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Abstract

Behaviors in insects are partly highly efficient Bayesian processes that fulfill exploratory tasks ending with the colonization of
new ecological niches. The foraging (for) gene in Drosophila encodes a cGMP-dependent protein kinase (PKG). It has been
extensively described as a frequency-dependent gene and its transcripts are differentially expressed between individuals,
reflecting the population density context. Some for transcripts, when expressed in a population at high density for many
generations, concomitantly trigger strong dispersive behavior associated with foraging activity. Moreover, genotype-by-
environment interaction (GEI) analysis has highlighted a dormant role of for in energetic metabolism in a food deprivation
context. In our current report, we show that alleles of for encoding different cGMP-dependent kinase isoforms influence the
oxidation of aldehyde groups of aromatic molecules emitted by plants via Aldh-lll and a phosphorylatable adaptor. The
enhanced efficiency of oxidation of aldehyde odorants into carboxyl groups by the action of for lessens their action and
toxicity, which should facilitate exploration and guidance in a complex odor environment. Our present data provide
evidence that optimal foraging performance requires the fast metabolism of volatile compounds emitted by plants to avoid
neurosensory saturation and that the frequency-dependent genes that trigger dispersion influence these processes.
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Introduction

Environmental instability is known to induce the development
of genetic variants in many taxa that have the capacity to enlarge
their phenotypic plasticity range when confronted with challeng-
ing conditions. This may lead to the selection of stable genotype/
phenotype profiles that are adapted to environments characterized
by periodic changes [l]. In contrast, a frequency-dependent
selection of alleles may lead to a transient prevalence of a trait
depending on the actual state of the ecological niche [2,3]. In such
cases, the prevalent adaptive traits can be reversed in relation to
environmental changes. Selection by both density- and frequency-

dependent processes seems to be highly efficient in terms of

adaptation as, even though a phenotype is prevalent, it is not fixed
and might fluctuate depending on environmental changes [4,5,6].

In our present analyses, we took advantage of a natural
polymorphism that affects Drosophila foraging behavior and is
controlled by high and low animal rearing densities. The
exploratory (Rover) phenotype was selected for at high-density
conditions, whereas the sedentary (Sitter) phenotype was selected
for at low-density conditions [7,8] (see figure 1 for illustration).
These behavioral changes are induced by modifications of the
expression of some isoforms of the for gene [9,10] and this
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manipulation of polymorphic behavior by only one gene is caused
by an assortment of cGMP dependent kinase isoforms, for which
the mechanisms of switching remain unknown [9,10]. Allelic
variation has been reported to affect associative olfactory learning,
with Rover showing a stronger short-term and a weaker long-term
memory and Sitter manifesting the opposite trend (i.e., a robust
long-term and weaker short-term memory) [11]. Moreover,
plasticity in metabolic responses, such as the modification of lipid
synthesis, involves the for gene in the context of food deprivation
and differs in the Rover and Sitter behavioral variants [12].

Because the for locus generates alternative behavioral phenotypes
under environmental control, this gene model presents an opp-
ortunity to analyze genotype-by-environment interaction (GEI)
effects, when the variants are placed under environmentally
constrained conditions. In this scenario, microarray technology
has revealed broad transcriptional differences between Rover
and Sitter, specifically in a starvation context [12]. Again, the
frequencies of the two modes of this behavioral binary trait will
fluctuate over time and consequently PKG (for) isoforms maintained
as a flexible hereditary trait are subject to reverse selection [7].

In a more spectacular mode, two distinct behavioral phases exist
in other insect species, such as the solitary and the gregarious
locust. The solitary phase characterizes sluggish individuals with a
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Figure 1. Experimental scheme used in this study and illustration of density-dependent selection of genes in relation to phenotype
transmission. (left) Experimental design used to demonstrate the pleiotropic effects of the frequency- and density-dependent gene for. Double-
hybrid system analysis has previously shown a strong probability of interaction (0.7) between CG11699 and Aldh-IIl and a lower probability (0.4) of
association between CG11699 and PKG, the product of the gene for [15]. The genetic backgrounds (expressing specific sets of transcripts of for)
conferring the bimodal behaviors Rover (exploratory) or Sitter (sedentary) were crossed with two CG77699 mutants (containing P-element insertions)
using chromosome balancers to construct the double homozygous strains CG11699%; for® and CG11699* for’ (see Table S1). These strains were then
tested by trajectometry analysis using an arena connected to attractive odorants such as aldehyde compounds and compared with Aldh-/ll mutants.
(right) A and B represent high- and low-density populations. Red and black triangles represent phenotypes determined by their corresponding
expressed alleles (Rover, for®, black and Sitter, for’, red), dominant in each density context. The second line illustrates the flies from a low-density
context raised at high density. The third line illustrates the opposite trend: flies from high-density context are raised at low-density. The progressive
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change of phenotypes is observed through few generations.
doi:10.1371/journal.pone.0019805.g001

low metabolism that are camouflaged with the colors of the
surroundings and morphologically have short wings and long legs
[13,14]. These insects transform into a gregarious state in crowded
spaces with con-specifics, characterized by color changes, broad
physiological modifications such as a highly active metabolism and
drastic behavioral shifts. When the population is sufficiently dense,
the compact migration phase commences [13,14]. Unfortunately,
no genetic or genome data have been reported with respect to this
animal model. The characteristics of Drosophila are far removed
from this amazing bimodal reversible shift in the locust. However,
the Rover/Sitter dual behavior of Drosophila, which is mediated by
the for gene, is reminiscent of the locust binary phases in terms of
the alternative allele expression that is conditionally heritable and
under the control of the environment via frequency- and density-
dependent processes.

A previous seminal report has established the probability of
Drosophila protein-protein associations based on high throughput
analyses using the yeast double-hybrid system [15]. This study
employed the full spectrum of expressed proteins and the results
are provided with an attributed score that takes into account
factors such as compartmentalization or whether the proteins are
membranous or hydrophilic. This system revealed that the for
protein binds to a small number of proteins, as the CG71699 gene
product with a medium score (0,4). CG11699 also shows a high
probability of association with the Aldh-III protein (score 0,7),
which suggests the existence of a trimeric complex, z.e., For/
CG11699/Aldh-III [15]. The predictive structure of CG11699
indicates that this small protein (15 kDa), with two transmembrane
domains, has putative phosphorylation sites for PKG, PKA and
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PKC. Consistently, as for encodes a cGMP-dependent kinase, it is
a candidate to control CG11699 through phosphorylation.
CG11699 is currently of unknown function and presents sequence
homology between orthologs in many species, including: insects
(Drosophila, Aedes egyptr, Apis mellifera, Aphid acyrtosiphon and Anopheles
gambiae), a number of mammals (Canis lupus familiarss, Mus musculus
and Homo sapiens) and birds (Gallus gallus).

Briefly, odorants from fruit in decomposition (on which fruit
flies feed in nature) are mostly carboxylic compounds, alcohols and
aldehydes [16]. More importantly, aldehydes are simultaneously
toxic compounds and powerful attractive neuro-sensorial stimuli
that guide flies in exploration and fix them on food resources
[16,17]. This is a dilemma for flies and other insects: to use toxic
compounds as very specific ligands for olfactory signaling and to
eliminate rapidly these compounds by biochemical processes. In
fact, aldehydes are highly reactive groups promoting covalent
bonds mainly with amine groups (lysine of proteins) through
intermediate Schiff base [17,18]. Moreover flies use alcohols like
ethanol as a resource, but an excess of a conversion product
(acetaldehyde, a metabolite which enters glycolysis for ATP
synthesis) will cause damage. Finally, lipid peroxidation by oxygen
attack on unsaturated lipids in the membrane leads to compounds
like malondialdehyde (0=CH- CH=CH-CH=0) [16,17]. Mal-
ondialdehyde is highly toxic because it bridges proteins as
glutaraldehyde does and is inactivated by Aldh-111, called also the
fatty acid aldehyde dehydrogenase or the membrane cleaning
enzyme [19]. As a consequence, flies, like many insects species,
have to live in a permanent paradox: some molecules are powerful
neurosensory stimuli to guide exploration and food searching, but
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on the other side they are also highly toxic if the detoxification
process turns out to be inefficient.

In our current study, we generated Drosophila Rover and Sitter
genetic backgrounds carrying homozygous (G11699 mutations by
P-element insertions. We designed behavioral tests using a
trajectometry methodology to address the influence of for on the
benzaldehyde responses by comparing the attractiveness and
repulsion scores of the double homozygous Drosophila mutants
CG11699% fo* and CGI11699% for' with those of Aldh-IIT
hemizygous mutants. Aldh-III is an aldehyde dehydrogenase family
member with nine transcripts in Drosophila and mutants are
homozygous lethal. The interactions between the for and Aldh-1I1
products through the phosphorylation of CG11699 were also
investigated by transfection of Drosophila cultured cells with an
expression vector bearing the coding sequence of a tagged CG11699
product. Benzaldehyde at a low concentration is an attractant,
whereas at high concentrations it is a strong repellent [20,21,22,23].
The present data suggest strongly that dispersion induced by
density-dependent genes simultaneously reinforces the metabolism
of xenobiotics that guide exploration.

Results

Loss of function in exploratory tests suggests a CG11699/
Aldh-lIl interaction

The rationale behind the experiments carried out in this study is
to establish a link between olfaction-based exploration and an
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interfering molecular pathway involving the for and Aldh-1II genes.
Both for and Aldh-III present multiple transcripts (see Figure S1).
The CG11699 gene product was shown to interact with For and
Aldh-III in the double-hybrid system [15]. We constructed double
homozygous mutants with the CG11699 gene modified by a P-
element insertion in both the Rover and Sitter genetic back-
grounds, which differ in encoding different sets of for transcripts
(see Figure S1). The experimental approach and the exploratory
protocols used to test these strains are depicted in Figure 1 and in
Figure S1. Briefly, odors are introduced into an arena through a
capillary tube fixed on one hole (arrow) using a syringe pusher
(constant flow). Four holes (to avoid overpressure), of a size slightly
lower than that of a fly body, are positioned at equal distance
(double traits in figures 2 to 4). A landmark was attributed to each
of the holes and passages of flies were counted. Trajectometry
analysis was performed to measure the intensity of searching and/
or exploring reported as the number of passages in landmarks
when flies are exposed to an attractive concentration of aldehyde
coming from a hole. The number of passages nearby the odorant
entry was analyzed as the fly effort to reach the source. Similar
parameters measured between strains, like the restrictive spatial
occupation in the arena or the global number of passages in the
four landmarks, were used as internal controls of the procedure.
Slightly different protocols were used in three different sets of
experiments reported in figures 2, 3 and 4 in order to establish the
validity of the observed phenotypic trends. The cumulative
number of passages of the male and female flies, tested
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Figure 2. Benzaldehyde-induced response of double homozygous mutants bearing a CG77699 allele in a Rover or Sitter genetic
background conferring distinct dispersive behavior. Ten flies (five days old females in purple, males in blue) were starved for two hours before
the start of the experiments and were then tested one by one. For quantification, four landmarks as described in Figure S1 were used to count the
number of passages. The cumulative frequency of passages is shown. These experiments were of five minutes in duration, during which time the flies
are walking (the periods of time during which the flies were immobile were not counted). R indicates the Rover background and S denotes the Sitter
background (two variants of the for gene). CG11699* indicates a strain with a P-element insertion in this gene. CG11699%; R and CG11699%; S represent
double homozygous strains (P-element insertions in CG17699 in the Rover or Sitter background). The scale of the ordinate axis (Y) represents 30, 60
and 90 passages. The protocol is described in Materials and Methods and in Figure S1. A mutant of Aldh-lll (CG11140*) is shown for comparison.
Mainly, Rover and Sitter gave similar results compared to Canton S (not shown): 90 and 85 passages for Canton S females and males respectively at
the check point corresponding to the arrival of odorants versus 90 and 84 for R, 100 and 92 for S. These numbers of passages fall drastically for Aldh-
I (25 and 20), CG11699%(35 and 30), CG11699%; for® (45 and 50) and CG11699*%; for’ (35 and 25). Statistical analysis was performed using Paired t-test
on individual performance of ten flies for each strain and results are reported in table S2.

doi:10.1371/journal.pone.0019805.9g002
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Figure 3. Comparative propionaldehyde-induced behavioral response between strains. Ten five days old female (black) and male (grey)
flies were tested after two hours of starvation for propionaldehyde-induced exploration using the arena/air pusher system. This series of experiments
was conducted during the odor gradient phase generated in the arena prior to reaching a uniform concentration (equal concentration between
syringe and arena). Flies were tested for ten minutes, during which time they were active. (A) The ratio of time spent in the periphery versus the inside
circle is indicated in the graph for the strains tested (1 corresponds to the entire time spent in the arena). (B) In another series of experiments, the
passages in front of the two white oblong shapes and of the triangle were counted. The graph represents the ratio of passages in the triangle to the
total (1= triangle plus the two white oblong shapes). Bars represent the mean +/— S.E. for ten flies (females or males). 1, for’; 2, for’; 3, Aldh-llI*; 4,
CG11699* (Szeged stock P-element insertion in CG11699); 5, CG11699*%, [(EP)EP Berkeley project, P-element insertion in CG11699)]; 6, CS, Canton S; 7,
CG11699**; for’; 8, CG11699**; for®; 9, CG11699%; for’ and 10, CG11699*; for". Mainly, the ratio of passages in the odor entry landmark (triangle) gave,
respectively for females and males: for”, 0.84/—0.1 and 0.4+/—0.05; for’, 0.75+/—0.05 and 0.5+/—0.05; Aldh-lII*, 0.35+/—0.05 for both females and
males; CG11699*%, 0.3+/—0.05 and 0.38+/—0.1; CG11699% for®, 0.3+/—0.15 and 0.35+/—0.1; CG11699%; for’, 0.3+/—0.1 and 0.35+/—0.1. Statistical

analysis was performed with a Paired t-test on ten individuals for each strain and is reported in table S2.

doi:10.1371/journal.pone.0019805.9003

individually, was analyzed for each of the for®, for®, CG11699*
strains and relative double homozygous genotypes in addition to
Aldh-III mutants. We used benzaldehyde as aldehyde source due to
the fact that it constitutes the best substrate for Aldh-III [24] and
that it induces a bimodal response in Drosophila flies depending on
the dose, e, at low concentration it is attractive and at high
concentration it is repulsive [21]. The numbers obtained for
female and male Canton S (GS) flies, shown in Figure S1, constitute
a reference for the series of reported experiments. In summary, the
Aldh-III mutants exhibit a drastic decrease in exploration in
accordance with a strongly altered benzaldehyde metabolism
(Figure 2). The CG11699 mutant flies are affected at levels in
between those of Rover and Sitter and those of Aldh-III mutants
(Figure 2). We observed also that the profiles of the Rover and
Sitter flies are significantly modified by the homozygous
introduction of the CG71699 mutation (Figure 2). It seems that
the double mutants have the same phenotype as the CGI11699
single mutants, thus suggesting that the CG77699 mutation is not
by-passed by for. This trend was also confirmed using another
CG11699 mutant (sce Supplementary Data, figure S2). The for"
and for® flies were not distinguishable in their foraging pattern
when we compared the number of passages in front of the odor
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entry. This test does not appear sensitive enough to highlight these
two natural phenotypic differences. However, the density of
passages in front of the four holes is dissymmetric for for”, for* and
CS whereas it tends to be uniformly distributed for the Aldh-III and
CG11699 mutants. These drastic differences were also observed
with the double homozygous mutants, which show unambiguously
a profile resembling that of the Aldk-III mutant.

Moreover, the trajectometry profiles were analyzed using
another aldehyde-based compound, propionaldehyde, which
results in the same bimodal response as benzaldehyde [20,21].
This compound essentially produced behavioral results that were
similar to those obtained with benzaldehyde (Figure 3).

Sexual behavioral dimorphism was observed for Canton S, Rover
and Sitter controls with the two aldehyde compounds, and this
seemed to be abolished in the CG17699 mutants and double
homozygous mutants (Figures 2 and 3). Moreover, through these
experimental sets, Rover males showed a different profile than
Sitter males: the former seemed more aggressive in searching and
partially unfocused on the odor entry (Figure 3). Finally, a further
experiment was conducted with a cocktail of three aldehyde
compounds at low concentration, i.e., benzaldehyde, propionalde-
hyde and acetaldehyde (Figure 4). Again, the trajectometry trend
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Figure 4. Comparison of the exploration characteristics between strains stimulated by a cocktail of aldehyde compounds. Five day old
female and male flies were tested after two hours of starvation for their behavioral response using the arena/air pusher system and a cocktail of
benzaldehyde/propionaldehyde/acetaldehyde at low concentrations (see Materials and Methods). The Y axis refers to the number of passages of
individual flies in the four arena landmarks as indicated in the drawings. The experiment and the measurements were conducted in conditions where the
flow of aldehyde compounds/air from the syringe creates a gradient in the arena. (A) For one series of experiments, the cumulative passages across the
four landmarks were counted for a discontinuous period of ten minutes during which time the flies were active (discontinuous periods of time in which
flies were immobile were not counted). Numbers represent the addition of three tested flies and bars represent the mean of five repeat experiments +/—
S.E. (each repeat is the addition of three tested individual flies). (B) For another series of experiments, the passages in the blue triangle corresponding to
the odor entry were counted. The discontinuous timing during which female Rover strain flies were active was measured for 100 passages. The average
of ten Rover females was a time reference during which the other strains (female and male) were comparatively tested. The bars represent the mean+/—
S.E. of five individual flies. 1, Rover; 2 Sitter; 3, Aldh-llI*; 4, CG11699*% 5, CG11699**; 6, CS, Canton S; 7, CG11699%; for*; 8, CG11699%; for™; 9, CG11699**; for*;
10, CG11699**; for". Mainly, the number of passages at the odor entry landmark gave: Rover, 100 (reference) and 80+/—15 for female and male
respectively; CS, 95+/—18 and 80+/—10; S, 70+/—10 (female and male); CG11699*% 25+/—15 and 20+/—10; CG11699% for", 30+/—5 and 45+/—10;
CG11699% for’, 25+/—10 and 25+/—5. The statistical analysis using the Paired t-test was performed on the tested groups and is reported in table S2.

doi:10.1371/journal.pone.0019805.9004

accorded with the preceding experiment, suggesting strongly that
the Aldh-111/ CG11699 pathway intervenes in aldehyde recognition,
odorant-stimulated exploration and spatial guidance.
Experiments using strong concentrations of benzaldehyde were
also conducted because this induces a deep sleep after a variable
period of exposure (the flies are immobile on their legs, differently
from COg-induced anesthesia). The time course of the accumu-
lation of immobile flies at different places in the device is shown in
figure 5. Most of the strains were found to localize on the windows
of the cage at the benzaldehyde/fresh air interface whereas the
Aldh-III mutants are preferentially located on the benzaldehyde
plug. Amazingly, the Aldh-III mutants showed a strong attractive-
ness for the high concentration of benzaldehyde, which was not
observed with the other strains examined in this study (Figure 5).
The mechanisms underlying this phenomenon remain unknown,
but our observations highlight the fact that enzymatic degradation
of aldehyde compounds participates strongly in the neurosensory
signaling pathways that drive attractiveness/repulsion coupling.

@ PLoS ONE | www.plosone.org

To address whether complex natural flavors might reproduce
the same type of behaviors as those described above, trajectometry
analysis was conducted using grape juice odorants. The results
showed very few differences among the strains, which indicates
that the behavior of the mutants is specific to aldehyde compounds
and does not involve all aromatic molecules that might exist in the
natural ecological niches of Drosophila (see Supplementary Data,
figure S3). Overall, these data suggest that the alleles of for, which
encode ¢cGMP kinase isoforms responsible for the dispersion
phenotype, will not overcome the deficiency of CGI/1699 in
aldehyde sensory behavioral tests.

Evidence for a role of phosphorylated CG11699 in
membrane aldehyde dehydrogenase activity

Following the published double-hybrid data that provide
evidence of an interaction between the for gene products (encoding
cGMP dependent kinases) and the CG11699 protein on one side,
and the CG11699 protein with Aldh-III proteins on the other side,
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Figure 5. Behavioral responses induced by a high concentration of benzaldehyde. One hundred flies (female and male, five days old) were
transferred to a cage as shown on the left. This cage was then placed in a hood to enable a constant fresh air flow in contact with the sieves. A 50 ul
aliquot of benzaldehyde was deposited on a plug made of foam rubber inside the cage. This high concentration induces deep sleep in Drosophila.
The graphs represent the percentages of flies that are asleep, aggregated or immobile either on the plug (top) or on the sieves (bottom) during the
time course of the experiment. Rover, for®: Sitter, for’; CG11699% P-element insertion in CG11699 (Bloomington Stock Center); CG11140%, Aldh-Ill
mutant. CG11699% R and CG11699% S are the double homozygous mutants. Plots are the average of five experiments. CG11140* gave about 100% of
flies aggregated on the plug and 0% on the windows at the equilibrium. The numbers were opposite for the other strains (about 0% and 100%

respectively).
doi:10.1371/journal.pone.0019805.g005

we decided to analyze Aldh activity and fly survival in transgenic
flies presenting inducible amounts of kinase (PKG) corresponding
to the isoform of for responsible for the dispersion behavior [9,25]
under the control of cGMP (hsp-PKG transgenic flies). As a control,
high and low levels of PKA activity, respectively in dunce (dunc) and
rutabaga (ruf) mutants (dunc has an invalid phosphodiesterase
responsible for a high level of cAMP and rut has an invalid
cyclase characterized by low levels of cAMP [26]), were tested for
their Aldh activity in parallel with #Zsp-PKG flies. Results are
summarized in figure 6. The level of PKA activity seems to have
no effect on the level of Aldh activity (Figure 6A); in contrast, the
over-expression of PKG increases significantly the amount of Aldh
activity in adults (Figure 6A) and in larvae (Figure 6B). Moreover,

@ PLoS ONE | www.plosone.org

the lethality analysis of the CG11699 and Aldh-III mutants after
acute exposure to benzaldehyde demonstrates the role of
detoxification processes to maintain fly lifespan that involve
aldehyde dehydrogenases (Figure 6C). The overexpression of PKG
(Rover allele) in larvae prior to acute benzaldehyde exposure
increases the survival of emerged adults from pupae, which
confirms the role of this kinase in aldehyde detoxification processes
(Figure 6D).

To address the question of the probable interaction between For
and CG11699 acting on Aldh-III proteins, we designed biochem-
ical experiments as follows. The S2 Drosophila cells naturally
express most of the Aldh-III gene transcripts and, in some sub-
clones, CG11699 transcripts have been detected as well. We used
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head extracts were assayed for Aldh activity using 100 ug of membrane proteins and benzaldehyde as substrate (see Materials and Methods). The dnc
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*p<<0,001. (C) For the lethality, 50 five days old flies (female and male) were exposed to a high concentration of benzaldehyde in a food vial for five
minutes (10 ul benzaldehyde deposited on paper) and this was repeated three times on day 5. Lethality was counted one week after. Aldh-llI* and
CG11699* mutants were assayed versus CS as control. Bars are the mean of five experiments +/—S.E., ¥p<<0.0005 Student’s t-test for benzaldehyde
exposure of Aldh-/lI* and CG11699* versus CS for the heat shock experiments. (D) Third instar hsp-PKG larvae (50 larvae) with or without heat shock were
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versus the control (hsp-PKG without heat shock). The for® strain is shown as the background in which hsp-PKG transgene has been introduced.

doi:10.1371/journal.pone.0019805.g006

the opportunity offered by a sub-clone that expresses endoge-
nously both Aldh-III (Figure 7C) and CG11699 (Figure 7A, top
right) transcripts to address whether second messengers might
have a regulatory role on Aldh-III activity. The prediction analysis
of the putative phosphorylation sites in CG11699 gives significant
scores for PKG, PKA and PKC (see Supplementary Data, figure
S4). For these reasons, cells were treated with pharmacological
agents that activate durably these major kinases to address
whether Aldh-III activity is modulated by phosphorylation.
PKG, PKA and PKC are ubiquitous kinases present in any type
of cell and the drug treatments essentially erase the substrate-
specificity of the isoforms due to overlapping effects of long-lasting
activation. Substantial increase in Aldh activity was observed with
Br-cGMP and Br-cAMP (for which the respective specificity for
PKG and PKA overlap), and to a lesser extent with phorbol ester
(a PKC activator) (Figure 7A). These data were corroborated by
the direct measures of the activity in head extracts treated with the
same pharmacological agents, which results were in accordance

@ PLoS ONE | www.plosone.org

with those obtained with S2 cell cultures (Figure 7B). On the other
hand, the direct measure on head extracts of the Aldh-III mutants
shows a modest decrease of activity (figure 7D): this can be easily
explained by the fact that flies have four major families of aldehyde
dehydrogenase proteins and that the Aldh-III recessive lethal
mutant still has a copy of Rover chromosome.

To obtain further insights into the underlying mechanisms, we
attempted some biochemical analyses with purified proteins.
CG11699 was cloned into an expression vector for the stable
transfection of S2 Drosophila cells. This allowed us to obtain a
tagged protein containing histidine and V5 segments (Figure 8).
The purification of the transgene product from the CGI11699
transfected cells proved to be extremely difficult to achieve and
pull-down experiments of the active complex For/CG11699/
Aldh-IIT failed. CG11699 and Aldh-III are membrane proteins
and their solubilization in non-ionic detergent may have
denatured their 3-D structure. Alternatively, we used transfected
cells expressing a tagged (/G11699 protein to address the role of
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Figure 7. Aldh activity analysis of S2 cells after treatment with kinase activators. (A) Aldh activity using benzaldehyde as substrate was
determined by measuring the spectrophotometric absorbance (OD) at 340 nm, which specifically quantifies the amount of reduced co-enzyme
(NADH, NADPH). The main graph is representative of the Aldh activity from cells previously treated with 50 uM Br-cGMP, 50 uM Br-cAMP or 1 uM
phorbol ester. These stable pharmacological agents activate the PKG (encoded by for), PKA and PKC kinases, respectively. The curves are the means of
three separate determinations. Inserted above the curves, is the PCR analysis of the transcript of CG11699 (1) in the sub-clone of S2 cells used in this
series of experiments and of its genomic fragment (2) (see figure S4 for the primers). To summarize, Br-cGMP treatment gave 1.3 versus 0.9 for the
control. (B) The graph represents the comparative mean+/— S.E. of five determinations of the total activity in membranes of the adult CS heads. The
pharmacological agents plus ATP (50 uM) and Mg*" (1 mM) had been previously incubated with the crude extract prior to the enzymatic
determinations. The Drosophila head membrane extracts gave 1.8+/—0.25 for Br-cGMP treatment versus 1.5+/—0.15 for Br-cAMP and 1.2+/—0.1 for
phorbol ester. Control versus Br-cGMP Student’s t-test: p<<0.005. (C) PCR analysis using total RNA from S2 cells used in this series of experiment was
performed to determine the presence of Aldh-Ill transcripts. 100 bp markers (Invitrogen) were used (the most intense band is at 600 bp). Lane 1,
Aldh1/Aldh5 corresponding to transcripts A-H (240 bp); lane 2, Aldh2/Aldh5 corresponding to transcripts C, G and H (430 bp); lane 3, Aldh3/Aldh6
corresponding to transcripts A and C (300 bp); lane 4, Aldh4/Aldhé6 corresponding to transcripts A, C, and H (300 bp). See figure S4 for the design and
the location of the primers. (D) The comparative dosage of Aldh activity was also determined with 100 ug of total membrane proteins from extracts
of CS (used as control), CG11699* and Aldh-III* mutant adult flies (five days old) using the same protocol. Bars represent the mean of three separate
experiments +/— S.E.

doi:10.1371/journal.pone.0019805.9007

accounting for the increase of Aldh activity (see figure S4).
Although biochemistry with pure proteins was not achieved,
indirect evidence using CG11699 enriched membranes supports
the hypothesis that phosphorylation of CG11699 by PKG
regulates Aldh-III activity.

phosphorylated CG11699 upon endogenous Aldh activity. We
found that phosphorylation of the membrane proteins of stably
transfected cells with a high concentration of PKA subunit (at high
level this kinase has overlapping activity with PKG) clearly
increased the endogenous aldehyde dehydrogenase activity after
induction of the CG11699 transgene (Figure 8B). The amount of

Aldh activity in the membrane was also more elevated when the
induced transfected cells bearing the CG11699 transgene were
incubated with drugs as Br-cGMP, compared to control cells
treated with the same drugs (Figure 8C). Moreover the co-
application of PKA and a peptide inhibitor of this enzyme or an
inhibitor specific to PKC clearly prove the role of phosphorylation

@ PLoS ONE | www.plosone.org

Discussion

In terms of the phenotypic plasticity observed in many insect
species, the locust exhibits the most spectacular behavioral shifts,
depending on social interactions in a high population density
context, leading to an orchestrated migration to new ecological
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Figure 8. Aldh activity analysis of S2 cells stably transfected with a CG77699transgene. S2 cells were stably transfected with an expression
vector bearing the CG11699 coding sequence. A stable cell line expressing CG11699 was generated by transfection with a plasmid containing
CG11699-pMT/V5-His and pCoHygro (the E. coli hygromycin-B phosphotransferase gene under the control of a Drosophila Copia promoter). Stable
cells were treated with 0.5 mM CuSO, for 24 hr to induce CG11699 expression before use. (A) Electrophoresis protein gel analysis: lane 1, total extracts
of control cells; lane 2, total extracts of transfected cells; lane 3, soluble extracts of transfected cells; lane 4, soluble extracts of transfected cells after
induction; lane 5, membrane extracts of transfected cells; lane 6, membrane extracts of transfected cells after induction. A Western blot analysis
shows the presence of the expressed transgene using anti-V5 tag in the membrane fraction. (B) The induction of stably transfected cells was carried
out one day prior to Aldh activity analysis. The cells were then disrupted by osmotic shock followed by brief sonication. The resulting extracts were
briefly centrifuged to remove nuclei and organelles. The supernatant was again centrifuged to pellet the membrane fraction (13000 rpm for 30
minutes at 4°C) and the Aldh dosage was carried out for both components (soluble and membrane). The same amount of protein was used for the
soluble fraction (100 pg) and for the membrane fraction (200 ng). Membranes were incubated or not with PKA subunit (10 units), ATP (50 uM) and
Mg*™ (1 mM) prior to Aldh activity determination. The curves represent the average of three determinations. (C) Comparative levels of Aldh-lll activity
in the membrane component from stably induced transfected cells, incubated or not with Br-cGMP and/or Br-cAMP three hours before the
experiment. 1, control induced transfected cells; 2, induced transfected cells treated with Br-cGMP; 3, induced transfected cells treated with Br-cAMP;
4, control non transfected cells (with the inducer) treated with Br-cGMP. The bars represents the mean+/— S.E. of three individual determinations.
p<<0.001 Student’s t-test between tracks 1 and 2. We observed elevated levels of Aldh activity after Br-cGMP treatment (0,8 +/— 0,15 for the non
transfected cell control treated with the inducer versus 1,7+/— 0,15 for the induced transfected cells after br-cGMP treatment in both cases).
doi:10.1371/journal.pone.0019805.g008

niches and feeding areas [27,28,29,30]. Crowding appears to be a
main cause of their drastic behavioral transformations via emitted
chemicals that influence the development of juveniles
[27,28,29,30]. In Drosophila, similar bimodal behaviors, referred
to as Rover and Sitter, are controlled also by population density
[7]. The genetic tools available in Drosophila allowed us to examine
the role of an over-expressed Rover transcript of for in relation
with xenobiotic metabolism. Our experimental design also
enabled us to compare the behavior of double-homozygous
mutants bearing the Rover or Sitter variants and the CGI11699
gene disrupted by a P-clement insertion. We show that these
genotypes reproduce, at least to some extent, the olfactory
behavior of the Aldh-III mutants. Biochemical analysis allowed
us to conclude that Aldh-III activity is increased by phosphory-
lation via PKG (the gene product of for) and to a lesser extent PKA
and PKC. This was corroborated by the multiple putative
phosphorylation sites found in the cytosolic domain of the
CG11699 protein, based on the consensus sequences for the major
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kinases [31]. Because the Drosophila mutants used in this study were
raised in a common environment during our present experiments,
the genetically-based losses of function we observed argue for an
interactive link between for, CG11699 and Aldh-III (see Supple-
mentary Data figure S5 for a proposed model). The differential
tissue-specific expression and substrate-specificity of the isoforms
of Aldh-III are little known. The impact of this gene on Drosophila
development is equally poorly documented. Similarly, the kinase
proteins that are generated alternatively by the gene for (Rover
versus Sitter) are expected to exhibit major differences in their
respective collection of phosphorylable targets. This differential
“landscape” of phosphorylation is not known, due to technical and
methodological limitations. Therefore, at this stage, it is difficult to
go further to investigate the dialogue between the isoforms of for
and Aldh-1I1. The powerful genetic tools available in the Drosophila
model allowed us to deconstruct indirectly this scenario through
the use of mutants and behavioral testing, thus bypassing extensive
and extremely difficult biochemical studies. Finally, the Aldh-II]
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gene is recessive lethal (viable in heterozygosity) despite the
multiple aldehyde dehydrogenase isoforms issued from four genes.
Considering that their enzymatic specificities overlap, the strong
lethality observed with this mutant submitted to acute doses of
benzaldehyde suggests a specific (if not exclusive) Aldh-IIT
expression in crucial neuronal cells involved in exploration, odor
guidance and survival in a toxic environment.

In mammals, the expression of Aldh-III homologues is either
constitutive or inducible [32,33,34]. Mutations in the Aldh-III gene
in humans that have been characterized over the last decade are
responsible for the rare heritable neurocutaneous Sjégren-Larsson
syndrome [19] (causing mental retardation and scaly skin). It is
thought that the Aldh-III enzyme neutralizes the membrane
aldehydes before they have a chance to form Schiff bases with
amines of the membrane proteins. Aldh-III induction is triggered
by the neoplastic transformation of the liver in mammals and also
after exposure to the highly carcinogenic compound 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) [35,36,37]. The 5" region of
this gene contains several putative transcription factor binding
elements, including a xenobiotic response element (XRE), an Apl
binding sites, and a single Spl site [35,36,37]. A large panel of
polycyclic aromatic compounds activate the vertebrate Aldh-II1
gene via direct binding to a transcription factor in conjunction with
a protein partner (ARNT) [36]. Aldh-III represents one third of
the total protein in the cornea in mammals [38]. This abundant
enzyme eliminates the aldehyde groups generated by UV light,
thus preventing covalent binding with the amino groups of
proteins and the hazardous consequences for vision that this would
otherwise entail. This emphasizes the sophisticated regulation of a
gene by the coincidental integration of multiple modifiers. It also
highlights how a gene under frequency- and density-dependent
regulation influences the aldehyde metabolism to balance toxicity
and neurosensory signaling.

Thus, frequency-dependent selection has evolved in unpredict-
able and disruptive environments and this may lead to discrete
polymorphisms operating as an adaptation mechanism. The
fitness of a trait can change over time depending on the
population density, the abundance/rarefaction of resources and/
or other environmental factors. Rare variants may have a high
fitness in a novel environment and as a result will become
dominant over time, whilst the normally dominant variant in a
precedent phase will become rare. In parallel to our studies,
frequency-dependent selection has been mostly described for
genotypes in the context of pathogen/host relationships [39]. As
another example of the diversity of these phenomena, social bees,
wasps, and ants can modify their sex ratios in order to optimize the
fitness of the colony [40,41]. Diploid individuals that are
heterozygous at the sex locus develop into females, whereas
haploid and/or homozygous diploid individuals develop into
males [42]. The underlying mechanisms behind these different
examples illustrating the same paradigm are largely unknown.
They are adaptive and reflect the ecological constraints at the
time.

On the other hand, an abundant literature describes phenotypic
changes when new conditions emerge raising alternative scenarios
to Darwinian genetics, as highlighted by flourishing new reports
on GEI [43,44,45,46,47,48,49]. Some acquired phenotypes might
come from heritable but unstable traits, which could be relevant to
a system of epigenetic heritable transmission (Figure S1) [50,51].
The transcript variations associated with the for gene might come
from a transposon inserted in the first intron, depending on its
epigenetic methylation state controlled by the environment [52].
Consistently, no differences in gene sequence were detected
between Rover and Sitter flies, which suggests that the genotype
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by itself can not explain the observed polymorphism. Alternative
epialleles that are conditionally heritable might lead to this
adaptive behavior.

Another hypothesis is that the for gene might influence aldehyde
metabolism in other physiological contexts. For instance, flies
recover from complete anoxia after four hours in contrast to
humans, in whom death occurs quickly in the absence of oxygen
[53,54,55]. This highlights the insect ability to activate alternative
ATP synthesis pathways beside mitochondrial oxidative phos-
phorylation. Regardless of the activated metabolic routes, the
anaerobic energy production in flies likely requires alternative
modes of acetate/acetyl CoA production via the conversion of
acetaldehyde by the Aldh family [53,54,55].

In this report, we have shown that the dispersive phenotypes are
better equipped to metabolize aromatic compounds emitted by
plants, thereby making the exploration process more efficient. Flies
appear to have developed a “trade-off” system to balance the
physiological role of xenobiotic compounds and their toxicity. Fly
exploration supposes strong detoxification of deleterious mole-
cules, which are paradoxically powerful sensory stimuli and
abundant in their ecological niche. Sedentary flies, due to the
fact that they are already on a favorable niche, don’t need a prior
costly powerful sensory systems as long as they have time to lay
eggs and reproduce generations.

Materials and Methods

Genetic constructs

Flies were raised in a yeast/agar/propionic acid medium using
classic protocols. Double homozygous mutants used in this study
were obtained as described in Table S1. R, Rover; S, Sitter;
CG11699*, P-clement insertion obtained from the Bloomington
Drosophila Stock Center (n. 16374); CG11699%, P-element
insertion FEP(X)1556 in CGI11699 from the Berkeley project
obtained from Szeged Stock Center (n. 1556, discontinued from
November 2009); CS, Canton S; CG11699% or CG11699%%; for" and
CGI11699* or CG11699%*; for® correspond to the double homozy-
gotes bearing the CG11699 mutations in a Rover or Sitter
background, respectively. CG11140% has a P-element insertion
bearing a lac{ in the Aldh-IIl gene and is called Aldh-III*
(Bloomington Drosophila Stock Center, n. 11342). This strain,
balanced with CyO, is hemizygous. These flies were crossed with
Rover flies and the first generation heterozygous flies without
balancer were used in the behavior and biochemistry studies. The
mutant Rover and Sitter strains were obtained from the laboratory
of M. Sokolowski (Toronto University, Canada). The dnc and rut
mutants were obtained from the Bloomington Drosophila Stock
Center and the /sp-PRG strain derives from a collaborative work
with the laboratory of M. Sokolowsky [9].

Behavioral analysis

An arena (30 cm in diameter and 7 mm in depth) was designed
as indicated in a previous publication [56]. This system was set up
to generate a gradient of odorants in a controlled manner inside a
defined space. The plastic structure of the arena contains four
holes (2 mm in diameter), one of which was connected to the
odorant source. This structure was then placed in a sandwich
between two glass plates. Aldehyde compounds (benzaldehyde,
propionaldehyde and acetaldehyde: 100 ul plus 1 ml water) were
loaded into a 40 ml glass syringe and were used to generate the
odors. For the cocktail of the three compounds 33 ul of each were
used. The air in the syringe enriched with odors was connected to
the arena by a capillary and was injected using an automatic
syringe pusher at a speed of 5 ml/minute to create a gradient in
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the arena before reaching a uniform concentration. Flies were
starved for two hr and then placed in the arena 15 min before the
start of the experiments, which modalities are indicated in the
Figure Legends.

Plasmids and PCR analysis of transcripts

The €CG11699 cDNA clone (RE61805) of 450 bp was obtained
from the Drosophila Genomics Resource Center (Indiana
University, Bloomington, IN) and amplified with primers harbor-
ing restriction sites at their 5° ends (5'-AGACACTAGTAT-
GAGCGAGGCCGGCACC-3" carrying Spel and 5'-ACTA-
GCGGCOGCCTTCCTTGTTCCAGGC-3' carrying Notl) using
Isis Taq DNA polymerase (Qbiogene). The PCR products were
phosphorylated with the T4 polynucleotide kinase (New England
Biolabs) and subcloned into the Smal site of pUCI19 (MBI
Fermentas). The Spel-Not I fragment of this recombinant vector
was subsequently subcloned into the copper-inducible pMT/V5-
His vector (Invitrogen, Carlsbad, CA) to generate CG11699-
pMT/V5-His. For the transcript analysis of Aldh-III and of
CG11699, mRNA was extracted from 50 adult flies and cDNA was
synthesized according to the manufacturer’s reagents and
instructions (Invitrogen). Fragments of the Aldh-III cDNA were
then amplified with the primers listed in figure S4. Primers 5'-
CGCACGCTGGCCACCGCC-3' (forward) and 5-TTCCTT-
GTTCCAGGCTGCC-3' (reverse) were used in PCR analysis for
the detection of CG71699 in a subclone of S2 cells (see figure S4).

Cell Culture and transfection studies

Schneider 2 (S2) cells, Schneider medium, fetal bovine serum
(FBS), pCoHygro vector and hygromycin-B were purchased from
Invitrogen. S2 cells were maintained in Schneider medium
supplemented with heat-inactivated 10% (v/v) FBS at 27°C
[57]. A stable cell line expressing CGI11699 was generated by
transfection of S2 cells with a plasmid bearing CG11699-pMT/
V5-His and pCoHygro containing the E. coli hygromycin-B
phosphotransferase gene under the control of a Drosophila Copia
promoter (produces selection of resistance to hygromycin-B in S2
cells). The transfected cells were selected with hygromycin-B
(300 pg/ml) for four weeks. The stable cells were then treated with
0.5 mM CuSOy for 24 hr to induce CG11699 expression prior to
use. All procedures were performed in accordance with the
mnstruction manual “Drosophila expression system for the stable
expression and purification of heterologous proteins in Schneider 2
cells” (Invitrogen, version H, February 28, 2003, 18-19).

Cell extract analysis

Induced cells were pelleted for 10 min at 1000 xg and re-
suspended in PBS. Cells were centrifuged again for 10 min at
13000 xg (at 4°C) and lysed in 50 mM Tris pH 7.8, 150 mM
NaCl, 1% Nonidet P-40 for enzymatic dosage. S2 Drosophila
transfected, induced or control cells were also cultured, then were
briefly sonicated (1 min, 50%, Vibra Cell, Bioblock) to break them.
After a brief centrifugation to remove mitochondria, nuclei and
organelles (1 min, 1000 rpm, Beckman apparatus), the superna-
tant enriched in the membrane component was pelleted for
10 min at 13000 xg at 4°C and resuspended in PBS to assay for
enzymatic activity. Samples were quantified first for protein
content and then immediately used in the assays. For Western blot
analysis, protein extracts were separated by 17% SDS-PAGE and
the transfer was performed using a semi-dry electroblotter.
Detection of recombinant fusion CG11699 protein was carried
out using an anti-V3-HRP antibody (Invitrogen) and the signal
was visualized by chemiluminescence.
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Biochemical analyses

Aldehyde dehydrogenase activity was determined using benzal-
dehyde as the substrate and NAD*, NADP" as coenzymes. Aldh
enzymatic activity was measured at 25°C in 1 ml of 50 mM sodium
phosphate (pH 8) containing | mM NAD*, 1 mM NADP*, 50 uM
benzaldehyde, and 0.1 ml of cell extract (100 ug of soluble protein).
The production levels of NADH and/or NADPH were determined
by measuring the absorbance intensity at 340 nm every five minutes
for 45 min using a spectrophotometer equipped with a software
module [58,59,60,61]. Crude microsomal preparations (membrane
fraction) were used for enzymatic determinations. There are seven
Aldr-III forms with hydrophobic C-terminal extensions (only one
variant lacks this motif) such that this enzyme is mostly bound to the
membrane and is particularly active against aliphatic long-chain
aldehydes and apolar aldehydes (Aldh-III is sometimes referred to as
fatty aldehyde dehydrogenase). For the heat shock experiments,
prior to Aldh dosage, flies were placed at 37°C for 20 min twice on
day 5 and the enzymatic determination was performed the next day.

Supporting Information

Figure S1 Trajectometry analysis of fly exploration
stimulated by olfactory cues. Ilies were placed individually
in an arena designed so that they could walk but not fly. (A) Four
“checkpoint” landmarks were used to count fly passages (black
triangle, blue circle and two white oblong shapes). An odorant
source such as benzaldehyde (see Materials and Methods) is
mjected using a push syringe in correspondance of the black
triangle at a rate of 5 ml/min (arrow) and the exploration
characteristics of the flies are monitored by a camera connected to
a software (B) or counted manually (C). (C) The cumulative
frequency of passages for ten Canton S five day old males (gray) and
females (blue), at the four check points, is shown. These
experiments were conducted for five minutes during which time
the flies are walking and numbers represent the accumulation of
ten flies (the periods of time during which the flies are immobile,
asleep and/or grooming were not counted). The overall duration
of the experiment did not exceed 30 minutes, beyond which time
the odorant concentration in the arena becomes equal to the air in
the syringe. The scale of the graph represents three values: 30, 60
and 90 passages, and is the same for all the holes of the arena.
Shown at the bottom are different alternative transcripts produced
by the for and Aldh-III genes, the two genes analyzed in this
olfactory behavioral study.

(TIF)

Figure S2 Benzaldehyde-induced response of double
homozygous mutants bearing another CGI11699 allele
in a Rover or Sitter genetic background. These represen-
tations correspond to a series of experiments carried out in parallel
with those represented in figure 2. Another CG11699 mutant
[(EP)EP insertion, Berkley Genome project] was tested according
to the same protocol except that only five flies were tested. Purple
bars represent females and blue bars males. R, Rover; S, Sitter.
Bars represent the accumulation of five flies tested individually.
The scale of Y-axis corresponds to 15, 30 and 45 passages.
Statistical analysis was carried out with a Paired #test for
comparison of the groups with the Rover male group (n=735) as
described below in the figure.

(DOC)

Figure 83 Strain response to grape juice odors. The
average of the timing during which five Rover females performed
25 passages in the triangle was a time reference for the other tested
strains. The Y-axis represents the ratio of the time for 25 passages
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obtained with the other strains compared with the reference.
Numbers represent the mean of five trials +/—S.E. A, Rover; B,
Sitter; C, CG11699% D, Aldh-III* E, CG11699** [(EP)EP
insertion]; F, GS: G, CGI11699% fo, H, CG11699% for; 1,
CG]]699**;ﬁ)7’S;J, CG]]699**;f07‘R. The protocol used is the same
as that in the other figures and is described in Materials and
Methods.

DOC)

Figure S4 Primers used in this study and analysis of
kinase inhibitors in biochemistry experiments. S2 cells
were stably transfected with an expression vector bearing the
CG11699 coding sequence. A stable cell line expressing CG11699
was generated by transfection with a plasmid containing
CG11699-pMT/V5-His and pCoHygro (the E. coli hygromycin-
B phosphotransferase gene under the control of a Drosophila Copia
promoter). Stable cells were treated with 0.5 mM CuSO, for
24 hr to induce CG11699 expression before use. Transfected cells
were broken by sonication and then briefly centrifuged to separate
the membrane fraction (pellet) from the soluble component.
Membranes (200 pg) were incubated or not with PKA subunit
(10 units), ATP (50 uM) and Mg™" (1 mM) for 30 min at 30°C in
PBS buffer prior to Aldh activity determination (see Materials and
Methods). Inhibitors [PKA Inhibitor (6-22), amide, Sigma, 1 uM
or Calphostin C, Sigma, 50 nM (specific for PKC at this
concentration)] were also co-applied with PKA. The curves
represent the average of three determinations.

(DOC)

Figure S5 Model for Aldh-III activation. This scheme
summarizes the proposed molecular interactions of CG11699
(15 kDa protein with two trans-membrane domains and a short
cytosolic sequence bearing putative phosphorylation sites for
PKG, PKA and casein kinase) with Aldk-III and for proteins. The
expression of Aldh-IIl is inducible in mammals through xeno-
sensors (transcription factors directly activated by xenobiotics).
The phosphorylation of CG11699 might regulate the activity of
Aldh-IIT referred by authors as a membrane-cleaning enzyme.
Briefly the isoforms of PKG (coded by the gene for) expressed in
the Rover phenotype might have as substrate the gene product
CG11699. When phosphorylated, this might bind to some distinct
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Aldh-I1I protein isoforms and consequently increase its enzymatic
activity. CG11699 might also act as an anchor to target Aldh-III
activity at specific sites of the cell. We notice that the promoter of
the Aldh-III gene is under the control of a family of transcription
factors, called xenosensors, like the PXR family, which are
activated directly by xenobiotic molecules like pesticides or
chemical compounds like pharmaceutical drugs. Thus, Aldh-111 is
likely regulated at two levels: one transcriptional, through chemical
compounds acting by promoting transcription factor dimerisation,
and the other by formation of a complex through phosphorylation,
leading to the modulation and targeting of the enzyme.

(DOC)

Table S1 Crosses used to generate the homozygous
CG11699% or CGI11699%%; for® and CG11699% or
CG11699%%; fors double mutant flies.
FM6, CyO and Sco.

(DOC)

Table S2 Statistical analysis of the behavioral studies.
Paired #test statistical analysis of the data presented in figures 2, 3
and 4.
(DOC)

Balancers used:

Acknowledgments

We thank Ralph Greenspan and Marla Sokolowski for their invaluable
assistance over many years in analyzing natural behavior polymorphisms in
Drosophila and for providing the impetus for our design of the experiments
carried out in this report. Eric Wajnberg, Patrick Coquillard and René
Feyereisen are also thanked for their numerous and fructuous discussions
during the course of this study. We further thank Eric Wajnberg for
assistance with the design of the trajectometry experiments and the analysis
of the data and Angela Algeri for comments on the manuscript. M. C. is an
Assistant Telethon Scientist and a Chargé de Recherche de 1 Classe in
leave of absence from CNRS.

Author Contributions

Conceived and designed the experiments: AR MC AD. Performed the
experiments: LA SBR-M NP HR AR. Analyzed the data: AR MC AD LA.
Wrote the paper: AR MC.

. Kent CF, Daskalchuk T, Cook L, Sokolowski MB, Greenspan RJ (2009) The
Drosophila foraging gene mediates adult plasticity and gene-environment
interactions in behaviour, metabolites, and gene expression in response to food
deprivation. PLoS Genet 5: ¢1000609.

. Chapuis M-P, Estoup A, Augé-Sabatier A, Foucart A, Lecoq M, et al. (2008)
Genetic variation for parental effects on the propensity to gregarise in Locusta
migratoria. BMC Evol Biol 8: 37.

. Chapuis M-P, Loiseau A, Michalakis Y, Lecoq M, Franc A, et al. (2009)
Outbreaks, gene flow and effective population size in the migratory locust,
Locusta migratoria: a regional-scale comparative survey. Mol Ecol 18: 792—
800.

15. Giot L, Bader JS, Brouwer C, Chaudhuri A, Kuang B, et al. (2003) A protein

interaction map of Drosophila melanogaster. Science 302: 1727-1736.

16. R’Kha S, Capy P, David JR (1991) Host-plant specialization in the Drosophila
melanogaster species complex: a physiological, behavioral, and genetical
analysis. Proc Natl Acad Sci USA 88: 1835-1839.

17. Moore K, Roberts L] (1998) Measurement of lipid peroxidation. Iree Radic Res
28: 659-671.

18. Marnett L] (1999) Lipid peroxidation-DNA damage by malondialdehyde. Mutat
Res 424: 83-95.

19. Rizzo WB, Carney G (2005) Sjogren-Larsson syndrome: diversity of mutations
and polymorphisms in the fatty aldehyde dehydrogenase gene (ALDH3AZ2).
Human mutation 26: 1-10.

20. Ayyub C, Paranjape J, Rodrigues V, Siddigi O (1990) Genetics of olfactory
behavior in Drosophila melanogaster. J Neurogenet 6: 243-262.

21. Charro MJ, Alcorta E (1994) Quantifying relative importance of maxillary palp

information on the olfactory behavior of Drosophila melanogaster. J Comp
Physiol A 175: 761-766.

May 2011 | Volume 6 | Issue 5 | 19805



22.

23.

24.

26.

27.

28.

33.

34.

37.

38.

39.

40.

Carlson JR (1996) Olfaction in Drosophila: from odor to behavior. Trends
Genet 12: 175-180.

Vosshall LB (2001) The molecular logic of olfaction in Drosophila. Chem Senses
26: 207-213.

Perozich J, Kuo I, Wang BC, Boesch JS, Lindahl R, et al. (2000) Shifting the
NAD/NADP preference in class 3 aldehyde dehydrogenase. Eur J Biochem 267:
6197-6203.

. Zhang L, Tinette S, Robichon A (2002) Drosophila NO-dependent guanylyl

cyclase is finely regulated by sequential order of coincidental signaling. J Cell
Biochem 85: 392-402.

Feany MB (1990) Rescue of the learning defect in dunce, a Drosophila learning
mutant, by an allele of rutabaga, a second learning mutant. Proc Natl Acad Sci
USA 87: 2795-2799.

Kang L, Chen X, Zhou Y, Liu B, Zheng W, et al. (2004) The analysis of large-
scale gene expression correlated to the phase changes of the migratory locust.
Proc Natl Acad Sci USA 101: 17611-17615.

Buhl J, Sumpter DJT, Couzin ID, Hale JJ, Despland E, et al. (2006) From
disorder to order in marching locusts. Science 312: 1402-1406.

Simpson SJ, Sword GA, Lorch PD, Couzin ID (2006) Cannibal crickets on a
forced march for protein and salt. Proc Natl Acad Sci USA 103: 4152-4156.
Simpson 8], Sword GA (2008) Locusts. Curr Biol 18: R364-366.

. Pearson RB, Kemp BE (1991) Protein kinase phosphorylation site sequences and

consensus specificity motifs: tabulations. Meth Enzymol 200: 62-81.

. Asman DC, Takimoto K, Pitot HC, Dunn T]J, Lindahl R (1993) Organization

and characterization of the rat class 3 aldehyde dehydrogenase gene. The
Journal of biological chemistry 268: 12530-12536.

Boesch JS, Miskimins R, Miskimins WK, Lindahl R (1999) The same xenobiotic
response element is required for constitutive and inducible expression of the
mammalian aldehyde dehydrogenase-3 gene. Arch Biochem Biophys 361:
223-230.

Reisdorph R, Lindahl R (2007) Constitutive and 3-methylcholanthrene-induced
rat ALDH3A1 expression is mediated by multiple xenobiotic response elements.
Drug Metab Dispos 35: 386-393.

. Hankinson O (1995) The aryl hydrocarbon receptor complex. Annu Rev

Pharmacol Toxicol 35: 307-340.

Sogawa K, Nakano R, Kobayashi A, Kikuchi Y, Ohe N, et al. (1995) Possible
function of Ah receptor nuclear translocator (Arnt) homodimer in transcriptional
regulation. Proc Natl Acad Sci USA 92: 1936-1940.

Gonzalez FJ, Fernandez-Salguero P (1998) The aryl hydrocarbon receptor:
studies using the AHR-null mice. Drug Metab Dispos 26: 1194-1198.

Stagos D, Chen Y, Cantore M, Jester JV, Vasiliou V (2010) Corneal aldehyde
dehydrogenases: multiple functions and novel nuclear localization. Brain Res
Bull 81: 211-218.

Lehmann T, Hume JCC, Licht M, Burns CS, Wollenberg K, et al. (2009)
Molecular evolution of immune genes in the malaria mosquito Anopheles
gambiae. PLoS ONE 4: ¢4549.

Alstad DN, Edmunds GF (1983) Selection, outbreeding depression, and the sex

ratio of scale insects. Science 220: 93-95.

@ PLoS ONE | www.plosone.org

13

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

60.

61.

Frequency-Dependent Genes and Environment

Sundstrom L (1994) Sex ratio bias, relatedness asymmetry and queen mating
frequency in ants. Nature 367: 266-268.

Mable BK, Otto SP (1998) The evolution of life cycles with haploid and diploid
phases. BioEssays 20: 453-462.

Cooper RM, Zubek JP (1958) Effects of enriched and restricted early
environments on the learning ability of bright and dull rats. Can J Psychol 12:
159-164.

Marchini J, Donnelly P, Cardon LR (2005) Genome-wide strategies for detecting
multiple loci that influence complex diseases. Nature genetics 37: 413-417.

. Chatterjee N, Kalaylioglu Z, Moslehi R, Peters U, Wacholder S (2006) Powerful

multilocus tests of genetic association in the presence of gene-gene and gene-
environment interactions. Am J Hum Genet 79: 1002-1016.

Manolio TA, Bailey-Wilson JE, Collins FS (2006) Genes, environment and the
value of prospective cohort studies. Nature reviews Genetics 7: 812-820.
Munafo MR, Durrant C, Lewis G, Flint J (2009) Gene X environment
interactions at the serotonin transporter locus. Biol Psychiatry 65: 211-219.
Wu X, Jin L, Xiong M (2009) Mutual information for testing gene-environment
interaction. PLoS ONE 4: e4578.

Goldman D (2010) Gene x environment interactions in complex behavior: First,
build a telescope. Biol Psychiatry 67: 295-296.

Jaenisch R, Bird A (2003) Epigenetic regulation of gene expression: how the
genome integrates intrinsic and environmental signals. Nature genetics 33 Suppl:
245-254.

Richards EJ (2006) Inherited epigenetic variation--revisiting soft inheritance. Nat
Rev Genet 7: 395-401.

Slotkin RK, Martienssen R (2007) Transposable elements and the epigenetic
regulation of the genome. Nature reviews Genetics 8: 272-285.

Haddad GG, Wyman R]J, Mohsenin A, Sun Y-A, Krishnan SN (1997)
Behavioral and Electrophysiologic Responses of Drosophila melanogaster to

Prolonged Periods of Anoxia. ] Insect Physiol 43: 203-210.

. O’Farrell PH (2001) Conserved responses to oxygen deprivation. J Clin Invest

107: 671-674.

. Haddad GG (2006) Tolerance to low O2: lessons from invertebrate genetic

models. Exp Physiol 91: 277-282.

. Ben Rokia-Mille S, Tinette S, Engler G, Arthaud L, Tares S, et al. (2008)

Continued neurogenesis in adult Drosophila as a mechanism for recruiting
environmental cue-dependent variants. PLoS ONE 3: €2395.

Schneider I (1972) Cell lines derived from late embryonic stages of Drosophila
melanogaster. ] Embryol Exp Morphol 27: 353-365.

Guru SC, Shetty KT (1990) Methodological aspects of aldehyde dehydrogenase
assay by spectrophotometric technique. Alcohol 7: 397-401.

. Hempel J, Kuo I, Perozich J, Wang BC, Lindahl R, et al. (2001) Aldehyde

dehydrogenase. Maintaining critical active site geometry at motif 8 in the class 3
enzyme. Eur J Biochem 268: 722-726.

Perozich J, Kuo I, Lindahl R, Hempel J (2001) Coenzyme specificity in aldehyde
dehydrogenase. Chem Biol Interact 130-132: 115-124.

Wymore T, Deerfield DW, Field MJ, Hempel J, Nicholas HB (2003) Initial
catalytic events in class 3 aldehyde dehydrogenase: MM and QM/MM
simulations. Chem Biol Interact 143-144: 75-84.

May 2011 | Volume 6 | Issue 5 | 19805



