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Abstract Synergistic effects of multiple plant sec-
ondary metabolites on upper trophic levels constitute
an underexplored but potentially widespread compo-
nent of coevolution and ecological interactions.
Examples of plant secondary metabolites acting
synergistically as insect deterrents are not common,
and many studies focus on the pharmaceutical appli-
cations of natural products, where activity is serendip-
itous and not an evolved response. This review
summarizes some systems that are ideal for testing
synergistic plant defenses and utilizes a focused meta-
analysis to examine studies that have tested effects of
multiple compounds on insects. Due to a dearth of
ecological synergy studies, one of the few patterns for
synergy that we are able to report from the meta-
analysis is that phytochemical mixtures have a larger
overall effect on generalist herbivores than specialist
herbivores. We recommend a focus on synergy in
chemical ecology programs and suggest future
hypothesis tests and methods. These approaches are
not focused on techniques in molecular biology to
examine mechanisms at the cellular level, rather we
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recommend uncovering the existence of synergy first,
by combining the best methods in organic synthesis,
isolation, chemical ecology, bioassays, and quantita-
tive analyses. Data generated by our recommended
methods should provide rigorous tests of important
hypotheses on how intraclass and interclass com-
pounds act synergistically to deter insects, disrupt the
immune response, and ultimately contribute to diver-
sification. Further synergy research should also con-
tribute to determining if antiherbivore synergy is
widespread among plant secondary metabolites,
which would be consistent with the hypothesis that
synergistic defenses are a key attribute of the evolved
diverse chemical mixtures found in plants.

Keywords Bioassays - Generalist - Plant defenses -
Meta-analysis - Specialist

Abbreviations
PAs Pyrrolizidine alkaloids
PO  Phenoloxidase

Introduction

When Socrates was forced to consume an infusion of
hemlock (Conium maculatum) over 2400 years ago,
he was poisoned by what most assume was toxicity
due to a mixture of 8 piperidine alkaloids (Bloch
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2001)—Ilike other plant defensive mixtures, it is
unlikely that a single compound is responsible for
hemlock’s overall toxicity. While coniine was the first
alkaloid synthesized, and the physiological mecha-
nisms of toxicity are known for some C. maculatum
alkaloids, there are still no formal tests of the additive,
synergistic, or antagonistic relationships between all
of these well studied alkaloids, and the evolution of
chemical defense in C. maculatum is completely
unexplored (Reynolds 2005). The hemlock example is
somewhat unique, because individual alkaloids, such
as coniine, can be effective neurotoxins individually.
However, it is not clear if this is the case in ecological
systems, since no study has demonstrated that the
individual alkaloids in C. maculatum are effective at
deterring the natural enemies of this plant. Hypotheses
about the causes and consequences of such mixtures
are best studied by combining modern approaches in
chemistry, biology, and statistics.

Synergy occurs in phytochemical mixtures when
the combined effects of the mixture are greater than
the sum of effects for the individual compounds. In
fact, many plant secondary metabolites that have been
isolated from natural mixtures or synthesized in the
laboratory have no known function when tested in
biological assays (Harborne 1988; Ayres et al. 1997).
This phenomenon has generated influential hypothe-
ses about the ecology and evolution of phytochemical
diversity. One such hypothesis is the Screening
Hypothesis (Jones and Firn 1991; Firn and Jones
2003; Challis and Hopwood 2003; Dyer et al. 2003a;
Boyd et al. 2012), which is based on the concept that
phytochemical diversity is maintained as a selective
advantage to increase the likelihood of producing a
compound with the right biomolecular activity against
a natural enemy. Alternatively, since plants must deter
multiple attackers, one hypothesis posits that mixtures
of secondary metabolites have evolved because each
compound functions via a different mechanism to
defend against specific natural enemies (Berenbaum
and Zangerl 1996; lason et al. 2011; Richards et al.
2015). Therefore the lack of apparent bioactivity of an
isolated compound may be the result of testing it
against the wrong targeted organism. In addition, it is
hypothesized that diffuse coevolutionary arms races
between plants and their parasites can result in an
overdispersion of chemical defense and an increase in
phytochemical diversity (Ehrlich and Raven 1964;
Becerra 2007, 2015; Kursar et al. 2009). All of these
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hypotheses posit that the presence of multiple sec-
ondary metabolites in plants allows for greater selec-
tive advantage in response to pressures from diverse
natural enemies, such as herbivores, fungi, and
bacteria. Synergistic effects against these enemies
are an important potential mechanism related to these
hypotheses.

Many secondary metabolites evolved in response to
herbivory and pressures from other parasites, and most
of them evolved in the presence of existing phyto-
chemical mixtures, yet relatively little is known about
the mechanisms by which multiple secondary metabo-
lites affect herbivores and other organisms. This is due
to secondary metabolites serving several roles besides
only poisoning the target organism (Gershenzon et al.
2012). These compounds may target different meta-
bolic functions of the herbivore enabling persistence
and toxicity to the herbivore by other compounds in
the mixture. There are several mechanisms that cause
a synergistic response, but we will focus on three: (1)
inhibition of an enzyme via binding to it, (2) disruption
of cell membranes to facilitate movement, and (3)
causing changes in physical properties. Berenbaum
and Zangerl (1993) found that furanocoumarin mix-
tures restricted the cytochrome P450 monooxygenase
enzyme activity in swallowtail caterpillars (Papilio
polyxenes, Papilionidae), which is important for
detoxification. Xanthotoxin, and angelicin are struc-
tural analogues, and when in a mixture can inactivate
the cytochrome P450 enzyme by competing for, or
irreversibly binding to it (Berenbaum and Zangerl
1993), allowing for other compounds to reach toxic
levels. Some toxic compounds cannot cross the cell
membrane without facilitation by other molecules.
Guillet et al. (1998) found that monoterpenes of
Porophyllum (Asteraceae) disrupt the cell membranes
in Ostrinia nubilalis (Pyralidae) caterpillars, facilitat-
ing transportation of alpha-terthienyl compounds
across the membrane that then achieve concentrated
levels of toxicity. Finally, synergy can cause changes
in physical plant defenses. For example, mixtures of
monoterpenes and diterpenes found in conifer resin
decrease the viscosity, causing the resin to flow rapidly
to the site of bark beetle attack (Phillips and Croteau
1999). Another important consideration when study-
ing the effects of synergy is the degree of specializa-
tion of the target species. For example, the synergistic
effects of iridoid glycosides on specialist caterpillars
work through disruption of the melanization response
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that is part of the caterpillar’s immune function
(Richards et al. 2012), while their synergistic effects
on generalist herbivores are a result of a number of
different toxicity effects, only some of which have
been elucidated (Smilanich et al. 2011). Similarly,
synergistic effects, such as those recorded for the
Berberine alkaloids, in which 5’-methoxyhydnocarpin
deactivates multidrug pumps, may work against one
type of organism (in this case, bacteria) but the
mechanism is likely to be entirely different for other
organisms (Stermitz et al. 2000). These studies suggest
that biological activity is multi-faceted and is more
complicated than focusing on which secondary
metabolites are toxic. Secondary metabolites have a
variety of effects on living tissues, and we may fail to
understand their role if we are only testing individual
compounds for one specific response (e.g., toxicity)
(Smilanich et al. 2016).

This review synthesizes the small number of studies
that have tested hypotheses about the effects of
synergy on insect herbivores in natural systems. The
most successful synergy studies have merged methods
in organic synthesis, natural products isolation, and
biology in order to understand the role that synergistic
activities play in plant defense. Most published studies
on this topic have focused on intraclass synergy, but
interclass synergy (between different classes of com-
pounds) can be equally important. A few studies have
investigated the biological mode of action of interclass
mixtures on herbivores and pathogens by evaluating
the effect of these compounds both as mixtures and as
isolated components on a variety of biologically
significant response variables (e.g., immunity, sur-
vival, fecundity, growth). In this review, we examine
the hypothesis that phytochemical synergy is ubiqui-
tous in natural systems with a brief review of the
literature and a meta-analysis examining the effects of
single compounds versus a mixture of compounds on
herbivore performance. We also provide guidelines
for future work that can uncover mechanisms by
which synergy functions and can guide the develop-
ment of general tools for quantitative evaluation of
synergistic activity between biologically active
molecules.

Some empirical examples

How did secondary metabolites evolve and why are
they found in multiple unrelated plant families? These

questions have driven many investigations of model
plant metabolites, such as the alkaloids (Macel et al.
2005; Stermitz 2000), saponins (Dyer et al. 2013),
furanocumarins (Berenbaum et al. 1991), iridoid
glycosides (Bowers 1991), Piper imides (Dyer et al.
2004b; Wilson et al. 2012), and chromenes (Kato and
Furlan 2007; Ramos et al. 2009; Batista et al. 2011).
Synergies between physical, biotic, and chemical
defenses have rarely been examined formally, but
there is no reason to assume that they are not common.
For example, synergies not only affect herbivores
(Gunasena et al. 1988; Castellanos and Espinosa-
Garcia 1997; Guillet et al. 1998; Hummelbrunner and
Isman 2001; Calcagno et al. 2002; Akhtar and Isman
2003; Steppuhn and Baldwin 2007), but they also
affect pollinators (Biller et al. 2015) and pathogens
(Kang et al. 1992; Fewell and Roddick 1993; Kubo
and Muroi 1993; Segura et al. 1999), and also
contribute to allelopathy (Voukou et al. 2003). It is
also worth noting that chemical synergy can occur
with mixtures of secondary and primary metabolites,
such as proteins (Segura et al. 1999; Amirhusin et al.
2007; Steppuhn and Baldwin 2007). Some coevolu-
tionary or chemical ecology studies that have failed to
find negative effects of defensive compounds on host
performance are likely a consequence of the inefficacy
of individual, isolated compounds (Dyer 2011). Below
we discuss what is known about exemplary compound
classes relevant to characterization and bioassays.

Furanocoumarins

Furanocoumarins represent a classic example of
synergistic plant defenses. Two types of fura-
nocoumarins, linear and angular, are produced by
different biosynthetic pathways. Linear fura-
nocoumarins are more common than angular fura-
nocoumarins and have been found in 15 plant families,
including agriculturally important families such as
Apiaceae and Leguminosae (summarized by Diawara
and Trumble 1997). In comparison, angular fura-
nocoumarins are found primarily in two plant families,
Leguminosae and Umbelliferae. Angular fura-
nocoumarins are more derived and biosynthetically
advanced than linear furanocoumarins, but in isolation
appear to be less effective against herbivores due to the
phototoxicity of linear, but not angular, fura-
nocoumarins. Ultraviolet light activates linear fura-
nocoumarins such that they cross-link with DNA and
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RNA, damage lipids, and degrade protein constituents.
Although angular furanocoumarins are not phototoxic
and appear less effective in isolation, angelicin (an
angular furanocoumarin) synergistically reacts with
linear furanocoumarins (xanthotoxin and bergapten)
to interfere with herbivores’ cytochrome P450 medi-
ated metabolism of both compounds, having a greater
effect on larval growth than each compound alone
(Berenbaum and Neal 1985; Berenbaum and Zangerl
1993). Additionally, furanocoumarin mixtures (in-
cluding angelicin) were more toxic to larvae (Heliothis
zea, Noctuidae) both in the absence and presence of
UV light compared to equivalent amounts of the one
most photoactive furanocoumrin (xanthotoxin, Beren-
baum et al. 1991).

Pyrrolizidine alkaloids

Pyrrolizidine alkaloids (PAs) are a class of secondary
compounds produced by several plant families includ-
ing Boraginaceae, Asteraceae, and Orchidaceae
(Dewick 2009) and have demonstrated varying levels
of toxicity to insect herbivores (Bentley et al. 1984;
Hartmann 1999). This class of secondary compounds

vulgaris (Asteraceae) are more toxic to cell lines of S.
exigua than any individual PA compounds (e.g.
jacobine, erucifoline, senkirkine, seneciphylline, sene-
cionine, and retrorsine) (Nuringtyas et al. 2014).

Piper amides/imides

A great diversity of secondary metabolites have been
isolated from the Piperaceae (Gutierrez et al. 2016;
Yamaguchi et al. 2011; Kato and Furlan 2007),
especially the genus Piper (reviewed by Dyer et al.
2004a; Fincher et al. 2008). This includes the “Piper
amides,” which contain a phenyl moiety that has
variable lengths of the carbon side chain, usually one
or higher degree of unsaturation, and a terminal
carbonyl carbon. The nitrogen on the amide is derived
from pyrrole, piperdine, or an isobutyl group and may
include an epoxide, a carbonyl group, or a degree of
unsaturation (Dyer et al. 2003a). One well studied
example is Piper cenocladum, which contains two
imides and an amide at high concentrations (total
amide content can be as high as 3.8 % dry weight): 4'-
desmethylpiplartine (1), cenocladamide (2), and
piplartine (3) (Dodson et al. 2000).

HyCO

HaCO

’\(1
HO O

has a bicyclic skeleton that is derived from arginine,
and toxicity of PAs is possibly related to the 1,2-
unsaturation in the pyrrolizidine ring as well as an
ester functional group on the side chain (Dewick
2009). Isolated PAs from Senecio species (Asteraceae)
have little to no effect on the generalist insect
herbivores Spodoptera exigua (Noctuidae) and
Mamestra brassicae (Noctuidae), but mixtures of
PAs may be toxic to S. exigua caterpillars (Macel et al.
2005). Similarly, mixtures of all PAs from Jacobaea
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Piper amides are strongly insecticidal (reviewed by
Dyer et al. 2003a), antifungal (Marques et al. 2010),
they are deterrent to leaf-cutting ants (Capron and
Wiemer 1996; Dyer et al. 2003b), have anti-cancer
properties (Raj et al. 2011), and are cytotoxic to
mosquito larvae (Maleck et al. 2014). The P. ceno-
cladum compounds (1-3) are found in higher concen-
trations in the leaves of plants that are not occupied by
mutualistic ants (Dodson et al. 2000; Dyer et al. 2001),
and various experiments have demonstrated that
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compounds 1-3 are deterrent to arthropods (Dyer and
Letourneau 1999; Dyer et al. 2003b, 2004b). Insect
antifeeding synergy for the amides/imides of P.
cenocladum and the related species, P. tuberculatum
and P. imperial, are now well established (Scott et al.
2002; Dyer et al. 2003a; Richards et al. 2010). We
found that synergistic effects differed depending on
the herbivores’ degree of specialization. For generalist
herbivores (Spodoptera frugiperda), amide mixtures
synergistically caused direct toxicity (Dyer et al.
2003a; Richards et al. 2010). However, for specialist
herbivores (Eois spp), we found that synergistic
effects led to higher parasitism rates (Richards et al.
2012) and reduced pupal mass and growth rates (Dyer
et al. 2003a; Richards et al. 2012).

Iridoid glycosides

Another major class of compounds that are well
studied, and thus ideal for studying synergy are the
iridoid glycosides. Possible synergists include the
well-studied compounds catalpol (7) and aucubin (8),
which are found together in Plantago lanceolata
(Plantaginaceae) in relatively high concentrations of
5-10 % by dry weight. Iridoid glycosides, cyclopen-
tanoid monoterpene-derived compounds found in over
50 plant families, have been used as model systems to
examine the chemical ecology of plant—insect inter-
actions (Bobbitt and Segebarth 1969; Jensen et al.
1975; Boros and Stermitz 1990; Dyer and Bowers
1996; Bowers and Stamp 1997; Bowers 2003).
Smilanich et al. (2009) found that the immune
response of Junonia coenia (Nymphalidae), an iridoid
glycoside specialist, was lower when feeding on
Plantago lanceolata which contains a mixture of both
aucubin and catapol, compared to those feeding on
Plantago major which contains only aucubin. Further
investigations, revealed a possible trade-off between
the immune response and growth and sequestration.
Richards et al. (2012) found that specialist caterpillars
grew faster, had lower mortality, sequestered higher
concentrations of iridoid glycosides, and had reduced
immune response on artificial diets containing mix-
tures as compared to those containing individual
compounds. In this case, larval performance as
measured by survival and development time had a
hermetic, dose-dependent response (Raubenheimer
and Simpson 2009), in that larvae performed better at

intermediate concentrations compared to low and high
concentrations (Richards et al. 2012).

Additional potential systems for characterizing
synergy

What other systems are we likely to find synergistic
effects of plant defenses? If phytochemical mixtures
are a prerequisite for synergies to occur, then we may
expect to find synergistic effects in plants with high
phytochemical diversity. A plant’s diverse phyto-
chemical profile arises from various modifications of a
few biosynthetic pathways in secondary metabolism.
The main biosynthetic mechanisms involved in pro-
ducing phytochemical diversity are summarized in
Gershenzon et al. (2012) and include: (1) the repeated
addition of subunits; for example the addition of
isoprenoids to make a diverse array of terpenes and
acetate in polyketide synthesis, (2) forming diverse
carbon skeletons prior to the addition of subunits, (3)
producing a single intermediate that can interact with
multiple enzymes, and (4) producing enzymes with
low specificity, that can interact with multiple inter-
mediates. All plant genera use one or multiple
mechanisms to produce phytochemically diverse
mixtures, but the mechanisms for phytochemical
diversification seem to be largely conserved within a
genus. For example, the phytochemistry of Asclepias
is characterized by later stage functionalization of a
few triterpenes with an array of unique carbohydrates
(Agrawal et al. 2009), whereas Piper generates many
different carbon skeletons via early branching of
biosynthetic pathways. Both pathways yield a diverse
mixture of natural products by using different biosyn-
thetic strategies. Below we outline examples of
compound classes that should be explored for syn-
ergies due to their high diversity and distribution.

@ Springer
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Piper Chromenes

Chromenes, Prenylated Benzoic Acids, and Chalcones

Chromene metabolites are a broadly represented
class of natural products found in at least 13
different families of plants and have demonstrated
anti-microbial, anti-cancer, and insecticidal activi-
ties. Their biological activity has prompted the
development of chemical libraries based on natural
chromene scaffolds that lead to compound identi-
fication (Nicolaou et al. 2000). Six structurally
related chromenes within the genus Piper, have
been isolated. All contain carboxylic acid groups at
various states of prenylation and oxygenation about
the chromane skeleton. Additionally, Piper chrome-
nes occur in multiple plant parts in mixtures with
other prenylated benzoic acids, dimeric derivatives,
or flavones (Jeffrey et al. 2014; Batista et al.
2009, 2011). These chromenes may arise biosyn-

arise from irradiation of a chromene, producing
dimeric compounds and could account for the
photoxicity of these classes of compounds.

Despite the broad-range biological activity of these
classes of metabolites their co-occurrence in natural
sources, biosynthetic relationships, and potential syn-
ergistic biological activity has not been studied. With
the approaches outlined below, one could test for
interclass synergy in two natural mixtures of chrome-
nes, prenylated benzoic acids, and dimeric chromanes
or flavones that occur in Piper kelleyi and Piper
gaudichaudianum. Previous studies have identified an
anti-fungal chromene as the major component in the
leaves of Piper gaudichaudianum along with the
related prenylated benzoic acid derivatives (Lago et al.
2004).

Saponins. Saponins are found in many plant
families; they are produced via the mevalonic acid

COH

CH Metabolites from
X ° the leaves of
OH O CHs P. gaudichaudianum
12

Metabolites from
the leaves of
P. kelleyi

15

CHs R = geranyl

thetically by oxidative cyclization of an ortho-
quinone methide (Beaudry et al. 2005; Morimoto
et al. 1998) derived from prenylated benzoic acid
derivatives that arise through the shikimic acid
pathway. This ortho-quinone methide could also
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pathway and are glycosylated triterpenoid, steroid, or
steroidal alkaloid compounds (Papadopoulou et al.
1999; Massad et al. 2012). Both applied and basic
research provide impetus to study the chemistry and
ecology of these compounds. Saponins have
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antiherbivore, antifungal and allelopathic properties
(Oleszek and Junkuszew 1999). They also deter leaf-
cutter ants (Atta spp. and Acromyrmex spp.; Febvay
and Kermarrec 1986; Folgarait et al. 1996; Pearson
et al. 2008; Massad et al. 2012), which may be an
important attribute for tree species used in tropical
reforestation where leaf-cutter ants are considered
serious pests (Vasconcelos and Cherrett 1997; Massad
et al. 2012). The amphiphilic properties of saponins
allow for membrane disruption (see review by Podolak
et al. 2010). In insects, saponins are known to form
complexes with membrane sterols, limiting the avail-
able sterols for hormone production causing growth
inhibition and mortality (Ishaaya 1986).

Intraclass or interclass synergy has never been
formally studied for saponins. Most research on
antiherbivore activity has focused on a wide array of
saponins found in alfalfa (Medicago sativa, Fabaceae)
and in the tropical tree, Pentaclethra macraloba
(Fabaceae). The diverse structures of saponins and
their ability to interact with cell membranes suggest a
potential for synergistic interactions. Naturally-occur-
ring saponins that have potential for strong synergies
based on their presence in complex mixtures, include
oleanolic acid-based saponins from P. macroloba
(Viana et al. 2004) and a series of diosgenin-based
saponins found in alfalfa (Oleszek 1998).

Synergy meta-analysis

To quantitatively summarize existing synergy
research, we utilized meta-analysis, which is a
quantitative synthesis of the results of many indepen-
dent studies (Hedges et al. 1999; Gurevitch and
Hedges 1999; Koricheva and Gurevitch 2014). We
used the log response ratio for hypothesis tests; this
effect size is calculated as the ratio of the mean
outcome of the experimental group (Xg) to that of the
control group (X.) (log response ratio = In (Xg/Xc))
(Hedges et al. 1999). We selected studies in which the
herbivore’s diet had been manipulated and response
variables were reported for single compound diets
(Xsingle) and phytochemical mixtures (Xmixture)> Which
included combined individual compounds or crude
extracts. The response variables most relevant to
synergistic effects on herbivores included herbivore
development time, feeding data, growth rates, sur-
vivorship, sequestration, immune response and fecun-
dity. From each article, we recorded the mean (x),
sample size (n) and standard deviation (sd) of the
single compound treatments and mixture compound
treatments for the given performance variable being
measured in the paper. The log response ratio (L = In
(Xsingle/Xmixture) Was  calculated and  weighted
based on the variance in the study (v = (SDsingle)z/
(nsingleXsingle)) + ((SDmixture)zl(nmixlureXmixturc))’
Hedges et al. 1999). All analyses were performed with
SAS statistical software (9.4, SAS Institute).

glycoside
(0)

oleanic acid-based saponins

Saponin scaffolds for studying potential synergy

diosgenin-based saponins
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Fig. 1 The results from a meta-analysis investigating the
response ratio of herbivore diet breadth and bioassays on single
compound diets and multiple compound diets. The mean
weighted log response ratio and 95 % confidence intervals are
shown for generalist and specialist herbivores separately. The
reference line at 0.0 indicate that herbivores performed the same
on single compound and mixed diets. Positive values indicate
that herbivores performed better on single compound diet than
mixed diets and negative values indicate herbivore performed
better on mixed diets than on single diets. The analysis included
in the following studies: Braasch et al. 2012; Cheng et al. 2013;
Frisch et al. 2014; Hegde et al. 2011; Honda et al. 2004; Kleine
and Miiller 2014; Knerl and Bowers 2013; Kusumoto et al.
2010; Laurentz et al. 2012; Macel et al. 2005; Nuringtyas et al.
2014; Richards et al. 2010, 2012; Scott Brown et al. 2011;
Weinhold et al. 2011; Zhang et al. 2013

We searched for articles using the search engine IST
Web of Science. Keywords for the online search
included:  chem* 4 defense,  synergy*,  sec-
ondary 4+ chem®*, herbiv¥*, plant + chem*, sec-
ondary 4+ chem* and bioassay + herbivore. We
followed methods in Smilanich et al. (2016) for
inclusion of articles in the database: Only terrestrial
studies that included measures of dispersion, variance,
and sample size were included, and only papers that
identified the class and quantification of specific
compounds were used. We did not include studies
that used plant hormones, since we were only inter-
ested in secondary metabolites. Electroantennogram
data were not included as a response variable. No more
than three effect sizes were utilized per paper and only
one effect size per experiment was used. Where more
than one effect size was reported per experiment, the
treatment and control means recorded were chosen
randomly from among the available data, using a
random number generator. To obtain numerical means
and standard deviations from graphs, we used
GraphClick (3.0.3, 2012) to digitize the graphs.
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Susceptibility to higher trophic levels
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Oviposition

Deterrence & Toxicity
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Fig. 2 A conceptual model of the predicted relationship
between phytochemical diversity and the synergistic effects on
specialist (leff) versus generalist (right) herbivores. The
thickness of the arrows indicate the relative effect strengths.
The response variables listed include some of the best
investigated mechanisms by which mixtures of phytochemicals
can negatively affect herbivore physiology, ecology, and
population dynamics. There are very few studies of more
reductionist mechanisms (i.e. at the cellular level), and this is
likely to be a very fruitful area of investigation. The inset graphs
are a general prediction of the dose-dependent response
(controls are represented by a horizontal line) curves for
synergies on specialist and generalist herbivores. Since special-
ists are adapted to chemical defense in host plants, initial
increases in mixture concentrations should have positive effects
on specialist herbivores until some threshold of toxicity,
impaired function, or deterrence is reached. For generalists,
responses should exhibit logistic decline, since generalists are
not adapted to plant chemistry and small increases in defense are
likely to greatly increase negative effects up until a threshold

Our search yielded 16 suitable papers and 25 effect
sizes spanning a 10-year time period (2004-2014) out
of a total of 1784 papers, although only five studies
tested specifically for synergy (Richards et al. 2010;
Honda et al. 2004; Richards et al. 2012; Laurentz et al.
2012; Nuringtyas et al. 2014). Due to the limited
number of studies, we were limited in the number of
appropriate comparisons that could be made. There-
fore, we focused on comparing the effect sizes of
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specialist and generalist herbivores. Generalists were
defined as feeding on several to many unrelated plant
species that differ in chemistry. In comparison,
specialists were defined as feeding on a few related
plant species or on species with specific compounds
present. We calculated the mean and 95 % confidence
intervals of the weighted log response ratio (as
described in Hedges et al. 1999) for specialist
herbivores and generalist herbivores.

We found that phytochemical mixtures affected
specialist and generalists differently (Fig. 1). Gener-
alist herbivores performed worse on mixed com-
pound diets compared to single diets. The opposite
was found in specialists, where they performed better
on mixtures than single diets. This difference can be
explained by specialist’s adaptations to particular
chemistry and the differences in the response vari-
ables affected. Specialists have evolved with changes
in host plant chemistry and are able to circumvent the
negative effects of mixtures, including using them for
their own defense. For the data included in the
analysis, sequestration was the response variable for
five of the specialist herbivores and only one
generalist. This difference in the type of response
variables affected depending on diet breadth not only
helps explain the pattern we found, but also gives
insight as to how plant chemistry and synergies affect
specialists and generalists differently. Most of the
generalist responses were related to deterrence and
toxicity, including decreased growth and consump-
tion and increased mortality. In comparison, most of
the specialist responses were related to fitness,
including defensive sequestration, oviposition, and
pupal or larval mass.

In another recent meta-analysis investigating the
effects of secondary metabolites on herbivores, the
results showed that generalists and specialists are
affected similarly by plant compounds. However, less
than 2 % of the studies included in the dataset
explicitly tested for synergy (Smilanich et al. 2016).
The lack of differences between generalists and
specialists in other studies or syntheses may be due
to the fact that different response variables are
analyzed together, or it could be a reflection of the
fact that synergy was not investigated. Results of a
meta-analysis by Hawkins and Cornell (2003) of
single compound bioassays indicated that plant
defenses had a greater effect on generalist mortality
and development than on the same responses for

specialists. Both of these previous meta-analyses do
not account for potential synergies.

The scarcity of studies found in this meta-analysis
is due to the lack of research on this topic, the lack of
collaboration between synthetic organic chemists and
ecologists, and weak statistical methods (Nelson and
Kursar 1999; Tallarida 2000; Jones et al. 2005).
Nonetheless, as studies of mixtures increase, wide-
spread synergy may explain why phytochemical
mixtures are the rule and not the exception and is
likely responsible for apparent redundancies in chem-
ical defense (Romeo et al. 1996) as well as the poor
efficacy of individual compounds as defense. Thus,
tests of antiherbivore (or pharmaceutical) activity of
individual compounds that are isolated or synthesized
should be accompanied by tests of mixtures and crude
extracts using methods developed for examining
synergy (e.g., Jones 1998; Nelson and Kursar 1999;
Richards et al. 2010, 2012).

Future research directions: complete approaches
to studying synergy

Based on the synergy literature reviewed here, we
propose a conceptual model of the interactions
between phytochemical diversity and synergistic
effects on specialist and generalist herbivores
(Fig. 2). We predict that as phytochemical diversity
increases, so does the likelihood of synergistic effects
on both specialist and generalists. However, the effect
on herbivore attributes will vary depending on diet
breadth of the herbivore. For generalists, modes of
action relying on deterrence and toxicity are predicted
to cause strong negative dose-dependent effects. For
specialists, synergistic mixtures are more likely to
affect responses related to fitness, such as fecundity
and defense from natural enemies, rather than direct
toxicity. At low to intermediate concentrations, some
of these synergistic effects could enhance specialist
performance, suggesting a potential therapeutic win-
dow in which performance is optimal until a tipping
point is reached at higher concentrations (Forbey et al.
2013).

Examining biological mechanisms for synergy is an
excellent goal for any mature research program
focused on effects of secondary metabolites on
animals, and we have cited some of the studies that
have taken this approach (Stermitz et al. 2000;
Smilanich et al. 2009; Boyd 2012). Eventually, one
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major goal of antiherbivore synergy research will be to
examine synergistic effects at the cellular level and to
elucidate the molecular basis of full mechanistic
pathways to synergy. In some model systems this is
possible through a combination of mutant screening,
quantitative genetics, and bioassays (Steppuhn and
Baldwin 2007; Rasmann and Agrawal 2009). How-
ever, this goal is premature for most natural systems,
since there is a dearth of antiherbivore synergy
research. Each collection of synergistic compounds
has a unique mode of action and to investigate all
potential mechanisms requires very different research
approaches—adding the molecular basis of these
mechanisms should be preceded by a full investigation
of organismal, physiological, and cellular mecha-
nisms. Therefore, in our recommendations for future
research, we focus more on testing hypotheses about
the existence of antiherbivore synergy for a diversity of
compounds across different plant families rather than
focusing exclusively on mechanisms of antiherbivory.

The approach we advocate for studying synergy
includes: (1) isolation, synthesis, and identification of
synergistic plant defenses and development of inno-
vative methods for examining biological mechanisms
of synergy; (2) examining synergistic effects across
herbivores that vary in diet breadth; (3) demonstrating
quantitative support for intraclass and interclass
synergy for selected compounds in a variety of
classes. Here we outline some potential methods for
this approach.

Bioassays are important in assessing the potential
role of synergistic interactions between compounds.
By comparing the dose—effect curves of generalist or
specialist herbivore choice or performance bioassays
on single compounds and combinations of compounds
one can statistically quantify synergistic effects. This
requires assays at multiple compound concentrations
that range above and below naturally occurring
concentrations and proportions. Regardless of the
exact mode of action, the relative ratio of the
compound mixtures are important (Lindroth and
Hwang 1996). Biological systems tend to operate in
substrates and receptors, such as enzymes or mem-
brane bound proteins. Therefore the relative ratios of
the compounds in a mixture can determine whether
they will act synergistically, additive or antagonisti-
cally. Compounds for these bioassays should be
produced synthetically or isolated from mass collected
plant tissues.
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In addition to the standard bioassay response
variables, including survival, growth, development
and feeding efficiencies, the immune response and
stress response are key measures that link plant
chemistry to herbivore resistance to natural enemies.
One method for measuring the immune response
includes quantifying encapsulation and melanization
of Sephadex beads (dyed congo red) that are injected
into the hemocoel of the insects being investigated.
Sephadex beads act as a proxy for parasitism (Lavine
and Beckage 1996) and this technique has been used
widely and shown to accurately quantify immune
capacity in insects (Rantala and Roff 2007). Addi-
tionally, the phenoloxidase (PO) activity can also be
measured. Phenoloxidase is an enzyme that catalyses
the melanization cascade and is constitutively present
in the insect (Beckage 2008). Phenoloxidase activity is
measured by collecting hemolymph samples and
quantifying activity using a UV spectrophotometer
(Bailey and Zuk 2008). Recent studies have demon-
strated that the release of the stress hormone
octopamine can depress the immune response (Adamo
and Parsons 2006). To measure the stress response, the
concentration of octopamine can be quantified from
the same hemolymph samples taken for PO and best
quantified using high pressure liquid chromatography
with electrochemical detection. By further exploring
this mechanism of antiherbivore synergy, chemical
ecologists can set the stage for analysis of the roles of
each compound and synergistic function at the
molecular level. Quantitative tests of experiments
similar to those described above can be analyzed to
distinguish between independent joint action, addi-
tive, antagonistic, and synergistic effects on the test
organisms using response surface analysis of drug
combinations (Tallarida 2000), isobolar analysis (Nel-
son and Kursar 1999; Tallarida 2000), and appropriate
modifications based on the type of data generated
(e.g., Richards et al. 2010; Jones et al. 2005). First, a
dose-dependent effect is determined for a single
compound and mixtures of compounds from the
bioassay. Linear or nonlinear regression can be used
to examine the effects of many levels of compound
concentrations (at a minimum, a control plus 5
concentrations of individual compounds) on the
response variables in the bioassays (e.g., pupal
weights, development times, melanization, PO activ-
ity, survivorship, and other bioassay values). These
regressions generate parameter estimates (e.g., slopes
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and 50 % effective dose—EDS50) to calculate the
interaction index, o as follows:

Z

TS ()

Z denotes the concentration of compounds in a mixture
required to elicit a threshold response, such as an
EDS50; i represents the number of compounds in the
tested mixture; fi represents the fraction of compound
Ai in mixture Z (for example, in a four compound
mixture of equal parts f; = 0.25); Ai is the concentra-
tion of compound Ai necessary to achieve a certain
level of response when tested individually; Values of o
significantly less than 1 demonstrate synergy. Boot-
strap methods should be used to calculate 95 %
confidence intervals to determine if o values are
significantly different from 1. Finally, the simplest
approach involves utilizing binary mixtures, and the
statistical methods outlined by Jones et al. (2005) for
tests of synergy, using ED50 values along with
generalized linear models to test for significance of
interaction terms (a significant term indicates syn-
ergy). For binary mixtures isobolar analysis (Nelson
and Kursar 1999; Tallarida 2000) is also effective.

Conclusion

Future synergy research will provide tests of important
hypotheses on how plant secondary metabolites act in
mixtures to deter herbivores and will contribute to a
long-term goal of determining if antiherbivore syn-
ergy is widespread among plant families. If ecologi-
cally relevant antiherbivore synergy is found across
the phylogeny of vascular plants and among all classes
of secondary metabolites, such findings will provide
strong evidence for the hypothesis that plants evolved
the capacity to make multiple compounds as syner-
gists for defense against diverse communities of
herbivores and pathogens. Widespread synergy would
also help dispel the unlikely scenario that a plant could
evolve a single compound with absolute potency for
its defense. Future synergy research should also be
directly relevant to management of insect pests in
agriculture, and to the development of pharmaceuti-
cally interesting compounds. Plants have successfully
defended against insects and pathogens for well over
250 million years using mixtures of biodegradable,
non-persistent organic compounds. In contrast,

humans have been unsuccessful in controlling crop
pests over the long run using single active ingredient
formulations even at high concentration and with
acute toxicity. A better understanding of synergy
between biologically active molecules will contribute
to more effective pest management. A similar inte-
grated synergistic chemical approach might guide the
development of novel medicines for the treatment of
human disease.
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