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Abstract
Flowers recruit floral visitors for pollination services by emitting fragrances. These scent signals can be

intercepted by antagonists such as florivores to locate host plants. Hence, as a consequence of interactions

with both mutualists and antagonists, floral bouquets likely consist of both attractive and defensive compo-

nents. While the attractive functions of floral bouquets have been studied, their defensive function has not,

and field-based evidence for the deterrence of floral-scent constituents is lacking. In field and glasshouse

experiments with five lines of transgenic Petunia x hybrida plants specifically silenced in their ability to

release particular components of their floral volatile bouquet, we demonstrate that the emission of single

floral-scent compounds can dramatically decrease damage from generalist florivores. While some com-

pounds are used in host location, others prevent florivory. We conclude that the complex blends that com-

prise floral scents are likely sculpted by the selective pressures of both pollinators and herbivores.
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INTRODUCTION

The evolution of floral traits is thought to be shaped by both mutual-

istic interactions with pollinators as well as antagonistic ones with

florivores or nectar robbers (Strauss & Whittall 2006; Andrews et al.

2007). Floral traits, such as shape, colour or scent therefore represent

compromises between selection by mutualists and antagonists (e.g.

G�omez 2003). On the antagonistic side, selection pressure from flori-

vores is particularly strong, as damage to floral tissues may have a

higher impact on plant fitness than damage to other tissues such as

leaves (Strauss et al. 2002). Florivores can directly influence male and

female fitness by consuming gametes, pistils and stamens, or causing

the abortion of flowers (reviewed in McCall & Irwin 2006). But, they

can also cause collateral damage by altering species interactions, such

as plant–pollinator interactions when florivores reduce flower num-

bers or size (Lohman et al. 1996; see Appendix S1 in Supporting

Information), or more directly by damaging petals, which alters floral

shape and size (McCall 2008; Sober et al. 2010), or simply by being

present on a flower (Lohman et al. 1996).

Floral scent is thought to be one of the most important traits

required for pollination in most insect-pollinated plants (Dudareva

et al. 2004; Kessler et al. 2008; Klahre et al. 2011). The primary

function of floral volatiles has therefore been assumed to be in the

attraction and guidance of pollinators (Knudsen et al. 2006).

However, floral scent is also used by antagonists for host-plant

location (Theis 2006; Theis & Adler 2011), which suggests that flo-

ral bouquets are shaped by both interactions with mutualists and

antagonists. To escape detection by florivores, plants may time the

emission of floral scents with the activity patterns of pollinators and

mobilise defences into flowers when florivores are most active (Eul-

er & Baldwin 1996; Theis et al. 2007). However, plants may also

include compounds in their floral bouquets that function defensively

against antagonists. While the attractive function of floral scents on

pollinators has received some attention (Ashman et al. 2005; Kessler

et al. 2008; Shuttleworth & Johnson 2010), and hawkmoth pollina-

tion in wild tobacco plants has been shown to require floral scent

(Kessler et al. 2008), evidence of a defensive function against antag-

onists has received limited experimental support.

A large literature has examined the effects of florivory (McCall &

Irwin 2006), but only a few studies have examined if floral scents

can directly alter the behaviour of florivores. In a laboratory study,

linalool and b-caryophyllene, compounds known also for their emis-

sion from leaves, were shown, if incorporated into artificial diets, to

act as effective antifeedants against Metrioptera bicolor, a bush cricket

which occasionally feeds on flowers (Junker et al. 2010a). Kessler

et al. (2008) found that nicotine, a leaf defence compound which

also occurs in floral tissues, including stigmas, anthers, corolla tubes,

nectaries and sepals (Kessler & Baldwin 2007), prevents the tobacco

budworm (Heliothis spp.) from damaging flowers in the field. Vola-

tiles which are emitted only from petals have been tested in highly

artificial experimental designs. Andrews et al. (2007) discovered with

an insect trap system that single floral volatiles attracted only either

pollinators or herbivores, but did not show a direct deterrent effect

of floral volatiles. Ômura et al. (2000) used artificial flowers filled

with different sugar solutions to show that individual floral-scent

compounds repelled lepidopteran species in a syrphid-pollinated

plant, but did not report effects on antagonistic species. Junker et al.

(2010b, 2011a) was one of the first to show attractive and repellent

functions of natural floral scents for a variety of flower visitors in

the field with olfactometer trials. However, in both studies, floral

scent of whole flowers was used, which included scents of petals,

nectar, pollen and sepals, which makes inference about single floral

volatile compounds difficult. Junker et al. (2011b) used inhibitors of

terpene biosynthesis to reduce floral terpene emissions. While these

inhibited flowers provided evidence for the ant-repellent properties

of terpenes, such as linalool, here again, the entire floral bouquet

was manipulated by the treatments. These studies suggest that floral

volatiles can have a deterrent function against antagonists, but do
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not rule out other explanations. In contrast, Galen et al. 2011 con-

trolled for other floral traits in addition to the targeted floral-scent

compound, 2-phenylethanol, from the flowers of Polemonium visco-

sum. In this study, flower damage from ants and volatile emission

were negatively correlated, and in experiments in which sugar solu-

tions supplemented with scent were applied to natural flowers, ant

damage was found to be negatively correlated with scent emission.

Both mutualists and antagonists were deterred by the experimentally

elevated 2-phenylethanol emissions, and the authors concluded that

the emission of a single volatile, 2-phenylethanol, from P. viscosum

flowers, is an adaptation to the selection pressures of mutualistic

bumblebees and antagonistic ants. Despite the strength of this

study, the use of naturally occurring plants does not allow for the

complete removal of a specific scent from a floral bouquet. It is

possible by genetic transformation to silence the expression of par-

ticular genes that produce or regulate floral scents.

Precisely manipulating the release of different floral volatiles with

a minimum of off-target effects in a realistic manner remains a chal-

lenge, but as is the case with most biological phenomena, the use

of gene silencing in the context of a deep understanding of the

enzymes and genes of a floral biosynthetic pathway and its regula-

tory elements is a powerful way forward. Petunia x hybrida cv

‘Mitchell Diploid’ (MD) is a model plant whose odour, colour and

timing phenotypes have been intensively studied and genetically dis-

sected (Gerats & Vandenbussche 2005; see Appendix S2). The plant

has been used to examine the response of hawkmoth pollinators in

lab assays, but not in field trials. Although it is not a native plant,

its floral colour, shape and floral volatile profile are comparable to

those of its ancestor species, P. axillaris (Kolosova et al. 2001;

Verdonk et al. 2003; Oyama-Okubo et al. 2005), making MD a suit-

able ecological model plant. Flowers of P. axillaris have traits consis-

tent with pollination by hawkmoths (Klahre et al. 2011), which are

known to pollinate strongly scented, brightly coloured, large, tubular

night-blooming flowers (see Appendix S3). In turn, night-blooming

flowers are known to rely heavily on floral scent to attract pollina-

tors (Raguso & Willis 2002; Kessler et al. 2008). Floral scent in

white flowering Petunia species has been shown to be more impor-

tant than colour in mediating pollination by hawkmoth pollinators

(Klahre et al. 2011). MD flowers, like P. axillaris, are tubular white

flowering Petunia, whose floral bouquets are composed of copious

amounts of relatively few volatile compounds dominated by benze-

noids and phenylpropanoids (Verdonk et al. 2003; Oyama-Okubo

et al. 2005). The emission of these compounds is released from the

corolla limb tissue after anthesis, and the maximum levels of emis-

sion occur during the dark period (Kolosova et al. 2001; Under-

wood et al. 2005; Verdonk et al. 2005; Dexter et al. 2007).

The biosynthesis of floral scent in MD has been intensively stud-

ied (Colquhoun et al. 2010a,b, 2011) and transgenic MD lines

silenced in the different branches of the biosynthetic pathway that

produces this complex floral blend have been created and thor-

oughly characterised (Underwood et al. 2005; Verdonk et al. 2005;

Dexter et al. 2007, 2008; Gutensohn et al. 2011; Fig. 1). We used

five different MD lines (Fig. 1; see Appendix S2) altered in their

expression of individual biosynthetic enzymes or the R2R3-MYB

like transcription factor that regulates the entire biosynthetic path-

way (ODO) to disentangle the effects of individual components

from that of the mixture of floral scents on the probability that

generalist florivores in a native habitat would attack and damage

flowers of plants in the field. These five isogenic lines were com-

pared with isogenic control plants that released the full bouquet

(MD CON). We used a field setting in Utah, which is not the

native environment for the genus Petunia, to examine how different

subsets of the floral scent influence the attraction and performance

of native generalist florivores. Our objective was to provide a rigor-

ous and precise answer to one of the key unanswered questions in

pollination ecology (Mayer et al. 2011): ‘How floral traits mediate

interactions with … floral antagonists?’ We measured flower dam-

age from cucumber beetles (Diabrotica undecimpunctata Mannerheim,

Chrysomelidae) and tree crickets (Oecanthus fultoni Walker, Gryllidae,

see Appendix S2), and conducted feeding trials with both of these

native florivore species on individual flowers. Finally, we tested the

deterrent function of two floral compounds by supplementing

the floral headspace of lines unable to produce these compounds.

The results demonstrated that single floral-scent compounds within

a complex bouquet can prevent florivores from feeding on floral

tissues, while others are used for host location. Our results are con-

sistent with the hypothesis that antagonistic-selective pressures, such

as from florivores, also shape the evolution of floral bouquets.

MATERIALS AND METHODS

Field experiments

Previous field experiments with MD CON plants, at the same loca-

tion in Utah, revealed that the main florivores were cucumber bee-

tles (Diabrotica undecimpunctata, Chrysomelidae) and tree crickets

(Oecanthus fultoni, Gryllidae), which colonised Petunia as a novel host.

D. undecimpunctata feeds primarily at dusk and dawn, and O. fultoni

feeds primarily at night, hence, the feeding times of both species

correlated with the times when MD CON flowers open and emit

volatiles. Anthesis of Petunia x hybrida flowers occurs between 2 and

10 pm, and the emission of volatiles continues throughout the night

and the next morning (Verdonk et al. 2005). On experimental days,

pots with the different Petunia lines were placed near an alfalfa field

and a native population of wild squash (Cucurbita pepo ssp. texana)

in random order with a distance of 5 m between pots (GPS: Lat

37.145 834; Lon �114.019 956). The number of flowers was

reduced to two flowers that had just opened concurrently at 5 pm

and florivore damage was measured at 9 am the following morning.

To quantify floral damage, the percentage of lost floral tissue per

flower was visually estimated per flower. Percentage of floral tissue

area damaged was estimated in steps of 1, 2, 3, 4, 5, 7.5, 10, 15 and

so on, in steps of 5%. Damage to Petunia flowers from both flori-

vores was limited to corolla tissue, which simplified the damage

estimation as we never observed feeding on stigmas or anthers dur-

ing the time of the experiments. Damaged flowers were frequently

aborted, suggesting a strong fitness effect of the damage. The aver-

age damage of both flowers per plant was used for the statistical

analysis. Three to six replicates (21 in total) per genotype were used

per night during four consecutive nights in June 2011. In addition

to the floral-damage measurements, the abundance of florivores per

plant was counted at 4 am (see Appendix S2).

Bioassays

Feeding trials were conducted in a laboratory trailer at the Lytle ranch

(Santa Clara, Utah, USA) located at a distance of approximately 300 m

from the field-release site. Single flowers of each field-grown potted
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transgenic Petunia line were separately placed in a 20-mL glass scintilla-

tion vial filled with water, which was covered with a translucent 300-

mL plastic beaker. In each beaker, one individual of either D. undecim-

punctata or O. fultoni was released and allowed to feed for 14 h over-

night, starting at 9 pm. For each insect species, three sets of the same

experiment were conducted on three different days.

For scent-supplementation experiments in the glasshouse in Jena and

in the laboratory trailers at the Lytle ranch, single flowers of CFAT or

BPBT plants were placed in 20-mL glass scintillation vials filled with

water, which were placed in a glass chamber (60 9 25 9 25 cm). To the

side of each glass vial, a 2-mL Eppendorf tube was attached, which was

either filled with 1 mL 10% DMSO (dimethyl sulphoxide, ROTH: the

solvent for the floral volatile compounds) solution for controls or the

same solution containing 0.01 M isoeugenol (CFAT), or 0.03 M benzyl

benzoate (BPBT). The supplemented flower headspace in treatment

chambers was designed to simulate that of chambers containing only

MD CON flowers. Therefore, the headspace of chambers containing

CFAT flowers supplemented with different concentrations of isoeugenol,

or BPBT flowers supplemented with different concentrations of benzyl

benzoate, were trapped and chromatograms were compared with those

obtained from chambers containing a MD CON flower only. CFAT

flowers supplemented with a 0.01 M isoeugenol solution had a headspace

comparable to MD CON flowers (Student’s t-test, t4 = 1.62, P = 0.18),

just as BPBT flowers supplemented with a 0.03 M benzyl benzoate solu-

tion did (t5 = 1.11, P = 0.32). In each chamber, one O. fultoni was

released and allowed to feed for 14 h, after which damage per flower was

estimated. If BPBT flowers were supplemented with a less concentrated

(0.01 M) benzyl benzoate solution, substantially below the emission levels

of MD CON flowers, no change in floral tissue consumption by O. fultoni

was observed (t86 = 0.39, P = 0.69).

(a) (b)

Figure 1 Schematic diagram of the shikimate and phenylpropanoid pathways in Petunia plants (based on Spitzer-Rimon et al. 2010) and emission of 11 floral volatile

compounds. (a) Continuous arrows represent a one-step enzymatic reaction, and dashed arrows represent several enzymatic reactions or as yet undescribed steps. ADT,

arogenate dehydratase; BPBT, benzoyl-CoA:benzyl alcohol/2-phenylethanol benzoyltransferase; BSMT, benzoic acid/salicylic acid carboxyl methyltransferase; CFAT,

coniferyl alcohol acetyltransferase; CS, chorismate synthase; EGS, eugenol synthase; IGS, isoeugenol synthase; ODO1, ODORANT1; PAAS, phenylacetaldehyde synthase.

(b) Each graph shows the peak area in relation to an internal standard (tetralin) of 11 volatiles emitted from a given RNAi line relative to that found in MD CON.

Different letters represent significant differences in the emission of a compound among different lines.
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RESULTS

Floral volatile emissions of the RNAi lines

Volatiles of single flowers of the different Petunia x hybrida RNAi lines

were collected over 16 h in the glasshouse (Fig. 1b, see Appendix

S2), in which ODO1 flowers produced only small amounts of all 11

measured volatiles. ODO1 flowers only emitted reduced amounts of

methyl benzoate (8.0%, one-way ANOVA: F2,15 = 43.99, P < 0.001),

phenylacetaldehyde (50.7%, F1,16 = 7.48, P < 0.015), methyl salicy-

late (45.7%, F1,16 = 19.77, P < 0.001), benzyl benzoate (0.5%,

F1,16 = 24.06, P < 0.001) and benzyl acetate (8.6%, F2,15 = 9.32,

P < 0.002), compared with MD CON flowers, and lacked detectable

levels of benzyl alcohol (F1,16 = 48.71, P < 0.001), isoeugenol

(F1,16 = 50.55, P < 0.001), eugenol (F1,16 = 25.67, P < 0.001), vanil-

lin (F2,16 = 25.79, P < 0.001) and 2-phenyl ethanol (F1,16 = 34.63,

P < 0.001). PAAS flowers did not emit 2-phenyl ethanol (P < 0.05).

CFAT flowers were unable to produce isoeugenol (F1,16 = 50.55,

P < 0.001), eugenol (F1,16 = 25.67, P < 0.001) and vanillin

(F2,16 = 25.79, P < 0.001), and produced reduced amounts of benzyl

acetate (33.8%, F2,15 = 9.32, P < 0.002) and 2-phenylacetaldehyde

(52.3%, F1,16 = 7.48, P < 0.015). BPBT flowers did not produce ben-

zyl benzoate (F1,16 = 24.06, P < 0.001), but emitted more than twice

as much benzyl alcohol (220.3%, F1,16 = 48.71, P > 0.05) and benzyl

acetate (275.8%, F2,15 = 9.32, P < 0.002) as did MD CON flowers.

BSMT flowers were unable to produce methyl benzoate

(F2,15 = 43.99, P < 0.001), as well as methyl salicylate (F1,16 = 19.77,

P < 0.001), and produced reduced amounts of isoeugenol (25.9%,

F1,16 = 50.55, P < 0.001), 2-phenylethanol (33.9%, F1,16 = 34.63,

P < 0.001) and vanillin (39.5%, F2,16 = 25.79, P < 0.001).

In the field, volatiles of single flowers of the different Petunia x

hybrida RNAi lines were collected over 2 h. While we were only able

to detect 5 of the 11 compounds detected during the longer collec-

tion times of the glasshouse experiment, the results were consistent

with those from the glasshouse experiment. ODO1 flowers pro-

duced only small amounts of four of the five measured volatiles

[methyl benzoate (39.7%, F2,14 = 44.30, P < 0.001), benzaldehyde

(3.0%, F2,14 = 18.19, P < 0.001), benzyl alcohol (0%, F1,15 = 20.18,

P < 0.001), 2-phenyl ethanol (0%, F2,14 = 10.60, P < 0.002)]. The

emission of benzyl acetate was not different from MD CON

(F5,11 = 0.97, P = 0.479). PAAS flowers did not emit 2-phenyl etha-

nol (F2,14 = 10.60, P < 0.002). BSMT flowers were unable to pro-

duce methyl benzoate (F2,14 = 44.30, P < 0.001).

Florivory in the field

Damage to Petunia MD CON flowers occurred frequently; 23 of 42

flowers from MD CON plants were damaged by florivores in the

16-h test period. While damage to flowers of ODO1, BSMT and

PAAS plants did not differ from damage to flowers of MD CON

plants (ANOVA: F5,120 = 7.20, P < 0.0001; n = 21 plants; Bonferroni

post hoc test P > 0.05), BPBT and CFAT plants (P < 0.05) suffered

higher rates of floral herbivory (Fig. 2). The average damage to

BPBT [13.6% � 2.5 (SE)] and CFAT (14.1% � 3.0) flowers was

almost three times higher than that to MD CON flowers

(5.0% � 1.1; Fig. 2). All the damage was caused by the two insect

species: D. undecimpunctata and O. fultoni.

Both florivore species were found in similar numbers during our

4-am examinations. D. undecimpunctata was rarely found on ODO1

(9.5%) and BSMT (9.5%) plants (Fisher’s exact probability test

P = 0.0298, n = 21, P < 0.05; Fig. 3), whereas BPBT (42.9%),

PAAS (23.8%) and CFAT (28.6%) plants were frequently visited by

one or more individuals and did not differ from the visitation rate

to MD CON plants (42.9%, P > 0.05). O. fultoni was not observed

on ODO1 and BSMT flowers (P < 0.05), whereas BPBT (19.0%),

PAAS (23.8%), CFAT (19.0%) and MD CON (23.8%) plants were

visited comparably often (P = 0.0210, n = 21, P > 0.05).

Feeding trials

If D. undecimpunctata was caged and forced to feed on single flowers

of a given Petunia line, the beetles preferred to feed on flowers of

CFAT and ODO1 plants (ANOVA: F5,114 = 10.42, P < 0.0001;

n = 20; Bonferroni post hoc test P < 0.05). Consumed floral tissue

was on average 10 times higher on flowers of ODO1 plants

(20.6% � 2.8), or six times higher on flowers of CFAT plants

[13.4% � 3.2 (SE)], than on MD CON flowers (2.1% � 0.9;

Fig. 4a). Flowers of BSMT, PAAS and BPBT plants were damaged

comparably to those of MD CON flowers (P > 0.05).

In contrast, O. fultoni fed on average more on BPBT or CFAT

flowers (F5,63 = 2.90, P < 0.0202; n = 10–13; Bonferroni post hoc

test P < 0.05) than on MD CON flowers. Damage to CFAT flow-

ers (8.1% � 2.4) was five times higher, or four times higher in

BPBT plants (6.8% � 2.0), than to flowers of MD CON plants

(1.6% � 0.8; Fig. 4b). Flowers of BSMT, PAAS and ODO1 plants

were comparably damaged to those of MD CON flowers

(P > 0.05).

Volatile supplementation

To evaluate if the inability of CFAT and BPBT flowers to produce

isoeugenol and benzyl benzoate were responsible for the florivores’

feeding preferences, we supplemented the main volatile component

that was lacking in the particular RNAi line. Therefore, volatiles of

Figure 2 Florivore damage in nature is influenced by a plant’s ability to emit

floral volatiles. Mean (� SE) floral damage, estimated after florivores had 16-h

access to Petunia plants releasing subsets of the floral volatile bouquet. Each

plant had two recently opened flowers; the average flower damage per plant was

used for statistical analysis. Different letters indicate significant differences

obtained by an ANOVA followed by a Bonferroni post hoc test: P < 0.05.
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the entire flower, supplemented with different concentrations of the

particular compound, were collected and compared with those of

MD CON flowers, to obtain a concentration which was equivalent

to the headspace concentrations of MD CON flowers in the experi-

mental setup. To obtain headspace concentrations comparable to

MD CON flowers, CFAT flowers had to be supplemented with a

0.01M solution of isoeugenol, and BPBT flowers had to be supple-

mented with a 0.03 M solution of benzyl benzoate. Adding a vial

with a 0.01 M solution of isoeugenol to a flower of CFAT and

thereby creating a floral volatile bouquet surrounding a CFAT

flower comparable to that of a MD CON flower decreased the

amount of floral tissue consumed by O. fultoni compared with

CFAT control flowers (Student’s t-test, t55 = 2.37, P < 0.0213).

CFAT flower headspace supplemented with isoeugenol

(3.9% � 0.9) had only half the damage of control CFAT flowers

(8.7% � 1.8). Similarly, when BPBT flowers were supplemented

with a 0.03 M benzyl benzoate solution, to attain benzyl benzoate

headspace concentrations comparable to those of MD CON plants,

the damage caused by O. fultoni feeding to BPBT flowers decreased

significantly (t42 = 2.66, P = 0.011).

DISCUSSION

The results of this study demonstrate that a floral bouquet consists

not only of attractive compounds to pollen transferring floral visi-

tors, but also contains volatile compounds that function as defences

against florivores. Our study highlights the complex structure of a

floral bouquet that influences interactions among flowers and their

visitors and underscores the value of characterising the function of

these traits in natural environments, even if they are not the native

environments in which a plant evolved. When any plant advertises

for pollination services, it will attract the attention of unintended

floral visitors, particularly generalist florivores. Herbivores, in gen-

eral, and florivores more specifically, are frequently generalists that

attack a broad range of host plants, and many plant defences are

likely the result of selection by these ubiquitous attackers (Karban

& Baldwin 1997). When a native tobacco was genetically engineered

to silence the expression of the jasmonate signalling cascade that

mediates most of the plant’s induced defence responses, and trans-

planted into a native habitat in Utah, these defenceless plants were

(a)

(b)

Figure 3 The presence of florivores on Petunia flowers depends on the emission

of floral volatiles. Shown are the numbers of plants, of the 21 plants examined

per line, which had D. undecimpunctata beetles (a) or O. fultoni crickets (b) feeding

on their flowers. Numbers above bars represent the total number of individuals

counted per line on all 21 plants. Asterisks indicate significant differences

compared to MD CON plants obtained by a Fisher’s exact probability test,

P < 0.05.

(a)

(b)

Figure 4 Subsets of the Petunia floral volatile bouquet act as feeding deterrents.

Mean (� SE) damage per flower if (a) D. undecimpunctata beetles or (b) O. fultoni

crickets were forced to feed on a single flower of the different Petunia lines.

Different letters designate significantly different means as determined by a

Bonferroni post hoc test (P < 0.05) from an ANOVA.
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attacked heavily not only by the known herbivore community, but

also by two new herbivore species not previously known to attack

the plant (Kessler et al. 2004). Hence, plants are likely continually

tested by a hidden community of generalist herbivores, and flowers

which advertise for pollinators on an open communication channel

are particularly vulnerable. It is noteworthy that both florivore spe-

cies tested in this study responded similarly to the alterations of

Petunia floral volatile emissions, although they belong to different

insect orders, suggesting that the results of this study could well be

applicable to the generalist florivores of petunia’s native habitats.

Future work addressing the interactions of these transformed plants

with the plant’s coevolved pollinators in their native habitats would

be able to examine the intriguing question of the potential costs of

these repellent floral volatiles on pollination services, as was done

in Galen et al. (2011). The chemistry of pollinator attraction in petu-

nia has been extensively studied and a single compound, methyl

benzoate, is thought to play a central role.

Methyl benzoate is not only known to elicit strong electroantenn-

ogram (EAG) responses in the native hawkmoth pollinator, Manduca

sexta (Hoballah et al. 2005), but was also shown to be a strong

attractant for M. sexta in glasshouse trials with petunia flowers

(Klahre et al. 2011). Klahre et al. (2011) demonstrated that a single

QTL loci, which included ODO1, controls the emission of benze-

noid volatiles in corollas of different Petunia lines, potentially caus-

ing a shift between hawkmoth and hummingbird pollination.

However, the ecological relevance of these important findings

remains unclear, as the study was unable to disentangle colour (the

QTL also influenced corolla pigmentation) and scent, and all experi-

ments were conducted in a glasshouse with laboratory-reared moths.

Furthermore, the manipulation of the scent eliminated the complete

blend, as their transposon mutation disrupted a gene orthologous to

ODO1. By using RNAi lines silenced in biosynthetic genes respon-

sible for the production of only small sets of the floral volatile

blend, we were able to resolve the function of single floral volatile

compounds. By conducting field releases, we were able to determine

the ecological consequences of single alterations in the floral vola-

tiles for the community of native generalist florivores.

The reduced damage to ODO1 and BSMT flowers in the field is

likely a result of the lack of methyl benzoate in the floral bouquet of

both of these Petunia x hybrida lines. Diabrotica undecimpunctata, as well

as Oecanthus fultoni, were less frequently found on the flowers of both

lines compared with all other lines tested, all of which are able to

produce methyl benzoate. This suggests that both of these florivores

use methyl benzoate to locate a host plant. When ODO1 and BSMT

flowers were tested in feeding trials, where florivores were forced to

feed on flowers, damage of ODO1 and BSMT flowers was compara-

ble to that of MD CON flowers. This suggests that methyl benzoate

in the floral headspace attracts both mutualists, as well as antagonists,

as it is known from other systems, such as with the emission of

1,2,4-trimethoxybenzene in Cucurbita (Andrews et al. 2007) or with

benzyl acetone in N. attenuata (Baldwin et al. 1997). If methyl benzo-

ate does not act as a defence, and helps herbivores to locate the

plant, it would be rather unlikely that this scent compound would

remain in wild-occurring Petunia species such as P. axillaris as part of

the bouquet, if it is not involved in pollinator attraction.

The fact that florivores are attracted by the same floral volatile as

pollinators suggests that the shift between hawkmoth and humming-

bird pollination in Petunia species (Klahre et al. 2011), which in addi-

tion to a change in floral colour, also entailed the ability to emit

methyl benzoate, could also involve changes in florivory. If red flow-

ering Petunia (P. exserta) are not scented, the chance of being damaged

by florivores is likely to be less than in white scented Petunia species,

such as P. axillaris. In this scenario, the ecological pressure of flori-

vory could also lead to a shift in the pollinator preference. If flori-

vores only feed on scented flowers, scentless flowers would be

strongly selected for in environments with abundant florivores. This

in turn could also lead to a secondary shift in the pollinator commu-

nity, as hawkmoths would (just as florivores) be unable to locate

unscented flowers (Kessler et al. 2008; Klahre et al. 2011).

Flowers have other ways of dealing with the selective pressures of

florivores. We found that both isoeugenol and benzyl benzoate act as

feeding deterrents, as CFAT flowers, unable to produce isoeugenol,

as well as BPBT flowers, unable to produce benzyl benzoate, were

the preferred food for both insect species tested. By supplementing

the headspace with both compounds, we were able to reduce feeding

on flowers of both lines. These findings clearly demonstrate that

these compounds function defensively by repelling florivores, rather

than attracting pollinators. Both compounds were found to elicit only

marginal EAG responses from the antennae of M. sexta moths (Ho-

ballah et al. 2005), suggesting little involvement in pollinator attrac-

tion. However, both isoeugenol and benzyl benzoate are rather

viscous and we know little about their emission dynamics from floral

petal cells and their physicochemical constraints on perception com-

pared with the more volatile VOCs such as methyl benzoate. A floral

visitor’s response to a certain compound could be altered if the com-

pound is emitted alone or in combination with certain compounds.

The deterrent effects of isoeugenol and benzyl benzoate are additive

and can act together to maximise protection. Flowers of ODO1,

which are unable to produce both compounds, received even more

feeding damage from D. undecimpunctata than flowers of CFAT or

BPBT plants if beetles were forced to feed on single flowers. For

O. fultoni, however, this is not the case; although both CFAT and

BPBT flowers received significantly more damage, feeding damage to

ODO1 flowers did not differ from that to MD CON flowers. The

reason for this remains unclear, but it is possible that methyl benzo-

ate acts as a feeding stimulant for O. fultoni in CFAT and BPBT flow-

ers. The fact that MD CON flowers attract the highest number of

florivores, but suffer only a small amount of damage suggests that

the repellent effect of the defensive floral volatiles (isoeugenol or

benzyl benzoate) functions over relatively short distances. Both com-

pounds were unable to prevent florivores from visiting flowers, but

both functioned as powerful feeding deterrents. As the presence of

florivores alone is known to reduce pollinator activity and seed set

(Lohman et al. 1996), our data suggest that the attraction of pollina-

tors is more important than avoiding florivores. Petunia appears to

fend off antagonists by emitting deterrent compounds, rather than

avoiding florivore visitations by reducing the emission of attractant

floral volatiles. The normal emission of isoeugenol and benzyl

benzoate is sufficient to reduce the damage from florivores to about

two-thirds the levels found on flowers unable to release these com-

pounds, and hence a Petunia plant needs not to reduce its emission of

attractant volatiles even if these compounds also attract the attention

of antagonists. However, we cannot exclude the possibility that the

defensive volatiles may also negatively influence pollinator behaviour,

even if pollinators show no EAG responses to the compounds (Ho-

ballah et al. 2005). As floral damage in our model plant differed dra-

matically between lines able to produce isoeugenol or benzyl

benzoate and those which were not, we predict large fitness differ-
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ences between plants producing scent-defended or -undefended

flowers. Damage to the corolla in many systems was shown to influ-

ence pollinator attraction and subsequently seed set (Sanchez-Lafu-

ente 2007; McCall 2008; Cardel & Koptur 2010), suggesting that

similar effects should be expected for Petunia x hybrida floral damage.

However, data on the fitness relevance of floral odour driven flori-

vore defences are lacking and this requires further investigation.

We are just beginning to understand the many different potential

functions of floral volatiles. The functions of most floral volatile

compounds, even in Petunia, remain unknown and require further

investigation. Recent research suggests that floral volatiles also play

roles in deterring nectar robbers and pollen thieves, or can even be

defences against pathogen attack of floral tissues (Huang et al.

2012). For example, the emission of b-caryophyllene from flowers

of Arabidopsis thaliana was shown to be an effective defence against

a root pathogen that was experimentally applied to the surface of

flowers in a laboratory study (Huang et al. 2012). The emission of

pollen-derived volatiles may deter putative pollen-feeding ants (Will-

mer et al. 2009). While much additional research is required before

we understand all the functions played by the constituents of com-

plicated floral bouquets, it is clear that floral scent has multiple

functions and is not simply a compilation of attractive scent com-

pounds that filter different pollinators based on the selective scent

perception of different pollinating species. Another challenge will be

to test the response of floral visitors to single floral volatile com-

pounds under different scent backgrounds, as many compounds are

known to have different effects on visitors if the volatile back-

ground changes (e.g. Reinhard et al. 2010).

We identified two ways in which Petunia plants can avoid flori-

vory: either by reducing their apparency to florivores by emitting

less of the attractive scent compounds, or by producing com-

pounds which directly deter antagonists and prevent their feeding.

While several studies have shown the potential of floral-scent

bouquets (Junker et al. 2010b, 2011a,b) or even single floral vola-

tiles to deter antagonists (Ômura et al. 2000; Andrews et al. 2007;

Kessler et al. 2008; Junker et al. 2010a; Galen et al. 2011), the

results presented here are conclusive. The use of genetically modi-

fied plants provides a powerful means of testing how florivores

respond to isogenic plants differing only in the expression of a

single scent compound. Strong conclusions can also be drawn

from studies that conduct careful manipulations of the emissions

of naturally occurring plants, as done in the Galen et al. (2011)

study, that include the appropriate positive and negative controls,

despite a large amount of uncontrolled genetic and phenotypic

variation that occurs in natural populations. The work presented

here emphasises the value of an integrated characterisation of

ecologically relevant traits under natural conditions and once again

highlights a plant’s ability to alter the behaviour of its visitors

with a sophisticated use of chemistry. Our results are consistent

with the hypothesis that floral bouquets may evolve as a conse-

quence of both interactions with mutualists, as well as antago-

nists, and that floral bouquets are not purely attractive, but also

have defensive functions.
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