC) three times viathxillaris
as recurrent parent. Note that this scheme sdl@cistrogression of dominar.
integrifolia low nectar loci. Both parents used in our breediegign were kindly
provided by Dr. Ronald Koes, Department of Genglege Universiteit Amsterdam

(The Netherlands).
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Selection process (PASI)

We established aPetunia axillaris similarity index” (PASI), where all phenotypic
parameters (see electronic supplementary matefiackcrossed individuals were
compared tdPetunia axillaris. In a first step, we selected plants with nectaunws

below 7ul. We then calculated the relative proportion offresic phenotypic traits such
as tube length and corolla size of BC line®taxillaris. For the presence of floral scent
and white colour we added 1 point, for the absépitek corolla, no detectable scent) 0
points. Thus, the lines with the highest PASI intlax the closest phenotypic similarity
to P.axillaris. This method helped to select suitaP&tunia lines that could be used for
further backcrossing. From each BC generation,|23tp were selected that showed the
highest similarity to the recurrent parent butltheest nectar volumes. These 23 lines
were crossed tB. axillarisand of the obtained seed, 25 seedlings were gralivplants
were screened for the highest PASI. In the thirckbaoss population we found one line
(F25) with high similarity tdP. axillaris, except for nectar volumes (table 1). We decided
to use this line in behavioural assays. It was tagyely propagated by cutting.

After backcrossing three times with axillaris as pollen donor (B§), the predicted
proportion ofP.axillaris genome in a B&€generation is 87.5%. A set of 66 genetic
markers discriminating betweéhintegrifolia andP.axillaris alleles was tested in the low
nectar line to identify genomic regionsRfntegrifolia introgressed int®.axillaris
background. None of the markers had retaip@dtegrifolia alleles in the low nectar line,
suggesting that the selection for multipleaxillaris characters resulted in a much

smaller introgression than expected based on chelone (chapter 3).
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Phenotypic measur ements

All phenotypic measurements were replicated teedion different days over a period of
four months for every backcross population (BCPhenotypic measurements included
tube length, corolla diameter, nectar volume, nemacentration, UV reflectance and
fragrance emission. For technical details on thasueements, see the ESM.

(f) Behavioural experiments with hawkmoth Manduca sexta

For the behavioural assays, we used manually aejfedxillaris plants (“no nectar”)

and cuttings of the low nectar introgression litl26”) and compared them to

P.axillaris (“with nectar”). For manual depletion, floral tube&sre pierced at the bottom
(above the gynoecium) and exuding nectar was rechdveeir corresponding control
plants “with nectar” were also pierced in the fldugbe but above the nectar level to
avoid loss of nectar while controlling for potehtiaounding effects. In the experiments
involving low nectar lines, plants were not pierced

In hawkmoth behavioural assays, two plants wersgmted simultaneously, one plant
with nectar (control) and one with either low (F28)no nectar (hand manipulated). The
average number of flowers varied naturally and tdudifferent growth rates. It was not
manipulated in the experiments to avoid potentafounding effects of damaging the
plant. The number of flowers per plant ranged fisd0 (average: 7) for manually
depleted plants and from 1-18 flowers per planefage 3) for low nectar lines. In every
trial, both plants had the same number of flow&he plants were used once per evening
and after visitation all flowers were removed. e first set of experiments (October

2005- December 2005), we tested manually depleganhst “with nectar“plants. The
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establishment of the low nectar introgression Virees completed in April 2007, and
subsequent behavioural experiments took place Aprit 2007 to July 2007.
Experiments were conducted in a flight arena (144eight, 248x368 cm surface area),
in the middle of a greenhouse. As a consequenedligiht arena was saturated with
scent. This is a technical limitation of the expental design, and not a personal choice.
A discrimination of two plants that differ in scembuld not possible under these
conditions. The flight arena had three differenttmentrance sites, which were randomly
chosen to release the hawkmoth to exclude potesitialbias. Hawkmoths were kept
isolated in a bug-dorfhin the greenhouse. One pollination flight was dpaemoth.
Moths were removed after having visited both plgfite nectar / F25” and control plant)
or latest after 300s. First approach was notetl@plant that hawkmoths first fed on.
Drinking duration was recorded from the momentltheskmoth inserted the proboscis
until its retraction. We only recorded the firsindking event per flower, as flowers were
supposedly emptied during the first drinking evé&a each plant, we noted the total
number of flowers each hawkmoth drank from. Rewisftflowers were not considered.
If none of the plants were visited, the trial was@tated as no choice and not used for
statistical analysis. If only one of the two plamas visited, we included the data for
“first choice” but excluded it for “number of visidl flowers” and “drinking duration”.
First approach, number of flowers visited and fagdime per flower were recorded with
a dictaphone and analyzed the following day. Thekdrg duration was measured with a
chronometer. The experiments started at dusk (mser 2100, in winter 1700). A 40

Watt incandescence lamp outside the arena wastosi@gminate, however not strongly.
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This had no marked effects on hawkmoth foraginglenbermitting a precise

determination of behaviour. Experiments terminaefa300.

Seed set

To compare female fithess of F25 wRtaxillaris, we measured seed set capacities of
both plants. We used 15 vegetative cuttings of b@Hh andP.axillaris. We compared
seed set obtained by hawkmoth pollination and coetpi to seed set obtained by hand
pollination. For pollinator induced seed set, plants with single flowers were placed
in the flight arena. Moths had to visit first a tah P. axillaris plant to collect pollen and
then visit either another control plant or a F28llgn receiver). The pollen receiver was
emasculated two days prior to testing. Pollen feartherefore could only take place
from P.axillaristo the pollen receiver plant. If a hawkmoth did petform the required
behaviours in the right order, the plants were wetl from the analysis. Each moth was
used only once. For hand pollination, the pollerereer was emasculated and pollinated
by the experimenter witR. axillaris pollen. Stigmas were maximally loaded with pollen
by smearing 2-3 anthers on the stigma. After patlon, flowers were bagged and
labelled and kept until seed maturation. Planteevediowed to ripen one seed capsule at
a time; other flowers of the plant were not usadsked set experiments simultaneously.
After harvesting the seed capsule, plants were agath. To measure seed set, 20 seeds
from each capsule were counted and weighed. Théauwas divided by 20 to obtain
the weight of one seed. Finally the total weighswaeasured and divided by the weight
of one seed to obtain the number of seeds per leapgshe experiments were conducted

from August to December 2007.
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Statistical analysis

Normality was tested using Shapiro-Wilk analysi&lues are given as median with
interquartiles for data sets violating parametssuanptions(MB emission (table 1) and
behavioural data (figure 2-3)); while average valard standard deviations are given for
data sets with normal distribution (all other phgpacal traits (table 1) and seed set data
(figure 4)). Due to small sample sizes, non-paramstatistical tests (Mann-Whitney-U
tests for independent data sets) are used to cerppanotypical traits between &
axillarisand Pintegrifolia. Mean feeding time per flower per moth and vigiarate
(number of flowers per moth) were analyzed witha®on signed rank test for paired
data sets. First approach was analyzed yfitlest (“Goodness of Fit"; Vassar Stats).
Seed set of the two linésaxillarisand F25, and their pollination method (hand and
moth-pollinated) was compared using a non-transéoranalysis of variance (ANOVA)
to account for interaction effects (line and pdation method and pollination method
nested in line). Seed set was the fixed factor.

For all non parametrical statistical analysis, SBS® for Windows (SPSS inc.) was
used. For the ANOVA, the statistical package jmNP") was used. We performed a

post hoc t-test to assess difference in seed setfth of the four treatments.
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Results

Phenotype

P axiliaris

P axillaris

Figure 1: comparison of corolla colour, diametebgt length between low nectar line dhexillaris

Tube Tube Corolla Corolla MB Nectar Nectar Nectar sugar Sugar
length length diameter uv Emission volume sugar concentration (g)
D1 D2 (cm) reflectance (pptv) (pl) proportion (%ow/v) flower
(cm) (cm) (%)
P.axillaris 2.140.1 1.2+£0.1 | 5.4+£0.3 No 20019 34.746.8 G: 21 16.53£1.5 5.62
Qi- 16306.3 : 22 (100%)
Qs:31603.5 3- 57
F25 2.1£0.1 1.3£0.1 | 5.6=0.2 No 11257.3 10.444.1 G: 26 30.75+4.3 3.17
Qi 351656 F- 26 (56%)
Qs 26908 S- 48
Comparison | p=0.35 p=0.35 p=0.28 p=0.181 p<0.001 p=0.02
P.axillaris -
F25 (Mann-
Whitney U)
P.integrifolia | 0.240.02 | 1.6+0.2 | 3.1+0.18 Yes 413.7 1.35+047 | G: 32 7.5 0.5
QlL:254.5 F: 33 (9%)
Q3:4404 g 35
Comparison | p<0.001 | p<0.001 | p<0.001 p<0.001 p=0.001 p=0.262
P.integrifolia-
F25 (M-W-1)

Table 1: statistical analysis of average phenotgpimameters dP.axillaris, F25 andP.integrifolia
All values are given as averages with standardadievi except for MB emission (median).

F25 and control plants differed significantly incter volumes, with F25 containing on
average only 30% of nectar volume comparel.&xillaris and no overlaps in volumes
between treatment groups (table 1). The two lites @differed in nectar sugar
concentration and methylbenzoate (MB) emissior:28, concentration and MB

emission were nearly doubled. Note that the diffeegin scent emission is not significant
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(table 1). All other measured phenotypic traitgf tivere significantly different between

P.axillaris andP.integrifolia were similar betweeR.axillaris and F25 (figure 1, table 1).

Feeding time per flower
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Figure 2: Box plots of feeding time per flower cemld manipulated no nectar plants/low nectar ling F2
compared to control planBaxillaris. The upper and lower limit of the box depict tieahd &'
interquartile, the middle line is the median. Efpars depict the variance with maximal value ongog
minimal value on the bottom.

On manually depleteB.axillaris, the feeding time per flower was significantly wedd
compared to the control plants (Wilcoxon signedkrast, N=20, Z=-3.3, p<0.001)

(figure 2). The median feeding time per flower o ‘hectar” plants was 3 s as compared
to 7.4 s in the control treatment. Feeding timeflzaver on F25 was significantly
decreased compared to the control plant as welc@bn signed rank test, N=20, Z=-
3.4, p<0.001). The median feeding time per floweFa5 was 5.25s compared to 9.85s
in the control treatment (figure 2). This corresg®ito a feeding time reduction of 60% in

hand manipulateB.axillarisand 47% in F25 compared Roaxillaris.
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Number of visited flowers
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Figure 3: Box plots of visited flowers per planiddvi.sexta flight in hand manipulated no nectar plants and
F25 compared to contrélaxillaris plants. The upper and lower limit of the box dehet £'and 4"
interquartile, the middle line is the median. Ears depict the variance with maximal value ongog
minimal value on the bottom.

The number of flowers visited was not significardlfferent between manually depleted
flowers (median 4 flowers) and the control (medaifowers) (Wilcoxon Signed Ranks
test; N=20, Z=-1.559, p=0.119). Also the numbefl@iers visited on F25 (3 flowers)
and control plants (3 flowers) were not signifidgmlifferent (Wilcoxon signed rank test;
N=20, Z=-0.885, p=0.376) (figure 3). Note that drffnces in median between

experiments are due to differences in the numbepeh flowers.

First approach

There was no significant difference in first appiodetween no nectar and control plants
in the hand manipulated assay (9 vs.)#£0.06, df=1, p=0.8). Similarly, there was no
significant difference between F25 (8 first appites) and control plants (13 first

approaches)y{=0.76, df=1, p=0.38).
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Seed set per flower and single visit

d.f. ss ms F P
line 1 13494 13494 | 0485 | 0.488
pollination 1 11320 11320 | 0.407 | 0.526
line*pollination 1 138252 | 138252 | 4.967 | 0.029
error 78 | 2170976 27833

d.f= degrees of freedom
ss= sum of squares

ms= mean square

F= F-ratio

p=p-value

Table 2: ANOVA of seed set capacities including ¢ffects of line P.axillaris, F25), pollination method
(hand-pollination, Manduca pollination) and polliioa-line interactions.

@ control
ab OF25
b

hand moth

Figure 4: Mean seed set rate of low nectar line &&%.axillaris with standard error, both in hand- and
M.sexta pollination treatments.

There was a significant interaction between ling pallination method (table 2): seed set
was significantly higher (+29%) in F25 thanRnaxillaris when hand-pollinated, but not
when both lines were pollinated by moths. Additibndand-pollinated F25 had a

significant increase in seed set compared to molimpted F25 (+28%) (figure 4).

Discussion

A novel approach
Previous studies on nectar-pollinator interactioage been limited to nectar depletion or
addition. While this approach is useful for testahmgnges in pollinator behaviour or

either cost®r benefits of a change, costsd benefits and hence fithess consequences
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cannot be assessed. Our alternative approach neayuadly allow us to measure fitness
consequences ofRetunia introgression line with decreased nectar prodactio

The F25 introgression line was selected for lowtanrelout for similarity to the recurrent
parent in all other measured phenotypic parameiSwas homozygous fé. axillaris
at 70 randomly chosen marker loci, indicating thegtained less than the expected
12.5% of theP. integrifolia genome. The phenotype of the low nectar line flgwWE25)
was similar to that of the. axillaris parent in every other investigated aspect except
scent emission. Most importantly, pollinators teeahand manipulated flowers and low
nectar lines in similar ways in our experimentsefdfore, our introgression approach
offers a valid method to investigate the net filmesnsequences of reduced nectar

volumes in an otherwise unaltered phenotypic banka for the first time.

Potential benefits of reduced nectar production

Energy that is conserved due to nectar reductiarbeareallocated within the plant
(Southwick 1984). We found that two pollinationated traits in our low nectar line as
candidates for signs of reallocated resourcesnttreased volatile production and the
increased seed set. Low nectar lines emitted nmehybate in a 68 fold concentration
compared td.integrifolia and double the amount Bfaxillaris. Seed set dP.

integrifolia is approximately 20 % compared to our selectiog,livhich makes it

unlikely that the higher seed set in F25 is dulitichhiking of P.integrifolia alleles

linked to the nectar locus. Olfactory stimuli likeethylbenzoate are known to play a role
in hawkmoth orientation and elicit a feeding resg(Hoballah et al. 2005, Raguso and

Willis 2005). As our greenhouse was scent-saturdtedre field tests are needed to
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validate how the increased odour production inlowrnectar line may affect pollinator

behaviour.

Pollinator decisions as control mechanisms

In our experimental setup, we only found one betaal adjustment of pollinators that
may potentially act as a control mechanism againsating plants: the probing duration
of a flower was longer in interactions with rewanglplants. With respect to the two
other non-significant variables we tested, we io&t prior discrimination and avoidance
of nectarless flowers by naive insects seems tgeherally rare (Thakar et al. 2003),
with only a few partial exceptions (Goulson 1998)contrast, the lack of difference in
the number of flowers visited does not correspanadptimal foraging theory (Krebs
1977, Pyke 1984) and the results from other stu@es Mitchell 1993, Hodges 1995),
including results ofPetunia-hawkmoth interactions (Brandenburg et al. unphield.

With respect to our search for pollinator behaviatinat may select against reduced
nectar production by plants, reducing the numbetisofed flowers on low nectar plants
may have negative or positive effects on the plditess. This is because the optimal
number of flowers visited per pollinator for a plaepends on many variables like a
plant’s level of self-incompatibility (Levin et a&2009), its level of sexual segregation
(Harder et al. 2000), the population densitiesathiplant and pollinators (Agren 1996,
Barrett et al. 2004), the population densitieslt#raative plant host species (Raine et al.
2007), pollinator foraging strategies (Waddingt@83) and distance between patches
(Cresswell 2000, Internicola et al. 2006). In thsesofPetunia, pollinators visiting fewer

flowers in response to low nectar should causesefeagainst reduced investments in
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nectar as several studies found that hawkmothrat#d plants are actually pollinator-
limited (Vesprini and Galetto 2000, Luyt and Johm2001, Wolff et al 2003). The
occurrence of pollinators visiting fewer numberglofvers on low-nectar plants may

well depend on plant densities in our study syst@randenburg et al. unpublished).

Our experiment on seed set indicates that shoiggations per flower reduce the female
reproductive potential of the low nectar lines, gegfing that pollen deposition is a
function of probing duration (Mitchell and Wase929. Previous studies have compared
fitness of nectarless vs. nectariferous plantsfferént species and/or different habitats
and hence could not look at coatsl benefits (Montgomerie 1984, Harder 1986,
Mitchell and Paton 1990, Mitchell and Waser 199&9Swell 1999, Collins 2008). Our
cost-benefit analysis of the consequences of lastang@roduction on one fitness
component (seed set/flowerl/visit), suggest selacteutrality. Therefore, low nectar
plants must suffer a fitness reduction compareaveyage plants with respect to other
fithess components so that cheating is under negaélection. Most importantly, the
effects of the pollinators’ behaviour on the maproductive success of low nectar plants
have to be incorporated. Links between low neatadyction and pollen production as
well as links between duration of visit and poligstake must be determined. Apart from
a low uptake of pollen, pollinators may reduce @atimg plant’s reproductive success by
switching to a different plant species in respdaiesiew nectar quantities (reducing their
flower constancy, Jacobi et al 2005). A final coirgion for a complete fithess analysis
is that low nectar plants may also gain additidreadefits that would not be detected in

behavioural experiments, for example an edge inpeditive abilities with neighbours
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and/or the ability to produce a larger number oWirs per reproductive season/during

their lifespan.

Conclusions

Understanding the causes for stable nectar pramugtimost flowering plant species has
been a major challenge. The new approach desdndredusing low nectar introgression
lines allows for the first time proper cost-beneafialyses within a species for each of the
fitness-relevant components affected by nectarymtioh and the interaction with
pollinators. This approach will thus hopefully prd& more comprehensive answers
regarding the evolution and stability of plant-pmditor mutualisms as well as
identification of the ecological conditions undemieh the mutualism breaks down, as

has happened repeatedly and most famously in a¢betsakova et al. 2006).
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Introduction

The co-evolution between flowering plants and paliors is considered to be one
important aspect contributing to the wide diversifyangiosperms (Grant 1994, Galen
1996). Floral traits are adapted to certain guitdspollinators that impose distinct
selection pressures on traits like scent, colaapshand nectar. Specific combinations of
these floral characteristics are known as polloragsyndromes (Faegri and van der Pijl
1979). Nectar is one of the most important tradgs the maintenance of the plant-
pollinator mutualism. In evolutionary ecology, ajoraquestion is what forces the plant
to produce costly nectar and under which conditioegtar reduction can be an
evolutionarily stable strategy for the plant.

Volume, composition and secondary compounds ofanetgfine and regulate the length
of the foraging bout and species identity of paltors (Brandenburg et al. 2009). Plants
that offer high nectar volumes are for exampletetsby pollinators with high metabolic
rates like hummingbirds or hawkmoths (Heinrich &alven 1972). The differences in
nectar volume can be easily measured with a pipettewever, tremendous
environmental variation constrains unraveling tleadaic basis of nectar traits (Mitchell
2004).

The flower organ producing nectar is the nectaryese can not only be situated in
various positions in angiosperms (Nicolson 2007t blso differ considerably in
cytological and ecological aspects. Nectary is @ntavith ecological significance,
describing the location where sugar fluids involwednteraction with floral visitors are

produced and secreted (Pacini et al. 2003). Sevwmatcription factors involved in
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nectary development have been identified (Bowmath &myth 1999, Ge et al 2000,
2001, Lee et al. 20054, b) and a recent nectangdrgptome study identified 270 genes
that were expressed in nectariefodbidopsis (Kram et al. 2009). In contrast to that, the
genetic basis of floral nectar production remaéiatively unclear.

The genudPetunia integrates the advantages of having been interssetiied for many
years, being genetically accessible and being amdesystem for behavioral studies. The
presence of a number of traits determining divergetiination syndromes within cross-
compatible species mak€stunia an ideal model system to study the genetics oftpla

pollinator coevolution.

The genusPetunia

The genus Petunia comprises at least 14 specielsnj@nhn et al. 2009) and is native to
South America. Most of these species can be dedsifi two major groups based on
floral traits that are important for pollinatorratttion.P.axillaris subspaxillaris, parodii
andsubandina have a large white corolla, a long floral tubejtesweet fragrance at dusk
and produce large volumes of nectar. These spemiespollinated by nocturnal
hawkmoths. MosPetunia species show a flower morphology similarRointegrifolia,
such asP. mantiqueirensis, P. scheideana, P. saxicola and P. reitzii. These species
display purple colored limbs with a shorter tubel gamoduce very little nectar. Main
pollinators ofP. integrifolia belong to the order of hymenopterans. Hybridizatd P.
axillaris and P. integrifolia has not been reported, presumably caused by negtroe

isolation due to pollinator preference. Additiogalh species endemic to a small region
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of Southern BrazilP. exserta, displays all floral traits that infer ornitophiljdowever,

hummingbird pollination has not yet been observedative habitats d®. exserta.

Nectary development

One major regulator of nectary development in cardicots iSCRABS CLAW (CRC),
(Lee et al. 2005 a,b)CRC is not expressed in nectaries of one basal eudipeties
(Aquilegia), suggesting that it is not required for nectagwelopment in this species.
Phylogenetic analysis indicates tI@ZRC (a putative transcription factor of the YABBY
family) might have been recruited as a regulatorcafpel development in the last
common ancestor of angiosperms (Lee et al. 200Pwtative orthologues aZRC are
expressed in gynoecium tissueAwhborella trichopoda, a flowering plant that represents
one of the earliest diverging groups of angiosper@mecialized nectaries are absent in
these species, however, it is noteworthy that sigyare highly secretory (Fourquin et al.
2005). InPetunia hybrida, CRC expression was found not only in nectaries bwasin
developing carpels and stamens (Lee et al. 20G%b)mutants ofArabidopsis lack
nectaries (Bowman and Smyth 1999, Lee et al. 2086d)thus fail to produce nectar.
They furthermore exhibit strong anomalies in campevelopmentCRC is probably a
master regulator necessary in the initial stepshef carpel formation. It functions
independently of the ABC(DE) genes that determiloeaf organ identity. Therefore
nectaries can develop in the absence of the gct¥iABC homeotic genes. However,
they do influence nectary development as ectopiression ofCRC in conjunction with

genes such agFO results in development of ectopic nectaries atlthsis of flower
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pedicels (Baum et al. 2001). So f@RC function in nectary development B&tunia has

not been described and is currently being investja

Nectar production and nectar composition

Previous work has highlighted iBchium and Nicotiana, that nectar production is a
guantitative trait characterized by relatively lohweritability (Leiss et al. 2004,
Kaczorowski et al. 2008). Only few genes involvedectar production and composition
have been identified. By differential display RTHRCa nectary-specific cDNA clone
was obtained ifPetunia hybrida and the deduced amino acid sequence revéded. It

is assumed to play a role in nectar secretion autiany development (Ge et al. 2000),
due to its high expression in nectary tissue. H@ugpartial downregulation of this gene
resulted in a normal nectary phenotype with defectsmther dehiscence (Ge et al. 2001).
NEC1 and two homologues termed NEC2 and NEC3 haee mapped in B.axillaris
axillaris N x P.integrifolia inflata S6 backcross 1 (B population. NEC1 was located
on Chromosome VII, NEC2 on Chromosome IV and NEG@Zbromosome VI (Gubitz
et al. 2009).

The major constituents of floral nectar are monod aisaccharides, mainly glucose,
fructose and sucrose, derived mostly from the dkdian of starch that accumulated in
the nectaries during the early stages of carpetldpment and in part directly from the
phloem (Ren et al. 2007). Recently, it was discedethat genes involved in starch
metabolism in floral nectaries are tightly corretatwith nectary development: starch
anabolic genes (e.g. sucrose and starch synthasesxpressed early in developing

nectaries, breakdown genes (e.g. starch debranemmgmnes) are upregulated prior to
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anthesis and nectar production (Ren et al. 200%).dt was also demonstrated that the

breakdown of starch resulted in an increased inflfusucrose into the nectaries.

Genetic control of nectar volume in Petunia

Nectar volume is regulated by multiple genes aralgenetically complex trait (Galliot et
al. 2006). Genes that contribute to complex tr@tso known as quantitative trait loci, or
QTL) pose special challenges that make gene disgal#icult.

QTL analysis aims at identifying statistical asstions between molecular marker
genotypes and phenotypic traits in segregatinggmggThis can be used to detect and
map loci contributing to the expression of quatitigatraits (Doerge 2002). A QTL is a
region of the genome that is responsible for viamain the quantitative trait of interest,
in this case nectar volume.

Previously, two studies on the genetic control eftar production were conducted in
Petunia (Stuurman et al. 2004, Galliot et al. 2006). le gtudy of Stuurman et al. (2004),
backcross recombinant inbred lines (BILsS) were getied using as donor pareri®s
integrifolia inflata S6 andP. axillaris parodii S7 and as recurrent pardnt hybrida
W138 (Stuurman et al. 2004) because the two danes Icould not be directly crossed
due to cross incompatibility. The aim was to intessP. integrifolia inflata S6 loci (WI-
BIL) respectivelyP. axillaris parodii S7 loci (WP-BIL) and to fix them by further
selfing, to compare the phenotypic effects of sgpespecific genome introgressions in
the common genetic backgroundRfhybrida W138. This line contains a highly active
DNA transposon calledTghl which was often used to isolate gene®étunia through

transposon tagging (Gerats et al. 1990).
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QTL mapping was done in WI-BILs and WP-BILS and tmectar volume QTL termed
VOL1 and VOL2 on Chromosomes Il and VI were identified in the-BWLs. The
summed additive effects ofOL1 and VOL2 (89% of 6 ul parental difference) are
unexpectedly large considering the environmentehtian in this trait. Small population
sizes are one possible explanation for overestimgdtiese QTL effects (Beavis 1996).
Galliot et al. (2006) found 4 minor QTL linked teectar volume in an interspecific
backcross (BC) population betweBnintegrifolia inflata S6 andP. axillaris axillaris N,
usingP. integrifolia inflata S6 as recurrent parent. These QTL mapped to clvomes
I, 1Iv, Vv, and VI, and additively explained 70% ohe difference in nectar volume.
Interestingly, as previously described ¥L1 (Stuurman et al. 2004), these nectar QTL
were also closely linked to morphology QTL. Bothudes mainly used amplified
fragment length polymorphisms as molecular markersQTL mapping. These two
studies share only one QTL for nectar volume owmiasome VI.

Altogether, these studies demonstrate that nearme is a quantitative trait with
complex genetic control. The high environmentaluefce on nectar volume poses an
additional challenge to the phenotypic charactéomaand a precise estimation of the
genetic effects (see also table 1). A major preitmmdto unravel the genetics underlying

nectar volume is to conduct all nectar volume mesraaents under controlled conditions.
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P.integrifolia | P.axillaris | P. axillaris | N flowers Study

inflata S6 axillarisN | parodii S7 | per plants measured

1.21+/-0.92 - 12.8 +/- 2.57|  10-40/unknown Stuurragal. 2004

2.2 +/-1.5 16.84/-5.9 - 10/5 Galliot et al. 2006

1.35 +/-0.47 34.7+/ -6.8 - 10/2 Brandenburg euapublished

Table 1: Nectar volume differs between Petunia iggde integrifolia inflata S6, P. axillaris axillaris N
andP. axillaris parodii S7 but also within the species. The phenotypicsmeanents were conducted in a
similar way. However, the age of flowers in thedstwf Galliot was variable. The variation in mearda
standard variation underlines the high environmergtgaation in this trait.

Aim of this study

One aim of this study was to breed a low nectae linat displays all other floral
characteristics similar tB. axillaris axillaris N. The genotyping of such lines is going to
shed light into the genetic architecture of negwsrduction with the ultimate aim of
identifying the genes underlying nectar volume Q#Ah. important question will be to
assess whether the identified genes are so caglksmlasion genes. Speciation genes code
for isolating mechanisms that prevent gene flowwken organisms and finally lead to
reproductive isolation. If reproductive isolatiamdgomplete, two organism groups can be
named species (“biological species concept”, fooaerview see Coyne and Orr 1998).
If the reduction of nectar volume inRa axillaris line can be an isolating mechanism is
unclear. In a laboratory set up, we have detected hocturnal pollinators do not
discriminate against low nectar plants but redinesr tvisitation time and the number of
flowers visited (chapter 5). Further studies aredeel to evaluate whether nectar traits
are an isolating mechanism.

The low nectar line was obtained by introgressimglow nectar volume phenotype from

P. integrifolia inflata S6 into theP. axillaris axillaris N genetic background. This low
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nectar line was used in behavioral assays Widmduca sexta. The major advantage of

using lines with reduced volumes in contrast tovimes approaches, where nectar was
manually removed, is that this line enables usdadroper cost-benefit analysis. We
can assess the costs that are involved in nectatuption to the benefits of nectar

reduction e.g. in terms of female fithess, measaedeed set in hand-pollinated plants.
We can compare these results to female fitnesswohkctar lines that are pollinated by a
hawkmoth. For a detailed description of the behai@xperiments and results, see

chapters 2, 4 and 5.

Material and methods

Plant material

P.axillarisaxillaris N andP.integrifolia inflata S6 were kindly provided by Ronald Koes,
Department of Genetics at the Vrije Universiteit #tardam (The Netherlands). They
have been maintained in the laboratory for manyegaions by inbreeding and sib
mating respectively (Galliot et al. 2006). Both rmika originate in South America and
display distinct pollination syndromes (sensu Faagd van der Pijl 1979).axillaris
axillaris belongs to the group of hawkmoth-pollinated spgciéth a large white corolla,
a long and narrow floral tube, UV absorbing petald large nectar volumes wheréas
integrifolia displays all characteristics involved in bee aticm: the petals are smaller
and purple-colored, the floral tube is short arsl apening wide. Furthermore, these
plants produce fairly low amounts of nectar (tableappendix). Despite overlapping

geographical distributions of both species in sarsas in Uruguay, both species are
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reproductively isolated (Hoballah et al. 2007). yohd barrier is more likely explained
by prezygotic barriers due to divergent pollingpoeferences rather than a postzygotic
hindrance P. axillaris axillaris andP. integrifolia can be cross-fertilized in the lab and

produce fertile offspring.

Growth conditions

Plants were grown in plastic pots in soil and keptgreenhouses under long day
conditions (16 hours light). The backcross 1 {Bfopulation was grown in a different
greenhouse than B@Gnd BGF,/BC; populations. The temperatures in both greenhouses
ranged from 15 to 37°C in summer. They were fexii twice a week and watered daily,

twice on very hot days (10 am and/or 4 pm).

Phenotyping of floral traits

Tube length and corolla diameter were exactly mesksas described in Galliot et al.
2006. In contrast to Galliot, where nectar volum&se measured of open flowers with
variable ages (“second last flower at anthesigdyvérs used in this study were marked at
the day of opening {iday of anthesis) and measured the following ddner@fore, the
floral tube was cut at two places: the point wheeanthers detach from the tube and on
the bottom below the gynoecium. The floral tube wassferred to a centrifuge tube (0.5
ml) with three holes pierced in the bottom. Thibdwvas placed in a regular (1.5 ml)
Eppendorf tube and centrifuged at 7000 rpm for débseds. The nectar collected in the
regular Eppendorf tube was measured with alIppendorf pipette and a calibrated tip.

Nectar volume measurements for selected lines vwegeated 10 times. Measurements
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were distributed over 4 months and always done dme after anthesis. The nectar
measurements were conducted at 6 pm or laterjtagion of nectar secretion coincides
with scent production at dusk fBaponaria officinalis, a hawkmoth-pollinated species

(Wolff et al. 2006).

Genotyping of the low nectar line

The molecular markers that were used for genotypheg low nectar line F25 were
polymerase chain reaction (PCR)-based co-dominankers. We used single sequence
repeat (SSR) markers, derived from the EST librafythe National Center for
Biotechnology Information (NCBI), cleaved amplifiggblymorphic sequence (CAPS)
markers, and cosmid (COS) markers derived from tomathologous sequences
(Bossolini et al. submitted). We used 55 SSR, 1(P6Aand one COS marker to search
for P. integrifolia introgressions in the low nectar line, thus irat@6 markers.

For detailed description of the primers used forpkfination, the PCR settings and

pictures of the gels see the appendix.

Results

Breeding design

An interspecific cross betweédh axillaris axillaris N andP. integrifolia inflata S6 with

P. integrifolia inflata S6 as pollen donor produced anfl®m which a single plant served
as seed parent for a backcross \#tlaxillaris axillaris N. Progeny plants were selected

according to low nectar volumes and subsequentti«drassed td.axillaris axillaris N.

79



CHAPTERIII GENETICS

This is in contrast to the study of Galliot (et 2006), whereP. integrifolia inflata S6
was chosen as recurrent parent for backcrossingkdBassing withP. axillaris axillaris
N as recurrent parent was necessary to establismémtar lines that display all other
floral traits of Petunia axillaris axillaris N that are known to be involved in hawkmoth
attraction. A backcrossing design similar to thiaGalliot would not have been suitable
for this purposeP. integrifolia inflata S6 has a mean of 1.3bandP. axillaris axillaris

N 34.7ul (appendix). The nectar volume of thewas not measured.

Selection of low nectar lines

In the BG population, 130 seedlings were grown and phendty@d plants with the
highest similarity tdP.axillaris axillaris N and nectar volumes belowyr were selected.
These 24 plants were backcrosse®.taxillaris axillaris N, resulting in 24 Bglines. 25
seedlings were grown for each of the 24,H@es (in total: 600 plants). These 600 plants
were screened for nectar volumes lower tharnullThree flowers were measured per
plant. The 43 plants that had nectar volumes itha#le measurements consistently under
11 ul were phenotyped ten times for all floral traitsder investigation and are listed
below. Out of these 43 B(plants, the 5 with the highest similarity B axillaris
axillaris N were selected. These were again backcross&daxdlaris axillaris N and
also selfed, resulting in 10 B@Gnd BGF; lines from each of which 28 seedlings were
grown. These 280 BLand BGF; plants were again screened three times for nectar
volume below 11ul. 20 plants remained and were phenotyped 10 tirDesing the
selection process with thePéunia axillaris similarity index” (PASI; for detailed

description see Chapter 2) we found one;BiGe (“F25”) with almost identical
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phenotype toP .axillaris axillaris N and clearly reduced nectar volume. A detailed

breeding scheme is displayed in figure 1.

P. integrifolia S6 P. axillaris axillaris N

} N plants
I:1
l X P.axN
BC‘I 777777777777 >130 : selection
e.g. 16, 33, 32, 103, 80, 17, 99 24
lx P.axN a 25 seedlings
each plant
BC, - + 600
l” » selection
16-17, 33-21, 32-14,103-5,80-20 5
28 seedlings 28 seedlings
each plant self‘/ \ X P.axN each plant
140*-"BC,F, BC, 140
A8 (16-17-8) 32-14

(32-14-27)
G15 (103-5-15)

Figure 1: breeding scheme used to establish lowanéoe F25. From a single F1 plant backcrosse#. to
axillaris axillaris N (P. ax N), 130 BG plants were obtained. From these, 24 were seld@tatiown in
scheme) for backcrossing to P. ax N. 600 plantgwetained in the BC From these, 5 plants (all shown
in scheme) were selected for backcrossing to R ard the same 5 for selfing. 2*140 (BQJBC;) plants

were obtained. Out of the 280 plants, the low ndota, a BG (F25), was selected

Distribution of phenotypes in the BG population

During the phenotyping and selection process, thgregation of all measured
phenotypes in BCpopulation and the segregation of nectar volumesliother screened
populations (BG BGCs, BGF;) were examined (figure 2 and 3). A visual disptay

segregation can give an idea about the inheritahttee trait in question.
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P. integrifolia S6 P. axillaris axillaris N
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Figure 2: Segregation of phenotypic traits in th& B

A. Segregation of nectar volumie. axillaris axillaris N and P.integrifolia inflata S6 had the

largest and lowest nectar volumes respectively. ZAeplants that were used for the
backcrossing had <

Segregation of tubelength DR. axillaris axillaris N and Pintegrifolia inflata S6 had the
longest and shortest floral tubes respectively. Zdh@lants that were used for backcrossing
had tubelengths D1 ranging from 0.92-1.67 cm

Segregation of tubelength DR. axillaris axillaris N had the shortest tubelength D2 (1.2
cm), andP. integrifolia inflata S6 had an intermediate tubelength (1.6 cm). Nuaé there
are many transgressions in this category. The a@dtplthat were used for backcrossing had
tubelengths D1 ranging from 1.21-1.68 cm.

Segregation of corolla diameter. itegrifolia inflata S6 had the smallest corolla aRd
axillaris axillaris N an intermediate-large corolla (5.4 cm). Note tthihere are
transgressions in this category.
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Distribution of nectar volume in the BG,, BC,F; and BG;

A P. integrifolia S6 P. axillaris axillaris N
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Figure 3: segregation of nectar volumes in baclecpmpulations that were derived from low nectantgda

A. segregation of nectar volume in the Bidpulation

B. Segregation of nectar volume in the € population, including one plant used in the
genotyping (A8)

C. Segregation of nectar volume in the B@dpulation, including plants used in the genotgpin
(A27, G15) and the low nectar line F25
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The low nectar line F25

GENETICS

Phenotypically, F25 resemblBsaxillaris axillaris N except for nectar volume, as well as

concentration and scent emission (table 2).

limb
nectar tubelength diameter corolla Pollen

Plant volume (ul) D1(cm) D2 (cm) (cm) MB emission (pptv) | color color
G15BC; 8.25+/-2.3 1.3+/-0.06 1.4+/-0.1 4.8+/-0.3 25723384 white green
A8 BC,F, 8.4+/-4.7 1.4+/-0.07 1.3+/-0.05 5.1+/-0.3 36136-29791.04 | white green
F27BC; 8.85 +/-4 1.9+/-0.08 1.3+/-0.1 5.6+/-0.3 23982+1-62 white yellow
F25BC; 10.35 +/-4 2.1+/-0.05 1.3+/-0.1 5.6+/-0.2 299125845 white yellow
P. axillaris
axillarisN 34.65+/-6.8 | 2.1+/-0.1 1.2+/-0.1 5.4+/-0.3 1580759 white yellow
P. integrifolia
inflata S6 1.35+/- 0.5 0.15+/-0.01| 1.6+/-0.1 3.1+/-0.2 436%/-5 purple blue

Table 2: mean phenotypic values of low nectar glamtluding low nectar line F25, as wellRsxillaris

(P.ax) andP. integrifolia S6 @.int)

The genotyping revealed i integrifolia inflata S6 allele in none of the 66 molecular

markers tested in the low nectar line F25 (table Ry the original gel images, see

appendix.
Marker PM7 PM8 PM10 PM15 PM17 PM19 PM32 PM37 PM40| M4R
P.axillaris A a a a a a a a a a
P.integrifolia b b b b b b b b b
F25 a a a a a a a a a

PM44 PM77 PM81 PM94 PM101] PM103 PM106 PM10f PM109PM110
P.axillaris a a a a a &ad quality | @ a a
P.integrifolia b b b b b b b b b
F25 a a a a a a a a a a
PM111 PM114 PM119| PM120] PM121] PM128 PM13( PM132 1BM | PM137

P.axillaris a a a a a a a a a
P.integrifolia b b b b b b b b b
F25 a a a a a a a a a a
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PM141 PM144 PM149| PM150, PM157 PM1638 PM164 PM166 188/ PM171
P.axillaris a a a a a a a a a a
P.integrifolia | b weak b b b b b b b b b
F25 b a a a a a a a a a
PM183 PM186 PM188| PM189 PM19( PM191l PM19Z PM193 195/ PM197
P.axillaris a a a a a a a a a a
P.integrifolia | b b b b b b b b b b
F25 a a a a a a efrabands | @ a a
PM198 PM200 PM202| PM219 ANP ADH1L ADH2 CHIA BSMT|1 C4H1
P.axillaris a a a a a a a a a a
P.integrifolia | b b b b b b b b b b
F25 a a a &tra bands| a a a a a a
F3H| SAMS 1 AN11 HF1l COS 18
P.axillaris a a a a a
P.integrifolia | b b b b b
F25 a a a a a

Table 3: genotyping for 55 SSR markers (PM 7-219),CAPS markers (AN2 — HF1) and one COS-
marker (COS 13, from tomato) fail= failed PCR),rexXtands (see discussion)

a stands foP. axillaris axillaris N and

b for P. integrifoliainflata S6.

Discussion

A low nectar line with high similarity t®. axillaris axillaris N was derived by recurrent
backcrossing and selection of plants derived fromindtial cross betweeR. axillaris
axillaris N andP. integrifolia inflata S6. All other characteristics known to be involved
in hawkmoth attraction show a high similarityRoaxillaris axillaris N (chapter 2).

The low nectar line F25 produces only a third of thectar volume oP. axillaris
axillaris N. The genetic introgression froR integrifolia inflata S6 responsible for this
phenotype is under investigation. It is possibkg gome of the QTL involved in nectar

production control nectary development, whereasesathers are physiological QTL
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affecting starch metabolism. While comparing F2%hwthe parental lind°. axillaris
axillaris N, no difference in number of nectar-releasingepoon the nectary surface
could be observed. In contrast, nectarie®ointegrifolia inflata S6 are much smaller
feature only half of the pores and are smallerize gappendix). One possible reason of
low nectar volumes of F25 might be that resourcéschv are used by,. axillaris
axillaris N to produce nectar are reallocated to producetscethe low nectar line.
Indeed, methylbenzoate in low nectar lines is ediih a twofold, but nonsignificant
concentration (chapter 2, appendix). Increasedtil@lamission might thus be a product
of saving and reallocating glucose molecules. Ra¢R801) presents a scheme, in which
glucose molecules can be converted to methylbeezatiér cycling through various

metabolic pathways (figure 1).
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Figure 1: major biosynthetic routes that lead frglorcose to volatile production (from Raguso 2001)

In contrast to previous studies done with transgeplants (Ge et al. 2001), the
introgression lines developed in this study allevfprming behavioral assays for fithess

analysis. This line enabled a proper cost-beneiatysis in plants with reduced nectar
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volumes. This was not possible with transgenicsliderived by partially silencing the
NECL1 gene (Ge et al. 2001). The transgenic plants haor@al nectary phenotype but
defective anthers and therefore a reduced malend#yu (“early open anther
phenotype”). Therefore they could not be used terdane fitness. Unfortunately, nectar
volumes were never measured in these plants. Forthe, transgenic lines would not
have been accepted in field experiments in Uruguay.

The introgression oP. integrifolia inflata S6 alleles into the low nectar line F25 were
searched with a set of the 66 previously mappeglesiocus markers like SSR and CAPS
(Bossolini et al., submitted). No marker loci retag theP. integrifolia inflata S6 allele
were identified. By backcrossing without selectwo® would have expected 12.5% of the
genomic markers to be heterozygous, correspondirgpproximately 8 markers. This
indicates that the selection was very efficieneiminating most of thé°. integrifolia
inflata S6 introgressions not involved with nectar voludetermination. The selection
index PASI was designed to identify those planthhe lowest nectar volumes yet the
highest phenotypic similarity tB. axillaris axillaris N. Thus, it is not surprising that the
similarity of the selected low nectar lineRoaxillaris axillaris N is higher than expected
by chance. The backcrossing and selection of a fmetar line by phenotypic
characterization was effective in recoverifgaxillaris axillaris N allele at all marker
loci so far tested. However, it can not be excluthed the low nectar volumes in the F25
line are due to aP.axillaris axillaris N breeding-induced mutation or epigenetic
inactivation. To clarify this, further genotyping this line with multilocus markers like
AFLP is currently conducted. It is unlikely thatata volume is controlled by a single

locus (Galliot et al. 2006), and thus it is stitladlear whether F25 is retaining only one or
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more QTL for nectar volume. The quantitative natamed the high environmental
influence of this character hinder proper segregasinalysis, and without closely linked
markers it is extremely challenging to speculatehennumber of QTL introgressed from
P. integrifolia inflata S6.

Due to self-incompatibility and the resulting hetaygosity, there is a lot of variation in
the genotypes of differef. integrifolia inflata S6 individuals, which can be seen in the
additional bands on PM219 and 192 (appendix) thatpresumably be assigned to Ehe
integrifolia inflata S6 plant originally used in the interspecific @oklowever, with the

original P.integrifolia S6 lacking we cannot confirm this assumption.
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Appendix
1. CAPS marker protocol
CAPS Primer forward Primer reverse Restr.enzyme | Buffer
(NEB) | Tm
Name in Name in in
primer list sequees primer list segnce °C
AN2 B54 ATGGTCACTTATAGCTGG An2gR2ay CAAGAAAAAGGATTATTGCCG No digestion 2 52
SAMS B22 GACTTGCCCATGGCTCAGACCAG B92 CTGCTACTTARGTTAACAG Tsp509 2 47
ADH1 B137 GATTGATCCACAGGCACC B138 CGTTAAGGCTCCATTHRCAGC No digestion 2 52
ADH2 B99 CGACAGGTACAGGCGAAACGACGATAGATTATG| 2Adhzv | CCACCATCAGTCATCTCAGC Hae Ill 2 52
CHI A CHIAF ACACCAGTAAAAGTAGAGCAAAAA CHIAR ACAA GGGAATTCAGCACTAAAACA | Hinfl 2 52
BSMT1 BSMT Fi CAAATTTTCTCAAGTACCGTTCAG B106 GTCTTAATACAATATTTACC Alu | 2 55
CH41 B59 GCGCATTGTTGTCCATGCTC B83 GAGGTTGAAGCTGTABGG Dde | 3 55
F3H B114 GCGGTTTGACATGTCTGGTGGC B115 CCAATCTTBGCACTTCACC Xba |l 2 54
HF1 B95 TCCCTCATTAATTAACCATATCTC B96 CATGGATAGCTACGAACG Alu | 2 50
AN11 B116 ATGGAAAATTCAAGTCAAGAATCAC B117 TTATACTTTAAGCAATTGCAACTT Alu | 2 52

Digest:

Mastermix: 2 ul PCR buffer
2 ul MgCl;
0.4ul dNTPs
0.4yl RedTAQ DNA Polymerase
0.2ul forward primer
0.2ul reverse primer
14.8 4l H0
20 Wl MM(mastermix)
+ 1ul DNA
PCR regime Initial denaturation:  94°C
94°C
m
72°C
72°C
4°C

0.5 wl buffer (NEB1-4)
0.5 ul restriction enzyme
4 ul H0

5 u MM

+10 Wl PCR-product

60 sec
30 sec
30 sec
60 sec
3 min

35 cycles

hold

Table 1: CAPS markers and primer sequences usegfatyping. Note that AN2 and ADH1 are not
CAPS markers, as they are not cleaved after arcatiin.

After the PCR is done, digestio? kours) with the restriction enzyme from the list.
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Digestion: 2-3 hours at 37°C

In the meantime: make a 2% agarose gel.

Load samples on agarose gel (no loading bufferTRg@&lready has a dye).
Photo with GelDoc

No. on gel | Plant

AX P. axillaris axillaris N
int S6 P. integrifolia inflata S6
16 (BG)
32 (BG)
99 (BG)
80 (BG)
103 (BG)
32-14 (BGQ)
80-20 (BQ)
103-5 (BQ)
Al17 (BGF)
G15(BG)
A8 (BGFy)
F27(BG)
F25 (BG)

OO N[O~ [WIN|F

[y
o

[EEN
BN

[EEN
N

=
w

Table 2: Sample arrangement on agarose gels

CAPS marker gels

7 8 90 11 12 13 W ax S6

uncut, load CR
product directly

10 12 13 KD ax Sf
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1 2 3 4 5 6 7 8 90 11 12 13 § ax intS6

R R R R

12 3 4 5 6 7 8 9 1012 13 KD ax intS6

; 7 ]
f=

o L e I ey S

1 2 3 4 5 6 7 8 90 11 12 13 @ ax intS6
—

e e e ey e b e

B e e B s e B e e

cut with
Hinf 11l
1 2 3 45 6 7 8 011 12 13 kD ax intS6

== HEBEdESR888E88

- . G S= e S G

- - — - -

BSMT 1
:

1 2 3 4 5 6 7 8 90 11 12 13 § axintS6

o e e b e e b ey e

" b e e b R e e e

S

cut with .
Ddel |
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6

7 8 90 11 12 13 W ax intS6

B

- -

4

5

6

\ .
- —

- = . -
-

cut with Xbal

7 8 ®11 12 13 BD ax intS6

=3 B W

2. SSR marker protocol

P 11 12 13 bD ax intS6

cut with Alul

Marker Primer forward Primer reverse
PM7 CGTTTTTCATTGCATTGTCG CGTTTCCCTCCTTTGATCTG
PMS TCTGCAAACTTCAAAGCCAA ACATGCCATGCACTTTTGAG
PM10 CAAAATCCCGAGCCTCTACA TTTCGTGCCAAAATGTACCTC
PM15 GTGGCTGGCAACATTGACTA CACTTACCCCTCAGTCCTCG
PM17 TCCATCTCGTTTAGCAACCA GGCTTCCAGCAAGAGAAGTG
PM19 ACCCTTGGAAAATGTCGTTG TTCAAATTTCATCAGTGGCG
PM32 TTCTCTAAGAAGAAACAATAAAGCTCA | GGCTATGCCAGCTTTGGTAA
PM37 GGGGTGGGAATTCTAGTGGA TGGATGAGCCATAATCTTTGC
PM40 AGCTTCCTTTTTGAGCCACA TGGCTTAAGCAAGACAATGG
PM42 CGGCTCAAACACAATTTCCT AATTCAACCGCCATGAAGTC
PM44 AGAATCCCCATATGCTCCG AGCAGCACCAACAACACAAG
PM77 ACCACGAGAAGAAGGAAGCA CGAACAACGAGTTAAACCCC
PM81 ACTGAAATCGTTGGGCGTT AAAAGGAGTTGCATATCCTGATTA
PM94 CCGTGTTAGTATTGCCCAGG CTCTAGATTGACCATAGC
PMOS ATGGAGGTAGCAAATGCAGG CAACCAAATGCAGCTTCAGA

GENETICS
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PM101 GAGAGAGAACCCTAACCC GCAGAAGAAACAGAGATCC
PM103 GTGGATGACAAACTTGAGG GACAGCAGTGGTGTTTGG
PM106 GTTCCTCCAGGCACTTCTGG CAGAGAGGACACAACTCCTC
PM107 GTCAAAGGTTGCAATCTCT TGTTGCTGATGAGCAGTAG
PM109 GGAGAAGTTACCAGGTGG CCTCATGCTCCGCTACATG
PM110 GGTACAGGGCTAGCAGG CTAGTTGGGTGTTCACAG
PM111 CACCATGAGGAACATCAAGC GGAACTGGCTGAGGGAAACC
PM114 GGGTAAGGTCTGTGTACG CCCTTAGCTGGTATTCGCAG
PM119 CCGACACATACCAATTCAC CACCTAACGTACATTAGC
PM120 GGTTTAGATACTGAAGTTG CCAGCATTACACCAACCTG
PM121 CCACTTACTGAATTCTGACATCC GCAATGAGTTACCTACC
PM128 GGTCCTCGAAGGGAACTGC CTGGTGTGCTACCTGGTGC
PM130 GCATTACGGCTCAACAC CAACCCCATGAAGTCTC
PM131 CTCGTCTAGAAATCTCTCTG CTGTCACCGCTCTCAACG
PM132 GCAGTAGGGCATTGCAG CTGATTCCTCCTCCAGCTCGAG
PM134 CTCTCTCTAAACTAAACCCAC GGAGAGTAACTTAGCTAGGG
PM137 CCACCTATCTACTCTTCC CCGTTATGCCACCACACC
PM141 GAAGATTTGGTTCCGAG GCATCATGGGCAAAGAGG
PM144 GCAGCCCTTCTTCACTG CCATTGAATCCACAAGG
PM149 CCTAATCAAACACGTAACTC GGATGATGACACGTGGATCG
PM150 CGTCGAATGCCTTAACTGC GGAACAACACAGAAACTGTC
PM157 GTAGTAGTAGTAACCCCACC CATCAGAAGCTTCTGGAG
PM158 GGAACATTCAAGGGGTGG GGACAAGGACCAGGTCCAG
PM163 GCGATTGGCCATGGTAGC CTCAAGATCAATAACACCG
PM164 GGGGATGGCTACAGCAGC CTTGCAGCTCATGGCAAAGC
PM166 GGCACTTGATTGTCCTTGTG CCATGAATCGAATGCAG
PM168 CCAGAACAGAGGGAACTTG TCATCCTGCTCAACTGC
PM169 GCAGAGAAACTACACTAATAGGG CCTGAGGAAGAGCAGCAGC
PM171 GGTGAGAGCATAGAGAATA GAGACTTTCCATGCAGCCACG
PM177 CCCTTACTCTCTTCTTCACC GAACTATGAACCATAGCTCTC
PM183 CCTATTTCAGTCCATGAGGC GTTAGCTGTCTGCTGATCAC
PM184 GGACTTTTATCAACTACC GCCTTGCCTTTATCGGAC
PM186 CCTTTACTAGTCTCAGAATTGC GGATAATGATGATGACCC
PM188 CCCAACCATTGGCTACAGCC GGACAACACAATACAATCTCTGC
PM189 GGATCTTGGTGATCGGACC CAGGAACTTCAATCTTCACC
PM190 CGAGTTGATGGTGCAATTGTG CTAGAAAGTTCCTCCGG
PM191 GGAGAAGATTGTTGGTAAC GGGAAACGATCTCTTGCTG
PM192 GCTGCTTTAAGATTCAGAGGC CTGAACTTTGCATTGGC
PM193 CGCAACATCACCACTATCAG GCTGCCAAGTCCGACAATGG
PM195 GCCTTTCGCCGCTGTCACTG GAGCAAATCGTGACCGTTGG
PM197 CCATAAGTGAAGGATCCTGC CTGACAACTTACACAGGAACAC
PM198 GTTGGCAATTCTTGG GGCAAACCATAATGATGAAGG
PM200 CCTGACCCTCCCAGAACC GGTAACATCTCCCTCACTTCC
PM202 CCCTGTTTCTTCTTCAC CATCCACCACTTGTTGTTGAG
PM219 GCTGTAACATGTAGCTGTG GGCTGCCAATCCATGCAGTC
PTCOS13| CATGGCCTTGATGTCTCAGG CCGCGAAGAAGTATGCAC

GENETICS
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Mastermix:

14.7 ul H20

2 ul PCR buffer

0.5 ul dNTP

0.14 ul forward primer (F)

0.4 ul reverse primer (R)

0.26 ul M13 tailed primer (700/800)
2 ul Tag polymerase

20 I MM in every PCR tube
+2 ul DNA (KAB BC; 1-200) (:15 diluted DNA)

PCR regime Initial denaturation:  94°C 4 min
95°C 30
55°C 30s
72°C 60 s 35 cycles
72°C 7m
4°C hold

Add 50 ul of Formamide to samples
Load 2 clicks with the multichannel loading pipette Polyacrylamide gel
Add 1 ul size marker (700 oder 800)

Preparation of polyacrylamide gel on LICOR

1) cleanglass plateswith soap, rinse with norm#l O, then withbidest, then
isopropanol. Leave to dry for approx. 45 min.
(every now and then soak plates in 0.1M NaOH fon1d)

2) placespacersbetween the (dry) front glassplate (with the nptoid the back
glassplate. Note that ttlsenoothed cornersare on thdottom left.

3) Fasten glassplates witihlack screws

4) for the Gel, mix
20 ul - Acrylamid (fridge)
15 mg APS (crystalline) (10% solution)
15ul TEMED
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Mix carefully andrapidly begin to pour into your glass plates. You candfuee place
your plates angular on the plastic ratky not to make any bubbles If you do, you can
remove them with the fine wire (rapidly).
5) clamp thecomb upside downin between the plates, fix with screws, let dry fo
approx1 h

In the meantime, produce 1 | of TBE buffer in a 4odution

After one hour:

1) Remove casting plate by removing top screw adlyefwipe front plate clean if
necessary, the notch as wéalake out combandclean the notchwith special
paper (kimwipes).

2) Place your platein the Licor-machine, fix thbuffer tanks (up and bottom) and
fill them with TBE. Place yellow card behind the two glass plates.

3) See if your gel is OK by filling somsacor loading buffer (blue, stock in freezer)
in. Clean again with TBE (use plastic syringe ttse).

4) Connect electrical connections,

PRERUN for 20 min

Focus error might occur — if your plates are clgau can re-start pre-run.

Loading the gel

Clean the well with TBE buffer (about three fulkisyges), place the comb in the notch

Load your samples with 2-click-syringe (ca. 0,2h pe aware that after sample 1

follows sample 4 etc.

Start immediately after loading.

SSR marker gels
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3. Phenotypes of plants with reduced nectar volumesicluding F25 (low

nectar line)

P.axillaris a¥Maris N P. Integrlt()“a inflata S6

Figure 1: photographs of low nectar plants andgatlantsP. axillaris axillaris N andP. integrifolia

inflata S6. Size bars = 1cm
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4. SEM images of nectaries

GENETICS

Figure 5: The number of pores on the surface oh#atary was counted on nectaries of F2&xillaris
andP.integrifolia and F1. An image was taken with a scanning electrienoscope (SEM, Hitachi S-
3500N). Number of pores was counted directly frbemitnage. It was not possible to retrieve the afze

the images.
P. axillaris | P.integrifolia | F25 | F1
N pores 46.8 25 52| 38
std dev 6.8 2.1 - -

Table 2: Number of pores on nectary surface (nexdi§tomata) in different plants
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Summary

Plant density and distribution of nectar rewardslarown to affect pollination. We
compared hawkmoth behavior in two native populaiofPetunia axillaris addressing
the question whether pollinator foraging strategiegnge as a function of density and
whether this behavioral response has any effecbaspecific cheaters. We designed a
set-up with rewarding and manually deplefe@xillaris and observed the following
pollinator foraging parameters: first choice andnber of flowers visited. We found that
in the dense population with abundant co-floweptants, pollinators discriminated
between rewarding and nectar-less plants and disit&re flowers on rewarding plants.
In the sparse population, pollinators did not dmmarate between rewarding and nectar-
less plants. We reason that in our system, an alpnivof the remote habitat hypothesis
is at work: in a sparse population, cheating flanaznefit of the absence of inter- and
intraspecific competitors. In a denser populateppllinator’s optimal foraging strategy
involves more selectiveness, thus the abundance-tibwering rewarding plants and
species can cause competition for pollinators. polanator-limited context like most
hawkmoth-pollinated systems, pollinators adjusirtftgaging strategies to the density of

food plants. We propose that nectar-provisioninglahts can be density-dependant.

Keywords: nectar, hawkmoth, density, foraging, Retu
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Introduction

Mutualisms are ubiquitous and important in mostdgal systems, yet their stability
and persistence is puzzling (Herre et al 1999, &ein 2001, Sachs 2004). Mutualistic
interactions often involve a costly investment négartner (Bshary and Bronstein
2004). A key question is therefore what ecologamaiditions select for stable investment
respectively for the breakdown of mutualism.

Plant-pollinator interactions offer a good examplstudy the conditions that affect the
stability of mutualisms (Bronstein et al. 2006)afik invest in nectar while most
pollinators benefit the plants through pollen tfangas a by-product of self-serving
foraging behavior. Nectar production seems to ls#y¢Southwick 1984, Pyke 1991),
nevertheless most angiosperms produce a rewapbfianating insects. Therefore, we
need to understand why there seems to be selegainst nectar reduction in plants.
Several aspects of pollinator foraging strategiay oontribute to the promotion of nectar
production: avoidance of non-rewarding plants (&ilet al. 1991), short drinking
duration (Cresswell 1999), a reduced number ofdéi@per visit (Mitchell 1993, Hodges
1995) and low species constancy (Goulson 1999).stibeess of deceptive orchids
however shows us that cheating can be an evolutipistable strategy (Maynard-Smith
1982, Jersakova et al 2006). These behavioral esapigpollinator foraging are named

partner control mechanisms.
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Here, we tested for the first time partner contnelchanisms on rewardleBstunia
axillarisaxillarisin the field. The flowers display all charactadstof hawkmoth-
pollination and receive regular visits by them (ArD01, Glbitz et al 2009). We
compared the performance of pollinators on rewardimd non-rewarding. axillaris
axillarisin two natural populations in Uruguay, in ordeidentify which partner control
mechanisms are exerted by naturally occurring hastken The two populations differed
in size, density and co-occurring hawkmoth-pollgtaplants. One aim of this study was
to assess whether pollinator foraging strategitéerdn the two different ecological
settings or whether the observed effects are genera

We collected two measures of discriminative behayiotential partner control
mechanisms: first choice between rewarding andanéessP.axillaris, and the number

of flowers visited per plant.

Material and methods

Field site and plant species

Field studies were conducted in January/Februa@y 20 Uruguay in two wildPetunia
populations: the first near José Ignacio (J1) (34789”S 54°341.153"WO), the second
near Carmelo (C) (33°56'18.4"S 58°22'13.3"W), Wuay. Population sizes were
measured prior to experiments by counting the nuraball detectabléetunia axillaris
plants and their flowers at each study site. IfPdiunia axillaris plants grew in a

scattered manner along a 5 km road restricted tomadly 5 meters each side of the road
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(total area: 50 000 fj In C, plants grew in a restricted area of 12560xm (total area:
7500 nf).

Plant density was determined by the occurrencd pfamts/area in m(“Population

size” sensu strictu Kunin 1997). The maximal diseahetween two plants was 120 m in
Jlland 30 min C. It is assumed that the foragamge of hawkmoths exceeds 400 m
(Moré et al. 2005). We therefore assumed thataalhted plants belonged to the same
gene pool. Both sites were surrounded by habitsditeble forPetunias. Our
experimental plants welRetunia axillaris axillaris N, a self-compatible line from the
Botanical Garden of Rostock. Our lines are crossegatible with the wild form and have
a similar flower anatomy, characterized by whitenfers with long floral tubes and
abundant nectar. Plants were grown in plastic (@84 cm) under greenhouse conditions

(Insituto Nacional de Semillas, Montevideo, Uruguay

Experimental set up and pollinator observation

6 plants were arranged in a 3x2 m array, with 3factar” and 3“with nectar” plants
alternating in two rows. The plants were placediamity (3m) of a naturally occurring
Petunia axillaris, displaying 10-30 flowers. Number of flowers wagial in both “no
nectar” and “with nectar” experimental plants; Hifferent between nights. The range of
open flowers on experimental plants was 1-8. Inrigotar” plants, nectar was extracted
by piercing the tube at the bottom with a needtes fiectar was collected with a tissue
once per hour. The “with nectar” plants were algrged in the tube to control for
wounding but above the nectar level to avoid asg lof nectar. Nectar removal did not

cause any detectable differences in scent emisgtween treatments 30 minutes after
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nectar extractions in a laboratory analysis usigaon transfer reaction - mass
spectrometer (High sensitivity PTR-MS, loni€na detector for continuous
guantification of volatile organic compounds. Sab#éirrangement of “no nectar” and
with “nectar plants” was unaltered during the whex@eriment. Pollinator visitation was
observed from 01/10/2007-01/21/2007 in JI, and f@#1©5/2007-02/15/2007 in C.
Experiments were conducted from 2100 to 2400. Brgerimental capture studies in C
includedManduca diffisa, Manduca sexta, Eumorpha vitis, Eumor pha labruscae, Agrius
cingulata, Eryinnyis ello as floral visitors oP.axillaris axillaris. Hawkmoths were not
marked so we cannot exclude that the same indilgdisited our plants in the same /

consecutive nights.

Results

Petunia population size and density at both sites

At Jose Ignacio (low density) the population coregd 235 plants with 252 open
flowers. This corresponds to 0.0047 plants/on 0.005 flowers/mThere were no other
co-flowering sphingophilous species in the hab#atCarmelo (high density), the
population consisted of 78 plants with 140 opew#s. Population size was about twice
as high (0.01 plants/nand flower density (0.02 flowersfin4 times as high as in the
low density site. In addition Betunia axillaris axillaris, other sphingophilous species
were co-floweringOenothera sp., Nicotiana longiflora, Macrosiphonia longiflora and

Datura stramonium.
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Pollinator behavior

LOW DENSITY SITE HIGH DENSITY SITE
JOSE IGNACIO CARMELO
BEHAVIOR WITH NECTAR NO NECTAR WITH NECTAR NO NECTAR

Total N of visited plants 53 (102) 42(96)
(both treatments)
Total N of visited plants 29(51) 24(51) 24(48) 18(48)
“no” and “with” nectar
N visited flowers 40(29) 31(24) 43(24) 18(18)
N flowers per plant 114 114 155 155
first choice 9 8 13 3
Table 1:

Total N of visited plantsdepicts the total number of plants that were @gsin all hawkmoth foraging
bouts (in parentheses is the number of plantsitket possible to visit).

Total N of visited plantsis dividedin “No” and “with” nectar in the 2° row, with the number of flowers
that were possible to visit in parentheses.

N visited flowersis the total number of flowers that hawkmothstediin all foraging bouts. Only the first
visit to each flower was counted. Revisited flowars excluded from this table. In parenthesesds th
number of plants that displayed the visited flowdtrwisited flowerswas compared using Wilcoxon
signed rank test (SP8B

N flowers per plant depicts the total number of flowers that were akd#é for hawkmoth visitation on all
plants.

First choice depicts which plant (“with” or “no nectar”) hawknis selected when entering the
experimental plot for the first time. Differencesfirst choice were analysed usigffGoodness of fit” test
(VassarStats).

At both sites the number of plants per treatmesited did not differ significantly
(Wilcoxon signed rank tests: low density site: N5 Z=-1.2, p=0.25, high density site:
N=16, Z=-1.2. p=0.24). However, the sites appetwgatomote differences in pollinator
behavior with respect to first choice and numbeftafers visited. While hawkmoths at

the low density site did not show significant di#faces with respect to these two
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parameters (preferenqé.:o, n=17, df=1,p=1; n flowers visited: Wilcoxon signed rank
test, N=14, Z=-0.84, p=0.4), hawkmoths at the ldghsity site preferentially approached
plants with nectar firstyf=5.06, n=16, df=1, p=0.02) and visited significgmtiore

flowers on plants with nectar (Wilcoxon signed rae&t, N=9, Z=-1.98, p=0.047). For all

numbers, see table 1.

Discussion

Our results are in line with the general predictodthe remote habitat hypothesis that
cheating plants do best under low densities (Laamdi Kuitunen 1995). The hypothesis
is based on the prediction that optimal foragingslens of pollinators depend on food
availability, with pollinators becoming less disarnative when plant densities are low
(Pyke 1984). Several studies on deceptive orchagte demonstrated that these plant
species do better in low densities with few all@sfe competitors (Lammi and Kuitunen
1995, Internicola et al. 2006). The reason seerbg tihat co-flowering plants offer
pollinators the opportunity to switch quickly toather partner if the current one does not
provide a sufficient reward, resulting in competitibbetween plants over access to
pollinators. Winning the competition can be bestieeed by giving a better offer (Noé
2001) in a system where pollinators have contrer dlie occurrence and the duration of
interactions (Johnstone & Bshary 2008). A compatisituation thus leads to a decreased
fithess of cheating plant due to improper pollemsfer (Duffy and Stout 2008, Flanagan

et al. 2009, Kandori et al. 2009).
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While the remote habitat hypothesis has been usegglain the evolution of deceptive
orchids, our data suggest that its implicationsnameh broader and apply as well to
nectar-providing species. As pollinators did naiwgldiscriminative tendencies at the low
density site, it seems likely that low densitieagally provide a condition that selects on

a reduction in nectar production.

Alternative explanations

Obviously, the two sites differ in more aspectsithbant density and community
composition which likely affects pollinator decisimaking: First of all, the sites are
located 340 km apart, are in different habitatwlifferent environmental conditions.
Despite a low density, the Petunia population arzé flower number is higher in Jose
Ignacio. Furthermore, the pollinator community miglk fundamentally different in both
sites. It must be considered that species ideatipollinators and their learning
capabilities might also play a role in discrimiatibehavior. Little is known about
learning behavior or spatial orientation of sphasgiDaly and Smith 2000, Goyret and
Raguso 2006), and even less is known from fieldistu We were not able to determine
which pollinator species was visiting the flowesspminting a light source in the
direction of the sphingids disturbed their foragargl hindered recording their genuine
response. The difference in pollinator behaviorhiitgus be a reflection of the pollinator
guild composition or individual learning capacitiasher than of the plant population

density.
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Conclusions and future outlook

Altogether, the density and composition of planhawunities can have a crucial effect on
pollinator behavior. In our example, we observet pollinators behave more selectively
in a dense food-plant aggregation while in a scpopilation both non-rewarding and
rewarding treatment were visited equally. One ingdrfuture study is to manipulate
plant densities and see whether this alters padimaehavior in line with the predictions
of the remote habitat hypothesis. The advantagemducting density-dependant studies
of hawkmoth foraging behavior in one populatiothiat the above mentioned alternative

explanations can be limited if not excluded.
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Summary

The persistence of mutualisms is puzzling, considghat cheating can be
evolutionarily stable. Plant-pollinator interactsaffer excellent study systems for
mutualistic interactions. They are characterizednayexistence of investment costs in
terms of floral nectar. The reduction of nectar imige beneficial for plant fitness, e.g. by
reallocating resources to other plant structuresvéyer, only few angiosperms lack
nectar and thus cheat on pollinators. A possibjagvation for this scarcity may be that
pollinator foraging behaviors select for nectaofes plants. Shorter drinking duration,
interaction with the less flowers or even compbateidance of plants with low/no nectar
may reduce the fitness of cheating plants. It reskrgely unresolved how and to which
extent learning plays a role in the acquisitionh&fse pollinator decision rules. Learning
leaves a window for cheaters as they can expldvenaollinators. Here, we studied the
importance of learning for the foraging strategiethe hawkmotiManduca sexta
interactions with nectariferous and nectarleasinia axillaris. We found that moths did
not discriminate between rewarding and nectar{ésts. In contrast, they significantly
reduced the number of flowers visited and the dnigkime per flower on nectarless
plants. These two behaviors were exerted durinditteencounter with nectarless plants
and did not improve with experience. In conclusite, foraging decision rules of
hawkmoths that may reduce the fitness of cheatiagtp appear to be innate while

learning is not of major importance.

Keywords: learningManduca sexta, Petunia axillaris, mutualism, nectar, cheating
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I ntroduction

Mutualisms are interactions between non-relatedviddals which result in a net fithess
increase of both partners. Mutualisms are thoumgbptay an important role in nearly
every ecosystem (Bronstein 1994). Their persistanceevolution however is puzzling,
as they often involve a costly investment fromeaist one side that exploiters can take
advantage of without reciprocating (Herre et aB9,%achs et al. 2004). Exploiting
species reap the benefits of the mutualism witlpaytng the costs and thus gain a higher
fithess advantage of the interaction (Bronstein128®, Doebeli and Knowlton 1998,
Hoeksema and Bruna 2000, Sachs et al. 2004, DasttlHauert 2005). Exploiters or so
called ‘cheaters’ may be phylogenetically unrelagpgortunists from the community or
they may evolve from within the mutualist lineatgelf (Segraves et al. 2005). Under
certain conditions, cheating strategies can beutieolarily stable (Ferriére et al. 2002). It
is thus surprising, that in some mutualisms, sucplant-pollinator interactions, cheating
seems to be rare (Renner 2006). Mechanisms exgytdee mutualistic partner reassure
the investment and therefore stabilize mutualisush as partner choice (a preferential
selection of a suitable partner to interact withjIBnd Rice 1991) and sanctions
(partners cut back on provisioning the traded gétetre et al. 1999). The models
typically assume a purely genetic basis of theesias employed. In reality, however,
information processing and learning may often beessary to allow an individual to
make appropriate decisions. The presence or abséfeaning phases has major

implications for the relative payoffs of cooperatwversus cheating. Cheating will do best
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in interactions with naive partners while coopermgtvill do best in interactions with
experienced partners or partners that follow gersttategies optimized by natural
selection.

Plant-pollinator mutualisms are suitable systemsxalore the potential importance of
learning on the successful employment of partnatrobmechanisms. Pollinators forage
for nectar and pollen on flowering plants, therdistributing the plant’s pollen as a
result of self-serving behavior. The plant investthe production of nectar, which can
have considerable negative effects on a plant'dtive potential (Ordano and
Ornelas 2005, Ornelas et al. 2007). While any méansduce nectar production without
compromising pollination should therefore be unglesitive selection, only about 4% of
angiosperms have evolved into being cheaters (R&@@6), most notably deceptive
orchids (Dafni 1984, Schiestl 2005). One must tloeecassume that a change in
pollinator foraging behavior on rewardless plardsrderacts in most cases the benefits
achieved by nectar reduction, e.g. by transferesg pollen to conspecifics and therefore
reducing the plant reproductive success. Threesaecrules of pollinators have been
identified in this context: avoidance of non-rewiagispecies (Gigord et al. 2002),
reduction of drinking time on (Cresswell 1999, Warand James 2008) and reduction of
number of flowers visited on cheaters (Ohara argh&shi 1994, Smithson and Gigord
2001, 2003).

The role of learning (experienced-based modifiecatibbehavior) in pollinator foraging
strategies has predominantly been studied in haesy{Chittka and Thomson 2001).
Foraging bees carry out a few orientation flighitging which they learn spatial

locations of profitable food sources with the hefelestial cues, landmarks and path
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integration (Dyer 1996, Menzel et al. 1996, 20@a)ring these learning flights, foragers
establish a geometrical representation of the lamkitayout, featuring the hive as
central spot. This type of memory is termed theegailandscape memory (Menzel
2001). Moreover, foragers learn to associate flouals, such as odor, color and petal
morphology with the quantity and quality of the ead offered by a flower. This
information is used to make future decisions abeuitsiting or avoiding those species
(Dukas and Real 1993, Ferdy et al. 1998, Gigoal.€2002, Waddington 2001, Smithson
and Gigord 2003). In the laboratory, classicalditoning protocols to establish
associative learning have provided valuable infdionaabout the learning capacities,
speed and accuracy of honeybees (Bittermann £#888, Hammer and Menzel 1995).
Bees are able to reliably associate a conditiotieuikis such as color (Menzel 1999,
Lehrer 1999) and odor (Wright et al. 2009) withustonditioned stimulus (sucrose), and
retrieve this memory after a single learning tfaalseveral days (Hammer and Menzel
1995). Associative learning studies using odoramlitioned stimulus were also
successful in other pollinator species, such asitioturnal hawkmotiManduca sexta
(Daly and Smith 2000).

These learning experiments indicate that diverdiénptors can learn to discriminate
between colors and scents based on associativerlgaHowever, these studies are not
conclusive in respect to the role of learning intpar control mechanisms, i.e. the
pollinator behaviors that maintain the mutualism.

Here we studied the importance of learning witlpees to foraging decision rules that
act as potential partner control mechanisms irptiinator Manduca sexta. In previous

studies, we found that hawkmoths visited less flavead spent less time per flower on
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Petunia axillaris axillaris N plants with reduced nectar investment compavéddrmal’
plants (Brandenburg et al. unpublished, chaptefi2@se results were obtained partly
with naive pollinators in the laboratory and witldividuals of unknown experience in
the field. The aims of the present study were plicate the previous findings and to
investigate whether performance would change wigfegence. We predicted that if the
behavior was innate the discriminative behaviomoth concerning rewardless plants
would be exerted from the very first foraging evend if learning plays a role, the
foraging strategies of Manducas would improve egrcessive learning trials, e.g.
significantly shortage of drinking time or reductiof flower numbers. In addition we
wondered whether the moths can easily learn tadgvaints that consistently fail to

provide nectar.

Material and M ethods

All experiments were conducted in a greenhousaefristitute of Plant Science,

University of Bern, from August 2006 until Octol2606

Pollinator species. Manduca sexta

Hawkmoths used in behavioral assays wWéaaduca sexta (Lepidoptera), the tobacco
hornworm moth, a nocturnal sphingid frequently useldehavioral and neurobiological
experiments (Hoballah et al. 2007, Riffell et £02).M. sexta is native in America
(D’Abrera 1986) and larvae are known as pests tanaceous species such as potato and

tomato (Lange and Bronson 1981). On the other hachalf moths are efficient
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pollinators ofPetunia axillaris, Datura wrightii andNicotiana longiflora (Grant 1983,
Raguso and Willis 2005, Hoballah et al. 2005) sitimel nectar is the exclusive food
source of adult foragers.

Female pupae d¥l. sexta were obtained from NCSU Insectary (Raleigh, USAJ kept

in BugDorm-3 insect tents at 24°C, with 60% air humidity antsé day/night cycle.
Pupae were controlled daily for eclosion of adtiitst were subsequently used for the
experiments. Adults emerged 1-5 days before thergxpnts and were starved for three

days prior to use. Moths were completely naivevaee used unmated for experiments.

Plants species. Petunia axillarisaxillarisN

The plant species used for experiments Retania axillaris axillaris N (later referred to
asP.axillaris), is a self-compatible inbred line (Botanical Gambf Rostock), derived
from a wild accession d?.axillaris axillaris. This line has been maintained by
inbreeding for many generations in the laboratdrthe Institute of Plant Science,
University of Bern. Flowers d?. axillaris display all characteristics of a hawkmoth-
pollination syndrome (according to Faegri and vanRijl 1979): large white petals,
sweet scent emitted at dusk, long floral tubedilgth large amounts of nect#.
axillarisis native to South America (Argentina, Southerairand Uruguay), and
hawkmoth visitation has been observed repeatedtyg matural habitats (Ando 2001,
Hoballah et al. 2007).

For our experiments, plants were grown in peatdbasd, in 15 cm diameter plastic pots
and kept under greenhouse conditions (supplemeligéityin winter months, minimum

14h light).
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In our hawkmoth experiments, we used plants wheotan was manually removed (“no
nectar”) and plants that contained the full neotarard (“with nectar”). To extract nectar
from “no nectar” treatment group, the floral tubasipierced at the bottom of the floral
tube, and exuding nectar was removed with a tisBo@void replenishment, nectar was
removed hourly. To exclude that the tissue injupuld elicit some kind of behavioral
response in the pollinator, the control plants wadse pierced in the floral tube, but
above nectar levels.

Scent measurements were conducted with protonférargsaction coupled with mass
spectrometry (PTR-MS lonic8h Molecules are protonated from an interactiothef
trace gas and protonated wateg@F), resulting in an ionized molecule that can be
measured by PTR-MS. No scent difference could lbected between “with” and “no

nectar” treatment in flowers 30 minutes after agftfdata not shown).

Set-up of behavioral experiments with Manduca sexta

The experiments were conducted in a flight aredd¢fin height, 248x368 cm surface
area), situated in the middle of a greenhouse. iiixpats started at around 1700 (winter)
and 2030 (summer) and ended latest at 2300. Hawlewatre kept in flight cages
(BugDorm) before the onset of experiments. Foripalbr observation, the flight arena
was illuminated with a 15 V incandescent light bublespite an innate attraction of
hawkmoths to light, we could not determine an dagan towards the light source in

previous and present experiments.

a. Learning procedure
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One plant of each treatment group (“no nectar” ‘avith nectar”) was placed 1.7 m from
one another in the flight arena and presented samebusly to the pollinator. The
positioning of “no nectar” and “with nectar” plant&s kept identical throughout the
experiment. Each moth was tested three times pét on three consecutive nights.

The flight arena had three different entrance sitdsch were chosen in a
counterbalanced way between nights to excludethieatnoths could develop a side bias.
One insect was released into the flight arenatiat@and the following behaviors were
recorded: 1First choice - noted as the plant (“no nectar”/"with nectafiat hawkmoths
first probed on. 2Number of flowersvisited - total number of flowers on each plant that
hawkmoths drank from. 3. Tlrinking time was recorded from the insertion of the
proboscis until its retraction. For the last twdaeiors, only the first drinking event on
each flower was noted. Flowers were supposedlyiethpfter the first drinking, and a
further probing on the same flower would contod tasults if counted for the category
“with nectar”. The drinking duration was measurdthva chronometer. All behaviors
were recorded with a Dictaphone and analyzed th@xfing day. After a pollinator had
visited both plants, the plants were exchange@ foew repeat. We set a maximal time
interval of 300s for the pollinators to interacthvihe plants in each trial, after which
plants were exchanged. Moths that failed to intenéth either plant on the very first trial
were not used further. The procedure of exchangiagts was done three times thus
each individual hawkmoth was exposed to three pdinectar-less and rewarding plants

in succession. The plant exchange process wagedaliithin a few seconds, during
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which the moth remained in the flight arena. Motlese removed after the three trials

and returned to their cages until the next night.

Data analysis

1. global analysis
In first global analyses we calculated one valueipdividual for all three behavioral
responses to see whether there are significamrdiftes between foraging behavior on
rewarding and non-rewarding planisr st choices in all learning trials and nights of
individual hawkmoths were summed (one pool “no agcbne “with nectar”), while the
median values were used to compare n flowers disitel drinking duration between ‘no
nectar’ and ‘with nectar’ plants. For the first at®we included all trials in which a
hawkmoth had visited at least one plant while e ¢ther two variables we only used

data for a trial if the moth had visited both pkant

2. First trials
For the variables that would yield overall sigraiint differences in moth behavior
towards plants ‘with nectar’ compared to plantsheut nectar’ in the global analyses,

we also assessed whether this difference was glreadifested in the very first trial.

3. Learning
We tested the three variables for potential impnosets in discrimination both within
one night and between nights. Within each of theemights, the data per individual

moth per trial were used for Friedman tests. Ferathalyses of first approach we simply
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used the original data. For n flowers visited, wkglated for each hawkmoth quotient of
the number of flowers visited on “with nectar” planlivided by the number of flowers
visited on “no nectar” plants. Similarly, for driimig duration, we divided median

drinking time per flower on ‘with nectar’ plants lbyedian drinking time on ‘no nectar’
plants. Between nights, we used per individual niisehsum of first approaches per night
and the median values for n flowers and drinkingatian per night on plants ‘with

nectar’ and plants ‘without nectar’ to calculate tfuotients for Friedman tests.

To investigate whether with advanced experiencekhaths improve flower handling,
we tested whether the drinking time on flowers wicghorten in the course of the
experiments. We conducted separate analyses faisplgith nectar’ and plants ‘without
nectar’, comparing median values per individualmpght.

Wilcoxon signed rank test and Friedman test weedyaed using SPSS for Windows,

version 17.0.

Results

First Choice

There was no significant difference in first cholhavior of each moth over the course
of the experiment (Wilcoxon signed rank test, N=24;0.591, p=0.555). An a priori
discrimination is not detectable. Discriminatiorhbeior prior to probing did not improve

within each night (Friedman Test; night 1: N=2350.875, p=0.646, night 2: N=20,
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¥?=0.933, p=0.627, night 3: N=1%=0.545, p=0.761) and neither between nights (N=21,

1?=4.361, p=0.113).

Number of flowersvisited

A global analysis of median number of flowers wdifor each hawkmoth revealed that
moths visited significantly more flowers on planti$h nectar than on plants without
nectar (Wilcoxon signed rank test, N=21, Z=-4.040.001). Moths demonstrated
discrimination with respect to number of flowersited during the very first trial
(Wilcoxon signed rank test, N=18, Z=-2.578, p=0.01)

The proportion of number of flowers visited on “wihectar’/’no nectar” plants for each
individual hawkmoth over the course of each nigttrebt change significantly.
(Friedman test, night 1: N=17, df=2, p=0.844, nighN=12, df=2x42=0.52, p=0.772,
night 3: N=12, df=2¢2=3.622, p=0.146; difference in number of hawkmdtsis
caused by the removal of hawkmoths from the analifsat visited only one of the plant
in the trials). Furthermore, the proportion of nienmbf flowers visited on nectarless
plants and plants with nectar did not change betweghts (Friedman Test, N=12, df=2,

v?=1.55, p=0.461).
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Figure 1: median number of flowers visited per fimwwer foraging bout for each trial (E1-3) in thece
consecutive experimental nights (night 1-3)

Drinking time per flower

A global analysis of median drinking time per flaer each hawkmoth revealed that
moths drank significantly longer on flowers withcter (“with nectar” plants) than on
flowers without nectar (“no nectar” plants; Wilcaxsigned rank test, N=21, Z=-3.921,
p<0.001). Moths demonstrated discrimination witspect to drinking time per flower
during the very first trial (Wilcoxon signed rardst, N=18, Z=-2.201, p=0.03).

The drinking duration between rewarding and nonarelmg plants did not significantly
change within each nights (Friedman test, nighN-117, df=2,%?=1.6, p=0.449, night 2:
N=12, df=2,x2=0.571, p=0.751, night 3: N=12, df=272.182, p=0.336). Analyzing the
difference in drinking duration between rewardimgl @mon-rewarding plants between
nights, there was no significant change in behavidrawkmoths (Friedman-test, N=12,

df=2, y2= 0.667, p=0.717).
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Figure 2: median drinking time for each trial (EjLi3 the three consecutive experimental nightshinig3)

It is noteworthy, that the drinking duration on ading plants does significantly decline
over the three nights (Friedman-test: N=17, df#£27.636 p=0.022). The drinking time

per flower on rewarding plants never declines béloavnectar” plants. The drinking

132



CHAPTER V LEARNING

duration on plants with no nectar does not chavge the three nights (Friedman-test,

N=12, df=2,2=1.911 p=0.385).

Discussion

The aim of this study was to determine the impar¢anf learning for foraging decision
rules exerted bi. sexta that might favor a cooperative behavioRafunia axillaris
axillaris N (maintain nectar production). Three foragingisiea rules of pollinators
namely discrimination of cheaters prior to probiregluction of flower number visited on
nonrewarding plants and reduction in drinking tipee flower on rewardless plants had
been identified that might select for reward pransn plant-pollinator interactions
(Smithson and Gigord 2003). Of these three poteciatrol mechanisms, the last two
have been identified in hawkmoFRetunia interactions (chapter 2 and 4). Here we could
reproduce results obtained in previous experiménisking was significantly reduced
on low nectar lines, and number of flowers visibedrewardless plants reduced. Also in
accordance with earlier results was that one behaviesponse, namely prior
discrimination of nectarless plants could not beesbed. The inability to discriminate
empty from rewarding flower seems to be a commadtepaof foraging insects (Thakar
et al. 2003). Nectar is mostly concealed withinghent and visually not accessible for
pollinators, the content cannot be evaluated paqrobing. Deceptive orchids exploit
this circumstance by luring naive pollinators dn\®y an innate preference to attractive
floral displays or mimicked mating signals. Poltios of deceptive orchids are usually

hymenopterans (Dafni 1984, Schiestl 2005), an omdeere learning is well-described
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(Chittka and Thomson 2001). The time frame wheterogsing nectarless orchids can
reproduce is therefore limited to the state of eiwf pollen vectors and significantly
decreased by progressed pollinator learning (Fet@y. 1998, Gigord et al. 2002).
Learning to avoid cheaters is constrained if “miksic(cheaters) resemble closely the
phenotype of “models” (nectariferous plants) (Dged Chittka 2004, Internicola et al.
2007). In our case, nectar has been removed magrit@ih one plant and the scent
profile remains similar after nectar extractiongublished data). A phenotypical
discrimination of the two plants is therefore nosgible. Furthermore, nectar content is
visually not accessible as it is concealed at titeon of a long floral tube. We assume
that under the given conditions, avoidance learbygawkmoths oPetunia flowers
where nectar has been removed manually is constrain

However, we are aware that our learning set-up trmghhave been adequate and
masked hawkmoth learning abilities: first, the nembf learning trials might have been
too low for hawkmoths to memorize rewarding andiaess plants. Classical
conditioning protocols conducted with bees leath&establishment of a associative
memory after the very first trial, and after thflaver visits, this memory lasts as long as
a lifetime (Hammer and Menzel 1995). Training poatis with free flying hymenopteran
foragers usually involve 70-150 visits to flowersidg one day (Cnaani et al. 2006,
Internicola et al. 2009), corresponding to 3-5 ¢ong bouts. Avoidance learning has
been demonstrated to be successful after the wretyisit to a rewardless species
(Dukas and Real 1993). In this case, the experisn@ate conducted with wild caught

bumblebees with unknown experience. Avoidance legrhas furthermore been
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observed in hummingbirds, which remember the floafesr having depleted it and
subsequently avoid it (Healy and Hurly 2001).

The situation seems to be more complex for lepelapt species: Classical conditioning
experiments conducted wittheliothis virescens (Skiri et al. 2005) antanduca sexta
(Daly et al. 2001) using scent as conditioned dtisishowed that 8 learning trials were
needed to elicit a positive response to the odoexperiments with free-flying
Macroglossum stellatarum, 20 learning trials were required to establisloeisgive

learning of differently colored artifical flower&¢élber 1996, Kelber and Pfaff 1997), but
fewer trials (1-10) to learn spectral colors (Kelaad Henique 1999). Generally,
hawkmoths seem to have strong innate preferenaésdh overshadow a learning effect
(Kelber 2002, Balkenius et al. 2008). Due to theoirsistencies of learning protocols and
experimental outcomes in hawkmoth learning asshgsjesign of our learning set-up
was challenging and might have been not appropioatavoidance learning.
Nevertheless, the results of this study and otkpe@ments show, that discrimination of
cheaters prior to probing is not learnt and camcbd®s partner control mechanism in the
Manduca-Petunia system.

The two other decision rules, namely reductionrafldng time and number of flowers
visited are part of the foraging strategies exeptgtdawkmoth. These two behaviors are
exerted from the very first trial and do not impeawith successive experience. There is
no evidence for the importance of learning withpeeg to these potential partner control
mechanisms. It is more likely, that the behavioesbonse to an unrewarding plant has a
genetic component. Hawkmoths might adjust themldng time and the number of

flowers visited on the plant, based on the rewagested in the first flower encountered
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on the plant. If the reward is above a certainghoéd the pollinator will continue feeding
on the same plant whereas empty flowers will bected. A possible explanation for this
foraging strategy is that it is a response to éveard distribution in natural plant
populations. Nectar is never uniformly distributeter natural conditions. Individual
flowers have large intraspecific variations in @eatolume due to evaporation, preceding
depletion, genetic variation, access to nutrientbwaater and other environmental factors
(Mitchell 2004). It is generally assumed, that teag is advantageous in variable
environments (Dukas 2008). However, if the envirentris too variable up to a point
where it becomes unpredictable, the genetic comgamrdannate behaviors should be
favored (Stephens 1993). The “hard-wired” foragitrgtegies oManduca sexta might
thus be deducible to the random and unpredictabtaluition of nectar in natural plant
populations. We assume that learning is more inapbih other aspects of the
hawkmoths’ life, such as host plant choice (Cunharg and West 2008), associative
learning (e.g. in the beginning of the foragingeea) or in handling time of flowers
(Goyret and Raguso 2006). It is noteworthy, thaiunexperiments, there is a decline in
drinking (=handling) time on rewarding flowers chgithe course of the experiment. It
has been demonstrated, that experienced pollineéorseduce their handling time
substantially after only a few probing events whickatly improves their foraging
efficiency and intake rate (Laverty and Plowrigt@88, Chittka et al. 1999, Goulson
1999) includingManduca sexta (Goyret and Raguso 2006). Hawkmoths thus have the
ability to improve their motor skills on rewardifgtunia flowers. If pollen uptake was a
factor of probing time, this pollinator behavior wad actually be problematic for the

plant. With increased experience, the pollinatoosid decrease pollen uptake. In our
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case, the drinking time on rewarding flowers wakioed in the course of the

experiment, but never dropped below the time sgenking on non-rewarding flowers.

Conclusion and outlook

Hawkmoths did not discriminate between rewarding aectarless plants before probing.
The drinking time and number of flowers visited veagnificantly reduced on empty
flowers from the very first encounter to the Iadtese foraging decision rules are not
learnt by hawkmoths and do not improve with leagnWe suggest that behavioral
responses to rewardless plants are geneticallyefedined and are not acquired by
learning.

Learning might be of importance in other respeétsaovkmoths’ behavior, for example
in associative olfactory learning (Daly and Smi@®©@), handling skills (Goyret and
Raguso 2006) or in finding suitable host-plantsdaiposition (Cunningham and West
2008). Understanding the interaction between inbatevior and learning may turn out
to be important in understanding the conditionsclliavor the evolution of cheating in

plants.
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GENERAL DISCUSSION

General discussion

We have investigated foraging behaviors of hawkmetnfronted withP. axillaris with
reduced or no nectar rewards, both under laboratettings with naive and experienced
Manduca sexta and in the field with naturally occurring hawkmsth

In the laboratory experiments, we have identifieat tL. hawkmoths do not discriminate
between rewarding and non-rewarding flowers bepoobing, 2. hawkmoths reduce their
drinking duration on non-rewarding and less rewagdiowers and 3. contrasting results
regarding hawkmoth visitation of a reduced flowemter in low or no nectar plants:
there was a significant lower overall visitationmafimber of flowers in one experiment

(chapter 5) and no reduction of number of flowaranother experiment (chapter 2).

In the field, the behavioral response seemed ioftheenced by the surrounding density
of co-flowering foraging petunias: 1. hawkmoths dat discriminate before probing in
the low-density site, but in a high density siteytivisited significantly more rewarding
petunias in first choice experiments than neciss tthes. However discrimination is
incomplete, as other non-rewarding flowers weréedsafter their first choice, 2. the
number of flowers visited on nonrewarding plants wegnificantly reduced in the high-
density site, but not in the low density site, 8nking duration was too short to measure
(<15s).

To summarize this, discrimination prior to probuhges not seem to be a partner control
mechanism of hawkmoths. This outcome is in contmasther systems such as deceptive

orchids, where pollinators (mostly Hymenoptera) leamn to discriminate between
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rewarding and unrewarding species and avoid deaeppiecies subsequently (Ferdy et
al. 1998, Smithson and Macnair 1997). Presumalbiy,mhechanism is not prevalent in
hawkmoths, as the one behavioral response, namakirdy time reduction might be
sufficient to discriminate against cheaters andicedheir spread in the population. In
addition to that, nectar depletion, drought andpevation might reduce nectar volumes
of hawkmoth-pollinated plants in the field and to @anowledge, there are no hawkmoth-
pollinated species known that fail completely toguce nectar, as opposed to the
orchids. However, this variability of nectar dibtition is impossible to learn.
Concerning the reduction of drinking time, we wabde to show that seed set of plants
with reduced nectar volume was increased whennatéd by hand and decreased when
pollinated by a moth. Unlike in deceptive orchigdere the mere visit to the flower is
sufficient to pick up the maximum pollen (whichcismprised in sticky pollinia) and one
more visit to deposit the pollen, it might ratherthe drinking time in our hawkmoth
pollinated system that determines the pollen uptake only other study that we found
that correlated drinking time and seed set wasethout withSlene maritima and the
pollinating hoverflyEristalis pertinax: in line with our results seed set was reducetl wit
shorter drinking time (Warren and James 2008).r€dection of drinking time thus
counterbalances the benefits of cheating and drinéuration might be a partner control
mechanism that discriminates against cheaters,eglatiscrimination before probing is
not.

Reproduction of cheaters in deceptive orchidsus thmited by the learning capacities of

their pollinators, and in our system it is limitieg the innately exerted behaviors such as
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drinking duration. An important additional experim¢hat needs to be conducted
concerning drinking duration is to measure theguoliptake oManduca sexta.

The number of flowers visited is puzzling in regpecwhether it can act as a partner
control mechanism. Generally, it was demonstratatilarge floral displays attract more
pollinators (Bosch and Waser 2001) but also ine@asreeding depression by higher
visitation rates in one plant (Charlesworth andf&savorth 1987). As ouPetunia

axillaris plants are also self-compatible, future experimenght give similar results.

Conclusions and outlook

A challenging next step will be to assess how tmalver of visited flowers might
influence male and female reproductive succestediters an®.axillaris. If the

reduction of number of flowers visited leads t@duction of capsule maturation, this can
be another partner control mechanism of pollingpoeventing the spread of cheaters.
Additionally, pollen export as a measure of majgeductive success can be assessed.
These behavioral assays can be conducted underékalpy” conditions in a large flight
hall. Additionally, as field experiments have inatied that the number of flowers visited
might also be a function of plant density, the pdazan be arranged at different densities
in this flight hall.

In order to complete the picture about fithess eqaences (or advantages) that cheaters
might face independent of pollinator behavior, wauld like to continue to study other
fitness parameters of plants with reduced nectadiymtion such as plant height, biomass,
number of flowers produced per lifetime and nundddtowers blooming

simultaneously, furthermore pollen production.
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Finally, we would like to continue field studiestiwthe low nectar line F25 iR.axillaris
habitats in South America. Pollinator number, tdtgrand learning abilities as well as
plant density, population size and compositioncaueial components that shape the net
fithess outcome of a flowering plant.

Altogether, breeding and selection dPetunia line with reduced nectar investment
opened a gateway to investigate a large numbertefasting questions in plant-

pollinator interactions and to explore the genbtickground of nectar production.
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