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LEAF HERBIVORY INCREASES FLORAL FRAGRANCE IN
MALE BUT NOT FEMALE CUCURBITA PEPO SUBSP. TEXANA
(CUCURBITACEAE) FLOWERS'
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Mutualisms are key interactions that affect population dynamics and structure communities, but the extent to which mutualists
can attract potential partners may depend on community context. Many studies have shown that leaf herbivory reduces pollinator
visitation and have focused on reduced floral visual display and rewards as potential mechanisms. However, olfactory display
plays a critical role in mediating interactions between plants, herbivores, and pollinators. We simulated leaf damage in Cucurbita
pepo subsp. texana and measured fragrance emission and other floral characters of both male and female flowers. Contrary to our
expectations, damage increased fragrance production, but only in male flowers. Female flowers, which were bigger and produced
more fragrance than males, were unaffected by leaf damage. The greatest increase in floral fragrance compounds was in the terpe-
noids, which we hypothesize could be byproducts of defensively induced cucurbitacins, or they may function defensively them-
selves. In summary, this study is the first to demonstrate changes in floral fragrance due to leaf damage. Such changes in floral
fragrance following herbivory may be a critical and overlooked mechanism mediating interactions between plants, herbivores, and

pollinators.
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Mutualisms play a critical role in affecting population dy-
namics and structuring communities (Bronstein, 1994). How-
ever, the ability to promote beneficial mutualist interactions
may depend on community context. For many plants, attracting
pollinators is partially dependent on the herbivore community.
Studies in numerous systems have shown that leaf damage trig-
gers the transcriptional activation of genes, which results in the
induction of defense compounds, the emission of wound vola-
tiles, the repair of damaged tissue, and the reassessment of in-
ternal nutritional needs (Leon et al., 2001). Consequently, leaf
damage can affect plant reproduction not only via direct effects
on the quality and number of pollen grains and seeds (Marquis,
1984; Quesada et al., 1995; Mutikainen and Delph, 1996;
Strauss et al., 1996; Lehtila and Strauss, 1999; Avila-Sakar et
al., 2003), but also by reducing a plant’s ability to attract polli-
nators, with subsequent reduction in female and sometimes
male reproduction (reviewed in Strauss and Whittall, 2006;
Adler, 2007). Leaf herbivory reduces the visual display or re-
wards in many systems, leading to the hypothesis that these
changes are the underlying mechanisms reducing pollinator at-
traction (Lehtila and Strauss, 1999; Mothershead and Marquis,
2000). However, chemical changes in flowers due to leaf dam-
age have been rarely studied and may be of equal or greater
importance in mediating plant interactions with pollinators
(Kessler et al., 2008).

Floral fragrance affects a pollinator’s decision to forage at a
flower (Goyret et al., 2007), but the effect of leaf damage on
floral fragrance has rarely been considered (but see Euler and
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Baldwin, 1996; Effmert et al., 2008). The olfactory display ad-
vertises reward, attracting pollinators from a distance, and ma-
nipulating pollinator movements within the confines of the
flower (Dobson and Bergstrom, 2000). Fragrance can be the
key factor for pollinator attraction even in small, weakly scented
flowers (Ashman et al., 2005). Furthermore, even minor chemi-
cal changes in fragrance can affect visitation (Okamoto et al.,
2007). Therefore, even a small change to the fragrance blend
could affect reproductive fitness.

Leaf herbivory could change the olfactory display of a plant
by altering bouquet composition of individual flowers or by af-
fecting sex ratio or flower number. Folivory has been shown to
bias the sex ratio in plants with unisexual flowers, favoring male
flowers, which are relatively cheap to produce (Schlichting
and Delesalle, 1997; Krupnick et al., 2000). Furthermore,
according to Bateman’s principle, in sexually dimorphic spe-
cies, males are likely to be the more fragrant sex (Bateman,
1948; Charnov, 1979; Bell, 1985; Stanton et al., 1986). If her-
bivory increases the sex ratio toward a male bias, the result
could be a more fragrant plant. However, fragrance from indi-
vidual flowers of either sex may decline following damage be-
cause herbivory reduces resource availability for fragrance
production. In addition, fragrance-emitting floral parts such as
nectar and pollen (Dobson and Bergstrom, 2000; Raguso, 2004)
may decline. Therefore, leaf herbivory could arguably reduce
or increase fragrance production at the whole-plant level via a
variety of mechanisms, resulting in very different consequences
for subsequent pollinator attraction.

We chose a wild cucurbit for this research, Cucurbita pepo
subsp. texana (Texas gourd) because fragrance is an important
signal in this system for pollinators and specialist herbivores,
and effects of leaf herbivory on other floral traits have been
demonstrated. The Texas gourd is an annual vine native to
Texas and Mexico. It is closely related to the domesticated C.
pepo and is possibly the wild progenitor of cultivated squashes
and pumpkins (Paris et al., 2003). Pollinator attraction is criti-
cal for reproduction of this monoecious species, which has
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sexually dimorphic floral fragrance production (Ferrari et al.,
2006). Specialist pollinators, squash bees, Peponapis spp. (An-
thophoridae) (Hurd et al., 1971) pollinate at or just before sun-
rise, when squash flowers open (Hurd et al., 1971). Generalists
such as bumble bees (Bombus spp.; Apidae) and the introduced
honeybee Apis mellifera (Apidae) can also pollinate squash
flowers (Shuler et al., 2005). Species in the genus Cucurbita are
attacked at all stages of development by diabroticite beetles
(squash and cucumber beetles; Metcalf and Lampman, 1989,
1991). Defensive cucurbitacins are induced after beetle feeding
but also by mechanical damage (Tallamy, 1985). Diabroticite bee-
tles have overcome the defenses of cucurbits and feed compul-
sively in the presence of these bitter tetracyclic terpenoids (Metcalf
et al., 1980). In addition, they are attracted to Cucurbita floral
volatiles (Andersen and Metcalf, 1987; Metcalf et al., 1998;
Andrews et al., 2007).

The effect of leaf herbivory on floral traits in C. pepo subsp.
texana has been studied extensively. Leaf herbivory resulted in
a more male-biased sex ratio (Krupnick et al., 2000). However,
variable effects have been measured in studies on the effect of
leaf herbivory on pollen production. Depending on timing and
intensity, herbivory can reduce (Quesada et al., 1995; Avila-
Sakar et al., 2003), have no effect on (Avila-Sakar et al., 2003), or
increase pollen production (Avila-Sakar and Stephenson, 2006).
If leaf feeding by cucurbit beetles affects floral traits, beetles
are ostensibly changing their own food resource (Quesada
et al., 1995; Krupnick et al., 2000; Avila-Sakar et al., 2003) and
potentially the fragrance signals used to locate it. Thus, changes
to floral fragrance have the potential for large effects on plant
fitness via attracting both pollinators and herbivores.

We damaged leaves of C. pepo subsp. texana in the green-
house and subsequently measured floral characters to ask how
leaf damage affects floral fragrance emitted per flower, floral
visual display, rewards, sex ratio, and the number of flowers
produced per plant. Although data from leaf damage studies
have been equivocal, the majority of studies have shown a re-
duction in floral traits following early damage (Quesada et al.,
1995; Avila-Sakar et al., 2003; Thomson et al., 2004), so we
predict that fragrance per flower will decline similarly. More-
over, damage reduced the number of flowers produced in the
cucurbit Cucumis sativus (Thomson et al., 2004) and increased
male bias in the sex ratio of C. pepo subsp. texana (Krupnick
et al., 2000). Given that males in C. pepo subsp. texana are less
fragrant than females (Ferrari et al., 2006), any of these mecha-
nisms could reduce fragrance at the whole-plant level.

MATERIALS AND METHODS

Herbivory simulation experimental design—Ninety Cucurbita pepo subsp.
texana plants were germinated on 31 March 2006 from seeds acquired though
the USDA North Central Regional Plant Introduction Station (NCRPIS) in
Ames, Iowa, USA. On 11 April they were transplanted to 10 cm pots and into
19 L pots on 2 May when they were matched for size and bud number in groups
of three, and then randomly assigned to one of three treatments. We have mea-
sured herbivory in the field and found a peak in damage (averaged 10% of leaf
area but reached 95% in some plants) during the second two weeks after trans-
planting, which then rapidly declined to an average of less than 1% per plant (N.
Theis, unpublished data). Leaf damage in the greenhouse was accomplished in
a manner that mimicked beetle damage in the field. Damage occurred from 3
May until 14 May on expanding leaves whose axillary flower bud was ~8-15
mm long. Leaf damage was therefore gradual, and plants at different stages of
development lost different amounts of leaf tissue. To mimic high field levels of
herbivory (Quesada et al., 1995), we removed an estimated 15% of each leaf
using a hole punch. An extreme level of simulated herbivory (50%) was
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accomplished with scissors, removing half the leaf while avoiding the midvein
(as in Avila-Sakar et al., 2003). For the control, we touched but did not damage
the leaf.

Measuring floral traits—We counted and sexed every flower from the start
of flowering on 10 May until 23 June. From each plant, we sampled three early
male flowers and, because female flowers are fewer and flower later, just one
early female flower so that male and female flowers were measured at roughly
equivalent times in the season. For each flower, we measured the floral length
(calyx to apex), diameter at the top of floral tube, nectar volume using micro-
capillary tubes (Drummond Scientific, Broomall, Pennsylvania, USA), nectar
sugar concentration with a refractometer (Fisherbrand, ThermoFisher Scien-
tific, Waltham, Massachusetts, USA), and pollen production. Flowers are open
for only one day, so nectar volume approximates nectar production. To count
pollen, anthers were dried in the oven at 40°C, crushed and suspended in 1.5 ml
of distilled water, and sonicated. Pollen grains were counted in eight 10-pL
drops from each sample.

Fragrance collection—We collected fragrance using dynamic headspace
sampling from one male and one female flower per plant for 3 h beginning be-
tween 0700-0900 hours. The temperature was recorded throughout. Individual
intact flowers were enclosed in polyethylene bags (Toppits, Cofresco
Frischhalteprodukte Gmbh & Co. Kg, Minden, Germany) with a hole cut in the
bag to allow air flow. Ambient air was pulled by vacuum pump at a flow rate of
ca. 200 mL/min (Air Check 52 or Air Check 2000 diaphragm pump, SKC,
Eighty Four, Pennsylvania) through the hole over the flower and onto a car-
tridge packed with 100 mg Super Q (Alltech Associates, Deerfield, Ilinois,
USA). Fragrance was also measured in ambient air throughout the collection
period for subtraction purposes. Cartridges were frozen at —20°C until they
were eluted with 3 mL of hexane (Honeywell, Burdick & Jackson, Morristown,
New Jersey, USA). An internal standard of 3 pL of anisole was added to the
elutions, which were then dried under a nitrogen stream to 75 pL.

Fragrance analysis—Fragrance analysis was performed by combined cap-
illary gas chromatography—mass spectrometry (GC-MS), with an Agilent GC
6890 equipped with a Mass Selective Detector 5973 (Agilent Technologies,
Santa Clara, California, USA). A 1-uL sample was injected splitless onto a
nonpolar column (DB5, 30 m x 0.25 mm; J&W Scientific, Agilent Technolo-
gies) at an initial temperature of 50°C. The oven temperature was held there for
the first 2 min and was then increased 10°C per min until 275°C, where it was
held for 3.5 min. Compounds were identified by matching the retention time to
previously injected standards and to the Wiley Mass Spectral Library. Quanti-
fication was achieved by dividing the mass ion of each scent compound by the
mass ion of the internal standard and multiplying by both the mass of the inter-
nal standard and a coefficient that corrected for the response of the GC-MS to
the specific scent compound.

Statistical analysis—All nonparametric analyses were conducted using the
program SYSTAT version 7.0 (Systat Software, Chicago, Illinois, USA), and
parametric data were analyzed using the program SAS version 9.1 (SAS Insti-
tute, Cary, North Carolina, USA) unless stated otherwise. All responses were
analyzed separately for male and female flowers. We asked whether herbivory
affected the date of the first flower produced (Kruskal-Wallis test) and the cu-
mulative number of male and female flowers (in 5-d increments) using multiple
one-way ANOVAs. Female flower number was log transformed. Using a
MANOVA, we tested for an herbivory effect on attractive floral traits including
corolla size (length x diameter; log transformed in males only), nectar volume
(log transformed), sugar concentration, and pollen production. Paired ¢ tests
were also used to contrast all floral traits between sexes (except pollen
production).

Because fragrance is a complex trait, we analyzed it separately. Cucurbita
pepo subsp. texana flowers produced more than 50 compounds in the fragrance
blend. We reduced the dimensionality of the data using principal component
analysis (PCA) in the program R version 2.3.1 (R Development Core Team,
2006), using the 10 most abundant compounds, which on average represented
more than 95% of the fragrance. The PCA identified three principal compo-
nents (PCs) that explained 68% of the variation in the fragrance data (Table 1).

The reduced variables from the PCA were then analyzed in a MANOVA to
determine the effect of treatment on fragrance per flower. One high outlier
(male flower with 15% damage) was deleted from the analysis to better ap-
proximate normality. Univariate ANOVAs identified the significant responses
in the MANOVA, with PCs 2 and 3 log transformed to improve fit to normality.
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TaBLE 1. Loadings for fragrance compounds on to principal components
(PCs) based on fragrance flux per flower.

Compound PCI1 PC2 PC3

6-Methyl-5-hepten-2-one -0.22 0.31 -0.57
(E)-4,8-dimethyl-1,3,7-nonatriene -0.37 0.31 0.30
1,4-Dimethoxybenzene -0.35 0.19 0.40
p-Anisaldehyde -0.25 0.44 0.17
1,2,4-Trimethoxybenzene -0.41 -0.07 0.22
a-Gurjunene —-0.36 -0.47 -0.07
Geranyl acetone -0.33 0.22 -0.57
Germacrene D -0.33 -0.35 -0.10
Sesquiterpenoid unknown -0.31 -0.43 -0.02
Unidentified terpenoid -0.15 0.08 -0.02
Eigen values 3.1 2.4 13

Cumulative percentage 31 55 68

Because the scent data were not normally distributed, we also tested for differ-
ences using the Kruskal-Wallis test on individual compounds. We analyzed
data separately for male and female flowers. To detect differences between the
sexes of C. pepo subsp. texana, total scent emissions and the same PCs, deter-
mined above, were used in paired ¢ tests. These tests were also conducted on
PCs calculated on data analyzed by gram dry mass to account for mass differ-
ences between sexes.

RESULTS

Herbivory simulation experiment—Herbivory significantly
delayed the date that the first male flower bloomed on a plant (H =
8.08, P =0.018) on average by 9 = 2 (£SE) d (for both 15% and
50%). This delay was at least partially a result of male bud
abortion on treated plants (N. Theis, personal observation). As
a result, control plants initially produced more male flowers
than did either the 15% or 50% defoliated plants, but they did
not produce more female flowers. The flowering date for the
first female flower was not affected by herbivory (H = 0.465,
P =0.8). When analyzing the cumulative number of open flow-
ers per plant in 5-d increments, this difference in male flower
production was significant up to 80 d after sowing (male F, g5 =
5.43, P = 0.006, female F, g5 = 0.03, P = 0.97). By 85 d, there
were no significant differences in cumulative flower number
(male F,gs=2.44, P = 0.09, female F, 4= 0.3, P = 0.8, Fig. 1),
indicating that damaged plants had compensatory male flower
production.

Leaf damage had no significant effect on floral traits in male
or female flowers, including corolla size, nectar sugar concen-
tration, nectar volume, and the number of pollen grains (male:
Wilks’ A =0.90, Fg 5, = 1.1, P = 0.39; female: Wilks’ L =0.93,
F6,132 = 0.82, P= 0.56).

Simulated herbivory did not affect fragrance production in
female flowers (Wilks’ A = 0.91, F4 o0 = 0.82, P = 0.56). In
male flowers, however, herbivory significantly affected fra-
grance (Wilks’ A = 0.83, F4 14,5 =2.4, P =0.03, Fig. 2). Univari-
ate tests determined that this result was due to PC1, which was
represented by high negative loadings for all 10 compounds ex-
cept the unidentified terpenoid (Table 1). PC1 was significantly
higher in control plants (F, 7, = 5.0, P < 0.009), indicating lower
fragrance production in controls compared to damaged plants.
These results are corroborated by nonparametric tests, which
demonstrated that while the dominant compound 1,4-dime-
thoxybenzene was not affected by damage treatment (H = 1.8
P =0.4, Table 2, Fig. 2) all other compounds summed together
were significantly higher in plants with 15% damage than con-
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Fig. 1. Cumulative number of male and female flowers in plants with
0%, 15%, or 50% leaf damage. Error bars represent standard errors.

trol plants (H = 6.2, P = 0.05, Fig. 2). Individual compounds,
such as the terpenoids (E)-4,8-dimethyl-1,3,7-nonatriene
(DMNT) H =7.4, P =0.03, Fig. 2), geranyl acetone (H =7.3,
P =0.03), germacrene D (H=7.7, P = 0.02), and an unknown
sesquiterpenoid (H = 7.8, P = 0.02) and the aromatic p-anisal-
dehyde (H =7.2, P =0.03, Fig. 2), were all significantly higher
in plants with 15% damage compared to controls (Table 2).
However, only DMNT and p-anisaldehyde were also signifi-
cantly higher in plants with 50% damage compared to controls
(Table 2, Fig. 2).

We used the same previously calculated PCs in a paired 7 test
to ask whether fragrance differed between the sexes, regardless
of treatment. For control plants, total fragrance (df =24, r=4.1,
P =0.0004) and PC1 (tr = -3.2, P = 0.004) were both signifi-
cantly higher in females than males (results were qualitatively
similar with all treatments combined; data not shown). We also
generated PCs for fragrance produced per gram of dry floral
mass to determine if differences between sexes were due solely
to differences in floral mass. In this case, the three PCs ex-
plained 66% of the data, and all compounds loaded highly onto
PC1 (data not shown). The sexes differed significantly for PC1
(t=-4.2, P =0.003), PC2 (t = -2.7, P = 0.013) and total fra-
grance per gram dry mass (r = 5.2, P < 0.0001), indicating that
females were more fragrant than males on a per gram basis as
well as overall.

Other floral characters were also contrasted by sex, without
regard to treatment (only reported for control plants, but results
similar for all plants). Nectar volume was higher in female
flowers (mean = SE; female: 66 £ 6 uL, male: 29 £ 3 uL; t =
6.74, P < 0.0001). Corolla size did not significantly differ be-
tween sexes (female: 187.5 = 16.1 cm, male: 135.1 £ 8.9 cm;
t=1.4, P=0.16), nor did sugar concentration (female: 26 + 1%
brix, male: 24 + 1% brix; t = —0.15, P = 0.88).

DISCUSSION

Does leaf damage affect floral fragrance in C. pepo subsp.
texana?—Leaf herbivory significantly increased floral fra-
grance emissions of male C. pepo subsp. texana flowers. In this
study, there were no significant changes detected in any com-
ponent of the floral display other than fragrance. An increase in
fragrance was contrary to our expectations because other com-
ponents of cucurbit floral display, such as flower size and pol-
len production, either did not significantly change (Avila-Sakar
et al., 2003) or decline with herbivory (Quesada et al., 1995;
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(DMNT) from male and female flowers with different levels of leaf damage. Different letters represent significantly different means in Kruskall-Wallis

tests at the P = 0.05 level. Error bars represent standard errors.

Avila-Sakar et al., 2003; Thomson et al., 2004; but see Avila-
Sakar and Stephenson, 2006, where herbivory increased pollen
production). Given that we found effects of damage on floral
fragrance but not visual cues or rewards, studies that examine
the effect of herbivory only on visual cues may miss important
mechanisms by which leaf herbivores could influence pollina-
tor preference and plant reproduction.

There are a number of nonmutually exclusive explanations
for the increased floral fragrance in response to leaf damage.
One possibility is that resources rescued from aborted flowers
could be channeled to increase fragrance production. However,
there was not a general increase in all fragrance components
with damage. Instead, the principal change was in the terpenoid
compounds, which are biosynthetically related to cucurbitacins,
the triterpenoid defense compounds produced by cucurbits
(Newman, 1972). Thus, an alternate hypothesis is that the in-
creased floral volatiles are a consequence of cucurbitacin in-

duction. It is interesting to note that no compound had greater
production following 50% leaf damage compared to the 15%
treatment, and one compound had significantly higher emis-
sions with 15% damage compared to 50% damage (Table 2).
The hole punch damage is a better mimic of beetle feeding than
the scissor damage and is therefore likely to induce more cucur-
bitacins in leaves (Tallamy, 1985; Mithofer et al., 2005). A
third possibility is that leaf damage induces other changes, such
as the release of leaf volatiles that attract natural enemies, inci-
dentally increasing related floral volatiles. The defense response
causes an immediate increase in signaling molecules including
jasmonates, salicylic acid, and ethylene, leading to the upregu-
lation of genes that trigger the accumulation and release of sec-
ondary metabolites, including volatile terpenoids (Ryan, 2000;
Arimura et al., 2005; Dudareva et al., 2006). It is not known
whether this upregulation could extend to genes that encode for
floral volatiles. Our understanding of the regulation of floral

TABLE 2. Average emission rates of the ten most abundant compounds + SE in ng-flower~!-h~! for control and damaged plants. Boldface type indicates
a significant effect of herbivory on fragrance in Kruskal-Wallis tests at the P = 0.05 level; different letters indicate differences in posthoc tests with

no adjusted a-value.

Female flowers

50% Damage 0% Damage 15% Damage 50% Damage

Male flowers

Compounds 0% Damage 15% Damage
6-Methyl-5-hepten-2-one 10.1 +1.2 13.7+1.9
(E)-4,8-Dimethyl-1,3,7-nonatriene 1.8 +0.7a 6.2+28b
1,4-Dimethoxybenzene 385 £79 553 £ 165
p-Anisaldehyde 1.6 +t1.1a 72+45b
1,2,4-Trimethoxybenzene 57 +£1.0 82+1.5
a-Gurjunene 7.6 £14 12.8 £2.0
Geranyl acetone 3.0 £05a 64+1.1b
Germacrene D 1.8 +08a 57+14b
Sesquiterpenoid unknown 39 +£08a 89+14b
Unidentified terpenoid 22 +09 7.5+£4.0
Total 449 £ 82 660 £ 175

13517 19.0+4.3 11.8+1.9 164£2.1
47+13b 58+ 1.7 57+15 7.8+2.1
543 + 101 1195 £ 176 1158 + 142 1541+298
22+0.7b 3.1+1.0 2211 4.8+19
65+1.2 21.5+3.6 14.8£2.6 20.3+3.5
7016 10323 9.6 £2.8 8.8+2.1
4.5+0.8ab 40+12 25+0.7 4.5+09
4.7 £2.1ab 3.1+£1.0 47+23 34+1.8
41+09a 6.8+1.5 46%1.0 55+1.1
147+£5.6 3.6£25 3.0£1.7 45£1.6
626 + 108 1298 + 188 1246 + 151 1645+ 301
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volatiles is still incomplete. For example, enzyme production
appears to be controlled at the pretranslational level, but emis-
sion levels do not always correlate with enzyme levels, and
controls are likely to also exist further down the line (Dudareva
et al., 2000; Schuurink et al., 2006). Before we can draw a link
between leaf damage and the induction of floral volatiles, a bet-
ter understanding of the regulation of floral fragrance emission
is necessary.

Empirical data suggest possible connections between the in-
duction of defensive and volatile compounds in leaves and flo-
ral tissue. For example, in Raphanus sativus, glucosinolates are
induced in both leaves and petals following leaf herbivory
(Strauss et al., 2004). Conversely, herbivory on flower buds of
Gossypium hirsutum induced the production of volatiles from
the leaves as well as from the buds themselves (Bezemer et al.,
2004). In Nicotiana tabacum and N. sylvestris, leaf herbivory of
bolting plants induced alkaloids in nectar or other floral parts
rather than in leaves (Ohnmeiss and Baldwin, 2000; Adler et
al., 2006). However, leaf but not floral volatiles increased in N.
suaveolens when herbivory occurred just before anthesis (Eff-
mert et al., 2008). This timing of damage is much later pheno-
logically than the one chosen for our experiment. The authors
hypothesize that at this late stage in floral development, the
flower is no longer a sink, and instead, floral volatile production
may rely on stored carbohydrates and be unaffected by leaf her-
bivory (Effmert et al., 2008). Thus, there is some evidence for
interrelationships between induction in flowers and leaves, sug-
gesting that an induced response to damage in leaves of C. pepo
subsp. texana could result in the release of related compounds
from the flowers.

Leaf damage increased individual male floral fragrance but
delayed blooming of male flowers, potentially affecting fra-
grance production at the whole plant level. Moreover, female
flower production and fragrance were unaffected, leading to a
change in the sex ratio in damaged plants. Although damaged
plants had a combination of more fragrant male flowers and a
sex ratio biased (early on) toward females (which are more fra-
grant than males), control plants were probably more fragrant at
this stage because they had produced more flowers. The early
reduction in male flowers in damaged plants was followed by a
compensatory increase, ultimately leading to an equal sex ratio
and equal flower number in control and treated plants. Thus, for
an initial period after damage, control plants may have been
more fragrant, but if male flowers continue to produce higher
emission levels in damaged plants, then they may have been
more fragrant ultimately.

Theory and empirical data suggest that male flowers in sexu-
ally dimorphic species will be larger, more fragrant, and receive
a greater number of pollinator visits (reviewed in Agren et al.,
1999; Mena Granero et al., 2004; Theis et al., 2007). The fra-
grance dimorphism between the sexes in C. pepo subsp. texana,
in which females are more fragrant (our study and Ferrari et al.,
2006), is therefore contrary to theoretical predictions. Selection
is expected to act on male function to attract pollinators, driving
the evolution of a showy display (Bateman, 1948; Charnov,
1979; Bell, 1985; Stanton et al., 1986), while female flowers are
expected to be limited by resources. However, in C. pepo subsp.
texana, female flowers are bigger and more fragrant, both over-
all and on a per gram basis. Together these differences suggest
that pollinator visits rather than resources limit seed production
in female C. pepo subsp. fexana. However, no study has yet
examined natural populations of C. pepo subsp. texana to deter-
mine whether pollen receipt limits seed set. Pollinator limita-

THEIS ET AL. —FOLIVORY INCREASES FLORAL FRAGRANCE 901

tion may be high because flowers are short lived, lasting only a
few hours. Moreover, because this species is monoecious, a for-
aging pollinator needs to visit the female flower (to deposit al-
logamous pollen) before the male flowers on a plant for optimal
cross fertilization (Johannsson et al., 1998; Hayes et al., 2004;
Ferrari et al., 2006). The architecture of monoecious and/or di-
chogamous plants has been shown to promote pollinator visita-
tion first to the female sex (Harder et al., 2000), and perhaps a
showy display by the female sex is an extension of this phe-
nomenon. The hypothesis that female flowers should be more
fragrant than males in monoecious species should be tested by
comparing floral fragrance dimorphism in monoecious and di-
oecious species.

Are pollinators and herbivores affected by the compounds
that increase with leaf damage?—Previous research on the
functional role of fragrance components indicate some poten-
tially interesting effects of the compounds that increased with
damage in this study. Numerous studies using scent-baited trap-
ping have informed our understanding of fragrance attraction
for specialist pollinators and herbivores of cucurbits. However,
none of the fragrance components significantly affected by leaf
damage are known attractants (Lewis et al., 1990; Metcalf et
al., 1995). Of the floral volatiles that increased in damaged
plants, the only one that has been identified as a generalist pol-
linator attractant was p-anisaldehyde, which attracts honeybees
(Theis, 2006). Increased floral fragrance could be an adaptation
to increase pollinator visitation despite fewer resources and en-
sure pollination of flowers from damaged plants. However,
honeybees are not specialized pollinators of this plant, and p-
anisaldehyde is a minor component of the fragrance blend of C.
pepo subsp. texana. The predominant group of compounds that
increased following hole punch damage, including sesquiterpe-
noids (e.g., germacrene D) and the homoterpene DMNT, are
difficult to attain commercially and thus unlikely to be tested in
field experiments using scent-baited traps; however, they are
known to play important roles in insect attraction in other sys-
tems. For example, DMNT is induced in leaves of a number of
plant species following herbivory, attracting herbivores’ natu-
ral enemies (Arimura et al., 2005). Similarly, sesquiterpenoids
can act as attractants of natural enemies in tritrophic interac-
tions or as deterrents of herbivores in plant defense (Dey and
Harborne, 1997; Arimura et al., 2005). Therefore, it is not
known how the overall increase in fragrance from flowers fol-
lowing leaf damage will affect pollinator or herbivore attrac-
tion. To fully understand the ramifications of the fragrance
increase, we need to conduct field experiments that directly
measure pollinator and herbivore interactions with flowers on
plants with beetle damage.

Conclusion—In spite of the reduction in resources that fol-
lowed leaf damage, we found a significant increase induced in
the floral volatiles of C. pepo subsp. texana. This effect was
limited to male flowers; female flowers were unaffected by
damage both in fragrance production and also in initial flower-
ing time. It may be that production of female flowers, fragrance,
and seeds are under tighter genetic control than is production of
male flowers and pollen. Alternatively, it is possible that female
flowers were unaffected by damage because the bout of her-
bivory ended considerably before females bloomed. Thus, dam-
age later in the season, although unlikely in this system, could
have different effects on whole plant fragrance. In male flowers,
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damage increased floral terpenoids, which we hypothesize
could be byproducts of induced cucurbitacins or function de-
fensively themselves. We therefore do not expect this increase
in fragrance to increase herbivore attraction, although it may
increase honeybee attraction due to higher levels of p-anisalde-
hyde, a honeybee attractant (Theis, 2006). Alternatively, if
heightened terpenoids repel pollinators, this result may explain
pollinator deterrence from damaged plants. Our results indicate
that changes in floral fragrance following damage could be a
potential mechanism mediating plant interactions with both
mutualists and antagonists.
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