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Abstract Plants use a diverse mix of defenses against
herbivores, including multiple secondary metabolites,
which often affect herbivores synergistically. Chemical
defenses also can affect natural enemies of herbivores via
limiting herbivore populations or by affecting herbivore
resistance to parasitoids. In this study, we performed
feeding experiments to examine the synergistic effects of
imides and amides (hereafter “amides”) from Piper cen-
ocladum and P. imperiale on specialist (Eois nympha,
Geometridae) and generalist (Spodoptera frugiperda, Noc-
tuidae) lepidopteran larvae. Each Piper species has three
unique amides, and in each experiment, larvae were fed
diets containing different concentrations of single amides or
combinations of the three. The amides from P. imperiale
had negative synergistic effects on generalist survival and
specialist pupal mass, but had no effect on specialist
survival. Piper cenocladum amides also acted synergisti-
cally to increase mortality caused by parasitoids, and the
direct negative effects of mixtures on parasitoid resistance
and pupal mass were stronger than indirect effects via
changes in growth rate and approximate digestibility. Our
results are consistent with plant defense theory that predicts
different effects of plant chemistry on generalist versus
adapted specialist herbivores. The toxicity of Piper amide
mixtures to generalist herbivores are standard bottom-up

effects, while specialists experienced the top-down mediat-
ed effect of mixtures causing reduced parasitoid resistance
and associated decreases in pupal mass.
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Introduction

Experiments that examine the effects of plant chemical
defenses on herbivores often examine individual com-
pounds, despite evidence that many defenses can be
additive or synergistic (Hay et al., 1994; Nelson and
Kursar, 1999; Steppuhn and Baldwin, 2007). Synergistic
plant defenses are defined as multiple compounds that have
effects greater than expected based on projected additive
effects of each individual compound (Berenbaum et al.,
1991; Jones, 1998; Nelson and Kursar, 1999). Synergy can
occur among different classes of compounds or structurally
similar compounds, and effects can range from deterrence
to toxicity (Jones, 1998; Hagele and Rowell-Rahier, 2000;
Scott et al., 2002; Dyer et al., 2003). Since secondary
metabolites are present in plants as simple or complex
mixtures, widespread synergy is partly responsible for what
some have termed “redundancy” in chemical defenses
(Jones and Firn, 1991; Romeo et al., 1996). One docu-
mented mechanism of synergy is that inactive metabolites
synergize with toxins via impeding an herbivore’s or
pathogen’s ability to metabolize or eliminate the toxins.
Thus, it is possible that many compounds that appear to
have no defensive value are actually important for effective
defense (Berenbaum and Neal, 1985; Kubo and Muroi,
1993; Stermitz et al., 2000). Synergy may partly explain the
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apparent lack of defensive properties for a variety of plant
secondary compounds that have no antiherbivore function
when tested separately from complex natural mixtures
(Harborne, 1988; Ayres et al., 1997).

Quantification of the tritrophic effects of plant defenses
has been the focus of many studies in chemical ecology.
The bottom-up or “green desert” model suggests that plant
defenses work directly to limit herbivore populations,
which in turn limits natural enemy populations (White,
1978; Abe and Higashi, 1991). Plant defenses also have
been found to mediate top-down forces by attracting natural
enemies to herbivores (Vet and Dicke, 1992; De Moraes et
al., 1998; Turlings and Wackers, 2004) or by decreasing
herbivore resistance to parasitoids (Zvereva and Rank,
2003; Bukovinszky et al., 2009; Lampert and Bowers,
2010). In the latter example, sequestered toxins negatively
affect a caterpillar’s immune response by reducing its
ability to encapsulate and kill parasitoid eggs, thus
rendering them more vulnerable to successful attacks
(Haviola et al., 2007; Smilanich et al., 2009). On the other
hand, plant defenses can have detrimental effects on natural
enemies. Herbivore sequestered plant defenses can provide
resistance by being toxic or deterrent to natural enemies
(Campbell and Duffey, 1981; Barbosa et al., 1986; Dyer,
1995; Ode, 2006; Singer et al., 2009). Parasitoid perfor-
mance often is linked to the host herbivore performance,
such that negative effects of plant chemistry on the
herbivore are associated with negative effects on the
parasitoid (Harvey et al., 2005; Soler et al., 2005; Gols et
al., 2008). These deleterious effects of plant defenses on
parasitoids, combined with higher toxicity and diversity of
plant defenses in the tropics, are suggested to explain why
there is no latitudinal diversity gradient for parasitic
hymenoptera (“nasty” host hypothesis, Gauld et al., 1992).

While the effects of plant chemistry on the third trophic
level vary among study systems, one strong bitrophic
pattern is that there are marked differences in the response
of specialist herbivores, which are adapted to specific host
plant chemistry, and generalist herbivores, which are
adapted to compounds from many different host plants
but have a comparatively weaker response to specific
defenses. Most studies that compare the effects of chemis-
try on specialists versus generalists have focused on single
compounds (Bowers and Puttick, 1989; Van Dam et al.,
1995; Wasano et al., 2009) or a broadly measured mixture
of compounds (e.g., total phenolics, Bi et al., 1997, also see
Coley et al., 2005) as opposed to examining synergy.
However, there is growing evidence that synergistic
defenses also affect specialist and generalist differently
(Hagele and Rowell-Rahier, 2000; Dyer et al., 2003).
Whether or not the defensive compounds are acting
synergistically, specialists tend to be better adapted to the
variety of secondary metabolites within a single host plant

genus or species as measured by feeding efficiency,
fecundity, and mortality, while generalists are more likely
to be negatively affected when feeding on the same host
plant. Moreover, these differences in herbivore performance
potentially can cascade up to the third trophic level (Dyer et
al., 2004b; Harvey et al., 2005; Utsumi and Ohgushi,
2009).

In this paper, we examine how synergistic imide and
amide chemical defenses found in Piper spp. (Piperaceae),
known collectively as Piper amides, affect specialist and
generalist herbivores. We specifically test the hypotheses
that: (1) Piper amides act synergistically to negatively
affect herbivore growth and survivorship; (2) synergistic
effects vary between specialist and generalist herbivores;
and (3) there are negative synergistic effects on a specialist
herbivore’s resistance to parasitoids. To test these hypoth-
eses we performed a series of experiments that examined
the performance of specialist and generalist lepidopteran
larvae on Piper amides found in two species of Piper—P.
cenocladum and P. imperiale.

Methods and Materials

Piper The genus Piper is diverse with high intraspecific
diversity of secondary metabolites, including the Piper
amides (reviewed by Parmar et al., 1997; Kato and Furlan,
2007). These compounds contain a phenyl moiety with a
variable length carbon side chain (typically with at least one
unsaturation) ending in a carbonyl carbon. The nitrogen
containing portion of the amide is derived from piperidine,
pyrrole, or an isobutyl group, and may contain an
unsaturation, an epoxide, or a carbonyl group. Piper
cenocladum and P. imperiale are two species of particular
interest due to their high densities in forest understories,
high diversity of consumers, and previously recorded
synergy among some of the Piper amides present in the
leaves (Dyer et al., 2004b; Fincher et al., 2008).

Piper imperiale is a large shrub or small tree found in
the lowland tropical wet forest of Costa Rica and is
morphologically and ecologically similar to P. cenocladum
(Burger, 1971). It contains three imides: 5′-desmethoxydi-
hydropiplartine (an analog of piplartine found in P.
cenocladum), piplaroxide (an epoxide derivative of 5′-
desmethoxydihydropiplartine), and an alkene (Fincher et
al., 2008); these compounds deter arthropods (Fincher et
al., 2008). Piper imperiale also contains at least five
different sesquiterpenes, and their role as a plant defense
has not yet been determined (Fincher et al., 2008). Several
facultative ant species have been found inhabiting P.
imperiale. However, these plants do not produce food
rewards for the ants, and it is unknown if the plants benefit
from the presence of ants.
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Piper cenocladum is a tall understory plant with large,
long-lived leaves and is common in the lowland wet forests
of Costa Rica (Burger, 1971). This shrub is defended by a
combination of Piper amides and a mutualism with
Pheidole bicornis Forel ants. Plants uninhabited by ants
increase amide production by at least a factor of three
(Dodson et al., 2000; Dyer et al., 2001). Piper cenocladum
contains two imides and an amide at high concentrations
(total amide content can be as high as 3.8% dry weight): 4′-
desmethylpiplartine (0.18% dry weight with an ant colony
and 0.45% without ants), piplartine (0.14% with ants and
0.58% without ants), and cenocladamide (0.09% with ants
and 0.33% without ants, Dodson et al., 2000). Other
experiments have demonstrated that these Piper amides
deter arthropods and act synergistically against some
herbivores (Dyer et al., 2003, 2004b).

Herbivores The species-rich genus, Eois (Geometridae), is
specialized on the genus Piper, with Eois species special-
izing on an average of two Piper species (Connahs et al.,
2009). Eois nympha feeds on both P. cenocladum and P.
imperiale (Dyer and Gentry, 2002). In Costa Rica, Eois are
parasitized at a rate of 23.4% by a combination of wasps
(Braconidae and Ichneumonidae) and flies (Tachinidae)
(Connahs et al., 2009). Spodoptera frugiperda (Noctuidae)
is a Piper naïve generalist herbivore native to tropical
regions of the western hemisphere and is a major crop pest
in several regions of North America. Eggs were purchased
from Agripest, North Carolina, USA and a lab colony was
maintained at Tulane University.

Experiments The synergistic effects of Piper amides from
P. cenocladum and P. imperiale were examined on
specialist and generalist caterpillars. For experiments with
P. imperiale imides, we used both a specialist and a
generalist caterpillar, and for experiments with P. cenocla-
dum amides, we used only the specialist. In each experi-
ment, larvae were fed diets containing different
concentrations of single amides or a combination of amides.
The amides were synthesized in the laboratory at Mesa
State College (Richards et al., 2001). Amide concentrations
for experimental diets were chosen based on concentrations
found in Piper leaves, and were calculated as the % dry
weight of the leaf disk or artificial diet. These experiments
were labor and material (field-collected larvae and synthetic
amides) intensive. Thus, it was difficult to conduct them at
the same time and with identical methods.

Piper imperiale Imides Before initiating experiments, we
quantified the imide concentrations in fully expanded new
leaves of 39 individual P. imperiale shrubs, using methods
previously described by Dodson et al. (2000). Leaves were
collected at 39 different sites, spread evenly across the

forest at La Selva Biological Station, Heredia province,
Costa Rica. The P. imperiale leaves contained 0.13%
(±0.021 SE) dry weight total imides. Dry weight of
individual imides was distributed as follows: 0.006%
(±0.001 SE) alkene, 0.12% (±0.021 SE) piplaroxide, and
0.003% (±0.001 SE) 5′-desmethoxydihydropiplartine. We
performed leaf disk bioassays on the specialist, E. nympha,
at La Selva (Dec 2007–Feb 2008), using concentrations
similar to these natural concentrations (but slightly lower).
We collected early instar (1–2) larvae of E. nympha from
the field, and randomly assigned them to petri dishes with
9 cm diam disks of fresh P. imperiale leaf cuttings. Before
adding the caterpillars, we pipetted 1 ml of methanol
solution containing amides onto the underside of each leaf
disk, covering the entire surface, and allowed the methanol
to evaporate. Control diets included methanol only. Imide
concentrations added to the leaf disks were alkene (0.001,
0.003, 0.01, 0.05% dry weight), 5′-desmethoxydihydropi-
plartine (0.001, 0.003, 0.01, 0.05% dry weight), piplaroxide
(0.001, 0.01, 0.1, 0.2%), and mixtures which were equal
parts of each compound with total imide dry weights of
0.003, 0.06, 0.12, and 0.3% (0.001, 0.02, 0.04, 0.1% of
each compound). These added imides supplemented exist-
ing leaf defensive chemistry. We placed six individuals on
each diet concentration and recorded the survival; for
caterpillars that reached pupation, we recorded pupal mass,
which is a good measure of potential fecundity (Tammaru
et al., 1996; Thiery and Moreau, 2005; Hazarika et al.,
2007).

In a second synergy experiment with P. imperiale
imides, we used newly hatched caterpillars from a S.
frugiperda lab colony. The control diet consisted of 35 g
powdered Fall Armyworm Diet (Southland Products, Inc.
Lake Village, AR, USA) mixed with 201 ml distilled water
and 1.5 ml linseed oil. For experimental diets, a single
compound or a combination of compounds was added to
the powdered control diet as follows, alkene: 0.001, 0.006,
0.01, 0.1%, 5′-desmethoxydihydropiplartine: 0.001, 0.003,
0.01, 0.1%, piplaroxide: 0.001, 0.12, 0.25, 0.5%, and
mixtures that were equal parts of each compound with
total imide dry weights of 0.003, 0.15, 0.3, and 0.9%
(0.001, 0.05, 0.1, 0.3% of each compound). Each treatment
started with 310 larvae and culled to 300 at Day 3 to have
the same starting number across treatments. Survival was
recorded daily from days 9–40 and again on days 43, 45
and 53. We used Day 53 as a cutoff since over 95% of the
larvae had pupated by then (those that were still alive were
assumed to make it to pupation). Due to high mortality on
the mixed diets, we were unable to compare pupal mass for
this treatment.

Piper cenocladum Amides We performed similar leaf disk
bioassays of E. nympha with amides from P. cenocladum.
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Diet treatments consisted of cenocladamide, piplartine, 4′-
desmethylpiplartine and equal part mixtures. Added con-
centrations varied from 0.01 to 0.8% dry weight, with 7–9
different concentrations per diet. Fresh leaves were
collected from plants with ants in the field that had a
mean total amide dry weight of 0.41% (±0.02 SE), while
concentrations without ants was 1.36% (±0.02 SE)(Dod-
son et al., 2000). Thus, the amide concentrations added
were likely within the natural range of the plant.
Caterpillars had been naturally exposed to parasitoids in
the field prior to collection, and since they were randomly
assigned treatments in the lab, we assumed equal parasit-
ism frequency before placement on diets. Therefore,
differences in mortality caused by the emergence of a
parasitoid are due to post-treatment differences in the
development of the immature parasitoid, which may be
correlated with the immune response as well as nutritional
indices (Smilanich et al., 2009). During the fourth instar,
we measured weight gain, average weight, food con-
sumed, and frass produced. Using dry weight conversions,
we calculated relative growth rate (GR = larval dry weight
gain / average larval dry weight during interval) and
approximate digestibility (AD = (dry weight of food
consumed−dry weight of frass) / dry weight of food
consume) (Waldbauer, 1968). In summary, the response
variables for this experiment were: survival, pupal mass,
parasitoid related mortality, GR, and AD.

Analysis For both experiments, we used linear and logistic
regressions to estimate the effects of diet concentration on
pupal weights, survivorship, and parasitism rates. We
further examined the relationships between P. cenocladum
amide concentrations and E. nympha pupal mass and
parasitism frequency with path analysis (Proc CALIS,
SAS Institute Inc., NC, USA). Based on previous path
models (Smilanich et al., 2009), we chose simple models a
priori in which amide concentration had direct and indirect
(via GR and AD) effects on pupal mass and parasitism
frequency. Path analyses were conducted for all diets (three
single amide diets and one mixed diet) and models yielding
goodness of fit chi-squares with P-values greater than 0.05
were considered a good fit to the data.

An interaction index (α) is usually calculated in standard
synergy studies (Tallarida, 2000). It is calculated as,
a ¼ Z=

P
fiAið Þ. Where fi represents the fraction of a

compound in the mixed diet and Ai is the concentration of
that compound necessary to achieve a certain level of
response when tested individually; Z is the concentration of
the mixture of compounds necessary to achieve a certain
level of response. Values of α significantly less than one
demonstrate a synergy. However, our data were inappro-
priate for these calculations because in all experiments there
were single amides that did not significantly affect the

response variables, making it impossible to determine Ai .

Thus, any increase in effect resulting from including these
ineffective compounds was considered evidence of synergy.

Results

Piper imperiale Imides Piper imides had a synergistic
effect on E. nympha pupal mass, but not on survival. The
mixed imide diets reduced pupal mass (r2=0.95, F1,3=
38.77, P<0.05, Fig. 1). However, there was no significant
relationship between change in pupal mass and piplaroxide
(r2=0.72, F1,3=5.11, P=0.15) or 5′-desmethoxydihydropi-
plartine (r2=0.70, F1,3=4.66, P=0.16) concentrations. The
alkene appeared to have a positive effect on E. nympha,
since increasing the concentrations of alkene caused
increases in pupal mass (r2=0.99, P<0.01, F1,3=219.93).
There were no significant associations between Piper amide
concentration and survival for any single or mixed diets
(logistic regression, P>0.05). Mean survivorships were
100% for the control, 96% for the alkene diet, 92% for the
5′-desmethoxydihydropiplartine diet, 75% for the piplar-
oxide diet, and 75% for the mixture diet.

Piper imides had a synergistic effect on S. frugiperda
survival. All concentrations of 5′-desmethoxydihydropiplar-
tine produced results similar to the control (Fig. 2). The
highest concentration piplaroxide diet (0.5% dry wt) and all
concentrations of alkene caused reduced larvae survival. In
contrast, larvae experienced 100% mortality on all mixed
diets.

Piper cenocladum Amides Piper amides of P. cenoncladum
had synergistic effects on the survival of E. nympha. While
there was no relationship between individual Piper amide
concentrations and E. nympha survival (logistic regression,
piplartine failed goodness-of-fit test, 4′-desmethylpiplartine
χ2=4.44, df=1, P<0.05, β=−15.31±8.25, Wald=3.44,
df=1, P>0.05, cenocladamide χ2=0.59, df=1, P>0.05), a
mixture of all three amides significantly affected survivor-
ship (χ2 = 25.50, df=1, P<0.001, β=−4.62±1.07,
Wald=18.691, df=1, P<0.001). Mean survivorship for
control, piplartine, cenocladamide, 4′-desmethylpiplartine,
and mix diets were 83, 85, 89, 81 and 33%, respectively.

There was a significant treatment effect on parasitoid
success (ANOVA, F4, 138=6.78, P<0.01, Fig. 3). The
mixture was the only treatment associated with an increased
parasitism frequency (Logistic regression, χ2=12.64, df=1,
P<0.001, β=3.47±1.10, Wald=9.91, df=1, P<0.01). No
larvae died of parasitism on piplartine or control diets, and
there was no relationship between cenocladamide and
parasitism, and 4′-desmethylpiplartine and parasitism (cen-
ocladamide χ2=0.01, df=1, P>0.05, 4′-desmethylpiplartine
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χ2=5.43, df=1, P<0.05, β=21.87±11.32, Wald=3.73, df=1,
P>0.05). The parasitoid frequency path model demonstrated
that mixed Piper amide concentration had a greater direct
positive effect on parasitoid success than any single amide
treatment (Fig. 4). Parasitoid success also was negatively
affected via GR and AD, but there were no significant effect
of amide treatments on GR and AD (Fig. 4).

There were negative effects of 4′-desmethylpiplartine
and mixed amide concentrations on pupal mass of E.
nympha (4′-desmethylpiplartine diet, r2=0.36, P<0.05,
F1,11=6.18, mixed diet r2=0.76, P<0.001, F1,10=31.64),
but pupal mass did not change with piplartine and
cenocladamide concentrations (r2=0.001, r2=0.09, respec-
tively, P>0.05). The pupal mass path model showed that
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the mixed Piper amide treatment had the greatest direct
negative effect on pupal mass compared to any of the single
amide treatments (Fig. 5), and there was an indirect effect
of amides on pupal mass via GR and AD. Again this
relationship was strongest for the mixed treatment (Fig. 5).

Discussion

Piper amides synergistically affected both generalist and
specialist herbivores via different mechanisms. Similar to a
previous study with P. cenocladum amides (Dyer et al.,
2003) and studies with other compounds (e.g., Roslin and
Salminen, 2008), the mixture of amides in P. imperiale had
dramatic toxic effects on survivorship of the naïve
generalist Spodoptera caterpillars, while the negative
effects on the specialist Eois caterpillars were more subtle.
For Eois, increasing Piper amides caused increased
parasitoid success and lower pupal mass, and this effect
was more than doubled in response to increasing mixtures
of amides as opposed to individual amides.

The synergistic effects of Piper amides on parasitism
have interesting tritrophic implications. The traditional
view of plant chemical defenses usually focuses on
sequestration of toxins that confer a defensive benefit to
the herbivore (Brower, 1984; Singer et al., 2009). However,
our results are consistent with other recent studies that have
shown an indirect positive effect of plant chemical defenses
on parasitoids via disrupting the caterpillar immune
response (Haviola et al., 2007; Smilanich et al., 2009).
Since Eois species sequester Piper amides (Dyer et al.,
2004a), the mechanisms for affecting parasitism include a

direct negative effect on hemocytes responsible for the
immune response or an indirect effect via decreasing
overall herbivore vigor. Since the feeding efficiency
measurements were not affected by ingestion of Piper
amides, it is more likely that the increases in parasitism
were due to direct toxicity of amides to immune cells. We
did not directly measure the immune response, thus, there
may be alternative explanations for these results, and
further investigation is warranted. Interestingly, this Piper-
Eois-parasitoid system is not consistent with the assumption
of the “nasty” host hypothesis that herbivore sequestered
plant defenses reduce host suitability for parasitoids (Gauld
et al., 1992). We found the opposite; parasitoids were more
successful in herbivores on more toxic mixed diets, which
is consistent with previous studies that demonstrate that
specialist parasitoids are less susceptible to changes in host
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significantly higher parasitoid success (LSD, P<0.01)
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chemistry than generalists (Gunasena et al., 1990; Barbosa
et al., 1991; Harvey et al., 2003, 2005).

Results from the P. cenocladum experiments demon-
strate that the effectiveness of different natural enemies is
context dependent (Bronstein, 1994; Heil et al., 2002;
McKey et al., 2005). The control leaves, which were
collected from plants containing ants, had low amide
concentration (Dodson et al., 2000; Dyer et al., 2001), high
survival, and no parasitoid related mortality. Thus, when
ants are present, they should be the main source of
mortality and primary mechanism of Eois control. In
comparison, the mixed amide leaves, which had concen-
trations similar to those found in plants without ants present
(Dodson et al., 2000; Dyer et al., 2001), had high mortality
from parasitoids. These two strategies of biotic and
chemical plant defense may differ in their overall effective-
ness and costs to the plants. For instance, producing high
concentrations of amides may be costly to P. cenocladum,
but the ecological cost of herbivory is lessened due to lower
generalist herbivory and high mortality from parasitism on
specialist herbivores. The same trade-off between physio-
logical and ecological costs applies to P. cenocladum

individuals that house ants, which produce low concen-
trations of amides while maintaining high levels of costly
lipid and protein rich food bodies for the ants (Dyer et al.,
2004b); in this case, it is the ants that maintain low levels of
generalist and specialist herbivory (Letourneau et al.,
2004). In contrast, P. imperiale does not have ant mutualists
and suffers higher levels of herbivory by generalists and
specialists (Fincher et al., 2008), even though relatively low
levels of amides are necessary for synergistic defense
against generalist caterpillars (a 0.9% mixture caused
100% mortality in 31 days) compared to P. cenocladum (a
1.34% mixture of P. cenocladum amides caused 100%
mortality in 54 days, Dyer et al. 2003).

In summary, we found that Piper amides in two
species of Piper have negative synergistic effects on
specialist and generalist herbivores. Piper amides were
highly toxic and acted as a strong bottom-up force on
generalist herbivores, while specialists were indirectly
affected by positive synergistic effects of amides on
parasitoids, which can be an important top-down force
in herbivore regulation. When considering these responses
of generalist and specialist herbivores to synergistic plant
defenses, some interesting questions arise: Did synergistic
compounds evolve in response to specialist herbivores
that circumvented the toxicity of individual defenses?
What are the physiological mechanisms that result in
effective defensive synergy of secondary metabolites? In
our experiments, specialists were able to circumvent the
toxicity and developmental effects of diets spiked with
single amides via unknown physiological mechanisms,
but were strongly affected by synergistic mixes via effects
on parasitoid development. Because the fresh leaf disks
already contained Piper amides, all treatments in the
specialist experiments were to some degree mixed diets.
This means that in response to selective pressures from
herbivores, an increase in the concentration of a single
amide would have little adaptive value. In contrast, a
small increase in several Piper amides would result in
significantly reduced pressure from Eois populations,
through decreased pupal mass, fecundity, parasitoid
resistance, and survival. Similar results in other plant-
insect systems would have interesting implications for
tritrophic theories of coevolution and specialization (e.g.,
Singer and Stireman, 2005).
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