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From the symposium ‘‘Neuroecology: Neural Mechanisms of Sensory and Motor Processes that Mediate Ecologically

Relevant Behaviors’’ presented at the annual meeting of the Society for Integrative and Comparative Biology, January 3–7,

2016 at Portland, Oregon.
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Synopsis The ability to learn and store information should be adapted to the environment in which animals operate to

confer a selective advantage. Yet the relationship between learning, memory, and the environment is poorly understood,

and further complicated by phenotypic plasticity caused by the very environment in which learning and memory need to

operate. Many insect species show polyphenism, an extreme form of phenotypic plasticity, allowing them to occupy

distinct environments by producing two or more alternative phenotypes. Yet how the learning and memories capabilities

of these alternative phenotypes are adapted to their specific environments remains unknown for most polyphenic insect

species. The desert locust can exist as one of two extreme phenotypes or phases, solitarious and gregarious. Recent studies

of associative food–odor learning in this locust have shown that aversive but not appetitive learning differs between

phases. Furthermore, switching from the solitarious to the gregarious phase (gregarization) prevents locusts acquiring

new learned aversions, enabling them to convert an aversive memory formed in the solitarious phase to an appetitive one

in the gregarious phase. This conversion provides a neuroecological mechanism that matches key changes in the behav-

ioral environments of the two phases. These findings emphasize the importance of understanding the neural mechanisms

that generate ecologically relevant behaviors and the interactions between different forms of behavioral plasticity.

Introduction

Insects, like all animals, learn and store new infor-

mation about their environment, and use it to

modify various behaviors including feeding, predator

avoidance, social interaction, and sexual behavior

(Papaj and Prokopy 1989; Dukas 2008a; Chittka

and Niven 2009). Improved learning and memory

capacities are correlated with increased fitness

(Dukas and Bernays 2000; Dukas and Duan 2000;

Dukas 2008b; Raine and Chittka 2008) but also in-

creased costs (Johnston 1982; Dukas 1999; Mery and

Kawecki 2003, 2004, 2005; Burns et al. 2011).

Consequently, the learning and memory capacities

of a particular species are expected to exhibit natural

genetic variation and to be adapted to their ecology

and life history. Indeed, insect learning capacities

vary widely at the level of individuals, populations

and species, and these differences likely reflect adap-

tations to their environment (Brandes 1991; Lofdahl

et al. 1992; Shettleworth 1993; Dukas 1999, 2008a;

Ferguson et al. 2001; Raine et al. 2006; Raine and

Chittka 2008; Burns et al. 2011; Hoedjes et al. 2011;

Ngumbi et al. 2012).

However, learning is not the only way in which

insects are shaped by their environments. Many

insect species display polyphenism, manifesting two

or more distinct alternative phenotypes in response

to environmental cues (Nijhout 2003; West-Eberhard

2003; Fusco and Minelli 2010; Moczek 2010;

Simpson et al. 2011). Polyphenism is an extreme

form of phenotypic plasticity, which is intrinsic to

all organisms and biological processes (West-

Eberhard 2003; Pigliucci et al. 2006; Fusco and

Minelli 2010; Moczek 2010). Polyphenisms enable
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insects to partition life history stages, adopt different

phenotypes in different life history stages, cope with

temporally heterogeneous environments, and in eu-

social insects, permits the division of labor (Fusco

and Minelli 2010; Simpson et al. 2011).

The environmental cues that trigger phenotypic

shifts in insects are diverse, as are the polyphenisms

they induce. In some insects, such as the desert

locust (Schistocerca gregaria), local shifts in popula-

tion density induce phenotypic changes, a process

known as density-dependent phase polyphenism

(Applebaum and Heifetz 1999; Pener and Simpson

2009; Fusco and Minelli 2010). Locusts respond to

an increase in population density by shifting from a

lone-living, cryptic solitarious phase to a swarming

gregarious phase. The extreme solitarious and gregar-

ious phases show striking differences in their color-

ation, morphology, behavior, metabolism,

physiology, neurobiology, immunology, reproduction

and ecology, with differences between the two phases

being at least as significant as between two closely

related species. These phase characteristics can be

shifted in either direction, from solitarious to gregar-

ious or vice versa, within the lifetime of an individ-

ual (Roessingh and Simpson 1994; Heifetz et al.

1996; Gillett 1988).

Phase change in desert locusts is an adaptation to

arid habitats where rains are infrequent and non-pe-

riodical but substantial at times. Transitory periods

of abundant plant growth after such rains support a

rapid population increase of solitarious locusts.

However, resources are exhausted rapidly, leaving

large numbers of solitarious locusts competing for

small patches of vegetation. As the population den-

sity increases, physical contact between conspecifics

also increases, and it is the persistence of this forced

crowding that triggers gregarization (Uvarov 1966,

1977; Roffey and Popov 1968; Simpson et al. 1999;

Despland et al. 2000; Culmsee 2002; Sword 2003;

Pener and Simpson 2009).

Behavior is the first characteristic to be modified

by crowding, with solitarious locusts acquiring key

behavioral characteristics of the gregarious phase

within 4–8 h of crowding, including increased activ-

ity and locomotion and the propensity to aggregate

(Roessingh et al. 1993; Bouaı̈chi et al. 1995; Simpson

et al. 1999; Bouaı̈chi and Simpson 2003). The initial

behavioral shift from avoidance to attraction sets up

a positive feedback loop that facilitates all subsequent

phase-related phenotypic changes and amplifies

phase change from the individual to the population

level (Despland et al. 2000; Bouaı̈chi and Simpson

2003). Morphological and physiological modifica-

tions only occur in subsequent stadia or generations

(Pener 1991; Roessingh et al. 1993; Roessingh and

Simpson 1994; Applebaum and Heifetz 1999;

Simpson et al. 1999; Pener and Simpson 2009;

Simpson and Sword 2009), with a maternal epige-

netic mechanism contributing to the trans-genera-

tional accumulation of phase characteristics (Miller

et al. 2008; Tanaka and Maeno 2010).

Desert locusts are polyphagous generalists that

feed on a variety of plant species, but their dietary

range is phase-dependent. Compared with solitarious

locusts, gregarious locusts have a broader diet, con-

suming a larger number of plant species and engag-

ing in cannibalism (Simpson and Abisgold 1985;

Mainguet et al. 2000; Simpson and Raubenheimer

2000; Despland and Simpson 2005a; Bazazi et al.

2008). Gregarization also entails a switch in anti-

predator strategy from crypsis in solitarious locusts

to aposematism in gregarious locusts. Gregarious

nymphs are black upon hatching and develop a con-

spicuous black and bright-yellow pattern in later in-

stars; adult gregarious locusts also show a

conspicuous yellow coloration that reflects their apo-

sematic defense strategy (Sword 2002). Gregarious

locusts can acquire toxicity only through feeding,

however, and must, therefore, forage and consume

plant species that contain toxic secondary com-

pounds (Sword et al. 2000; Sword 2002; Despland

and Simpson 2005a, 2005b). Consequently, the

same insect species can present two distinctly differ-

ent life history strategies, in which learning and

memory abilities may have different relative costs

and benefits.

Associative learning in desert locusts

A variety of behavioral paradigms demonstrate that

locusts, and acridids in general, can associate olfactory,

gustatory, visual, or positional cues with the nutritional

value and the magnitude of either plant material or

synthetic diets, and can retain single-meal aversive

memories for 2 days (e.g., Simpson and White 1990;

Lee and Bernays 1990; Holliday and Holliday 1995;

Raubenheimer and Tucker 1997; Behmer et al. 1999,

2005; Pompilio et al. 2006; Dukas and Simpson 2009).

More recently, adult desert locusts have also been

shown to associate odors with appetitive or aversive

food reinforcers in a strictly Pavlovian paradigm with-

out any operant component during training (Simões et

al. 2011, 2012, 2013), as do many other insect species

(e.g., Bitterman et al. 1983; Tully and Quinn 1985;

Matsumoto and Mizunami 2000; Watanabe et al.

2003; Bleeker et al. 2006). In this classical Pavlovian

paradigm, locusts are fully restrained during training.

The palp opening reflex (POR; Box 1) permits testing
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appetitive memory in the same restrained setting

(Simões et al. 2011). Moreover, desert locusts can

transfer these classically conditioned olfactory memo-

ries to operant contexts: locusts that were restrained

during appetitive or aversive associative conditioning

make appropriate decisions in a Y-maze arena

(Simões et al. 2011, 2013). This confirms the behavioral

relevance of Pavlovian associative memories in freely

moving locusts and demonstrates that olfactory asso-

ciative memories are resistant to context changes, as

they are in other insects (Tully and Quinn 1985;

Sandoz et al. 2000; Matsumoto and Mizunami 2002;

Chaffiol et al. 2005).

In locusts, learning contributes to the regulation of

feeding, either through neophilia (Bernays and

Raubenheimer 1991; Bright et al. 1994; Chambers et

al. 1996), habituation of an initially strong rejection of

toxin-treated food plants (Szentesi and Bernays 1984)

or associative learning (e.g., Simpson and White 1990;

Raubenheimer and Blackshaw 1994; Raubenheimer and

Tucker 1997; Simões et al. 2011, 2012). Most remark-

ably, locust can associate odors, color cues, and food

locations with specific nutrients within foods (Simpson

and White 1990; Raubenheimer and Tucker 1997), and

can acquire associative food aversions to nutritionally

deficient foods (Champagne and Bernays 1991; Behmer

et al. 1999) or toxic chemicals (Bernays and Lee 1988;

Lee and Bernays 1990; Simões et al. 2012, 2013)

through post-ingestive mechanisms (Box 2). This im-

pressive array of learning mechanisms appears to be

related to being polyphagous generalists that must

make decisions about which plants to feed on under

competitive pressure. Moreover, each food item pre-

sents a complex and variable mixture of nutrients

and deterrent or toxic compounds, all of which require

evaluation and may be informative for subsequent en-

counters (Bernays 1993; Simpson and Raubenheimer

2000).

Memory dynamics

Appetitive and aversive memories have different dy-

namics in locusts (Simões et al. 2011, 2012, 2013).

The strength of appetitive memories is positively cor-

related with the number of conditioning trials; in-

creased conditioning eliciting stronger and prolonged

appetitive memories (Simões et al. 2011). In ecolog-

ical terms, this might indicate that a single feeding

bout and the associative pairing it produces becomes

relevant and informative in the long term only if

followed by further identical, but short-spaced, feed-

ing events.

In aversive conditioning, in contrast, a single

paired presentation of odor and nicotine hydrogen

tartrate (NHT; 10%) is sufficient to produce and

saturate the locusts’ aversive response for at least

24 h (Bernays and Lee 1988; Lee and Bernays 1990;

Simões et al. 2012, 2013). Moreover, in gregarious

locusts, the strength of the aversive response depends

upon the concentration of toxin but not on the

number of trials (Simões et al. 2012). This lack of

sensitivity to the number of aversive conditioning

trials may be due to the relatively high NHT con-

centration used as the unconditioned stimulus (US),

which causes toxic malaise and activates post-inges-

tive aversive mechanisms (Box 2).

The long-lasting memories of punishment in lo-

custs contrast with the lesser, non-illness inducing

punishments in other insect learning studies (Tully

and Quinn 1985; Unoki et al. 2005; Honjo and

Furukubo-Tokunaga 2009). In both crickets (Unoki

et al. 2005: salt as US) and fruit flies (Tempel et al.

1983; Honjo and Furukubo-Tokunaga 2009: quinine

or salt as US), olfactory aversive memories are rela-

tively short-lived compared to appetitive memories,

even accounting for the initial levels of memory ac-

quisition. Consequently, in crickets and flies, mem-

ories of punishment decay even when the number of

trials is large and initial acquisition is high, whereas

reward memories show little decay even when the

number of trials is small and the level of initial ac-

quisition is low (Mizunami and Matsumoto 2010). It

is likely that these species differences in acquisition

and decay reflect not only differences in the training

protocols, but also the very different feeding ecolo-

gies of fruit flies, crickets, and locusts. Work on lo-

custs reviewed in the next sections shows how, in the

case of polyphenic insects, ecological differences can

be reflected in different learning rules even within

one species.

Phase-dependent associative learning

Desert locusts show phase-dependent aversive, but

not appetitive, associative memories. Furthermore,

this phase difference in aversive learning is specific

to the acquisition but not to the retention or re-

trieval of long-term memories (Simões et al. 2013):

When an unfamiliar odor is paired with NHT-diet,

solitarious locusts manifest conditioned aversion to

the odor within 10 min after training. In contrast,

the aversion of the conditioned stimulus (CS) odor

manifests only gradually after conditioning in gregar-

ious locusts but reaches a comparable magnitude.

Remarkably, the process of gregarization through

crowding temporarily impairs the acquisition of

aversive but not appetitive associative memories

(Simões et al. 2013): conditioning of recently

Neuroecology of locust learning & memory 3
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crowded ‘‘transiens’’ locusts fails to induce any con-

ditioned odor aversion to the toxic alkaloids used in

training. This temporary block operates for at least

24 h after the onset of crowding and is particularly

remarkable because, in the case of NHT, the training

causes a pronounced toxic malaise that, in long-term

gregarious locusts, very effectively engages the post-

ingestive learning pathway (Box 2).

Proximate mechanisms of phase-depen-
dent associative learning

What are the proximate explanations of these ob-

served phase differences in the acquisition of aversive

odor–food associations? The explanation cannot lie in

any phase-specific differences in odor sensitivity, re-

ception or processing, because all phases show com-

parable naı̈ve odor discrimination between the odors

used in conditioning, and show comparable acquisi-

tion of appetitive memories. Moreover, no differences

between phases have been reported in the sensitivity

or range of olfactory receptor neurons (Ochieng’ and

Hansson 1999) or in the responses of antennal lobe

neurons to plant volatiles (Anton et al. 2002).

The conditioned aversion in solitarious locusts

manifests too soon to involve post-ingestive feedback

and its acquisition must, therefore, be mediated by

detection of the aversive taste of the toxin by gusta-

tory receptors on the mouthparts. This fast taste-

mediated pathway is strongly down-regulated in

long-term gregarious locusts, which rely primarily

on post-ingestive feedback for their conditioned aver-

sion (Simões et al. 2012). The apparent disregard of

gregarious locusts for the taste of the toxin could be

peripheral or central. In the sensory periphery, the

phase-dependent acquisition of aversion could be re-

lated to phase differences in taste receptor sensitivity

to toxins, and specifically to NHT. Precedence for

such a peripheral mechanism comes from work that

uncovered how the morphology and physiology of the

gustatory sensilla in the palps changes according to a

locust’s nutritional status: the apical pores of the gus-

tatory sensilla, the functional area that contacts with

the probed substratum, are open in starved locusts

but closed after feeding (Bernays et al. 1972; Blaney

and Simmonds 1990). Additionally, as the time since

the last feed increases, so the mouthpart taste recep-

tors become increasingly more sensitive to depleted

nutrients (Simpson et al. 1991; Simpson and Simpson

1992). Such feeding-dependent changes at the gusta-

tory receptors could lead to a distortion on the per-

ception when food items are probed and may explain

how the perceived magnitude of a reward is higher

in locusts when training was conducted at lower

nutritional states, or state-dependent learned valua-

tion (Pompilio et al. 2006).

Thus, gregarization may elicit fast and long-lasting

changes in the receptive properties of the gustatory

receptors that could underlie phase-specific taste sen-

sitivity to toxins. The rapid acquisition of aversive

memories in solitarious locusts may arise from a

higher sensitivity of their taste receptors to toxins,

while in gregarious locusts acquisition of aversion

would rely more heavily in post-ingestive mecha-

nisms (Simões et al. 2012). The lack of the rapid

aversion learning to toxins in the transiens phase

(Simões et al. 2013) may be likewise explained by a

lack of sensitivity of the gustatory receptors.

However, changes in taste receptor sensitivity are

an unlikely explanation for the lack of the delayed

aversive response in transiens locusts, which indicates

that the post-ingestive pathway is strongly down-reg-

ulated in these locusts.

Alternatively, phase differences in learning may be

related to differences in the central processing of affer-

ent sensory information rather than peripheral pro-

cesses. Phase differences in some aspects of central

processing are evident from differences in the size

and proportional composition of their brains that in-

clude greatly enlarged primary calyces of the mush-

room bodies in the gregarious phase (�50% larger in

absolute size, �20% larger relative to the size of the

brain; Ott and Rogers 2010). Therefore, differences in

learning and memory in long-term solitarious and

long-term gregarious locusts may be a consequence

of their neuroanatomical differences, though they are

unlikely to account for the rapid changes in aversive

memory acquisition following crowding.

It is also possible that the observed differences in

aversive learning between phases are related to dif-

ferent dynamics of the neuroaminergic systems that

putatively convey the punishment signal to the lo-

custs’ brain. In honeybees, pre- and post-ingestive

punishment signals are conveyed by dopamine and

serotonin, respectively (Wright et al. 2010). The con-

centrations of serotonin and dopamine are substan-

tially higher in the central nervous system (CNS) of

solitarious compared to gregarious locusts, though

octopamine is not (Morton and Evans 1983; Rogers

et al. 2004). These higher serotonin and dopamine

concentrations may lead to lower activation thresh-

olds of the systems conveying the punishment rein-

forcement signals, causing a faster acquisition of

aversion. However, whether the instructive function

of these neuroaminergic systems in associative learn-

ing, and consequently the strength of associative ac-

quisition, is modulated by relative neuroamine

concentrations in the CNS is unknown.
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Furthermore, crowding solitarious locusts elicits

complex and rapid changes in the concentrations

of the neuroamines implicated in associative learning

(Rogers et al. 2004). The rapid increase in serotonin

in the thoracic ganglia is the key neuromodulatory

signal for the initiation of gregarization in desert lo-

custs (Anstey et al. 2009). On the other hand, there

is only a slight increase in the dopamine concentra-

tion in the CNS of the transiens locusts when com-

pared with that of solitarious locusts (Rogers et al.

2004). Interestingly, after 4 h of crowding octopa-

mine decreases to undetectable levels throughout

the CNS, whereas after 24 h of crowding levels in

the brain are similar to that in long-term phases,

but show a significant increase in the thoracic ganglia

and in the optic lobes (Rogers et al. 2004). These

changes in total amounts of amines in the nervous

tissues cannot, in themselves, provide a mechanistic

understanding, but they indicate that crowding has

pronounced effects on neuroamine signaling, which

may in turn underpin the changes in learning.

As described above, crowding solitarious locusts

leads to a temporary impairment of the acquisition

of aversive memories (Simões et al. 2013). However,

it remains unclear whether the stimuli that have been

identified as initiating classical behavioral gregariza-

tion in desert locusts are the same as those that affect

the aversive learning in the transiens locusts.

Behavioral gregarization is classically defined through

a set of traits that are measured in an arena assay

(Roessingh et al. 1993) and include increased activ-

ity, locomotion, and attraction to conspecifics. These

traits change in concert, and this concerted change is

initiated by two independent sensory pathways:

mechanosensory stimulation of the hind legs, and a

combination of (as yet uncharacterized) visual and

olfactory cues from other locusts (Roessingh et al.

1998; Simpson et al. 2001; Rogers et al. 2003). It is

possible that changes in aversive learning happen

downstream of the initiation point of the gregariza-

tion process, so that they too can be initiated by

touch stimuli to the hindlegs. Alternatively, it is con-

ceivable that classical behavioral gregarization and

the impairment of aversive learning occur in parallel

and require different cues from conspecifics. In hon-

eybees, pheromonal input can specifically block ap-

petitive (Urlacher et al. 2010) or aversive associative

learning (Vergoz et al. 2007). Conceivably, locust

pheromones such as the bacterially derived fecal vo-

latile guaiacol (Dillon et al. 2000; Pener and Simpson

2009) may likewise be sufficient to induce the ob-

served changes in aversive learning while tactile stim-

uli that trigger classical gregarization may be

ineffective.

Phase-dependent reinforcement
valuation

A phase-dependent reinforcement valuation in desert

locusts is supported by the results of conditioning

with hyoscyamine (HSC). With this alkaloid as the

US during associative conditioning, solitarious lo-

custs acquire a conditioned aversion to the odor,

whereas gregarious and transiens locusts do not

(Simões et al. 2013). Moreover, solitarious locusts

can be appetitively conditioned with HSC if retrained

after the onset of crowding, indicating that gregari-

zation is a key factor in the assignment of the rein-

forcement value for this toxin.

HSC is a toxic alkaloid present in Hyoscyamus

muticus, a plant present in the natural range of the

desert locusts and one of the gregarious desert lo-

cust’s preferred food plants (Popov et al. 1991).

When added to an artificial diet, HSC induces

phase-dependent ingestion behavior in free feeding

tests; solitarious locusts avoid and discriminate

against HSC, whereas gregarious and transiens lo-

custs readily accept the alkaloid (Despland and

Simpson 2005a, 2005b). In the context of associative

learning, the reinforcement value of HSC is, there-

fore, related directly to the feeding behavior by each

phase. This indicates that the phase-dependent rein-

forcement valuation and the phase-dependent inges-

tion of HSC may share the same underlying

mechanism. This mechanism is unknown but it

may rely on fast, adaptive changes in the reception

and/or perception of the toxins. It is also unknown

whether desert locusts show similar phase-dependent

feeding on other toxins (Despland 2005).

The phase-dependent intake of HSC reflects the

different anti-predator strategies used by desert lo-

custs (Sword et al. 2000; Despland and Simpson

2005a, 2005b). Solitarious locusts are crepuscular or

nocturnal and rely on crypsis as their main anti-

predator strategy: they have green or sandy colora-

tion as nymphs, whereas adults are beige-brown to

blend in with their background (Fig. 1). In contrast,

gregarious locusts adopt an aposematic strategy, in-

gesting toxic plants and using bright warning color-

ation to advertise their unpalatability to predators

(Sword et al. 2000; Despland and Simpson 2005a).

During gregarization, the shift from crypsis to apose-

matism happens in two stages and reflects the inev-

itable lag between the rapid behavioral transition and

the change in body color. Behaviorally gregarized

transiens locusts broaden their diet by feeding on

toxic plants, while the change in coloration does

not occur until their next molt (Despland and

Simpson 2005a, 2005b). Thus, it is probable that
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the phase-dependent reinforcement valuation ob-

served in desert locusts is an adaptation that serves

not to optimize dietary breadth within each phase,

but rather to support different feeding behaviors un-

derlying different anti-predator strategies.

Transiens locusts rapidly change their feeding be-

havior in response to gregarization (Despland and

Simpson 2005a, 2005b), with direct consequences

on the reinforcement value of toxins. Indeed, gregar-

ization elicits a period in which transiens locusts do

not acquire aversive memories when conditioned

with toxins. The initiation of this period appears to

be related to changes induced by crowding in the

reception or perception and post-ingestive evaluation

of toxins, but what defines the end of it? During the

crowding-induced change from crypsis to aposema-

tism, transiens locusts are indifferent or perhaps even

attracted to toxins to gain unpalatability. It is possi-

ble that the end of this period of toxin ingestion

(and lack of aversive learning) is related to the con-

centration of toxins in the gut or hemolymph and is,

therefore, determined by the ingestion of toxic

plants. This may be analogous to the modulation

of the feeding behavior by the concentration of nu-

trients on the locusts’ hemolymph (Simpson et al.

1991; Simpson and Simpson 1992). On the other

hand, it may be that the period is a specific temporal

window, a critical period.

The persistence of memories through-

out gregarization

Phase change, and gregarization in particular, could

be considered a stressful condition, stress being de-

fined as any condition that requires physiological or

behavioral modification for maintaining the well-

being of the organism (Selye 1973). Stress can

impair or facilitate learning and memory (Shors

2004), and crowding within 1 h after training impairs

long-term memory formation in pond snails (De

Caigny and Lukowiak 2008; Lukowiak et al. 2010).

Given the magnitude of the phenotypic response to

crowding in locusts, it is remarkable that gregariza-

tion does not disrupt associative memories acquired

immediately before the initiation of the process

(Simões et al. 2013); transiens locusts retain both

appetitive and aversive memories and retrieve them

appropriately after crowding. Thus, unlike in snails,

memory consolidation is not affected by crowding,

which may reflect an adaptation to the central role of

changing population densities in locust biology. A

paradoxical consequence, however, of this persistence

of memories is that transiens locusts are ‘‘stuck’’

with aversive odor-toxin associations that are no

longer ecologically appropriate. Conversion to an ap-

petitive association occurs only when the transiens

locust feeds once more, in the presence of the

odor, on the HSC-containing food, and is supported

by the specific block of aversive learning (Simões et

al. 2013). In the field, where crowding is driven by

host plant depletion and starved transiens locusts are

likely to resample toxic plants, this solution would

seem to enable the selective updating of associations

between odors and toxic food without compromising

other memories.

Conclusions

Polyphenisms are one of the most extreme forms of

phenotypic plasticity and are particularly common in

Fig. 1 Solitarious and gregarious locusts differ in their external morphology. Although there are differences in body size and shape, the

most obvious difference is that larval (upper, left) and adult (lower, left) solitarious locusts are camouflaged, whereas larval (upper,

right) and adult (lower, right) gregarious locusts are aposematic. Modified from Burrows et al. (2011).
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insects, where a single genome has the capacity to

produce distinct phenotypes with major morpholog-

ical, physiological, and behavioral differences to cope

in different environments (Nijhout 2003; West-

Eberhard 2003; Fusco and Minelli 2010; Moczek

2010; Simpson et al. 2011). Animals can also exploit

new environments by learning and storing informa-

tion about specific environmental characteristics.

Thus, learning can be seen as a mechanism of behav-

ioral plasticity animals use to improve their feeding,

predator avoidance, or sexual behaviors (Thorpe

1963; Shettleworth 1972; Hinde and Stevenson-

Hinde 1973; Papaj and Prokopy 1989; Dukas

2008a; Chittka and Niven 2009).

The desert locusts’ remarkable density-dependent

polyphenism is reflected in the phase differences in

the acquisition of aversive associative memories. The

process of phase change, and gregarization in partic-

ular, is a key factor in the assignment of the rein-

forcement value for toxins. Long-term gregarious

locusts can learn olfactory aversions through post-

ingestive toxic inputs enabling them, in conjunction

with peripheral processes, to reduce the risk of toxic

poisoning and improve their survival. Associative

memories acquired prior to gregarization are not

influenced or disrupted by the phase change process.

The phase-dependent reinforcement valuation is a

consequence of the changes in the feeding behavior

that follows desert locusts’ phase change. Thus, the

neuroecology of learning in desert locusts appears to

be related to a switch in the antipredator strategy

from crypsis in solitarious locusts to aposematism

in gregarious locusts. Overall, these observations

demonstrate that polyphenism can produce striking

differences and rapid changes in the learning capa-

bilities between distinct phenotypes. Furthermore,

the fact that memories can be maintained while the

mechanisms for memory acquisition are altered

during phase transition show that the polyphenic

process can have a specific, rather than a general,

influence on the learning mechanisms, even when

an animal is undergoing extensive behavioral and

Box 1. The locust POR

The POR of desert locusts (Simões et al. 2011; Fig. 2) is analogous to the most studied behavioral

measure of associative memory in insects, the proboscis extension reflex (PER) of the honeybee, which

shows rapid, reliable, and long-lasting olfactory conditioning (Bitterman et al. 1983; Hammer and Menzel

1995). Similarly high conditioned PER rates are seen in other insect species with a proboscis, such as

moths (Hartlieb 1996; Fan et al. 1997) and fruit flies (Chabaud et al. 2006), although exceptions do exist

(e.g., bumblebees: Laloi et al. 1999). The conditioned response rate of the locust POR is, however, lower

than the honeybee PER, and similar to that of the maxilla-labium extension response in the ant

Camponotus aethiops, the first non-invasive behavioral measure of associative acquisition in a restrained

insect without a proboscis (Guerrieri and d’Ettorre 2010). The conditioned response rate of the PER may

be higher because in species with a proboscis, its extension is a mechanical prerequisite for ingestion.

Consequently, the neural control of the PER might be tightly coupled to the neural circuit that initiates

the licking motor pattern (Rehder 1987). In contrast, locust palps are essentially accessory feeding

structures for probing and manipulating food (Blaney and Chapman 1970) that are not indispensable for

ingestion, and, therefore, their motor control may not be as tightly coupled to chewing and ingestion.

Nonetheless, the POR is currently used as a robust behavioral measure of memory acquisition in phys-

iological studies on locust olfaction (Saha et al. 2013, 2015).

Fig. 2 The POR of the desert locust. (A) The maxillary palps are initially held loosely. (B) Upon presentation of the trained odor the

palps are raised and moved apart. Figure modified from Simões et al. (2011).
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physiological reorganization. Finally, the learning ca-

pabilities of each phenotype appear not to be a side

effect of the phenotypic plasticity, but rather inte-

grated with their particular life history strategy em-

ployed to cope with different environments.
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Biotopes du Criquet Pèlerin Schistocerca gregaria (Forskål,
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gènes. FAO: Rome.

Raine NE, Chittka L. 2008. The correlation of learning speed

and natural foraging success in bumble-bees. Proc R Soc B

275:803–8.

Raine NE, Ings TC, Ramos-Rodrı́guez O, Chittka L. 2006.

Intercolony variation in learning performance of a wild

British bumblebee population (Hymenoptera: Apidae:

Bombus terrestris audax). Entomol Gen 28:241–56.

Raubenheimer D, Blackshaw J. 1994. Locusts learn to

associate visual stimuli with drinking. J Insect Behav

7:569–75.

Raubenheimer D, Tucker D. 1997. Associative learning by

locusts: pairing of visual cues with consumption of protein

and carbohydrate. Anim Behav 54:1449–59.

Rehder V. 1987. Quantification of the honeybee’s proboscis

reflex by electromyographic recordings. J Insect Physiol

33:501–7.

Roessingh P, Bouaı̈chi A, Simpson SJ. 1998. Effects of sensory

stimuli on the behavioural phase state of the desert locust,

Schistocerca gregaria. J Insect Physiol 44:883–93.

Roessingh P, Simpson SJ. 1994. The time course of behavioral

phase change in nymphs of the desert locust, Schistocerca

gregaria. Physiol Entomol 19:191–7.

Roessingh P, Simpson SJ, James S. 1993. Analysis of phase-

related changes in behavior of desert locust nymphs. Proc R

Soc B 252:43–9.

Roffey J, Popov G. 1968. Environmental and behavioral pro-

cesses in a desert locust outbreak. Nature 219:446–50.

Rogers SM, Matheson T, Despland E, Dodgson T, Burrows

M, Simpson SJ. 2003. Mechanosensory-induced behavioural

gregarization in the desert locust Schistocerca gregaria. J Exp

Biol 206:3991–4002.

Rogers SM, Matheson T, Sasaki K, Kendrick K, Simpson SJ,

Burrows M. 2004. Substantial changes in central nervous

system neurotransmitters and neuromodulators accompany

phase change in the locust. J Exp Biol 207:3603–17.

Saha D, Leong K, Li C, Peterson S, Siegel G, Raman B.

2013. A spatiotemporal coding mechanism for back-

ground-invariant odor recognition. Nat Neurosci

16:1830–9.

Saha D, Li C, Peterson S, Padovano W, Katta N, Raman B.

2015. Behavioural correlates of combinatorial versus tem-

poral features of odour codes. Nat Commun 6:6953.

Sandoz JC, Laloi D, Odoux JF, Pham-Delègue MH. 2000.
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