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Our knowledge of how genes act on the nervous system in response to the
environment to generate behavioral plasticity is limited. A number of
recent advancements in this area concern food-related behaviors and a
specific gene family called foraging (for), which encodes a cGMP-
dependent protein kinase (PKG). The desert locust (Schistocerca

gregaria) is notorious for its destructive feeding and long-term migratory
behavior. Locust phase polyphenism is an extreme example of envir-
onmentally induced behavioral plasticity. In response to changes in
population density, locusts dramatically alter their behavior, from solitary
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and relatively sedentary behavior to active aggregation and swarming.
Very little is known about the molecular and genetic basis of this striking
behavioral phenomenon. Here we initiated studies into the locust for gene
by identifying, cloning, and studying expression of the gene in the locust
brain. We determined the phylogenetic relationships between the locust
PKG and other known PKG proteins in insects. FOR expression was
found to be confined to newrons of the anterior midline of the brain, the
pars intercerebralis. Our results suggest that differences in PKG enzyme
activity are correlated to well-established phase-related behavioral
differences. These results lay the groundwork for functional studies of the
locust for gene and its possible relations to locust phase polyphenism.

© 2010 Wiley Periodicals, Inc.

Keywords: foraging gene; locust; swarming behavior; kinase; density-
dependent phase polyphenism

INTRODUCTION

Natural variation in behavior is influenced by interactions between many genes. These
genes interact with the environment to generate behavioral plasticity. A remarkable
example of environmentally induced behavioral plasticity can be found in locusts. In
the desert locust (Schistocerca gregaria), solitary-phase locusts are cryptic in physical
appearance and behavior (Rogers et al., 2003). They actively avoid contact with other
locusts (Roessingh et al., 1993), and are relatively sedentary (Simpson et al., 1999). An
increase in population density dramatically alters locust behavior; the gregarious
locusts are generally more active, and march in huge bands of hoppers or form flying
swarms as adults. The major behavioral characteristic of gregarious-phase locusts is
their strong attraction to conspecifics, which translates into active aggregation behavior
(Ellis, 1959, 1963; Uvarov, 1966). The phase transformation is thought to be a positive
feedback process, with changes in behavior preceding and facilitating other phase-
changes including biochemical, physiological, and morphological ones (Pener, 1991;
Pener and Yerushalmi, 1998; Applebaum and Heifetz, 1999; Pener and Simpson,
2009). Recent findings have identified the primary sensory inputs inducing a density-
dependent phase change in locusts (Rogers et al., 2004). Other neurobiology research
has characterized differences in sensory interneurons that mediate behavioral changes
between the locust phases (e.g., wind-sensitive interneurons, Fuchs et al., 2003; visual
interneurons, Matheson et al., 2004). In marked contrast, little has been achieved in
the study of the molecular and genetic contributions to this phenomenon (see recent
reviews in Simpson et al., 2005; Simpson and Sword, 2008; Pener and Simpson, 2009).
As a result, one is compelled to initiate an investigation into possible candidate genes
from other organisms that could be involved in the locust phase-dependent behavioral
polymorphism (Fitzpatrick et al., 2005).

In other species, there are a handful of well-studied examples that shed light on
the genes and pathways that underlie natural behavioral variations and plasticity. In
some cases, natural variation in a single gene can be identified that affects the
regulation of complex yet distinct behavior patterns (e.g., de Bono and Bargmann,
1998; Krieger and Ross, 2002; Davies et al., 2004; Hammock, 2007). Interestingly, a
number of recent achievements in this area involve food-related behaviors and the
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foraging gene, which encodes a cGMP-dependent protein kinase (PKG) (Osborne et al.,

1997; Ben-Shahar et al., 2002, 2003; Hirose et al., 2003; Fitzpatrick and Sokolowski,
2004; Ingram et al., 2005; Fussnecker and Grozinger, 2008; Garabagi et al., 2008;
Heylen et al., 2008; Lucas et al., 2009; Lucas and Sokolowski, 2009).

The fruit fly, Drosophila melanogaster, exhibits a behavioral polymorphism in larval
and adult-foraging behaviors, which arises from allelic variation in for. Larvae and
adult flies with a rover allele (for®) move greater distances while feeding than those
with the sitter alleles (for®) (Sokolowski, 1980; Pereira and Sokolowski, 1993). The for
gene encodes a cGMP-dependent protein kinase (PKG) (Reaume and Sokolowski,
2009). Rover heads exhibit higher levels of for mRNA and higher PKG activity than
sitter heads (Osborne et al., 1997). Interestingly, in flies, crowded populations select
for animals with rover alleles whereas uncrowded ones select for those with sitter
alleles (Sokolowski et al., 1997). The for gene also plays a role in behavioral plasticity in
D. melanogaster in response to food deprivation (Kaun et al., 2007b). Moreover, the for
gene was successfully used as a candidate gene to investigate the plasticity of food-
related behaviors in other insect species including ants (Ingram et al., 2005; Lucas
et al., 2009; Lucas and Sokolowski, 2009) and honey bees (Ben-Shahar et al., 2002).

In the present study, we cloned the locust for gene and placed it in an insect
phylogeny of ¢cGMP-dependent protein kinases (PKGs). We also examined FOR
expression in locust brains and measured the PKG enzyme activities in female and
male solitary and gregarious locusts. Our results lay the groundwork for functional
studies of the locust for gene and its possible relations to locust phase polyphenism.

MATERIALS AND METHODS

Animals

Desert locusts, Schistocerca gregaria (Forskal), were reared for many consecutive
generations under heavy crowding conditions, 100-160 animals in 60-liter metal
cages. Cages were kept under controlled temperature and humidity conditions (30°C,
35-60%) under a 12:12 light-dark cycle (with lights on at 7 am). Direct radiant heat was
supplied during daytime by incandescent electric bulbs to reach a final day
temperature of 35-37°C. Locusts were fed daily with fresh grass and dry oats. In
order to obtain locusts approaching the solitary phase, hatchlings from eggs laid by
crowded-reared locusts were isolated within 4h post-hatching and kept under
isolation, one locust per 1.5-liter metal cage. Care was taken to keep locusts of the
different phase groups under similar conditions (except density).

Migratory locusts, Locusta migratoria, were generously provided by Angela Lange
from a colony housed at the University of Toronto (Mississauga, Canada). The locusts
were raised under crowded conditions on a 12:12 light-dark cycle, at a temperature
range of 30-34°C, and fed fresh wheat seedlings supplemented with bran and carrots.

Cloning the Locust for Gene

mRNA was extracted from 10 brains of S. gregaria (5 males and 5 females) or
L. migratoria (females) dissected in saline PBS solution. All tissues were then quickly
placed in RNA later solution until mRNA extraction using an Amersham Biosciences
kit (GE Healthcare). Specific cDNA was amplified using a RACE kit from Clontech
(Palo Alto, CA) with degenerate primers designed based on conservative regions of for
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ortholog alignment of several species (sense primer: TGGGCCATYGANCGACARTG,
antisense primer: AAGCCMTCRAACCAYTTGTGYTT). The primers were used for
both locust species but with different annealing temperature (56°C for S. gregaria and
53°C for L. migratoria). Amplified bands were cloned with a TOPO TA Cloning from
Invitrogen (Carlsbad, CA), using the pCR 2.1-TOPO vector in electrocompetent E. coli
cells. Vectors from positive clones were extracted, purified, and sequenced. The cloned
locust sequences were examined for the extent of their homology with known for genes
using the NCBI database. After confirming that the newly cloned locust sequences
matched known for gene sequences, nested specific primers were designed and used
with newly extracted mRNA samples (S. gregaria sense primer: CCGGCAGGCA-
GAGTACACCGATTTC, antisense primer: CAACACGGCCAAAACCACCAACTCCG;
L. migratoria sense primer: TGTCAAACTGGTGGATTTTGGTTTTGC, antisense
primer: TCGTTCTTGGGAAGTCAATAGCATCG) in order to extend and confirm
the cloned locust for sequences.

Phylogeny

PKG protein sequences were obtained from the NCBI database using Blastx and
nomenclature searches. As of November 2009, a total of 44 PKG proteins were found
for over 30 insect species (Table 1) (variant sequences were discarded). Pairwise
protein sequence alignments were made using the default settings of Muscle (SeaView;
Galtier et al., 1996). Phylogenetic distances were used to build a neighbor joining tree
using Phylowin (Galtier et al., 1996) on the conserved kinase domains and the
remaining carboxyl terminal residues (around 300 aa) with 5,000 bootstrap
replications. Bootstrapping is a resampling technique used to generate confidence
estimates for the placement of nodes in phylogenetic trees (Page and Holmes, 1998).
Bootstrap values range from 0 to 100 where higher values indicate low sampling error
and, therefore, higher support for those nodes.

Immunocytochemistry and Neuronal Staining

Immunohistochemistry was as in Belay et al. (2007). Briefly, whole brains were
dissected in PBS (0.1 M, pH 7.4), fixed in 4% paraformaldehyde, and blocked in 4%
normal goat serum (Jackson ImmunoResearch, West Grove, PA) in 0.5% Triton X-100/
PBS. The specific guinea pig antibody called anti-FOR, described in Belay et al. (2007),
was used at 1:150; the neuropile marker mouse mAb nc82 was used at 1:20 (22, 23).
Incubation was for 48 h at 4°C. After incubation, brains were washed several times in
0.5% Triton X-100/PBS before adding a goat Cy2-conjugated anti-mouse and a Cy5-
conjugated anti-guinea pig Ig (1:100, Jackson ImmunoResearch) for 24 h at 4°C. For
negative controls, brains were incubated in only secondary antibody, in the absence of
primary antibody or in pre-absorbed anti-FOR serum. The specificity of the primary
antibody, anti-FOR antibody generated in guinea pig, was measured by using Western
blot immunodetection.

For neurobiotin staining, stumps of the cut nerves (NCCI1) were isolated in
Vaseline vessels and exposed to distilled water for 5min. Incubation was in
neurobiotin (5% in distilled water, Vector Laboratories, Burlingame, CA) at 4°C or
for 2-3 days. After overnight fixation in paraformaldehyde (4% in distilled water),
preparations were rinsed in several changes of PBS containing 0.1% Triton
X-100 (Sigma-Aldrich, St. Louis, MO). Subsequently, tissues were incubated overnight
in Cy3-conjugated streptavidine (Amersham Biosciences, Piscataway, NJ) in PBS
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Table 1. GenBank Accession Number and Detailed Informations About the Insect Species Used for

the Phylogenetic Analysis

Scientific name Common name PKG type GenBank Unigene
Acyrthosiphon pisum Pea aphid I XM_001952056.1 Aps.15600
Acyrthosiphon pisum Pea aphid 11 XM_001947008.1
Aedes aegypti Yellow fever mosquito 1 XM_001652896.1 Aae. 12121
Aedes aegypti Yellow fever mosquito 11 XM_001651359.1 Aae.709
Anopheles gambiae Mosquito I XM_319605.4
Anopheles gambiae Mosquito 11 XM_314690.4
Apis mellifera Honey bee 1 AF469010.1
Bombus ignitus Bees I dbj_AB491725.1
Bombus terrestris Bees 1 gb_FJ816699.1
Bombyx mori Silkworm moth 1 AF465601.1 Bmo.749
Diabrotica virgifera virgifera Western corn I gb_DQ913742.1
rootworm beetle
Drosophila ananassae Flies I XM_001961954.1
Drosophila ananassae Flies I XM_001961529.1
Drosophila erecta Flies I XM_001968555.1
Drosophila erecta Flies 11 XM_001968175.1
Drosophila grimshawi Flies I XM_001993194.1
Drosophila grimshawi Flies 11 XM_001988546.1
Drosophila melanogaster Fruit fly I NM_058139.3 Dm.6584
Drosophila melanogaster Fruit fly I NM_057865.3 Dm.4323
Drosophila mojavensis Flies I XM_002003128.1
Drosophila mojavensis Flies I XM_002003588.1
Drosophila persimilis Flies 1 XM_002014941.1
Drosophila persimilis Flies I XM_002020546.1
Drosophila pseudoobscura Flies I XM_001356655.2
pseudoobscura
Drosophila sechellia Flies I XM_002041587.1
Drosophila simulans Flies 1 XM_002078022.1
Drosophila simulans Flies 11 XM_002077639.1
Drosophila virilis Flies 11 XM_002052831.1
Drosophila willistoni Flies 1 XM_002065449.1
Drosophila willistoni Flies 11 XM_002066659.1
Drosophila yakuba Flies 1 XM_002087818.1
Drosophila yakuba Flies 11 XM_002087431.1
Lobesia botrana Moth I gb_DQ666642.1
Locusta migratoria Migratory locust I F]214984
Mythimna separata Northern armyworm 1 gb_GQ844298.1
moth
Nasonia vitripennis Jewel wasp 1 XM_001603499.1
Nasonia vitripennis Jewel wasp 11 XM_001599276.1 Nvi.4830
Pediculus humanus corporis Human body louse I XM_002432638.1
Pheidole pallidula Ant I EF999975
Pogonomyrmex barbatus Red harvester ant 1 AY800387.1
Schistocerca gregaria Desert locust 1 F]214985
Tribolium castaneum Red flour beetle I XM_968614.2 Tca.5335
Tribolium castaneum Red flour beetle 11 XM_963625.1 Tca.3123
Vespula vulgaris Wasp 1 gb_EF136648.1

containing 0.3% Triton X-100 at room
preparations were dehydrated in a graded series of ethanol, cleared in 60% glycerol
at 4°C overnight and mounted onto polylysine-coated glass slides under Fluorescent
Mounting Medium (Golden Bridge Life Science, WA) and cove-slipped.

temperature. After rinsing with PBS,
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All labeled preparations were analyzed and photographed using an Olympus
inverted system microscope (IX70, Olympus, Tokyo, Japan) equipped with a digital
camera or alternatively were examined using a LSM 510 META confocal microscope
(Carl Zeiss, Jena, Germany).

PKG Assays

PKG enzyme assays (modified from Kaun et al. 2007b) were performed on dissected
brain tissues of S. gregaria solitary and gregarious locusts one week after adult
emergence. Locusts were briefly anesthetized in COg, their brain dissected out and
stored at —80°C. Individual brains were homogenized on ice, for males and females of
both phases separately, in 25 mM Tris (pH 7.4), 1 mM EDTA, 2mM EGTA, 0.05%
Triton X-100, 5mM B-mercaptoethanol (Sigma Aldrich), and protease inhibitor
cocktail (Roche Diagnostics, Laval, QC, Canada). Samples were sonicated 4 times for
5 sec on ice in a Branson Sonifier 250 (Branson, CT) at the lowest setting (duty cycle 20
and output control 4). Samples were then centrifuged at 10,000 RPM for 5 min at 4°C.
The supernatant of each sample was then removed and used to determine the total
protein amount using a protein assay kit (Bio-Rad Laboratories, Hercules, CA) prior to
the cGMP-dependent protein kinase activity assays. The final concentration of the
PKG aCtiVitZ mixture contained 40 mM Tris-HCI (pH 7.4), 20 mM magnesium acetate,
0.2mM [y’?PJATP (500-1,000 cpm/pmol) (Amersham, Pharmacia Biotech, Baie
D’Urfe, QC, Canada), 13 ng/ml of a heptapeptide substrate highly specific to the
PKG (RKRSRAE) (Promega, Burlington, ON, Canada), 3uM c-GMP (Promega),
and 4.6nM of a highly specific c-AMP-dependent protein kinase inhibitor
(Ki50% = 2.3 nM) (5-24 from Calbiochem, San Diego, CA). As a control, reactions
were performed in the presence of 468 nM of a PKG inhibitor K-5823 (Calbiochem).
The reaction mixtures were incubated at 30°C for 10min. The reaction was
terminated by spotting 70 ul of the reaction mixture onto Whatman P-81 filters,
which were then soaked with 75 mM H3PO, for 5 min and washed three times with
75 mM H3PO, to remove any unbound [*?P]ATP. Finally, filters were rinsed with 100%
ethanol and air dried before quantification. For quantification of PKG activity, counts
were taken in a Wallac 1409 Liquid Scintillation Counter (Perkin Elmer, Woodbridge,
ON, Canada) using a universal scintillation cocktail (ICN). The specific PKG activity
was expressed as pmol of *?P incorporated of the PKG substrate per min per mg of
protein. Data were analyzed using two-way ANOVA and presented as means+S.E. In
all figures, P<0.001, P<0.01, and P<0.05 are represented as Ak, 15 and F.

RESULTS

Laboratory-Reared Locusts Approach the Two Extreme Density-Dependent Phases

The desert locust colony at Tel Aviv University shows clear and very consistent
phase differences in response to the distinct rearing conditions used. These included
all reported difterences in morphometric ratios, coloration and pattern, and
development. Further, recently reported neurophysiological differences (Fuchs
et al., 2003) and behavioral differences (Geva et al., 2010) are also very robust and
consistent.
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The Locust Foraging Gene

We isolated a 1,258-bp fragment of the S. gregaria for ortholog, which we call sgfor
(GenBank accession number FJ214985). It had typical PKG domains (Hofmann et al.,
2006) including a serine/threonine kinase domain (with a catalytic site) and two cGMP-
binding domains. The same degenerate primers and techniques were used to clone
the L. migratoria for ortholog Imfor (GenBank accession number FJ214984). The lmfor
fragment was 560 bp long and did not differ from a fragment of sgfor’s kinase domain,
which contained the catalytic site. The S. gregaria sgfor DNA sequence has 91% pairwise
identity with L. migratoria’s Imfor sequence. Both locust DNA sequences are around
70% pairwise identical to the for gene sequence of D. melanogaster. A comparison of the
two locusts for amino acid sequences and the corresponding region of the fly FOR
protein are shown in Figure 1. The kinase domain is well conserved in these species
and the catalytic sites are identical. We studied the phylogenetic relationships of the
newly-cloned locust for sequences as compared to all currently known insect PKG-
encoding genes (Fig. 2). Two types of PKG (I and II) are represented on the tree. PKG
type I is known to play a role in food-related behaviors and plasticity (reviewed in
Lohmann et al., 1997). As shown in Figure 2, all the PKG type I protein sequences
cluster together and appear to be derived from PKG type II sequences. Within the
type I cluster, we can distinguish a group formed by the dipterans and a group with all
the social insects except the wasp Vespula vulgaris. The two locust sequences are the
locust foraging genes and are part of the PKG type I cluster.

FOR Expression in the Locust Brain

The FOR protein was found to be expressed in a very distinct group of neuronal cell
bodies of the anterior midline of the brain (Fig. 3A, B). The examples shown in Figure
3C demonstrate a very robust and consistent expression pattern of FOR in the locust
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Figure 1. Alignments of amino acid sequence of S. gregaria, L. migratoria, and D. melanogaster using Muscle
(SeaView, Galtier et al., 1996). Identity and consensus sequence is shown using Geneious software. The
different identified domains of the PKG are shown for D. melanogaster.
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Figure 2. Phylogenetic analysis (Neighbour joining method) of the relationship of 44 PKG sequences
spanning 30 insect species (variant sequences were discarded). Pairwise comparisons using 5,000 bootstrap
replications were used to build the tree. The 2 locust species are in bold. Further detailed information about
the insect species used can be found in Table 1.

brain. Similar staining patterns were observed in adult male and female locusts, as well
as in gregarious and solitary-reared animals and also in larvae. The brain area stained
is known as the pars intercerebralis (PI) of the protocerebrum. It contains the largest
collection of neurosecretory cells in the central nervous system of the locust, most of
which have fibers that run directly to the corpora cardiaca (CC) via nervus corporis
cardiaci I (NCCI, Burrows, 1996). Hence, in order to confirm the identity of the FOR-
positive cells, neurons of the PI were back-filled through the NCCI nerve leading from
the PI to the CC. As can be seen in Figure 4A, the area of the brain stained by
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Figure 3. FOR expression patterns in the locust brain. A: Merged confocal image of frontal 3-um optical
sections of a locust brain showing the major brain neuropils (in green, mouse antibody, nc82). B: A distinct
PKG-IR region is seen as a cluster of cell bodies in the anterior midline of the brain (double staining with
anti-FOR in red and nc82 in green). C: Similar FOR expression patterns can be observed in gregarious (Gre)
or solitary-reared animals (Sol), in adult male (M), female (F), and larvae. Scale bars =250 um.

backfilling NCCI was very similar to the area expressing FOR. Indeed, when we
employed double staining of FOR together with neurobiotin backfilling of the NCCI,
many cells within this area showed double labeling (Fig. 4B).

Phase-Related Differences in PKG Activity

The PKG activity of gregarious locusts was found to be significantly higher than that of
solitary locusts (F(; 08y =13.29, P<0.001) (Fig. 5). Differences in PKG activity are sex
specific (F(j 98 =23.16, P<0.001), with higher PKG activity found in males than in
females. No interaction was found between sex and phases (Fj 95y=0.17, P = 0.68).
This sex difference in PKG activity was found for both solitary (P<0.01) and
gregarious locusts (P <0.001).

DISCUSSION

The foraging gene functions in plastic responses to environmental change in a variety of
animals. In D. melanogaster, a previous history of food deprivation changes rovers into
sitters and decreases PKG levels (Kaun et al., 2007b, 2008) and for plays a role in
learning and memory in larval and adult flies (Kaun et al., 2007a; Mery et al., 2007). In
P, pallidula, the plastic behavior of workers is related to PKG enzyme activity and worker
ants who work as guards have five more FOR immunoreactive clusters of cells in their
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Figure 4. A: Merged confocal image of frontal 3-pm optical sections of a locust brain following neurobiotin
backfilling from both left and right NCC1 nerves. The cell bodies stained are in the brain area known as the
pars intercerebralis (PI) of the protocerebrum and largely overlap the area immunostained by anti-FOR
(compare to Fig. 3). The area marked in Al is enlarged in A2. Scale bars = 250 pm. B: Many cell bodies in this
area were yellow after double staining with anti-FOR (red) and neurobiotin backfill (green). Cells shown in B
correspond to the areas marked in A2. Scale bar = 10 um.
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Figure 5. PKG activity (mean+S.E.) of solitary (n =24) and gregarious (n = 20), and male (n = 18) and
female (n = 26) S. gregaria. ***P<0.001, **P<0.01, *P<0.05.
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brains than do their smaller-sized sister worker ants who work as foragers (Lucas and
Sokolowski, 2009). Ants become either defenders or foragers depending on the food
and social cues they receive as larvae (Passera and Suzzoni, 1991; Bloch et al., 2002).
Defenders have higher PKG enzyme activity than foragers; however, defenders can
exhibit flexibility in behavior and are able to engage in foraging activities, depending
on the needs of the colony (Lucas et al., 2009). This plastic behavior is correlated to
PKG enzyme activity and pharmacological manipulations of PKG activity change this
behavioral plasticity (Lucas and Sokolowski, 2009). In C. elegans, PKG plays a role in
olfactory adaptation as well as other plastic phenotypes (Fujiwara et al., 2002; LEtoile
et al.,, 2002; Hirose et al., 2003; Raizen et al., 2008). In the honey bee, for plays a role in
the long-term plasticity changes involved in the switch from nursing to foraging
(Ben-Shahar et al., 2002, 2003). No differences in spatial localization of the for
transcripts were found in nurse and forager honey bees (Ben-Shahar et al., 2002) or in
rover and sitter flies (Belay et al., 2007). Finally, PKG is known to function in learning
and memory in mammals (Reaume and Sokolowski, 2009).

Density-dependent phase polyphenism in the desert locust is another example of
plastic changes in response to environmental change. Previous pioneering work has
provided some evidence for molecularly based phase differences (e.g., differences in
the number and amount of peptides present in the corpora cardiaca and the
hemolymph, Clynen et al., 2002; An unidentified solitary-specific gene and a SPARC-
like gregarious-specific gene, Rahman et al., 2003). However, a full understanding of
the molecular basis of this phenomenon is still lacking.

How might PKG act to affect locust behavior? Our findings of FOR expression in
the brain PI cells, in close association with the major locust neurosecretory centers,
opens multiple routes for PKG to affect locust physiology and behavior. In respect to
locust phases, gregarious locusts are generally more active than solitary ones and show
increased propensity for long-range marching or migratory flight (Pener and
Simpson, 2009). This could be correlated to the higher PKG activity in gregarious
locusts, similar to rover flies and forager honey bees. Rovers and sitters differ in levels
of adipokinetic hormone and in acquisition, allocation, and storage of energy (Kaun
et al., 2008). In locusts, in addition to the high PKG activity reported here, the
gregarious phase is characterized by high levels of lipid reserves, higher hiperlipaemic
response to flight, and increased adipokinetic response (mediated by CC neurohor-
mones; Ayali and Pener, 1992, 1995; Ayali et al., 1996; Pener et al., 1997). PKG
signaling also plays a role in modulating environmental stresses, such as thermal stress
(in D. melanogaster, Dawson-Scully et al., 2007). Phase differences are also related to
thermotolerance in locusts, including, for example, expression of heat shock proteins
(Wang et al., 2007) and response to pathogens (Elliot et al., 2003, 2005). PKG is also
involved in phototaxis behavior in bees (Ben-Shahar et al., 2003) and in circadian
clock-related behaviors such as quiescence or sleep in both C. elegans and
D. melanogaster (e.g., Raizen et al.,, 2008). In locusts, gregarious animals are
characterized by diurnal flight behavior, while solitary locusts fly at night. Fuchs
et al. (2003) describe an identified flight-related inhibitory interneuron, which is
sensitive to illumination level, and show a remarkable and highly significant increase in
activity during the dark but only when locusts are crowded locusts. Lastly, serotonin
(5-hydroxtryptamine, 5HT) is both necessary and sufficient for locust phase
transformation, with increasing levels of 5HT accompanying (and inducing)
gregariousness (Anstey et al., 2009). A connection between the 5HT transporter
(SERT), present in all animals from flatworm to human (Caveney et al., 2006) and
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cGMP/PKG signaling is also known; activation of cGMP/PKG-linked pathways
increases SERT activity and rapidly alters both 5HT uptake and clearance rates (e.g.,
Miller and Hoffman, 1994; Zhu et al., 2004a,b). Specifically, Zhang et al. (2007)
reported that PKG phosphorylates human SERT (at Thr-276) and thus increases its
activity. These reports are not fully consistent with our own results, as higher PKG
activity in gregarious locusts compared to solitary ones, implies a down-regulation of
5HT in the gregarious phase (in contrast to Anstey et al., 2009). Reported differences
in 5HT action and its regulation in vertebrates as compared to invertebrates (e.g., 5HT
and aggression; Edwards and Kravitz, 1997), and even within the same animal
depending on the social context, suggest that the relationships between PKG and 5HT
require further study.

Our study lays a foundation for investigations into the functional role of the for
gene in locust behavior, and specifically density-dependent phase polyphenism.
A comparison of studies across species confirms a general role for the foraging gene
and the PKG molecule in behavioral plasticity with an emphasis on food-related
behaviors. Interestingly, the phylogeny suggests that species within a cluster with their
closely related protein sequences can have an inverse relationship between foraging
gene levels and behavior. Further studies are needed to understand the species-specific
mechanisms underlying the foraging gene’s function in suites of plastic behaviours.

ACKNOWLEDGMENTS

We thank A. Lange for providing migratory locusts, A. Hofbauer for the nc82
antibody, H. Belay for her help with brain dissections, A. Belay for protocols and
advice on the immunohistochemical work, and M. Nicolas for help on phylogeny. We
are grateful to U. Homberg for constructive advice regarding brain structures and
neuronal identity and J. Meunier for discussions and comments on the manuscript.
Research was supported by the Natural Science and Engineering Council of Canada
and the Canada Research Chairs Program grants to M.B.S. C.L. was supported by the
Fyssen Foundation and a Gene by Environment training grant from the Canadian

Institutes of Health Research. =N

LITERATURE CITED

Anstey ML, Rogers SM, Ott SR, Burrows M, Simpson SJ. 2009. Serotonin mediates behavioral
gregarization underlying swarm formation in desert locusts. Science (Washington, DC)
323:627-630.

Applebaum SW, Heifetz Y. 1999. Density-dependent physiological phase in insects. Annu Rev
Entomol 44:317-341.

Ayali A, Pener MP. 1992. Density-dependent phase polymorphism affects response to
adipokinetic hormone in Locusta. Comp Biochem Physiol A 101:49-552.

Ayali A, Pener MP. 1995. The relations of adipokinetic response and body lipid content in
locusts, with special reference to phase polymorphism. J Insect Physiol 41:5-89.

Ayali A, Golenser E, Pener MP. 1996. Flight fuel related differences between solitary and
gregarious locusts (Locusta migratoria migratorioides). Physiol Entomol 21:1-6.

Belay AT, Scheiner R, So AKC, Douglas S], Chakaborty-Chatterjee M, Levine JD, Sokolowski MB.
2007. The foraging gene of Drosophila melanogaster: spatial-expression analysis and sucrose
responsiveness. | Comp Neurol 504:570-582.

Avrchives of Insect Biochemistry and Physiology



64 *  Archives of Insect Biochemistry and Physiology, 2010

Ben-Shahar Y, Robichon A, Sokolowski MB, Robinson GE. 2002. Influence of gene action across
different time scales on behavior. Science (Washington, DC) 296:741-744.

Ben-Shahar Y, Leung HT, Pak WL, Sokolowski MB, Robinson GE. 2003. cGMP-dependent
changes in phototaxis: a possible role for the foraging gene in honey bee division of labor.
J Exp Biol 206:2507-2515.

Bloch G, Wheeler DE, Robinson GE. 2002. Endocrine influences on the organization of insect
societies. In: Pfaff D, editor. Hormones, brain and behavior. New York: Academic Press.
p 195-235.

Burrows M. 1996. The neurobiology of an insect brain. New York: Oxford University Press.

Caveney S, Cladman W, Verellen L, Donly BC. 2006. Ancestry of neuronal monoamine
transporters in the Metazoa. | Exp Biol 209:4858-4868.

Clynen E, Stubbe D, De Loof A, Schoofs L. 2002. Peptide differential display: a novel
approach for phase transition in locusts. Comp Biochem Physiol B Biochem Mol Biol
132:107-115.

Davies AG, Bettinger JC, Thiele TR, Judy ME, McIntire SL. 2004. Natural variation in the npr-1
gene modifies ethanol responses of wild strains of C. elegans. Neuron 42:731-743.

Dawson-Scully K, Armstrong GA, Kent C, Robertson RM, Sokolowski MB. 2007. Natural
variation in the thermotolerance of neural function and behavior due to a cGMP-dependent
protein kinase. PLoS ONE 2:e773.

de Bono M, Bargmann C. 1998. Natural variation in a neuropeptide Y receptor homolog
modifies social behavior and food response in C. elegans. Cell 94:679-689.

Edwards DH, Kravitz EA. 1997. Serotonin, social status and aggression. Curr Opin Neurobiol
7:812-819.

Elliot SL, Blanford S, Horton CM, Thomas MB. 2003. Fever and phenotype: transgenerational
effect of disease on desert locust phase state. Ecol Lett 6:1-7.

Elliot SL, Horton CM, Blanford S, Thomas MB. 2005. Impacts of fever on locust life-history
traits: costs or benefits? Biol Lett 1:181-184.

Ellis PE. 1959. Learning and social aggregation in locust hoppers. Anim Behav 7:91-106.

Ellis PE. 1963. Changes in the social aggregation of locust hoppers with changes in rearing
conditions. Anim Behav 11:152-160.

Fitzpatrick M]J, Sokolowski MB. 2004. In search of food: exploring the evolutionary link
between cGMP-dependent protein kinase (PKG) and behaviour. Integr Comp Biol
44:28-36.

Fitzpatrick MJ, Ben-Shahar Y, Smid HM, Vet LEM, Robinson GE, Sokolowski MB. 2005.
Candidate genes for behavioural ecology. Trends Ecol Evol 20:96-104.

Fuchs E, Kutsch W, Ayali A. 2003. Neural correlates to flight-related density-dependent phase
characteristics in locusts. ] Neurobiol 57:152-162.

Fujiwara M, Sengupta P, McIntire SL. 2002. Regulation of body size and behavioral state of
C-elegans by sensory perception and the EGL-4 cGMP-dependent protein kinase. Neuron
36:1091-1102.

Fussnecker B, Grozinger C. 2008. Dissecting the role of Kr-h1 brain gene expression in foraging
behavior in honey bees (Apis mellifera). Insect Mol Biol 17:515-522.

Galtier N, Gouy M, Gautier C. 1996. SeaView and Phylo_win, two graphic tools for sequence
alignment and molecular phylogeny. Comput App Biosci 12:543-548.

Garabagi F, Wade French B, Schaafsma AW, Peter Pauls K. 2008. Increased expression of a
cGMP-dependent protein kinase in rotation-adapted western corn rootworm (Diabrotica
virgifera virgifera L.). Insect Biochem Mol Biol 38:697-704.

Geva N, Guershon M, Orlova M, Ayali A. 2010. Memoirs of a locust: density-dependent
behavioral change as a model for learning and memory. Neurobiol Learn Mem 93:175-182.

Avrchives of Insect Biochemistry and Physiology



The Locust Foraging Gene * 65

Hammock EA. 2007. Gene regulation as a modulator of social preference in voles. Adv Genet
59:107-127.

Heylen K, Gobin B, Billen J, Hu TT, Arckens L, Huybrechts R. 2008. Amfor expression in the
honeybee brain: a trigger mechanism for nurse-forager transition. ] Insect Physiol
54:1400-1403.

Hirose T, Nakano Y, Nagamatsu Y, Misumi T, Ohta H, Ohshima Y. 2003. Cyclic GMP-dependent
protein kinase EGL-4 controls body size and lifespan in C. elegans. Development
130:1089-1099.

Hofmann F, Feil R, Kleppisch T, Schlossmann J. 2006. Function of cGMP-dependent protein
kinases as revealed by gene deletion. Physiol Rev 86:1-23.

Ingram KK, Oefner P, Gordon DM. 2005. Task-specific expression of the foraging gene in
harvester ants. Mol Ecol 14:813-818.

Kaun KR, Hendel T, Gerber B, Sokolowski MB. 2007a. Natural variation in Drosophila larval
reward learning and memory due to a cGMP-dependent protein kinase. Learn Mem
14:342-349.

Kaun KR, Riedl CAL, Chakaborty-Chatterjee M, Belay AT, Douglas S], Gibbs AG, Sokolowski MB.
2007b. Natural variation in food acquisition mediated via a cGMP-dependent protein kinase.
J Exp Biol 210:3547-3558.

Kaun KR, Chakaborty-Chatterjee M, Sokolowski MB. 2008. Natural variation in plasticity of
glucose homeostasis and food intake. | Exp Biol 211:3160-3166.

Krieger MJB, Ross KG. 2002. Identification of a major gene regulating complex social behavior.
Science (Washington, DC) 295:328-332.

LEtoile ND, Coburn CM, Eastham ], Kistler A, Gallegos G, Bargmann CI. 2002. The cyclic
GMP-dependent protein kinase EGL-4 regulates olfactory adaptation in C. elegans. Neuron
36:1079-1089.

Lohmann SM, Vaandrager AB, Smolenski A, Walter U, De Jonge HR. 1997. Distinct and specific
functions of cGMPdependent protein kinases. Trends Biochem Sci 22:307-312.

Lucas C, Hugson BN, Sokolowski MB. 2010. Job switching in ants: role of a kinase. Commun
Integr Biol 3:1-3.

Lucas C, Sokolowski MB. 2009. Molecular basis for changes in behavioral state in ant social
behaviors. Proc Natl Acad Sci USA 106:6351-6356.

Matheson T, Rogers SM, Krapp HG. 2004. Plasticity in the visual system is correlated with a
change in lifestyle of solitarious and gregarious locusts. ] Neurophysiol 91:1-12.

Mery F, Belay AT, So AKC, Sokolowski MB, Kawecki TJ. 2007. Natural polymorphism affecting
learning and memory in Drosophila. Proc Natl Acad Sci USA 104:13051-13055.

Miller KJ, Hoffman BJ. 1994. Adenosine A3 receptors regulate serotonin transport via nitric
oxide and ¢cGMP. | Biochem (Tokyo) 269:27351-27356.

Osborne K, Robichon A, Burgess E, Butland S, Shaw RA, Coulthard A, Pereira HS,
Greenspan RJ, Sokolowski MB. 1997. Natural behavior polymorphism due to a cGMP-
dependant protein kinase of Drosophila. Science (Washington, DC) 277:834-836.

Page RDM, Holmes EC. 1998. Molecular evolution: a phylogenetic approach. Oxford: Blackwell
Science.

Passera L, Suzzoni JP. 1991. Roles of morphogenetic hormones in caste polymorphism in ants.
In: Gupta AP, editor. Morphogenetic hormones of arthropods. Roles in histogenesis,
organogenesis and morphogenesis. Rutgers, NJ: Rutgers University Press. p 400-430.

Pener MP. 1991. Locust phase polymorphism and its endocrine relationes. Adv Insect Physiol
23:1-79.

Pener MP, Simpson SJ. 2009. Locust phase polyphenism: an update. Adv Insect Physiol
36:1-286.

Avrchives of Insect Biochemistry and Physiology



66 *  Archives of Insect Biochemistry and Physiology, 2010

Pener MP, Yerushalmi Y. 1998. The physiology of locust phase polymorphism: an update.
J Insect Physiol 44:365-377.

Pener MP, Ayali A, Golenser E. 1997. Adipokinetic hormone and flight fuel related
characteristics of density-dependent locust phase polymorphism: A review. Comp Biochem
Physiol [B] 117:513-524.

Pereira HS, Sokolowski MB. 1993. Mutations in the larval foraging gene affect adult locomotory
behavior after feeding in Drosophila melanogaster. Proc Natl Acad Sci USA 90:5044-5046.

Rahman MM, Vandingenen A, Begum M, Breuer M, De Loof A, Huybrechts R. 2003. Search for
phase specific genes in the brain of desert locust, Schistocerca gregaria (Orthoptera:
Acrididae) by differential display polymerase chain reaction. Comp Biochem Physiol A Mol
Integr Physiol 135:221-228.

Raizen DM, Zimmerman JE, Maycock MH, Ta UD, You Y], Sundaram MYV, Pack AI. 2008.
Lethargus is a Caenorhabditis elegans sleep-like state. Nature 451:569-572.

Reaume C]J, Sokolowski MB. 2009. cGMP-dependent protein kinase as a modifier of behaviour.
In: Schmidt HHHW, Hofmann F, Stasch JP, editors. cGMP: generators, effectors and
therapeutic implications. Berlin: Springer, vol. 191. p 423-443.

Roessingh P, Simpson SJ, James S. 1993. Analysis of phase-related changes in behaviour of
desert locust nymphs. Proc R Soc Lond B 252:43-49.

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 207:3603-3617.

Simpson SJ, Sword GA. 2008. Locusts. Curr Biol 18:R364-R366.

Simpson SJ, McCaffery AR, Hagele BF. 1999. A behavioural analysis of phase change in the
desert locust. Biol Rev Camb Phil Soc 74:461-480.

Simpson SJ, Sword GA, De Loof A. 2005. Advances, controversies and consensus in locust phase
polyphenism research. | Orthop Res 14:213-222.

Sokolowski MB. 1980. Foraging strategies of Drosophila melanogaster: a chromosal analysis. Behav
Genet 10:291-302.

Sokolowski MB, Pereira HS, Hughes K. 1997. Evolution of foraging behavior in Drosophila by
density dependent selection. Proc Natl Acad Sci USA 94:7373-7377.

Uvarov BP. 1966. Phase polymorphism. In: Grasshoppers and locusts. Cambridge: Cambridge
University Press. p 332-386.

Wang HS, Wang XH, Zhou CS, Huang LH, Zhang SF, Guo W, Kang L. 2007. cDNA cloning of
heat shock proteins and their expression in the two phases of the migratory locust. Insect
Mol Biol 16:207-219.

Zhang YW, Gesmonde J, Ramamoorthy S, Rudnick G. 2007. Serotonin transporter
phosphorylation by cGMP-dependent protein kinase is altered by a mutation associated
with obsessive compulsive disorder. ] Neurosci 27:10878-10886.

Zhu CB, Hewlett WA, Feoktistov I, Biaggioni I, Blakely RD. 2004a. Adenosine receptor, protein
kinase G, and p38 mitogen-activated protein kinase-dependent up-regulation of serotonin
transporters involves both transporter trafficking and activation. Mol Pharmacol
65:1462-1474.

Zhu CB, Hewlett WA, Francis SH, Corbin JD, Blakely RD. 2004b. Stimulation of serotonin
transport by the cyclic GMP phosphodiesterase-5 inhibitor sildenafil. Eur J Pharmacol
504:1-6.

Avrchives of Insect Biochemistry and Physiology



