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Abstract

Chemoreception plays a crucial role in the reproduction and survival of insects, which often rely on their sense of smell and
taste to find partners, suitable habitats, and food sources, and to avoid predators and noxious substances. There is a substantial
body of work investigating the chemoreception and chemical ecology of Diptera (flies) and Lepidoptera (moths and butter-
flies); but less is known about the Orthoptera (grasshoppers, locusts, crickets, and wéta). Within the Orthoptera, the family
Acrididae contains about 6700 species of short-horned grasshoppers. Grasshoppers are fascinating organisms to study due
to their significant taxonomic and ecological divergence, however, most chemoreception and chemical ecology studies have
focused on locusts because they are agricultural pests (e.g., Schistocerca gregaria and Locusta migratoria). Here we review
studies of chemosensory systems and chemical ecology of all short-horned grasshoppers. Applications of genome editing
tools and entomopathogenic microorganism to control locusts in association with their chemical ecology are also discussed.

Finally, we identify gaps in the current knowledge and suggest topics of interest for future studies.
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Introduction

The insect order Orthoptera comprises crickets, katydids,
weta, and grasshoppers — a group that exhibits a great diver-
sity of communication methods. Acoustic communication is
well-developed in the suborder Ensifera (crickets and katy-
dids) with about 15,500 described species using acoustic sig-
nals (Song et al. 2020). Although the majority of Caelifera
(grasshoppers, locusts, and their allies) can hear, acoustic
communication is less common in this group and generally
less sophisticated (Song et al. 2020). However, the Caelifera
do use an array of complex chemical signals for communica-
tion and foraging. Within the suborder Caelifera, the short-
horned grasshoppers (Acrididae) comprise more than 6700
species described worldwide (Song et al. 2018), found in a
wide range of habitats (boreal to sub-alpine zones: Ibanez
et al. 2013a, 2013b; Joern 1979; Koot et al. 2020; Sergeev
2011), and displaying a wide range of diets (e.g., monopha-
gous vs. polyphagous; forbivorous vs. graminivorous: Isely
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1944; Joern 1979), and sexual communication systems
(acoustic, visual and chemical: Finck et al. 2016a, 2016b;
Hassanali et al. 2005; Song et al. 2020). This diversity pro-
vides an excellent opportunity to review what we know of
the chemical ecology and chemoreception of short-horned
grasshoppers.

To date the majority of research on grasshopper habits has
been directed towards a few locust species because of their
economic importance (e.g., the desert and migratory locust:
Schistocerca gregaria and Locusta migratoria) despite the
ecological and taxonomic diversity of the group. Locusts are
notorious agricultural pests that display phase polyphenism
(Pener and Simpson 2009). When resources (mates, food
plants, perches, oviposition sites) are widely dispersed indi-
vidual locusts are also dispersed (the solitarious phase),
but locusts shift to a gregarious phase when resources are
clumped (Fig. 1). Outbreaks of the gregarious phase cause
considerable agricultural loss as swarms of locusts damage
crops. The switch between the two phases is mediated by
chemical signaling with environmental and conspecific cues
stimulating rapid shifts (within a few hours) in gene expres-
sion, biochemistry, and behavior, and more gradual changes
(lifetime or trans-generation) of morphology and physiology
(Fig. 1). Trying to understand the cues that result in switches
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Fig.1 The environmental and conspecific signals that contribute to
locusts switching between their solitarious and gregarious phases.
References: a Guo et al. 2011, b Guo et al. 2018b, ¢ Wei et al. 2019,
d Lietal 2016, e Ma et al. 2015, f Ma et al. 2019, g Chen et al. 2018,
h Lavy et al. 2019, i Rogers et al. 2014, j Maeno et al. 2016; k Wei

in locust phase has therefore driven research into Acrididae
chemical ecology. In addition, because insecticides used to
control locusts have negative impacts on human health and
the environment (Byers 1991; Zhang et al. 2019), the use of
alternative control methods such as pheromone traps, geneti-
cally modified pests, and entomopathogenic fungi, that are
more species-specific and environmentally safer are being
investigated.

As chemical communication has a central role in trig-
gering the switch between the two locust phases (Hassanali
et al. 2005), the study of chemical ecology provides the
basis for predicting when swarming is likely to happen and
potentially controlling outbreaks. At sensilla, which are the
sensory organs that project through the insect exoskeleton,
sensory neurons and proteins respond to specific tastes or
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et al. 2014; Rogers et al. 2010

smells. Pioneering studies identified compounds involved
in gregarization (i.e., aggregation pheromones) using gas-
chromatograph and mass spectrometry (GC-MS), and
explored the mechanisms of perception using physiological
and behavioral observations (Mahamat et al. 1993; Hansson
et al. 1996; Ochieng et al. 1998; Niassy et al. 1999; Ochieng
and Hansson 1999). Physiological responses to specific
chemical stimuli can be investigated using electrophysiologi-
cal techniques including electroantennography (EAG) (Torto
et al. 1994; Njagi et al. 1996; Chen et al. 2004) and single
sensillum recordings (SSRs) (Altner et al. 1981; Ochieng
and Hansson 1999; Cui et al. 2011; You et al. 2016). These
techniques monitor neuron response by inserting an elec-
trode into an antenna (EAG) or a sensillum (SSRs) while
the insect is exposed to a particular chemical compound.
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More recently, molecular tools including transcription and
genome editing have been employed to investigate chemical
signaling (Guo et al. 2014, 2020; Zhang et al. 2015, 2017,
Jiang et al. 2018). In these studies, genes that are poten-
tially involved in the perception and biosynthesis of phero-
mones have been identified by observing expression patterns
in sensory tissues and sensilla with quantitative real-time
PCR (Jin et al. 2005; Zhang et al. 2015; Chen et al. 2018;
Yuan et al. 2019; Li et al. 2020) and in situ hybridization
(Yang et al. 2012; Jiang et al. 2017, 2018). The functional
diversity of chemoreceptive proteins has been deciphered
by silencing candidate genes using RNA interference (Guo
etal. 2011; Wei et al. 2019) and CRISPR (Clustered Regu-
larly Interspaced Short Palindromic Repeats) (Li et al. 2016;
Chen et al. 2018; Guo et al. 2020). Together these chemical,
physiological, behavioral, and molecular approaches have
extended our understanding of chemical ecology and chem-
oreception in grasshoppers.

The detection of food, competitors, predators, and mates
involves olfaction or contact-chemoreception (gustation) by
discrimination of volatile or soluble stimulants (Sanchez-
Gracia et al. 2009). Our review explores what is known
about these mechanisms and their roles in short-horned
grasshoppers (Orthoptera; Caelifera; Acrididae) with par-
ticular reference to: 1) communication systems in acridid
grasshoppers, 2) the chemical signals they perceive (phero-
mones, cuticular hydrocarbons, and plant-derived chemicals)
and their effect on grasshoppers’ behaviors, 3) types and
distribution of sensilla, 4) chemoreception-associated pro-
teins, and 5) applied chemical ecology in pest control and
conservation. We identify knowledge gaps and suggest use-
ful and rewarding avenues for future research.

Communication Systems in ACRIDID
Grasshoppers

Multi-Modal Communication Systems in Grasshop-
pers Grasshoppers communicate using visual, auditory,
tactile, and chemical signals (Perdeck 1958; Ritchie 1990;
Chen et al. 2004; Hassanali et al. 2005; Finck et al. 2016b;
Finck and Ronacher 2017; Song et al. 2020). Acoustic mate
communication is important for many species within the
subfamilies Gomphocerinae and Oedipodinae (Song et al.
2018, 2020), and some of these grasshoppers are known
to also use chemical signals. For example, some Chorthip-
pus grasshopper species (Gomphocerinae) use acoustic sig-
nals for long-range communication and chemical signals at
short-range (Perdeck 1958; Ritchie 1990; Finck et al. 2016b;
Finck and Ronacher 2017). In sympatric C. biguttulus and
C. mollis, acoustic signals enable long-range recognition of
conspecific males and short-range chemical signals are used
to detect conspecific females (Finck et al. 2016b; Finck and

Ronacher 2017). Multimodal signaling of this sort allows
assortative mating and differ among even closely related
lineages (Neems and Butlin 1995; Finck et al. 2016a; Finck
and Ronacher 2017). For instance, Chorthippus parallelus
erythropus females use olfaction in mate choice resulting in
positive assortative mating, while females of their close rela-
tives C. parallelus parallelus use male’s songs to select their
partners (Ritchie 1990).

Locust species use visual, tactile, acoustic, and chemical
cues to locate and recognize predators, intraspecific phase,
sex, and developmental stages. The use of long-range and
short-range signals is phase-dependent. The gregarious
phase occurs when the grasshoppers are in high density
suggesting an emphasis on close range or contact signaling
(Ferenz and Seidelmann 2003; Rogers et al. 2003; Hassanali
et al. 2005). Touch is known to mediate behavioral phase
shifts and is used as a cue for measuring rapid changes of
behavior and gene expression in artificially crowded solitary
and isolated gregarious locust individuals (Ould Ely et al.
2006; Guo et al. 2011; Rogers et al. 2014; Li et al. 2016).
Detection of smells at short-range (up to 150 cm) in gregari-
ous locusts has also been demonstrated (Inayatullah et al.
1994; Ould Ely et al. 2006). Conversely, for locusts at low
population density (solitarious phase), long-range signals
like smells and sound are likely to be more important (Inay-
atullah et al. 1994; Ferenz and Seidelmann 2003; Hassanali
et al. 2005; Ould Ely et al. 2006). Elevated sensitivity to high
frequency-sound was observed in solitarious S. gregaria
which might allow detection of bat echolocation (Gordon
et al. 2014). When the temperature is favorable solitarious
locusts are active at night (Gaten et al. 2012; Gordon et al.
2014); and this might expose them to bat predation more
than day-time active gregarious locusts. Solitarious locusts
are repelled by conspecifics presumably to minimize compe-
tition in resource-limited conditions (Ma et al. 2015, 2019;
Guo et al. 2018b), but they are attracted to each other for
mating (Inayatullah et al. 1994; Ould Ely et al. 2006). Thus,
long-range signals influence conspecific avoidance and mate
location in solitarious locusts, demonstrating that ecological
circumstances shape communication systems.

Chemical Communication in Grasshoppers Chemical sig-
nals are important for the survival and reproductive success
of phytophagous insects. In grasshoppers, chemical signals
facilitate sexual reproduction by providing cues for the rec-
ognition of conspecifics (Neems and Butlin 1994, 1995;
Tregenza et al. 2000a, 2000b; Finck et al. 2016b), their sex
(Njagi and Torto 1996, 2002; Tregenza et al. 2000a; Stahr
et al. 2013; Finck et al. 2016b; Stahr and Seidelmann 2016)
and their quality (Stahr et al. 2013; Stahr and Seidelmann
2016). Insect-derived chemical signals are either cuticular
hydrocarbons (CHCs) or volatiles. Cuticular hydrocarbons
are detected either by direct contact or over short distances.
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Chorthippus grasshopper males use CHCs to identify poten-
tial mates and have been observed touching the body and
antennae of females with their antennae before copulation
(Ritchie 1990; Finck et al. 2016b). Conversely, olfactom-
eter studies show that detection of odour cues results in the
attraction of many grasshopper species towards volatiles of
conspecifics (L. migratoria: Guo et al. 2011; S. gregaria:
Inayatullah et al. 1994; Ould Ely et al. 2006; Schistocerca
americana: Stahr et al. 2013; Dociostaurus maroccanus:
Guerrero et al. 2019) and host plants (S. gregaria: Njagi and
Torto 1996; Melanoplus sanguinipes: Hopkins and Young
1990). The specific chemical compounds identified and their
behavioral effect is described in the next section.

Chemical Signals Perceived and their Effect
on Grasshopper Behavior

Cuticular Hydrocarbons (CHCs) Cuticular hydrocarbons
are derived from the insect exoskeleton and have a pri-
mary function of preventing water loss (Blomquist et al.
2018). Cuticular hydrocarbons are relatively long carbon
chains (21 to >40 carbons) with single (alkanes) or dou-
ble bonds (alkenes and alkadienes) sometimes including
methyl branches (Gibbs and Rajpurohit 2010; Blomquist
et al. 2018). In L. migratoria, straight-chain 25-33 carbon
alkanes are important water-proofing agents, and disruption
of CHC synthesis results in high mortality due to severe
water-loss (Yu et al. 2016). Cuticular hydrocarbons also
provide a barrier against fungi and insecticides (Wu et al.
2020; Zhang et al. 2021).

Short-horned grasshoppers have species-specific qualita-
tive and quantitative CHC profiles. The locusts S. gregaria
and L. migratoria migratodiodes each have characteristic
CHCs (Lockey and Oraha 1990) with the former species
dominated by straight-chain alkanes whereas the latter
dominated by mono- and dimethyl-alkanes (with some
compounds being specific). In the sympatric grasshoppers
C. biguttulus and C. mollis, 34 carbon straight chain, and
methyl-branched alkanes have been identified (Finck et al.
2016a), with the position of the methyl group in di- and
tri- methyl branched alkanes differing between species and
sexes (Perdeck 1958; Finck et al. 2016a; Finck and Ronacher
2017).

When CHCs are used in communication, they are usu-
ally considered to be short-range or contact-chemical sig-
nals, as opposed to volatiles that provide long-distance cues
(Blomquist et al. 2018). Cuticular hydrocarbons generally
have lower volatility and higher melting points than phero-
mones, resulting in CHC molecules remaining close to the
insect while volatiles diffuse through the air (Menzel et al.
2017, 2019). However, it is unclear how the chain length
or molecular weight of these molecules relates to use in
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contact-chemical communication versus olfactory recep-
tion. Chorthippus grasshoppers use both contact and short-
range (5—10 mm) olfactory reception when perceiving 25-39
carbon straight-chain and methyl-branched alkanes (Finck
et al. 2016a, 2016b), suggesting that CHCs can be perceived
through olfaction to some degree. The perception distance
is likely to be species-specific and depend on the number of
sensilla, olfactory sensory neurons (see CHEMORECEP-
TION) and environmental conditions (e.g., wind speed,
temperature).

Cuticular hydrocarbons used for communication are
subject to sexual and natural selection. Assortative mating
for similar CHC profiles is seen within C. parallelus that
comprises several subspecies in the Pyrenees mountains
(Neems and Butlin 1995; Tregenza et al. 2000a, 2000b).
Population-level differences in CHCs have been detected,
with eastern C. parallelus having a higher proportion of
long-chain vs. short-chain hydrocarbons than western popu-
lations (Neems and Butlin 1995). The drier eastern environ-
ment compared to the west, may explain CHC differences as
long-chain hydrocarbons may provide greater waterproofing
to the grasshoppers reducing desiccation. Host plant prefer-
ence can also lead to CHC divergence. The north American
grasshopper Hesperotettix viridis feeds on either Gutierrezia
snakeweed or Solidago golden-rod, and assortative mating
with respect to the host plant has been detected (Grace et al.
2010). This mate choice appears to derive from grasshop-
per CHC profiles that correlate with food plant (Grace et al.
2010), but the grasshoppers also have different body colors
depending on their host plants and therefore the use of visual
cues in mate selection cannot as yet be excluded.

Volatile Pheromones Volatile pheromones contribute to the
detection and choice of mates (sex pheromones) but also
have other roles (e.g., primer pheromones, alarm, aggre-
gation) (Jacobson 1972; Howse et al. 1998). While some
CHC:s function as short-distance pheromones (especially
short-chain CHCs), volatile pheromones usually function
as long-distance chemical cues (Blomquist et al. 2018). The
quality and quantity of the pheromones produced can com-
municate the quality of potential mates including mating
status (Burke et al. 2015; Tabata et al. 2017), feeding condi-
tion (Barry et al. 2010), and reproductive mode (i.e., sexual
or asexual: Burke et al. 2015; Tabata et al. 2017) as well as
their location.

Studies of locust pheromones have revealed volatiles
involved with courtship inhibition (Seidelmann and Ferenz
2002), premating behavior (Njagi and Torto 2002), oviposi-
tion (Saini et al. 1995; Rai et al. 1997), aggregation (Dillon
and Charnley 2002; Dillon et al. 2002; Guo et al. 2020), mat-
uration acceleration (Mahamat et al. 1993; Stahr et al. 2013),
and sexual selection (Njagi and Torto 1996; Seidelmann and
Ferenz 2002; Stahr and Seidelmann 2016; Wei et al. 2017,
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Fig.2 Chemical ecology of phase shifts in well-studied locust spe-
cies (Locusta migratoria, Schistocerca gregaria, S. americana and S.
piceifrons). Compounds that are inside the blue circle are the major

2019; Guo et al. 2020) (Fig. 2). Although several compounds
such as veratrole, guaiacol, benzaldehyde, hexanoic acid,
nonanal, and (Z)-3-nonen-1-ol are found in the pheromonal
blends of different locust species (e.g., S. americana, S. gre-
garia, S. piceifrons, L. migratoria), significant differences
in emission dynamics are observed within and among them
(Niassy et al. 1999; Mahamat et al. 2000; Stahr et al. 2013;
Stahr and Seidelmann 2016; Wei et al. 2017). Relative con-
centrations in pheromone cocktails provide signals that are
specific to species, sex, and developmental stages in locusts.

Most of these studies have focused on volatiles associated
with the gregarious phase with the intention of improving
pest control and reducing crop damage. The only pheromone
documented for the solitarious locust is (E,Z)-2,6-nonadienal
released by solitarious female S. gregaria, and is known to
induce electro-physiological response and behavioral attrac-
tion by males (Ochieng and Hansson 1999; Ferenz and Sei-
delmann 2003).

Pheromones associated with the gregarious phase have
been found in several locust species (Fig. 2). 4-vinylani-
sole is an aromatic compound produced by gregarious L.

====Repulsion/inhibition
= Attraction/induction
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migratoria and S. gregaria and higher emission is observed
in adult males than in females or immature locusts in this
phase (Mahamat et al. 2000; Wei et al. 2017). Although pro-
duced only by gregarious individuals 4-vinylanisole influ-
ences aggregation behavior as an attractant for both gre-
garious and solitarious L. migratoria (Guo et al. 2020). In
S. piceifrons, gregarious male-specific volatiles, phenethyl
alcohol, and (Z)-3-nonen-1-ol induce neither attraction nor
repulsion (Stahr and Seidelmann 2016). However, hatching
success of eggs was higher after copulation with scented
(either or both phenethyl alcohol and (Z)-3-nonen-1-ol) soli-
tarious males or gregarious males compared to unscented
solitarious males. This shows that these compounds are used
in cryptic female choice in S. piceifrons (Stahr and Seidel-
mann 2016) and (Z)-3-nonen-1-ol has a similar role in S.
americana (Stahr et al. 2013). However, in S. americana, it
is also implicated in mate-guarding and induction of sexual
maturation (Stahr et al. 2013).

Locusts have unusual group-behavior during oviposi-
tion (Saini et al. 1995; Rai et al. 1997; Tanaka and Suga-
hara 2017; Tanaka et al. 2019), synchronous egg-hatching
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(Tanaka et al. 2018; Sakamoto et al. 2019), and develop-
ment (Ellis et al. 1965; Mahamat et al. 1993; Stahr et al.
2013). These group behaviors are thought to help secure
resources (e.g., food, oviposition substrate) and enhance
defence against predators (Hassanali et al. 2005), and at least
some are controlled by pheromone signals. In S. americana,
the same compound that is used for cryptic female choice
((Z2)-3-nonen-1-ol) accelerates the sexual maturity of newly
moulted adults (Stahr et al. 2013). Veratrole, the major
chemical component of gregarious males, also induces
sexual maturation (yellowing and copulation) in S. gregaria
(Mahamat et al. 1993, 2000; Seidelmann et al. 2003). Vera-
trole is also found in egg froth from female S. gregaria and
induces gregarious females to oviposit (Saini et al. 1995;
Rai et al. 1997). Locusts are selective in oviposition sites as
it affects hatching rate and embryonic development (Tanaka
and Sugahara 2017; Tanaka et al. 2019). Laying eggs at sites
used by conspecific females may increase the chance of suc-
cessful embryonic development and hatching. As veratrole
is absent or only in trace amounts in the pheromonal com-
ponent of female S. gregaria (Torto et al. 1994) it may be
transferred by male contact during swarming or copulation.

The compound phenylacetonitrile was initially considered
an aggregation pheromone as it is released most by gregari-
ous rather than solitarious locusts (Njagi et al. 1996; Niassy
et al. 1999), however, it is now known to repel conspecifics
of L. migratoria and S. gregaria (Seidelmann and Ferenz
2002; Seidelmann et al. 2005; Wei et al. 2019). Phenylace-
tonitrile is the dominant compound released by gregarious
males of both S. gregaria (80%: Mahamat et al. 1993) and
L. migratoria (>30%: Wei et al. 2017). Emission dynamics
of phenylacetonitrile also differ between sexes and devel-
opmental stages within each species (Mahamat et al. 1993;
Niassy et al. 1999; Wei et al. 2017). In L. migratoria, it
appears that phenylacetonitrile can be used to deter predators
as the compound is a precursor of hydrogen cyanide (toxic
to vertebrates; Wei et al. 2019). Gregarious locusts may be
at higher risk of predation compared to solitarious locusts as
they are more colorful and occur in high density (Hassanali
et al. 2005). Thus, a higher emission of phenylacetonitrile
in gregarious vs. solitarious locusts is considered to be an
adaptation to group-living. In S. gregaria, phenylacetonitrile
acts as a courtship inhibitor to guard mates after copulation
and to avoid homosexual attacks in a large swarm (Seidel-
mann and Ferenz 2002). Phenylacetonitrile has negative
effects on the nymphs of S. gregaria, as it disrupts chem-
oreception, reduces immune systems and feeding rate, and
induces behavioral disorientation (Bashir and Hassanali
2010; Abdellaoui et al. 2020). In a field study, groups of
marching gregarious nymphs were sprayed with phenylace-
tonitrile solution (Bashir and Hassanali 2010). The marching
groups started to lose coherence two days after the applica-
tion (possibly due to disruption in olfaction), and enhanced
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predation rate observed associated with reduced defensive
behavior. Intriguingly, cannibalistic behaviors were also
observed among phenylacetonitrile-treated nymphs although
the reason behind this remains unclear.

Plant-Derived Signals Phytophagous insects adapt to the
chemical components of host plants in terms of recogni-
tion (e.g., green leaf volatiles) and response to plant defence
(alkaloids, flavonoids) as well as nutrient composition (crude
proteins, starch, and lipids). Many secondary metabolites of
host plants are toxic to phytophagous insects, inhibiting their
development and reproduction, and detoxification can be
energy expensive and involve specialized biochemical path-
ways that lead to dietary specialization in insects (Ibanez
et al. 2013a; Huang et al. 2017, 2020; Giron et al. 2018;
Cui et al. 2019a). Short-horned grasshoppers display a wide
range of feeding patterns with some species being absolute
specialists (e.g., creosote bush grasshopper Bootettix argen-
tatus: Chapman et al. 1988) while others are oligophagous
or polyphagous (locust species). Different grasshopper spe-
cies, therefore, display a range of responses to plant toxins
involving recognition and avoidance, detoxification, or food
mixing (polyphagy) to mitigate quantitative effects (Giron
et al. 2018; Cui et al. 2019a).

The toxic, repellent, or feeding deterrent effects of plant
synthesised compounds on grasshoppers have been tested
in numerous studies. For example, the addition of certain
flavonoids that are common secondary metabolites in plants
(needlegrass Stipa krylovii and false wheatgrass Leymus
chinensis) favored by the grasshopper Oedaleus asiaticus
reduces its growth and survival (Cui et al. 2019a). Elevated
transcription of enzymes involved in detoxification has been
observed when O. asiaticus feed on plants with high levels
of phytotoxins including flavonoids, terpenoids, alkaloids,
and tannins (Huang et al. 2017, 2020). The creosote bush
Larrea tridentate is equipped with anti-digestive resin of
which a major component is a phenolic aglycone called nor-
dihydroguaiaretic acid (NDGA). When NDGA is applied
to the leaves of Jojoba Simmondsia under experimental
conditions it increases the acceptability of this plant to the
creosote-grasshopper B. argentatus that does not normally
feed on it but deters the grasshoppers for which Simmond-
sia leaves are a preferred food (Ligurotettix conquilletti and
Clibolacris parviceps; Chapman et al. 1988). Thus, although
NDGA is probably a plant defense it can also be considered
a plant-derived signal for grasshoppers discriminating host
and non-host plants.

Similarly, plant-derived chemicals can act as signals
for grasshopper biology such as molting and reproduction.
During the dry season when the plants are senescent, the
production of the plant hormone, gibberellic acid (a plant
growth regulator) decreases. The shortage of this chemi-
cal delays ecdysis and egg-laying in S. gregaria two-fold
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or more (Ellis et al. 1965; Carlisle et al. 1969). When gib-
berellic acid is added to the senescent leaves, it accelerates
sexual maturation in S. gregaria but interestingly, delayed
development was observed when the compound was added
to green leaves (Ellis et al. 1965). The delayed development
is possibly related to the phytotoxicity of gibberellic acid
above a certain threshold. For example in L. migratoria, the
rate of consumption, nymphal development, and oviposi-
tion of newly emerged females reduced as the concentration
of this compound increased (Abdellaoui et al. 2009, 2015).
These studies show that gibberellic acid signals optimal time
for development and reproduction, but it also can be toxic
above certain limits.

Plant-derived chemicals can influence where grasshop-
pers oviposit their eggs. Schistocerca gregaria females pre-
sented with a choice of sand containing either leaf extracts
of their host plants (orchard grass, cabbage, sorghum,
romaine lettuce, Japanese mustard spinach, or silver grass),
frass extract from other locusts (S. gregaria, L. migratoria,
and Patanga succincta) or water (control), laid more eggs in
the control sand than in the sand containing extracts (Tanaka
et al. 2019). This preference for oviposition sites is related to
egg-hatching rate and embryonic development (egg size and
antennal length) that were significantly reduced by the pres-
ence of frass and plant extracts. A similar inhibition effect
has been observed in L. migratoria (Sugahara et al. 2021),
the choice of oviposition sites was not influenced by phase
polyphenism or bacterial activity in either species (Tanaka
et al. 2019; Sugahara et al. 2021). The compounds inducing
oviposition inhibition are unknown but may involve toxic
compounds such as alkaloids.

Chemical Biosynthesis in Grasshoppers In insects, CHCs are
synthesised from fatty acids and terpenoid lipids, in spe-
cialized cells called oenocytes present in the abdomen or
fat bodies (Blomquist et al. 2018). Synthesis of different
types of CHCs involves a variety of catalysts including fatty
acid synthase, reductases, and elongases (Blomquist et al.
2018). In short-horned grasshoppers, biosynthetic pathways
of CHC formation have only been studied in L. migrato-
ria (Yu et al. 2016; Wu et al. 2020) and S. gregaria (Diehl
1975). Two genes from the superfamily of cytochrome P450
enzymes are expressed specifically in oenocytes and they
are responsible for catalyzing the synthesis of 25-33 carbon
alkanes and mono- and di-methyl branched alkanes (Yu et al.
2016; Wu et al. 2020).

In insects such as Coleoptera, Lepidoptera, and Diptera,
pheromones are synthesized in a pheromone gland com-
monly located in the abdomen (Blomquist et al. 2018), but
the production of pheromones in locusts involves specialized
epidermal cells in several different body parts (abdomen,
legs and/or wings; Seidelmann et al. 2003; Amwayi et al.
2012; Fiirstenau et al. 2013; Stahr and Seidelmann 2016).

This has been demonstrated by injecting radio-labelled
precursor compounds into the tissue of dazed specimens
(Fiirstenau et al. 2013) or isolated tissues (Seidelmann et al.
2003). As with CHCs, its synthesis involves specialized
enzymes (Blomquist et al. 2018). An antipredator phero-
mone in L. migratoria, phenylacetonitirile, and its derivative
(hydrogen cyanide) are synthesized with an enzyme from
the same gene family as enzymes involved in CHC synthe-
sis (cytochrome P450) (Wei et al. 2019). Thus, cytochrome
P450 enzymes known for their roles in the metabolism of
toxic compounds (including insecticides) are also impor-
tant in the production of both CHCs and pheromones. A
further pathway in pheromone synthesis involves Entero-
bacteriaceae gut bacteria. Even when isolated and applied to
sterile frass, Pantoea and Klebsiella bacteria generated guai-
acol and phenol that are known to be cohesion pheromones
in gregarious S. gregaria (Obeng-Ofori et al. 1994; Dillon
et al. 2002). These compounds are also observed in other
locust species (S. americana: Stahr et al. 2013; S. piceifrons:
Stahr and Seidelmann 2016; L. migratoria: Shi et al. 2011,
Wei et al. 2017) that harbor similar microbial communities
(Shi et al. 2014; Lavy et al. 2020) suggesting an important
role of bacterial conversion in all these locusts. However,
Next Generation DNA Sequencing S. gregaria hindgut sam-
ples showed considerable variation in bacterial composition
between different phases and generations and it is not yet
clear to what extent the microbiome is under the control of
the locust host, the environment, or locust density (Lavy
et al. 2019).

Chemoreception

External Morphology and Types of Sensilla A sensillum is a
sensory organ protruding from the exoskeleton of an insect.
Different types of sensilla have been described and inter-
preted as being specialized for the perception of particular
types of stimuli: movement, humidity, temperature, smell,
and taste known as mechano-, hygro-, thermo-, olfactory- or
gustatory- stimulations respectively (Nowinska and Brozek
2017). Current models assume that the external morphology
of sensilla can be used to infer their function(s). In a few
species the relationship between the morphology of sensilla
and what they detect has been explored using information
from gene expression or electrophysiological and receptor
neuron response experiments (see below), but in general,
function is extrapolated from size, shape (Table 1), and
location. Sensilla have either no pores (aporous), an api-
cal pore (uniporous), or wall pores (multiporous) (Fig. 3).
Those without pores are typically interpreted as mechano-,
hygro-, or thermo-receptors, whereas sensilla with pores are
considered gustatory (uniporous) or olfactory (multiporous)
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Table 1 Types of insect sensilla, their probable function, morphology, and nomenclature

. Length Diameter
Name Function Appearance Pores Socket g
(um) (um)
Hair Mechanical Long, slender hair-like Aporous Flexible 20-400 3-10
or trichoid (see Fig. 3a)
sensilla®®¢
C
Chaetica Mechanical Peg-like, longitudinal ridges ~ Uniporous or 15-300 5-20
or long (see Fig. 3b) aporous
basiconic
sensilla; trichoid /
sensilla®de b
Trichoidea Olfactory Slender hair-like Wall-pored Inflexible 5-35 3
or short slender (see Fig. 3e) (see Fig 3d),
basioconic fewer than
sensilla®® basiconica
Basiconica Olfactory Stout peg with wavey Wall-pored Inflexible 3-40, 4
or short / cuticular depression typically
IeStaonie (see Fig. 3¢) 10-17
sensilla®PC /
Olfactory Stout peg-like Wall-pored Inflexible 3-40, 3-4
(see Fig. 3d) typically
9-20
Coeloconica Olfactory, A sharp-tipped peg with Wall-pored Inflexible 3-10 2-25 pit
thermal longitudinal ridge on the diameter
wall, contained within a pit
(see Fig. 3f)
Humidity, A blunt-tipped peg without  Apical pore Inflexible 4-5 2.2-5.5 pit
thermal grooves, contained within a diameter

pit

Sensilla names are based on those established for relatively well-studied short-horned grasshopper, the locust species Locusta migratoria and
Schistocerca gregaria (Altner et al. 1981; Ochieng et al. 1998; Jin et al. 2005; Zhou et al. 2008), but other names used are provided with their
sources: a) Bland 1989, b) Chen et al. 2003, c) Li et al. 2007, d) Greenwood and Chapman 1984, e) Chapman 1989

receptors (Nowiriska and Brozek 2017). Sensilla are attached
with either a flexible or inflexible base (Fig. 3). Sensilla
inferred as mechano-sensitive typically have a flexible socket
for movement detection, whereas sensilla with inflexible
sockets probably detect humidity, temperature, smells, or
taste (Nowinska and Brozek 2017). Some sensilla such as
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those with a flexible socket and an apical pore may have
dual functions acting as both movement and taste sensors
(Ochieng et al. 1998).

The nomenclature of sensilla types varies depending on
species and studies, so standardisation is a first step towards
improving the understanding of grasshopper chemoreception
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Fig.3 Sensilla commonly found
in Acrididae. a Hair sensilla in
Paprides nitidus, b chaetica in
Sigaus australis, ¢ basiconica
with wavy cuticular depression
in Brachaspis nivalis, d basi-
conica in B. nivalis, e trichoidea
in B. nivalis, f olfactory coelo-
conica in S. australis. F- flexible
socket, I- inflexible socket, AP-
apical pore, WP- wall-pored.
Scale bar 5 pm

(Table 1). Here, we use terminology derived from the study
of the locusts S. gregaria and L. migratoria (Altner et al.
1981; Ochieng et al. 1998; Jin et al. 2005; Zhou et al. 2008).
As arable pests, the functions of their sensilla have received
the most detailed investigation with physiological (Altner
et al. 1981; Ochieng and Hansson 1999) and transcrip-
tomic (Jiang et al. 2017; Jin et al. 2005; Zhou et al. 2008)
approaches providing an evidential basis for functional
inference. Trichoid sensilla (Fig. 3e) that are responsible
for olfaction in locusts, are slender, hair-like sensilla with
pores on their walls (Ochieng et al. 1998; Ochieng and Hans-
son 1999). Much longer than trichoid sensilla with a flex-
ible socket but no pores (Table 1, Fig. 3a) are the hair sen-
silla responsible for mechanoreception (Bland 1989; Chen

et al. 2003; Li et al. 2007; Yu et al. 2011; Zhou et al. 2008).
Sensilla chaetica (Fig. 3b) associated with mechano- and
gustatory-receptions are thick and peg-like with a flexible
socket, ribbed wall, and an apical pore (Bland 1989; Blaney
and Chapman 1969; Chen et al. 2003; Jin et al. 2006; Li
et al. 2007; Ochieng et al. 1998; Yu et al. 2011; Zhou et al.
2008). Basiconic olfactory sensilla are wall-pored (Fig. 3c
and d), but vary in shape among species (Bland 1989; Chap-
man 1989; Chen et al. 2003; Jin et al. 2006; Li et al. 2007,
Ochieng et al. 1998). Sensilla coeloconica consists of a short
peg in a cavity commonly considered to be temperature and
humidity receptors (Nowinska and Brozek 2017; Jiang et al.
2018). Two types of coeloconica are seen in L. migratoria,
one with wall pores and one lacking wall pores but with
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a single apical pore (Table 1). These sensilla within pits
are responsible for detecting smells and temperature, and
humidity and temperature, respectively (Altner et al. 1981).
The response of wall-pored coeloconica to olfactory stimuli
has also been confirmed in S. gregaria (Ochieng and Hans-
son 1999). Wall-pored coeloconica seem to be as common
on grasshopper antennae as aporous sensilla (Altner et al.
1981; Bland 1989; Chapman 1989; Chen et al. 2003; Green-
wood and Chapman 1984; Li et al. 2007).

Grasshoppers have sensilla on the antennae (Altner et al.
1981; Bland 1989; Chapman 1989; Chen et al. 2003; Green-
wood and Chapman 1984; Li et al. 2007; Ochieng et al.
1998), mouthparts (Blaney and Chapman 1969; Chapman
1989; Jin et al. 2006), cerci (Yu et al. 2011), wings (Zhou
et al. 2008), and tarsi (Blaney and Chapman 1969; Chapman
1989; Zhou et al. 2009). The relative abundance of particular
types of sensilla indicates their function. Sensilla chaetica
are abundant on mouthparts (labial and maxillary palps) so
they appear to detect gustatory stimuli (Blaney and Chap-
man 1969; Chapman 1989; Jin et al. 2006), whereas olfac-
tory sensilla including basiconica, trichoidea, and wall-pored
coeloconica are more abundant on antennae (Bland 1989;
Chen et al. 2003; Li et al. 2007; Ochieng et al. 1998). The
proximal end of the antenna (scape and pedicel) is respon-
sible for antennal movements and here mechano-sensilla are
abundant (Bland 1989; Chen et al. 2003; Li et al. 2007).

The function of sensilla cannot be inferred purely from
morphological examination because many sensilla types
vary in shapes and sizes within a type (Bland 1989; Chen
et al. 2003; Li et al. 2007; Yu et al. 2011; Zhou et al. 2008,
2009) and the degree to which morphological diversity
relates to functional diversity is not known. For example,
basiconic sensilla are commonly stout peg-like (either with
or without a cuticular depression: Table 1), but other forms
have been recorded such as egg-shaped (Chen et al. 2003) or
having a peg with an expanded base (Bland 1989; Chen et al.
2003). Subtypes of chaetica are also described in L. migrato-
ria according to their size (Yu et al. 2011; Zhou et al. 2009)
and the number of neurons connected to them (Jin et al.
2006; Zhou et al. 2009). Incorporating physiological studies
such as single sensillum recordings or transcriptomic studies
of the expression of receptor protein genes (discussed more
in detail later) will help us elucidate the functional diversity
of sensilla (Cui et al. 2011; Li et al. 2018; Ochieng and
Hansson 1999; Yang et al. 2012).

Sensilla Functional Diversity A variety of pheromones are
emitted by insects in various situations (see Pheromones)
and single sensillum recordings can be used to identify
sensillum-specific sensitivity to particular compounds. In
the locust S. gregaria antennal sensilla were discovered to
respond to a variety of odors: basiconica to aggregation pher-
omones, oviposition attractant, and (E,Z)-2,6-nonadienal
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which is emitted by a preferred host plant (Tribulus ter-
restris) and is potentially a sex pheromone in S. gregaria;
trichoidea also respond to (E,Z)-2,6-nonadienal; and coe-
loconica to nymph and oviposition pheromones (Ochieng
and Hansson 1999). The reason basiconica are capable of
detecting multiple olfactory stimuli is likely because they
contain as many as 50 olfactory neurons (one to three in
trichoidea and coeloconica: Ochieng et al. 1998). Each neu-
ron is potentially responsive to a different odor.

In L. migratoria, seven functional subtypes of trichoid
sensilla on the antenna have been identified, each housing
two to three olfactory neurons (Cui et al. 2011). These neu-
rons responded in several different combinations (i.e., inhibi-
tory vs. excitatory) and intensities to nine different com-
pounds found in frass pheromones (Cui et al. 2011). Some
of the compounds found in L. migratoria frass pheromones
also occur in nymphal (e.g., octanal, hexanal) and aggrega-
tion (e.g., guaiacol) pheromones of S. gregaria (Ochieng
and Hansson 1999) but are detected by basiconica and coe-
loconica in S. gregaria (as mentioned above). Furthermore,
trichoid sensilla in L. migratoria were discovered to respond
to 18 chemicals that were commonly found in their host
plants (You et al. 2016) suggesting that trichoid sensilla may
be tuned to detect a wider range of compounds in L. migrato-
ria than in S. gregaria. Together, these studies suggest grass-
hoppers have a complex pheromone-based communication
system that will benefit from further investigation.

Grasshopper Ecology and Sensilla Abundance The num-
ber of each type of sensilla on an insect’s exoskeleton is
linked to the species’ ecology. It is thought that high anten-
nal sensitivity results from having a high density of sensilla
(Greenwood and Chapman 1984; Bland 1989; Chen et al.
2003). In locusts S. gregaria and L. migratoria, solitarious
individuals have more olfactory sensilla on their anten-
nae than gregarious ones (Greenwood and Chapman 1984;
Ochieng et al. 1998). Single sensillum recordings indicate
that solitarious S. gregaria have a stronger electrophysio-
logical response to some pheromone compounds (e.g., ben-
zaldehyde, acetophenone, and solitarious sex pheromone)
than gregarious locusts (Ochieng and Hansson 1999). As
the solitarious phase occurs at low population density (Has-
sanali et al. 2005), higher sensilla abundance in solitari-
ous locusts may reflect a benefit for elevated sensitivity to
long-range chemical signals for locating distant conspecif-
ics (Bland 1989; Chen et al. 2003). The number of sensilla
may also reflect feeding range (monophagous, oligophagous,
or polyphagous) and the heterogeneity of vegetation in the
grasshopper’s habitat. For example, in Moroccan grasshop-
pers, polyphagous species (e.g., S. gregaria and Callipta-
mus barbarus) have more sensilla on their labrum (about
400-700) than monophagous or oligophagous species (e.g.,
Sphingonotus coerulans, Oedipoda miniata; about 200-300
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sensilla; Zaim et al. 2013). In another study, desert species
B. argentatus, L. coquilletti, and C. parviceps have fewer
sensilla (800 — 2000) on their antennae than species living in
more equitable habitats such as Chorthippus curtipennis and
Metaleptea brevicornis (4000 — 8500 sensilla; Bland 1989).
Species with a limited diet range or desert grasshoppers may
be exposed to fewer chemical compounds than species that
are polyphagous or living in more complex environments.

Male grasshoppers have more olfactory sensilla on their
antennae than females in most grasshopper species studied
(80%, n="75; Chen et al. 2003; Bland 1989; Li et al. 2007).
Higher electrophysiological responses to chemical signals
in males have also been observed in some of the studies
using single sensillum recordings or electroantennography
(Ochieng and Hansson 1999; Chen and Kang 2000; Chen
et al. 2004). This suggests that males are subject to sexual
selection for locating (and possibly discriminating) females
(Ritchie 1990). Chinese Angaracris barabensis grasshoppers
rely on acoustic and visual cues to find mates and there is
no sexual difference in sensilla abundance (Chen and Kang
2000). No clear pattern of the sensilla was found among
subfamilies or tribes (Bland 1989; Chen et al. 2003; Li et al.
2007; Zaim et al. 2013); and therefore, specific ecological
aspects including habitat, feeding patterns and sex roles may
influence sensilla abundance and distribution.

Types and Functions of Chemoreceptive Proteins Chemore-
ceptive proteins are conserved in insects, each type identi-
fied by specific amino acid sequences and three-dimensional
structures (Sanchez-Gracia et al. 2009). Proteins involved
in insect chemoreception are of two distinct types: odorant-
binding proteins and chemosensory proteins. These binding
proteins are produced in several places in an insect includ-
ing within sensilla that have chemosensory neurons, where
they are secreted in the sensilla lymph (Fig. 4) and transduct
chemical signals (e.g., semiochemicals, hormones, nutrients,
and toxic compounds) by binding to molecules and mov-
ing them to the receptors on the sensory neuron surface
(Sanchez-Gracia et al. 2009; Wicher and Miazzi 2021).
Olfactory sensory neurons are nerve cells specialized
for transmitting information about smells (Fig. 4). They are
equipped with a variety of protein receptors (odorant, iono-
tropic or sensory neuron membrane) on their dendritic mem-
branes (Sanchez-Gracia et al. 2009) that mediate peripheral
neural processing and trigger signals that are transmitted to
the brain via ganglia. Odorant receptors are solely responsi-
ble for detecting volatiles whereas ionotropic receptors have
multiple roles including detection of smells, tastes, humidity,
and temperature (Wicher and Miazzi 2021). These recep-
tors have co-receptor(s) for their proper function (Sanchez-
Gracia et al. 2009; Cassau and Krieger 2021). Although the
exact role of the co-receptors is a mystery, odorant and
ionotropic receptors form a complex with their respective

co-receptor(s) to function as ligand-gated ion channels (Kne-
cht et al. 2017; Cassau and Krieger 2021). Sensory neuron
membrane proteins (SNMPs) are another important mem-
brane protein involved in insect olfaction. There are two
main types of SNMPs: co-receptors of pheromone sensitive
odorant receptor complex (SNMP1); and proteins expressed
in support cells of olfactory sensory neurons (SNMP2)
(Cassau and Krieger 2021). The presence of SNMP1 in an
olfactory-sensitive neuron and co-expression with odorant
receptors show these proteins are involved in the detection
of pheromones. Depending on the insect species, there are
three (Table 2) or more types (16 in dung beetles) of SNMPs
described, although their functions are unknown (Cassau
and Krieger 2021).

Functions of Chemoreceptive Proteins Identifying the
diversity and function of chemoreceptive proteins involves
large-scale genome sequencing, transcription, proteomics,
and experimental molecular evolution. Among short-horned
grasshoppers these detailed and time-consuming steps have
as yet been completed only for L. migratoria (Guo et al.
2011, 2020; Wang et al. 2015; Li et al. 2016, 2020; Yu et al.
2016; Chen et al. 2018; Wei et al. 2019). However, the diver-
sity of chemoreceptive proteins has been explored in seven
locust species where more olfactory receptor genes are found
than ionotropic receptor genes (Table 2). The expansion of
olfactory receptors could mean that locusts rely heavily on
olfactory cues rather than taste when assessing mates or host
plants, whereas in model insect species such as Drosophila
melanogaster, olfactory receptors, and ionotropic receptors
occur in equal numbers (Sanchez-Gracia et al. 2009; Croset
et al. 2010).

The potential functions of specific proteins are explored
using quantitative real-time PCR and in sifu hybridization to
identify expression in specific tissues, sex, phase, and sen-
silla. Protein functions can be further inferred by exposing
tissues and sensilla to specific chemical stimuli (using elec-
troantennogram or single sensillum recordings) or genome
editing tools (Maleszka et al. 2007; Guo et al. 2011; Zhang
et al. 2017; Jiang et al. 2021). The genome editing tools
RNA interference (RNAi) and Clustered Regularly Inter-
spaced Short Palindromic Repeats (CRISPR) have been used
on locust species. These techniques allow silencing of the
genes that are contributing to discrimination of host and
nonhost plants and perception and biosynthesis pheromones
and CHCs (Jurado-Rivera et al. 2009; Perkin et al. 2016)
by introducing double-stranded RNA (RNAI1) or restriction
enzymes (CRISPR).

In locusts, olfactory binding proteins and odorant
receptors show exclusive or biased expression patterns in
antennae and mouthparts suggesting a chemosensory role,
whereas chemosensory proteins and ionotropic receptors
show broader expression including antennae, abdomen,
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Fig.4 Simplified scheme of the internal structure of an olfactory sensillum and associated proteins

Table 2 Diversity of proteins
involved in chemoreception
that bind particles and move Ceracris kiangsu 13 6 91 13 2 Li et al. 2020
them to the receptors in the Bamboo locust

insect sensilla are shown as

Name OBP CSP OR IR SNMP References

. . Ceracris nigricornis 20 10 71 8 3 Yuan et al. 2019

numbers of putative functional

genes characterized in seven Locusta migratoria 17 58 142 32 N/A Wang et al. 2015; Martin-

grasshopper species Migratory locust Blazquez et al. 2017; Guo

et al. 2018a, 2018b

Oedaleus asiaticus 15 17 60 6 3 Zhang et al. 2015;
Band-winged grasshopper Zhou et al. 2019
Oedaleus infernalis 18 N/A N/A NA N/A Zhang et al. 2018
Oxya chinensis 18 13 94 12 2 Cui et al. 2019b
Rice grasshopper
Schistocerca gregaria 14 42 119 >2 2 Guo et al. 2014; Martin-
Desert locust Blazquez et al. 2017;

Pregitzer et al. 2017

OBP odorant-binding protein, CSP chemosensory protein, OR odorant receptor, /R ionotropic receptor,
SNMP sensory neuron membrane protein. The diversity of OR and IR includes its coreceptor(s)
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thorax, legs, and wings (Jin et al. 2005; Guo et al. 2011;
Wang et al. 2015; Zhang et al. 2018; Cui et al. 2019b;
Yuan et al. 2019; Zhou et al. 2019; Li et al. 2020) implying
broader functions. Some odorant receptors might be tuned to
perceive pheromones, and in insects, odorant receptors are
co-expressed with the protein SNMP1 only in pheromone-
sensitive neurons (Cassau and Krieger 2021). Co-expression
of odorant receptors and SNMP1 in sensilla basiconica and
trichoidea of S. gregaria (Pregitzer et al. 2017) are respon-
sible for detecting an aggregation pheromone and a putative
sex pheromone respectively (Ochieng and Hansson 1999).
In L. migratoria, specific odorant receptors expressed in
sensilla basiconica are responsible for detecting aggrega-
tion pheromone (Guo et al. 2020). The co-receptor of an
odorant receptor plays a crucial role in insect olfaction, and
laboratory silencing of this protein in L. migratoria, using
both RNAi (Wang et al. 2015) and CRISPR/Cas9 (Li et al.
2016), resulted in the loss of sensitivity to pheromones
and food plant odors. Wang et al. (2015) also found that
two co-receptors of ionotropic receptors were silenced but
this did not affect the sensitivity of the grasshopper to the
pheromone, suggesting reception may be specific to odorant
receptors. Furthermore, odorant receptors are also expressed
in trichoidea, which are responsible for perceiving plant-
derived chemicals (ketones and esters) (You et al. 2016)
and frass pheromones (Cui et al. 2011). These studies show
odorant-receptor families respond to both insect- and plant-
derived olfactory stimuli. Ionotropic receptors also respond
to some chemical stimuli. In S. gregaria, some ionotropic
receptors are expressed in sensilla chaetica and coeloconica
(Guo et al. 2014). Coeloconica are tuned to detect odors of
food plants (Ochieng and Hansson 1999) and chaetica are
considered to be taste receptors (Ochieng et al. 1998). Thus,
it is possible that these ionotropic receptors are responsible
for detecting a range of chemical cues from food plants.
Whether or not ionotropic receptors are involved in other
roles (e.g., temperature and humidity perceptions) is not
known for locusts.

Sex-biased (Wang et al. 2015; Zhang et al. 2015, 2018;
Cui et al. 2019b; Yuan et al. 2019; Zhou et al. 2019; Li
et al. 2020) or phase-biased (Guo et al. 2011) variation in
the amount produced of some proteins indicates they are
used to mediate chemosensory processing that is specific to
sex (e.g, males to perceive female pheromone; females to
locate oviposition site) or phase. In L. migratoria, one of the
chemosensory proteins showed significantly higher expres-
sion in gregarious nymphs compared to solitarious ones, and
RNAi-mediated silencing showed this chemosensory pro-
tein was involved in an attraction response to an aggregation
pheromone (Guo et al. 2011). Sex-biased or -specific expres-
sion of some odorant-binding proteins, chemosensory pro-
teins, odorant receptors, and ionotropic receptors has been
observed in several locust species (Table 2), suggesting they

mediate sex-specific chemosensory processing (e.g., males
to perceive female pheromone; females to locate oviposi-
tion sites).

Applied Chemical Ecology in Pest Control
and Conservation

Knowledge of the chemical ecology of insect species pre-
sents an opportunity to reduce reliance on insecticides,
which present major concerns for environmental resilience,
biodiversity, human health, and the development of insect
resistance to insecticides (Giron et al. 2018). The application
of genome editing tools has recently provided new oppor-
tunities for pest control and may be important for reducing
the devastation that results from locust plagues. The shift to
the swarming phase of locusts is controlled by pheromone
signaling and is accompanied by rapid change in their olfac-
tory pathways (Hassanali et al. 2005). Thus, identification
and knockdown of the genes involved in the pheromone
synthesis or pheromone-reception of the gregarious phase
have been the primary interest of chemical ecology studies
of locust species. So far, only the genome of L. migratoria
has been edited in this way. Genes involved in the perception
(Guo et al. 2011, 2020; Ma et al. 2015, 2019; Li et al. 2016;
Zhang et al. 2021) and biosynthesis of aggregation phero-
mones (Wei et al. 2019) and CHCs (Wu et al. 2020; Zhang
et al. 2021) have been successfully silenced using RNAi and
CRISPR/Cas9. RNAI interferes with existing gene expres-
sion but CRISPR results in permanent genetic modifica-
tion; thus, higher stability and the potential to pass genetic
changes to their offspring. Moreover, CRISPR along with
gene-drive has the potential to help spread the manipulated
alleles in the field more rapidly than via normal Mendelian
processes (Giron et al. 2018; Courtier-Orgogozo et al. 2020).
The stability of transformed genes in natural populations is
not known and could be affected by the presence/absence
of resistant strains (Sugahara et al. 2017) and natural selec-
tion may reduce its effectiveness. There are unknown but
potentially serious implications of the spread of modified
genetics to non-target species through hybridization and/or
horizontal transfer via vectors such as mites, parasitoids,
viruses, or microsporidia (Sugahara et al. 2017; Giron et al.
2018; Courtier-Orgogozo et al. 2020). Risk assessment of
the genetic spill-over using mathematical models is a current
focus of gene editing and gene drive (Courtier-Orgogozo
et al. 2020; Greenbaum et al. 2021). Studies using experi-
mental evolution under controlled and semi-controlled con-
ditions are also required before applying this method in the
field.

Although the application of genome editing tools in pest
control is increasing, the efficacy of artificially modified
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«Fig.5 Our current knowledge of Acrididaec chemical ecology is
patchy, as revealed by examination of its extent in a phylogenetic
context (derived from Song et al. 2018). Grasshopper biological
traits (phase switch, flight/flightless, diet range, diet type, and habi-
tat) of best studied species are indicated. Availability of information
on cuticular hydrocarbon (CHC), pheromone, sensilla, chemo-protein
and/or genome editing tools (RNAi or CRISPR) is indicated (o indi-
cates the species has been studied). Exemplars of the broader, unstud-
ied, ecological diversity of the Acrididae is indicated on the right.
P- capable of phase-switching, F- capable of flying, X- incapable of
phase-switching or flying, poly- polyphagous, oligo- oligophagous,
mono- monophagous, mix forb- feeding on both grasses and forbs but
prefer forbs more

individuals may be reduced if plant-insect and insect-insect
interactions are altered in natural populations of locusts by
factors associated with climate change. Changes in irradia-
tion intensity, temperature, CO, concentration, and humid-
ity are known to affect the chemical composition (nutrients
and secondary metabolites) of plants by altering biosynthetic
pathways, and emission quantity and frequency by modify-
ing stomatal opening/closing (where volatiles are predomi-
nantly emitted) (Giron et al. 2018; Effah et al. 2020). As
feeding, oviposition, and development of locusts (and likely
other short-horned grasshoppers) respond to plant-derived
chemical signals (discussed in Plant-derived Signals), alter-
ation of plant chemical signals could influence plant-insect
interactions. Changes in host plant-derived chemicals may
also alter symbiotic microbiome composition since cer-
tain bacteria contribute to locust pheromone signals (e.g.,
guaiacol and phenol: see Chemical Biosynthesis in Grass-
hoppers), and play an important role in resistance against
pathogens and parasites (Lavy et al. 2020). Moreover, an
increase in ambient temperature can increase body tempera-
ture in insects, which in turn, affects biosynthetic pathways
in insects (Giron et al. 2018). This can alter locust chemi-
cal communication as some aggregation pheromones (i.e.,
guaiacol and phenol) are reliant on bacterial conversion.
Humidity levels probably exert strong selection pressure on
the chemical composition of their cuticular hydrocarbons (as
discussed in Cuticular Hydrocarbons (CHCs)).

In addition to genome-editing tools, entomopathogenic
microorganisms have also been considered for insect pest
management. Entomopathogenic microorganisms are
biopesticides, impairing chemical signaling, reproduction,
and mobility of their hosts. Some are acridid-specific (e.g.,
Metarhizium anisopliae var. acridum: Atheimine et al. 2014;
Abdellaoui et al. 2020; Paranosema locustae: Shi and Njagi
2004; Shi et al. 2014), which suggests a limited effect on
non-target organisms. The gut microsporidian parasite,
P. locustae has been observed in L. migratoria (Shi and
Njagi 2004; Shi et al. 2014) and found to disrupt chemi-
cal communication in the locusts by reducing olfactory
sensitivity (Shi and Njagi 2004), preventing biosynthesis
of bacterial mediated pheromones, and lowering activities

of neurotransmitters (serotonin and dopamine) that are
required for initiation and maintenance of gregarious behav-
ior (Shi et al. 2014). Furthermore, the effectiveness of dry
coinidia (fungal spores) of the entomopathogenic fungus
M. anisopliae var. acridum on 4th instar S. gregaria was
apparent at varying vegetation composition, temperatures
(23-48 °C), and relative humidity (4-52%) (Atheimine et al.
2014), suggesting potential to remain useful in a changing
climate. In comparison to chemical pesticides, both genome
editing and entomopathogenic techniques are relatively new
and their use in pest control is still developing. Studies relat-
ing to these tools are accumulating and considered to be
promising alternatives to insecticides. A better understand-
ing of chemical ecology and chemoreception of insects as
well as chemical changes in plants associated with climate
change can aid our development of both pest control tools
and species conservation strategies.

Future Directions

Short-horned grasshoppers are fascinating subjects for the
study of chemoreception and chemical ecology by virtue
of their taxonomic and ecological diversity (Fig. 5). The
use of chemical signals has been inferred for a variety of
short-horned grasshopper species but, not surprisingly,
most chemical ecology studies are focused on the economi-
cally important locust pest species (Fig. 5). Locust species
exhibit similar ecology and structures including strong
flight, phase-switching, chemical signaling (e.g., aggregation
pheromones), and diversity of chemoreceptive proteins (i.e.,
greater diversity of odorant receptors compared to ionotropic
receptors), yet they do not form a monophyletic group. A
locust is therefore a converged strategy that has indepen-
dently evolved in four subfamilies; Gomophocerinae, Oedi-
podinae, Melanoplinae, and Cyrcanthacridinae (Fig. 5). As
such, our understanding of the convergence of signaling
traits will be enhanced by studies of their phylogenetic rela-
tives. Mechanisms of chemoreception (sensilla), chemical-
mediated behaviors, diversity of expression patterns, and
specific functions of chemoreceptive proteins in locusts
have provided an invaluable framework for the study of the
Acrididae more widely. Future research involving species
that represent the taxonomic breadth of the family and the
range of biological traits that they display (e.g., flightless,
monophagous, alpine, aquatic, rainforest) could reveal evo-
lutionary constraints on chemoreception and chemical ecol-
ogy. Several strands of research would be illuminating: 1)
The morphological diversity of sensilla in a variety of spe-
cies can be explored using SEM, and the functional diversity
of specific sensilla types could be further investigated using
single sensillum recordings or chemoreceptor-deorphaning
approaches. It would be extremely valuable to know whether
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the function of a sensillum can be accurately inferred from
its external characters. 2) The genetic and functional diver-
sity and expression patterns of chemoreceptive proteins of
acridids other than locusts require further research using
genome sequencing, transcriptomics, and molecular evolu-
tion approaches. 3) The use of short- (CHCs) vs. long- (vol-
atile) distance chemical signals could be elucidated using
a combination of analytical tools, behavioral assays, and
electrophysiology. The potential for using pheromones to
control grasshopper species that damage crops is likely to
be an economically important line of research. 4) Explor-
ing the biosynthetic pathways and the role of catalysts and
gut bacteria in the synthesis of pheromones would be valu-
able. Determining the host-specificity of gut microbes in
grasshoppers, their method of transmission, and potential for
host switching and transferring chemical signaling pheno-
types between species is an exciting area of current research.
Manipulating insect physiology by feeding them bacteria is
one avenue of pest management likely to reduce insecticide
use. The interactions of microbes and their grasshoppers
can be revealed using a range of experimental tools, bio-
chemical and -omics approaches (metagenomics, transcrip-
tomics, and metabolomics). Integrated research involving
these tools could enhance our understanding of the evolution
of chemoreception and chemical ecology in the Acrididae,
with implications for species interactions, speciation, con-
servation, pest management and resilience to environmental
change (e.g., Dyer et al. 2018; Mori and Noge 2021; Wang
et al. 2021).
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