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Insect alarm pheromones are chemical substances that are synthesized and released in response to predators to
reduce predation risk. Alarm pheromones can also be perceived by predators, who take advantage of alarm cues
to locate prey. While selection favors evolution of alarm pheromone signals that are not easily detectable by
predators, predator evolution selects for better prey detection ability. Here, we review the diversity of alarm
signals, and consider the behavioral and ecological conditions under which they have evolved. We show that
components of alarm pheromones are similar across many insects, although aphids exhibit different behavioral
responses to alarm cues compared to social insects. The effects of alarm pheromones on prey behavior depend on
factors such as the concentration of pheromones and the density of conspecifics. We also discuss the molecular
mechanisms of alarm pheromone perception underlying the evolutionary arms race between predators and prey,
and the function of olfactory proteins and receptors in particular. Our review provides a novel synthesis of the
diversity and function of insect alarm pheromones, while suggesting avenues that might better allow researchers
to exploit population-level responses to alarm signaling for the sustainable management of pests and vectorborne pathogens.

1. Introduction
Alarm signaling is a component of anti-predator defense for many
birds, mammals, insects, amphibians, gastropods, and plants (Wyatt,
2003; Heil and Karban, 2010). Insects exhibit a great diversity of volatile
alarm pheromones, which warn conspecific individuals of predators
(Wyatt, 2003; Verheggen et al., 2010). Insect herbivores typically live
adjacent to conspecific individuals on shared plants and rely on alarm
pheromones to indicate the presence of predators. Insects that detect
alarm signals can then engage in defensive behaviors to avoid predators.
Yet, predators can take advantage of pheromone cues to locate suscep
tible prey. This had led to an evolutionary arms race where selection
favors evolution of alarm pheromone signals that are not easily detect
able by predators, but where predator evolution selects for superior prey
detection ability.
Research on insect alarm pheromones has primarily focused on the
order Hemiptera, and aphids in particular (Vandermoten et al., 2012).
Aphids feed in large aggregations and are abundant in many ecosystems.
In response to predators, aphids often release waxy droplets from their
cornicles that contain complex mixtures of fatty acids (Greenway and

Griffith, 1973). These compounds volatilize rapidly, and recipient
aphids perceive the signals using sensory organs (Kislow and Edwards,
1972; Pickett et al., 1992). Once alarm signals are perceived, aphids
respond with behaviors that include feeding cessation and movement
within or among plants (e.g., Kislow and Edwards, 1972; Nault et al.,
1976; Pickett et al., 1992). In other cases, aphid alarm pheromones
trigger aggressive behaviors in predators. For example, first instar
nymphs of Ceratovacuna lanigera are aggressively attacked by syrphid
flies when they release pheromones (Arakaki, 1989). Once alarm signals
are diminished, however, aphids typically resettle.
Alarm pheromones have also been widely described in social insects
since the first report of these compounds in ants by Goetsch (1934).
Following this, alarm secretions were found to induce aggressive
behavior in conspecific workers of almost all ant species studied
(Hölldobler and Wilson, 1990). In ants, alarm pheromones serve two
distinct functions, “aggressive alarms”, which promote aggressive re
sponses to antagonists, and “panic alarms”, which promote dispersal
from a predation threat (Wilson and Regnier, 1971). In honeybees (Apis
mellifera), perception of alarm pheromones, which are produced by
workers guarding the entrance of hives, can lead to increased movement
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and aggression among nest mates (Vander Meer et al., 1998; Alaux et al.,
2009). Honeybees also release alarm pheromones from their stingers
when attacking organisms that threaten their hives (Boch et al., 1962;
Shearer and Boch, 1965). The release of these pheromones provides
orientation information that is used for recruiting other bees within a
hive to a threat (Wager and Breed, 2000). Other bee species can also
eavesdrop on alarm pheromones produced by other bee species while
foraging, which allows foraging individuals to avoid host plants that
harbor competitors and predators (Wang et al., 2016).
Although considerable literature has elucidated the chemical
composition and behavioral responses of herbivores and predators to

alarm pheromones, the importance of predator-prey co-evolution for
pheromone perception is rarely considered in an ecological context.
Moreover, pheromone receptors, and their molecular function, remain
poorly understood, which limit the ability to exploit predator and prey
responses to alarm cues for pest management. To address these knowl
edge gaps, in this review we discuss the diversity of alarm pheromones
as well as the behavioral and ecological factors that affect alarm
signaling and perception. We then discuss advances in molecular and
biochemical mechanisms of insect alarm pheromone perception. We
consider how alarm pheromone signaling has evolved in both prey and
predators. Finally, we discuss future directions and applications of alarm

Table 1
Various alarm pheromone components in different insect orders.
Insect orders

Principal components

Response behavior

Aphids
(Hemipterans)

(E)-β-Farnesene

Escape, dispersion
fright behaviors
Escape, dispersion
fright behaviors
Escape, dispersion
fright behaviors
Escape, dispersion
fright behaviors

Germacrene A

Functions and other important properties

References

EBF is the primary alarm component in most of the aphid species. Once
perceived by the receiver it induced escape response by walking away or
dropping off the host plant.
Germacrene aphid is primarily identified in alfalfa aphid (Therioaphis)
(-)-α-Pinene is the primary alarm compound in vetch aphid Megoura
viciae
Act synergistically with EBF in cruciferous aphids

Edwards et al. (1973);
Francis et al. (2005a,
b);
Bowers et al. (1977b)
Pickett and Griffith
(1980)
Dawson et al. (1987)

Aggressive behavior
Fright response
or recruitment

Present in the alarm pheromone of almost all Formicidae species and
induce the recruitment and aggression of workers or escape behavior.
Found in H. opacior and P. pennsylvanica and show drastically increased
mobility.
Strongest alarm pheromone component in leaf cutting ant (Attini) along
with 2-heptanone
Alarm pheromone in leaf cutting ant (Attini) and in other related ant
species

Stoeffler et al. (2007)
Duffield et al. (1976)
Hughes et al. (2001)
Hughes et al. (2001)

Aggressive behavior
and recruitment
Aggressive alarm
response and
recruitment
Strongest alarm
hormone in A. dorsata
Aggressive responses in
A. dorsata and A. florea

Perception of the alarm pheromone increase movement of the workers
, guarding through nestmates during against intruder
Together with IPA contribute to other behavioral responses
Elicit landing
aberration indistinguishable from natural alarm foraging response
Foraging responses, repel
forager from
landing on
inflorescence

Boch et al. (1962);
Shearer and Boch
(1965)
Pickett et al. (1982)
Li et al. (2014)
Li et al. (2014)

and
and
and
and

(-)-α-Pinene

Isothiocyanate

Ants
(Hymenopterans)

n-undecane
2,5-dimethyl-3isopentylpyrazine

4-methyl-3-hepatone

2-heptanone

Honeybees
(Hymenoptera)

Isopentyl acetate (IPA)

(Z)-11-eicosen-1-ol and 2heptanone
γ-octanoic lactone

(E)-2-decen-1-yl acetate
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pheromones for pest and disease management.

A. pisum exhibit different behaviors in response to a ladybird beetle
(Propylea japonica) (Weisser et al., 1999; Fan et al., 2018). Green morphs
tend to respond to (E)-β-Farnesene by walking away from the alarm
signal, while red morphs tend to drop off a plant (Fan et al., 2018). These
differences in behavior of the two morphs may be due to variable pre
dation risk, with red morphs more conspicuous to predators and thus
more likely to respond to predation threat (Keiser and Mondor, 2015;
Polin et al., 2015). Aphids often produce less alarm pheromones when
reared individually than when in aggregations, or when exposed to odor
from active aphid colonies (Verheggen et al., 2008b). The biosynthesis
of (E)-β-Farnesene also depends on aphid age and weight, with
pre-reproductive aphids producing more alarm pheromone than
post-reproductives, and alarm pheromone production declining with
increasing body weight (Mondor et al., 2000). These trends may have
evolved given that pre-reproductive and smaller aphids have greater
potential fitness.
Despite the central role of (E)-β-Farnesene in eliciting aphid behav
iors, the biosynthesis of this compound was not well understood until
recently. Earlier studies suggested that compounds derived from bac
terial endosymbionts or plants could be the precursor from which (E)β-Farnesene is derived. However, recent studies show that neither host
plants, nor obligate aphid endosymbionts, contribute to (E)-β-Farnesene
biosynthesis (Sun and Li, 2017). Rather, (E)-β-Farnesene is likely pro
duced de novo in a physiological pathway associated with juvenile
hormone biosynthesis that shares common intermediate precursors such
as farnesyl diphosphate (Mondor et al., 2000; Sun and Li, 2017).
While (E)-β-Farnesene is the most well-studied component of aphid
alarm pheromones, not all aphids produce this compound, including
Eucerphis punctipennis and Drepanosiphum platanoides (Francis et al.,
2005a). Other components identified in aphid alarm pheromone secre
tions include Germacrene A in Therioaphis sp., monoterpenes such as
α-pinene, β-pinene, and limonene in Megoura viciae (Bowers et al.,
1977b; Picket and Griffiths, 1980). Further work is needed to identify
the molecular mechanisms that promote production of these compounds
and their role in affecting aphid behavioral responses to predators.

2. Diversity and function of insect alarm pheromones
2.1. Alarm pheromones in aphids
The composition of alarm pheromones varies among aphid species
that have been studied, ranging from single molecules to complex blends
(Vandermorten et al., 2012). Alarm signals are believed to be evolu
tionarily derived from defensive compounds, or compounds released
during injury (Wyatt, 2003; Verheggen et al., 2010). Alarm signals
include monoterpenes, short-chain aliphatic hydrocarbons, and sesqui
terpenes that differ from other pheromones (Ginzel, 2010). Effects of
alarm pheromones on aphid behavior depend on the quantity and ratio
of different components and their spatial arrangement (stereoisomer
ism) (Wadhams, 1990; Verheggen et al., 2010). For example, the pher
omone (E)-norfarnesene has similar stereochemistry and effectiveness
than (E)-β-Farnesene, but it is one carbon shorter (Bowers et al., 1977a).
The most well-studied component of aphid alarm pheromones is (E)β-Farnesene, which has been identified in species including Acyrthosi
phon pisum, Aphis gossypii, Rhopalosiphum maidis, Aphis glycine, and Aphis
craceivora (Bowers et al., 1972; Edward et al., 1973; Pickett and Grif
fiths, 1980; Francis et al., 2005b; Verheggen et al., 2010) (Table 1). A
study of 23 aphid species showed (E)-β-Farnesene was the principle
alarm component in 16 (Francis et al., 2005b), but other species like
Megoura viciae possessed additional monoterpenes (Pickett and Griffiths,
1980). (E)-β-Farnesene is also a component of plant volatiles released in
response to herbivores (Crock et al., 1997; Turlings and Ton, 2006). One
hypothesis is that (E)-β-Farnesene synthesis in aphids resulted from
natural selection to mimic plants. However, the low levels, instability,
and pulsed release of aphid (E)-β-Farnesene during attack from preda
tors is probably functionally superior to constitutively emitting plant
derived (E)-β-Farnesene (Kunert et al., 2010; Vosteen et al., 2016).
Moreover, (E)-β-Farnesene released by plants may interfere with aphid
signals due to habituation (Petrescu et al., 2001), which has been seen in
transgenic plants that continuously produce (E)-β-Farnesene (Kunert
et al., 2010). However, plants often simultaneously secrete
sesquiterpene-like compound β-Caryophyllene, which may allow aphids
to distinguish between (E)-β-Farnesene produced by plants and aphids
(Kunert et al., 2010).
The behavioral responses of aphids to alarm pheromones have pri
marily been based on studies with (E)-β-Farnesene, making it a model
system to study insect behavior in response to chemical signals. When
under attack from predators, aphids typically release (E)-β-Farnesene in
pulses, which is followed by an exponential decline in the concentration
of pheromones over time, which prevents habituation and distinguishes
imminent threats (Schwartzberg et al., 2008; Kunert et al., 2010). For
example, A. pisum uses an oscillating pheromone signal when under
attack from ladybug and lacewing predators (Schwartzberg et al., 2008;
Joachim et al., 2013). Aphids have also been shown to be more
responsive to the frequency of alarm pheromone release compared to the
concentration (Kunert et al., 2005). For example, the frequency of
exposure to (E)-β-Farnesene is more important than the total amount or
the density of aphids for the induction of winged morphs in A. pisum
(Kunert et al., 2005).
(E)-β-Farnesene also facilitates wing induction in aphids and can
trigger dispersal behavior (Kunert et al., 2005; Wang et al., 2019). The
experimental release of (E)-β-Farnesene has been shown to induce be
haviors including withdrawal of stylets from plants, walking from
threats, and dropping off plants; however, the same signals can attract
natural enemies (Hatano et al., 2010; Vandermoten et al., 2012).
Transgenic plants releasing (E)-β-Farnesene also deter aphid settling on
plants (Phelan and Miller, 1982; Kunert et al., 2010; Zhou et al., 2016;
Wang et al., 2019).
Responses of aphids to (E)-β-Farnesene vary widely based on aphid
traits and ecological context. For example, green and red morphs of

2.2. Alarm pheromones in social insects
Social insects such as ants and bees produce many alarm pheromones
as a part of their olfactory communication (Table 1). In many ant species
the biosynthesis of these pheromone components can occur in either the
Dufour’s gland or the poison glands, which are located in the abdomen
and stinger, respectively (Fujiwara-Tsujii et al., 2006; Lenz et al., 2013).
However, other ant species produce alarm pheromones in the antennal
lobe or the mandibles (Blum, 1985; Mizunami et al., 2010). While most
ants produce aliphatic carbon chains as part of alarm pheromone blends
(Fujiwara-Tsujii et al., 2006), the diversity of pheromone components
observed in social insects to date is greater than in aphids (Table 1). For
example, the principle components of pheromone blends is often
4-methyl-3-hepatone in leaf cutting ants (Atta sp.), pyrazine in fire ants
(Solenopsis invicta), and 2-hepatone in many other ant species (e.g.,
Hughes et al., 2001; Vander Meer et al., 2010; Lenz et al., 2013)
(Table 1).
Eliciting responses in ants by presenting workers with pheromones
has been a mainstay in ant behavioral ecology, as pheromones can
modulate aggressive or flee responses. For example, jet ant (Lasious
fuliginosus) workers respond to alarm pheromone n-undecane by
running toward the source (Stoeffler et al., 2007). Conversely, workers
of Hypoponera opacior and Ponera pennsylvanica increase movement in
response to 2,5-dimethyl-3-isopentylpyrazine, but run away from the
source (Duffield et al., 1976). Response to alarm pheromones can also
involve intruders in the territory of the nest. For example, Pheidole
embolopyx produce alarm pheromones in response to nest intruders,
causing workers to mount intense defensive responses (Wilson and
Holldobler, 1985). Two species of slave-ants (Formica cunicularia and
Formica rufibarbis) respond to alarm pheromones with aggressive
3
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behavior towards parasites (Tamarri et al., 2009). Recently, Norman
et al. (2017) found great variation of alarm pheromone composition
among seven species of fungus-growing Attini ants, which exhibit dif
ferences in behavioral activity of alarm compounds. Alarm pheromone
components produced in the mandibles of Eciton ant species also exhibit
differential aggressive response including frequency of attacks and
worker recruitment based on their composition (Lalor and Hughes,
2011; Brückner et al., 2018).
In honeybees (Apis mellifera), alarm pheromone released from
stingers provides orientation information to bees to locate targets and
can alter appetitive stimuli associated with olfactory learning (Wager
and Breed, 2000; Urlacher et al., 2010). Honeybee alarm pheromones
also play a vital role in establishing intra- and interspecific communi
cations within and between various bee species, promoting
plant-pollinator interactions (Wang and Tan, 2019). Conversely, hon
eybee foragers are capable of detecting hetero-specific alarm pheromone
signals through eavesdropping, allowing them to avoid host plants with
interspecific competitors. For example, Apis cerana can eavesdrop on
alarm signals released by two other honeybee species, Apis dorsata and
Apis mellifera, and avoid competition for floral resources (Wang et al.,
2016).
The first biologically active alarm pheromone component identified
in honeybees was isopentyl acetate (Boch et al., 1962) (Table 1), and
later at least over 40 other low molecular weight aliphatic or aromatic
components were detected in the secretions of the Koshewnikov gland as
complex chemical blends (Hunt, 2007). Certain components of these
signals, such as (Z)-11-eicosen-1-ol and 2-heptanone in honeybees, are
known to alter bee behavior Boch et al. (1962); Shearer and Boch
(1965); Pickett et al. (1982) (Table 1). Similarly, recent studies identi
fied three main alarm compounds in giant Asian honeybee, Apis dorsata,

γ-octanoic lactone, isopentyl acetate, and (E)-2-decen-1-yl acetate, and
these compounds induced either defensive behaviors or foraging (Li
et al., 2014) (Table 1). However, not all the aliphatic or aromatic se
cretions in honey bee pheromone blends are believed to elicit alarm
responses on their own, although they may work in concert with other
chemicals (Hunt, 2007; Li et al., 2014).
3. Molecular mechanism of alarm pheromone perception
Chemoreception in insects is a physiological process whereby envi
ronmental stimuli are detected, and the signals are transduced to the
central nervous system (Fig. 1). The perception of alarm signals is
mediated by chemosensory proteins, including transmembrane odorant
receptors (ORs) and secreted odorant-binding proteins (OBPs) on the
antennae (Leal, 2013; Zhang et al., 2017). After odorant molecules enter
the sensillar lymph, they bind to OBPs, which transport the molecules to
ORs on sensory neurons (Sun et al., 2018, Fig. 1). ORs then form het
erodimers with highly conserved and co-expressed odorant receptor
co-receptor (ORCO) proteins, which serve a chaperone function and
contribute to pore formation in ligand-gated ion channels upon ligand
binding (Nakagawa et al., 2012; Zhou et al., 2012) (Fig. 1), while also
activating sensory neurons in cooperation with OBPs to transduce alarm
signals (Benton et al., 2006; Zhang et al., 2017).
While cellular and molecular mechanisms of alarm signaling have
been assessed for a few insects, genome and RNA-seq sequencing have
promoted identification and characterization of multiple ORs and OBPs
recently (Zhou et al., 2010; Sun et al., 2012; Zhang et al., 2017). For
example, in A. pisum, perception of (E)-β-Farnesene is mediated by co
ordinated action of one OR (ApisOR5), which is expressed in type B
neurons housed in large placoid sensilla in the sixth antennal segment,

Fig. 1. Schematic representation of alarm pheromone perception by aphid antennae: (a) In response to natural enemy attack, aphids to release alarm compounds
(ACs) as waxy droplets from cornicles; (b) volatilized ACs enter the insect sensilla, located on six antennal segment through cuticular pores, bind and ferried by
odorant binding proteins (OBPs) housed in sensillum lymph to odorant receptor complex (ORx/ORCO) located on the dendritic membrane of sensory neurons; (c)
alarm signal for impending danger is transduced from peripheral sensory neurons to central nervous system (CNS) which (d) promotes escape responses in con
specifics like running and dropping from hosts. Insect brain image modified from Gerber et al. (2017).
4
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and two OBPs (ApisOBP3, ApisOBP7), which are expressed in the
sensillum lymph (Zhang et al., 2017, Fig. 1). In A. pisum individuals,
among over 60 odorants tested, only (E)-β-Farnesene and geranyl ace
tate elicited electrophysiological responses to ApisOR5 (Zhang et al.,
2017). Moreover, when ApisOBP3 and ApisOBP7 were silenced in
A. pisum using RNAi, aphids did not respond to (E)-β-Farnesene, con
firming the role of these OBPs in detecting and responding to
(E)-β-Farnesene (Zhang et al., 2017). Similarly, in Rhopalosiphum padi,
both RpadOBP3 and RpadOBP7 are associated with (E)-β-Farnesene
perception (Fan et al., 2017). In eusocial insects, OBPs have been shown
to play a crucial role in alarm signaling by binding and transporting
pheromone compounds to their olfactory systems (Pelosi et al., 2018;
Song et al., 2018). Similar to OBPs, ORs have been identified from
honeybees (Wanner et al., 2007; Karpe et al., 2017) and ants (e.g., Pask
et al., 2017; Slone et al., 2017; Yan et al., 2017). In these insects, these
receptors are required for chemical perception and can mediate certain
social behaviors such as pollinator attraction to plants (Fleischer and
Krieger, 2018).
Insect OBPs have also been characterized through investigation of
their binding affinity and using molecular docking experiments with
bioactive components. However, transmembrane ORs have proven to be
challenging to express and purify in heterologous systems, and crystal
structures for ORs have not yet been determined (Venthur and Zhou,
2018). Some OBPs that have been assessed across aphid species, such as
OBP3, such that they are highly conserved (Northey et al., 2016)
(Fig. S1). Additionally, Tyr30, which is located close to the predicted
ligand binding site of OBP3 and plays an important role in ligand
binding (Northey et al., 2016), was conserved across all 8 OBP3 se
quences we aligned (Fig. S1). Other residues that could function in
ligand interactions in aphids, including Phe5, Val27, and Tyr105, are
also conserved (Fig. S1). However, similar OBPs may have unique
functions in different aphid species; assays show that OBP3 in
N. ribisnigri binds only to (E)-β-Farnesene, but the same OBP in M. viciae
can respond to a mixture of different alarm molecules including
(E)-β-Farnesene, (-)-α- pinene, β-pinene, and limonene, with (-)-α-pinene
the most active (Northey et al., 2016).
Molecular binding assays between OBPs and aphid-derived alarm
pheromone molecules indicate the potential to develop pest control
strategies by exploiting the specificity of alarm communication and by
altering arms race between predators and prey. For example, given that
particular ORs and OBPs show a strong affinity toward (E)-β-Farnesene
and mediate alarm pheromone signaling, they may be targets for aphid
management (Fan et al., 2017; Venthur and Zhou, 2018). OBPs might
also be used to recruit predatory insects to prey aggregations (Verheg
gen et al., 2008a; Vandermoten et al., 2011). For example, among five
OBPs identified from adult lacewings (Chrysopa pallens), three OBPs
(CpalOBP3, CpalOBP6, and CpalOBP10) were shown to be involved in
the detection and transport of signals produced by plant volatiles and
aphid alarm signals that indicated locations of prey; higher expression of
these OBPs in both male and female antennae altered lacewing behavior
and resulted in increased oviposition on plants with active aphid col
onies (Li et al., 2017).

et al., 2016). Although multiple prey species, such as A. pisum, M. per
sicae, and M. viciae emit low levels of (E)-β-Farnesene under natural
conditions in the absence of any stress factor, most other aphids do not
emit detectable (E)-β-Farnesene in undisturbed colonies (Francis et al.,
2000; Acar et al., 2001; Joachim and Weisser, 2013). Consequently, for
predators to find prey, aphids have to already be emitting warning
signals. Importantly, (E)-β-Farnesene’s low persistence means
plant-emitted volatiles are typically more reliable signals of herbivores
(Joachim et al., 2015).
4.1. Alarm pheromones as kairomones for prey location
Responses of predators to pheromones can vary even among species
with similar foraging strategies. For example, the amount of (E)-β-Far
nesene released by A. pisum is less than 50 ng when under attack from
lacewings (Chrysoperla carnea) and multiple ladybird beetle species,
which was below thresholds needed to trigger predator responses in the
laboratory (Schwartzberg et al., 2008; Joachim and Weisser, 2013;
Joachim et al., 2015; Vosteen et al., 2016). Moreover, while generalist
parasitoids such as Aphidius colemani and Lysiphlebus testaceipes showed
no response to high concentrations of (E)-β-Farnesene, the generalist
wasps Aphidius ervi and Praon valucre, and the specialists Diaeretiella
rapae and Aphidius uzbekistanicus, were attracted to high (E)-β-Farnesene
amounts (0.3–30 μg) (Du et al., 1998; Heuskin et al., 2011; Ameixa and
Kindlman, 2012). Under field conditions, such concentrations may only
occur in the largest aphid colonies that are most attractive to parasitoids.
Hoverfly (Episyrphus balteatus) larvae, in contrast, use both low and high
levels of (E)-β-Farnesene as signaling cues (Francis et al., 2005b; Ver
heggen et al., 2008a; Leroy et al., 2010; Heuskin et al., 2012).
Beyond testing single chemical or blends, aphid tissue has been used
to test the response of different predator species to alarm signals. For
example, an ant (Lasius niger), the lady beetles Adalia bipunctata and
Harmonia axyridis, the parasitoid Lysiphlebus testaceipes, and marmalade
hoverfly (Episyrphus balteatus) were attracted to crushed aphids with
stored alarm compounds (Francis et al., 2004, 2005b; Grasswitz and
Paine, 1992; Verheggen et al., 2007, 2012). Such studies have also
shown that volatiles other than (E)-β-Farnesene play a role in attracting
predators. For instance, in M. viciae, the main alarm component is
β-pinene, and (E)-β-Farnesene is only present in low quantities, but
predators are attracted to crushed aphids (Francis et al., 2005a). Other
predatory arthropods also exploit alarm pheromones as prey-finding
cues. For example, cursorial spider (Habronestes bradleyi), a specialist
predator of the ant Iridomyrmex purpureus, is attracted by naturally
occurring amounts of alarm pheromone 6-methyl-5-hepten-2-one that is
emitted by ant workers (Allan et al., 1996). Upon receiving alarm signals
released by western flower thrip, Frankliniella occidentalis, the predator
mite Amblyseius cucumeris and another natural enemy minute pirate bug,
Orius tristicolor were found to increase forage and use the alarm phero
mone as host finding cue (kairomone) (Teerling et al., 1993).
Although some predator species fail to show responses to alarm
pheromone in the field, more sensitive measures demonstrate their ca
pacity to respond. For example, while Chrysoperla carnea larvae and
adults failed to show attractant behavior to high or low amounts of (E)β-Farnesene (Joachim et al., 2015), electroantennography studies show
that adults can detect and respond to (E)-β-Farnesene (Zhu et al., 1999).
In contrast, Chyropa cognata showed neither electroantennography nor
attraction to (E)-β-Farnesene even at high amounts (10 mg) (Boo et al.,
1998). Similarly, in the field two ladybird species (Coleomegilla maculate
and Harmonia axyridis) did not show any behavioral response to releases
of (E)-β-Farnesene, but abundance increased in (E)-β-Farnesene treated
fields (Zhu et al., 1999; Cui et al., 2012; Leroy et al., 2012). Larvae of
another ladybird species (A bipunctata) also have the ability to detect
aphid prey from short-range, which is believed to be mediated by
(E)-β-Farnesene (Francis et al., 2004; Hemptinne et al., 2000).
Research on parasitoids may shed insight into the role of alarm
pheromones as kairomones. In the field, increased numbers of aphid

4. Alarm pheromone as kairomones for natural enemies
Alarm pheromones can recruit predators to prey and act as kair
omones, chemical signals that are beneficial to a signal receiver but
detrimental to the emitter (Nordlund and Lewis, 1976). However,
studies assessing effects of alarm pheromones on predator-prey in
teractions are mixed, even for (E)-β-Farnesene, with predators
responding strongly in some ecological contexts but not others
(Table S1). Alarm pheromones often serve as foraging cues to predators
when high enough concentrations are present (Hatano et al., 2008;
Vandemorten et al., 2012; Vosteen et al., 2016). However, the short
distance transmission of alarm pheromones often makes it difficult for
predators to use them for prey detection (Joachim et al., 2015; Vosteen
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parasitoids were detected in yellow traps using (E)-β-Farnesene, and
there is evidence of parasitoids learning to associate (E)-β-Farnesene
with hosts (Cui et al., 2012). The parasitoid A. uzbekistanicus, for
example, was only initially attracted to synthetic (E)-β-Farnesene at high
levels (5.7 μg), but females with oviposition experience responded to
lower levels (1.4 μg) (Micha and Wyss, 1996). Female parasitoids of
cabbage aphid (Diaeretiella rapae) with oviposition experience also
preferred aphids with cornicle secretions over non-secreting aphids, but
naïve parasitoid females failed to distinguish between these aphid types
(Moayeri et al., 2014). For some parasitoids, contact with non-volatile
components other than (E)-β-Farnesene from aphid secretions can pro
mote host specificity. For example, physical contact of the parasitoid
L. testacepis with cornicle secretions or body fluid increased oviposition
on R. padi (Grasswitz and Paine, 1992). Moreover, the wasps A. ervi and
A. uzbekistanicus only engage in oviposition responses during physical
contact with aphid cornicle secretions, with no response occurring to
volatile emissions alone (Battaglia et al., 2000; Micha and Wyss, 1996).
These results suggest that parasitoid wasps use a broad complex of
volatile and tactile chemical signals, of which (E)-β-Farnesene plays an
important role to locate hosts.

parthenogenetic, where individuals in the same colony have the same
genotype (Dedryver et al., 2013). Consequently, even though producing
alarm pheromone may increase predation risk for an individual, it
provides an inclusive fitness benefit (Robertson et al., 1995).
The production of aphid alarm pheromones has physiological and
behavioral costs. The primary component of cornicle droplets that
contain alarm pheromones are derived from lipids, which are limited in
aphids due to their phloem-based diet (Callow et al., 1973). Biosynthesis
of (E)-β-Farnesene is also linked with juvenile hormone production (Van
Oosten et al., 1990), and synthesis of (E)-β-Farnesene affects develop
ment and can delay aphid reproduction (Mondor and Roitberg, 2003).
For instance, lower fecundity of Aphis gossypii was observed after
exposure to synthetic alarm pheromone (Su et al., 2006). Thus, there is a
selective advantage in minimizing the emissions of (E)-β-Farnesene from
aphids where the risk of predation is low (Outreman et al., 2010). For
example, A. pisum regulates the amount of (E)-β-Farnesene in alarm
secretion, with lower quantities emitted in smaller colonies than in
larger colonies (Verheggen et al., 2010). The amount of (E)-β-Farnesene
released also decreased in later instars and adults, ensuring enhanced
protection for pre-compared to post-reproductive life stages (Mondor
et al., 2000).
Behavioral responses to (E)-β-Farnesene depend on factors including
life stage (Losey and Denno, 1998a,b), genotype (Braendle and Weisser,
2001), and environmental context (Dill et al., 1990). In A. pisum, Myzus
persicae, and Diuraphis noxia, early instars are less sensitive to
(E)-β-Farnesene than late instars because young individuals are more
susceptible to starvation when they fall from the host plant (Mont
gomery and Nault, 1978; Roitberg and Myers, 1978a,b; Shah et al.,
1999). Winged morphs of M. persicae are also more sensitive than
wingless morphs to (E)-β-Farnesene (Visser and Piron, 1997). Addi
tionally, host-adapted A. pisum populations from four different hosts
differed in their defensive behaviors after (E)-β-Farnesene perception,
suggesting that host shifts can lead to ecological specialization (Kunert
et al., 2010). These differences in alarm response may arise from
differing selection pressure on aphid species, morphs, and clones.

4.2. Alarm pheromones as kairomones for prey avoidance or mutualisms
Alarm pheromones can act as warning signals for predators to avoid
certain types of prey, such as those herbivores that are chemicallydefended and toxic. For example, aphids that feed on cruciferous
plants (Brassicaceae) containing glucosinolates have a biochemical
ability to degrade glucosinolate to volatile isothiocyanate (Table 1),
which is toxic to predators (Francis et al., 2004; Jones et al., 2001). It is
documented
that
isothiocyanates
act
synergistically
with
(E)-β-Farnesene to mediate alarm signaling in cruciferous aphids, and
therefore may function to deter predators (Dawson et al., 1987). This
suggests that alarm pheromone blends may evolve to both provide sig
nals that promote anti-predator behaviors in aphids, by including
compounds such as (E)-β-Farnesene, while also deterring prey, by
including compounds such as isothiocynates. Isothiocyanates thus act as
herbivore-induced plant volatiles (HIPV) by promoting repellent be
haviors in predators, while also deterring prey when acting with
(E)-β-Farnesene.
In addition to natural enemies, insects that form mutualistic re
lationships with aphids can be attracted to alarm signals. Argentine ants
(Linepithema humile), for example, double their visitation to C. populicola
aphid colonies when exposed to aphid cornicle secretions (Mondor and
Additcott, 2007). Electroantennograms could be used to further probe
electrophysiological responses of various insects to their alarm phero
mones, and investigate olfactory discriminations of alarm signals by
other insects (Du et al., 2019). For example, the black garden ant (Lasius
niger) responds to lower doses of (E)-β-Farnesene in electroantennogram
studies, but scout ants fail to show any response unless high concen
trations are applied in the field (Verheggen et al., 2012). Adult ants of
the species Formica subcericea (Say) also only respond to (E)-β-Farnesene
from poplar leaf aphid (Chaitophorus populicola) at high concentrations
(Nault et al., 1976).

6. Effect of aphid alarm pheromones on vector-borne pathogen
transmission
Many aphids transmit plant viruses, and changes in behavior due to
alarm pheromones may affect virus acquisition and transmission. For
example, winged adults of Myzus persicae respond more strongly to (E)β-Farnesene compared to wingless adults, nymphs, or post-reproductive
adults (Montgomery and Nault, 1978). This could affect the spread of
pathogens, as winged adults are most capable of long-distance dispersal.
Application of alarm pheromones in the field can also hamper aphid
colonization on hosts and affect aphid longevity (Xiangyu et al., 2002).
In turn, several attempts have been made to synthesize (E)-β-Farnesene
for management of aphid vectors (Nishino et al., 1976; Bowers et al.,
1977b; Dawson et al., 1982, 1988).
Chemical modification and application of (E)-β-Farnesene decreased
settling and fitness of M. persicae on plants, which reduced transmission
of beet yellow virus and potato virus Y (Dawson et al., 1982). Myzus per
sicae and Macrosiphum euphorbiae populations have also been lowered by
application of synthetic (E)-β-Farnesene, but this increased transmission
of potato virus Y (Lin et al., 2016). These results may have been caused by
the fact that potato virus Y is a non-persistent virus that is retained in
aphid stylets, and increased aphid movement in response to
(E)-β-Farnesene may increase virus transmission even if aphid abun
dance decreases (Bragard et al., 2013; Lin et al., 2016). The application
of (E)-β-Farnesene can also affect the transmission of pea enation mosaic
virus by A. pisum (Lee et al., unpublished data).

5. Alarm pheromone emission: costs and benefits
Releases of alarm pheromones have a trade-off. On one hand, they
signal impending threats from predation. On the other, the release of
aphid alarm pheromone as a sticky cornicle secretion contains a high
amount of triglyceride (Greenway and Griffiths, 1973) that is energeti
cally costly to produce and risks attracting predators (Vandemorten
et al., 2012). For an aphid cohort, alarm pheromones protect individuals
that belong to the same colony rather than the emitter. Hence, the
release of alarm pheromones by individual aphids following attack can
benefit entire colonies (Edwards, 1966; Mondor and Roitberg, 2004; Wu
et al., 2010). This may be selected for because many aphids are

7. Applications and future directions
Much of the research on alarm pheromones in insect herbivores may
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be directly applicable to pest management. For example, the natural
release of (E)-β-Farnesene from the glandular trichome of wild potatoes
repels aphids (Gibson and Pickett, 1983; Beale et al., 2006). However,
there are contradictory results regarding the defensive role of
(E)-β-Farnesene against aphids. In transgenic Arabidopsis, constitutive
releases of (E)-β-Farnesene failed to affect the settling or performance of
the green peach aphid (Myzus persicae) (Kunert et al., 2010). Yet, even if
alarm cues fail to have direct effects on aphids, releases of these cues can
potentially increase the attraction of aphid predators and increase bio
logical control (Du et al., 1998; Verheggen et al., 2007, 2008; Zhu et al.,
1999; Vosteen et al., 2016). However, to make progress in these areas we
suggest three promising directions for alarm pheromone research. First,
alarm pheromones can be engineered for developing sustainable pest
management programs. Second, more work is needed to identify mo
lecular mechanisms related to alarm pheromone signaling. Third, recent
advances in molecular biology techniques should allow for better
manipulation of alarm pheromones. We expand on each of these ideas in
the sections to follow.

provided insight into insect behavior and predator-prey interactions.
However, several questions have yet to be answered regarding the
detailed mechanisms mediating insect alarm pheromone signaling in
terms of the components of the machinery, diversity of alarm signaling,
signal perception, and other downstream processes. With recent devel
opment of various molecular and biochemical techniques, various new
components associated with alarm signaling have been identified and
characterized in various insect species. The evolution of alarm phero
mone responses integrates two different categories: (i) perception of
alarm compounds by olfactory proteins (molecular- and physiological
level), and (ii) their impact on the behavior on predator-prey dynamics
(population and community level) (Fig. 2). Interrelation of both these
interactions at multiple levels ultimately contribute to biological
complexity of alarm signaling (Fig. 2).
Beside alarm pheromones, we should also consider effects of plant
derived volatiles that contain alarm components on insect predators.
Although we have limited knowledge about the role of different en
zymes involved in mono- and sesquiterpene biosynthesis in insects, the
biosynthetic pathways for similar compounds have been well charac
terized in plants. For example, the biosynthesis of both alarm phero
mone and juvenile hormones in insects are believed to share some
common enzymes and intermediates with plant compounds, and thus
there is potential to characterize the biosynthesis, storage, and regula
tion of alarm pheromones in plants to understand insects. However, the
biosynthesis enzymes involved in (E)-β-Farnesene production are quite
divergent in both plants and insects, suggesting that compounds from
plants may not always have the expected effects on insect herbivores or
their predators. Thus, future research using modern molecular ap
proaches such as genome and/or RNA sequencing should focus on
identifying divergence in alarm components between insects and plants.

7.1. Alarm pheromone for pest management
The ability of insect alarm pheromones to attract predators may be
exploited to make baits or traps. For example, expression of (E)-β-Far
nesene synthase gene in Arabidopsis thaliana increased aphid parasitoid
attraction towards plants (Beale et al., 2006). Similarly, synthetic
4-methyl-3-heptanone, a component of alarm pheromone used by
grass-cutting ants, can trap and control these insects (Hughes et al.,
2002). However, most of the studies focused on the attractant properties
of alarm pheromone on predators have been conducted under controlled
laboratory conditions, and field trials are needed for validation. There
fore, there are ample opportunities for chemical ecologists and ento
mologists to develop various sustainable pest management strategies
exploiting natural enemy behavioral responses to alarm pheromones.

7.3. Advanced molecular biology techniques may facilitate alarm
pheromone research

7.2. Molecular and biochemical research related to alarm signaling

Our understanding of molecular and biochemical recognition of
alarm pheromone binding proteins and receptors are limited, and future
research should identify and characterize various components of alarm

Recent research on various aspects of insect alarm pheromones have

Fig. 2. Diagram of interactions across multiple levels of biological complexity. Two broad categories have been considered: perception of volatile compounds by
odorant binding proteins (molecular-and psychological level), and the impact of behavior on predator-prey dynamics (population and community-level interactions).
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signaling pathways and signaling mechanisms. Advancement in “omics”
technologies (genomics, transcriptomics, proteomics) could guide
research to explore different understudied areas of alarm signaling
mechanisms. For example, genome editing tools such as CRISPR-Cas9
have been used for in vivo functional characterization of genes that are
involved in alarm signaling reception and transduction (Guo et al.,
2020). Moreover, the use of transgenic plants expressing dsRNAs against
various alarm components, or directly feeding aphids with artificial diet
containing dsRNA, could revolutionize our understanding of the mech
anisms of insect alarm-pheromone mediated signaling in various insects.
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8. Conclusions
Recent research related to the biosynthesis, diversity, perception,
regulation, and function of insect alarm pheromones has increased our
knowledge on behavioral responses of prey and predators, as well as the
ecological trade-offs, biochemical, and molecular details of alarm
signaling. Various aspects of alarm pheromone research have also
enhanced our knowledge of the chemical ecology of alarm pheromones
and their role in mediating intra- and interspecific interactions between
predators and prey. Available research shows that insect colony size,
structure, and composition regulate production and release of insect
alarm pheromones, but more research is needed to investigate the socioecological and evolutionary contexts of alarm pheromone production by
individual insects. Assessing the balance between eco-physiological
costs and inclusive fitness benefits or aggressive behavior require
further research as well. Moreover, the use of alarm pheromones as
kairomones by predators may provide novel avenues for pest manage
ment. Overall, a thorough understanding of the biosynthesis, diversity,
perception, regulation, and function of insect alarm pheromone
signaling, and the ecology of interactions with their predators, will
enable us to generate various novel and advanced strategies to control
different insect pests and vector-borne pathogens.
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