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the locomotor activity of a fly
during its 24-h activity cycle.
It is also called the circadian
locomotor activity rhythm.
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Genes are understandably crucial to physiology, morphology and biochemistry, but the
idea of genes contributing to individual differences in behaviour once seemed outrageous.
Nevertheless, some scientists have aspired to understand the relationship between genes
and behaviour, and their research has become increasingly informative and productive over
the past several decades. At the forefront of behavioural genetics research is the fruitfly
Drosophila melanogaster, which has provided us with important insights into the molecular,

cellular and evolutionary bases of behaviour.

The challenges of behavioural genetics research include:
the difficulty in defining and quantifying behaviour
(BOX 1); the tremendous within- and between-individual
variation in behaviour; the involvement of many genes;
and the fact that different genes function in different tis-
sues at different times during the ontogeny of an organ-
ism, all of which combine to influence a single pattern
of behaviour. The nervous system, the most crucial sys-
tem in the elicitation of behaviour, is formed during
development by networks of interacting genes. Similar
networks assemble the physiological structures neces-
sary to generate these behaviour patterns. In addition to
these genetic contributions, an organism also experi-
ences environmental conditions throughout its life that
can influence its behaviours. Despite these and other
sources of complexity, a significant amount of research
has been accomplished, most of which has pushed the
fruitfly Drosophila melanogaster to the forefront of
behavioural genetics research.

Model genetic organisms, such as Drosophila, have
been especially useful for the genetic dissection of devel-
opmental and anatomical traits’. The fact that many
genes found in flies have structural or functional homo-
logues in vertebrates, including humans, means that
genetic discoveries in the fruitfly can contribute to our
general understanding of evolutionarily conserved
developmental and physiological processes®. Drosophila,
however, is much more than just a gene-finding tool for
those studying mammalian genes. It is an exceptionally

useful genetic model for the study of simple and com-
plex behaviours, and its use as such has given rise to an
important body of literature, in which can be found
common themes on the molecular, cellular and evolu-
tionary underpinnings of behaviour.

Here, I review the current state of Drosophila behav-
ioural genetics by focusing on a set of specific examples
and by deriving lessons that might be of general signifi-
cance to the question of how genes affect complex
behaviour. The review centres on a discussion of how
genes that are involved in foraging, circadian rhythms,
courtship, and learning and memory specifically con-
tribute to their respective behaviours. General principles
learned from Drosophila, along with a vision for future
behavioural research, are discussed towards the end of
the review.

Analysing complex behaviour in Drosophila

It might come as a surprise to some that D. melanogaster
shows many exquisitely performed and complex pat-
terns of behaviour. For example, the male fly shows
courtship behaviour that is full of sensory stimuli and
that requires the female to hear his song, feel his taps
and licks, smell his odours and visually evaluate his
stature (FIG. 1; discussed in more detail more below). She
then chooses whether to copulate with him>*. Flies also
show rhythmic behaviours, including sctiviTy-RresT cycLEs
that are similar to sleep—wake cycles in mammals®~’.
Flies show different feeding-related behaviours: some
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Box 1 | Behaviour as a phenotype for genetic analysis

Behaviour, arguably one of the most complex phenotypes, has been considered to be
the action of an animal in response to its internal and external environment.
However, this definition of behaviour is vague and not limited to behavioural
phenotypes. From an experimental point of view, each behaviour that is under study
must be defined in the context of its own paradigm. Practical definitions of
behaviour, however, are often challenged by the fact that even the simplest behaviour
pattern can be broken down into smaller individual ‘behaviours’ For instance, fruitfly
courtship behaviour occurs as a sequence of individual behaviours that lead to
copulation (FIG. 1). During courtship, flies integrate many olfaction-,
mechanosensation- and vision-derived cues, all of which are important components
of behaviour. The fact that behaviours seem to be embedded in one another and the
fact that they encompass events before their actual performance poses a significant
challenge for the behavioural geneticist. In the light of this, how can we determine if a
behavioural phenotype is robust enough for genetic analysis?

As with other non-behavioural phenotypes, a relatively simple, easily repeatable and
reproducible measure of behaviour is required for genetic screens that often involve
thousands of animals''°. A clear definition of the specific behaviour to be studied
must form the basis of any behavioural genetics analysis. Animals of the same age,
reproductive condition and experience should be used to minimize developmental
contributions to behavioural variation. Furthermore, to maximize differences
between strains and to minimize variation within strains, behavioural differences
should be rigorously defined in each of the environments under study. Above all, the
behaviour being investigated must be defined quantitatively and objectively, and
appropriate controls must be carried out to show that it is the behaviour of interest

that has been altered by genetic intervention

116

Undeniably, complex interactions between genes and the environment are often
significant in the development and functioning of behaviour. In addition, behavioural
phenotypes might be inherently more variable and susceptible to environmental
variation than non-behavioural phenotypes because variation in behaviour, unlike
that of, for example, the development of an organ, might be subject to fewer
developmental constraints. Explaining variation in behaviour as arising from an
interdependence between genes and the environment ', rather than dichotomizing
behaviour as innate or learned***, takes much of this complexity into account.

PLEIOTROPY

The phenomenon in which a
single gene is responsible for
several distinct and seemingly
unrelated phenotypic effects.

HYPOMORPHIC MUTATION

A mutation that does not
completely eliminate the wild-
type function of a gene and
therefore causes a less severe
phenotype than a loss-of-
function (or null) mutation.

QUANTITATIVE TRAIT LOCUS

A genetic locus that is identified
through the statistical analysis
of a complex trait. These traits
are typically affected by more
than one gene and by the
environment.

are active when they feed and move about sampling
food from various sources, whereas others feed locally®.
Flies can learn and remember what they have been
taught for a significant percentage of their lives, showing
all the basic characteristics of mammalian learning and
memory®!’. Male flies defend their food supply by
showing aggressive behaviour!'~?, and females show a
simple form of maternal behaviour by choosing an
appropriate site to lay their eggs'. Flies show sensitivity
and tolerance to addictive drugs, such as alcohol*" and
cocaine'", and show drug-related behaviours, such as
shaking and turning.

During recent years, the molecular mechanisms that
underlie some aspects of these behaviours have been
revealed by Drosophila behavioural geneticists. These
discoveries in Drosophila have uncovered new genes,
proteins and biochemical pathways, and led to discov-
eries of homologous genes with comparable functions
in mammals. Although the mechanisms that underlie
mammalian behaviour are more complex than those in
the fly, the basic components of such mechanisms are
often conserved.

TABLE 1 provides examples of genes that have been
identified and cloned for the complex behaviours dis-
cussed in this review (that is, foraging, rhythms,

courtship, and learning and memory), their expression
patterns when known and the nature of their pLEroTrROPIC
effects (see supplementary Table 1 online for a more
comprehensive version of this table). Other compo-
nents of Drosophila behaviour include olfaction and
gustation’! (mediated by olfactory and taste receptors,
which have, for example, been discovered using a com-
puter algorithm to find putative receptors in the
Drosophila genome databases®*?°), mechanosensa-
tion**?, optomotor behaviour, hearing?, and sensitiv-
ity to ethanol'>'¢ and cocaine'®'’. Normal individual dif-
ferences in these behaviours have, for the most part, not
yet been investigated.

Natural behavioural variants

The natural-variant approach in Drosophila behavioural
genetics is helping to clarify the nature of the genes and
allelic variants that affect normal individual differences
in behaviour, how they evolved and how they might dif-
fer from laboratory-generated mutants. Why might nat-
ural variants be useful tools for behavioural genetics
analysis? Because they carry subtle alterations in a gene,
such as HYPOMORPHIC MUTATIONS, that probably allow
them to survive in nature. By comparison, single-gene
mutant studies have shown that when null alleles are
generated they often cause pleiotropic effects and so
produce unrelated phenotypes (TABLE 1). Instead, natur-
al allelic variants can cause behaviour-specific alter-
ations in an organism, and not other unrelated,
pleiotropic phenotypes. If this is true, then it is likely
that natural variants will help us to understand how
genes affect behavioural processes.

Insights into the genetic and molecular bases of nat-
ural variation can be gained from: first, studying natu-
rally occurring behavioural variants®; second, studying
naturally occurring behavioural variants that carry vari-
ations in a gene first identified through mutagenesis’';
and last, QUANTITATIVE TRAIT LOCUS mapping techniques to
analyse strains that differ in their behaviour. This
approach is exemplified by the study of natural varia-
tion in bristle number in flies*?, which showed that nat-
ural variants can be used to find both known, and new,
genes and pathways, and that genes identified through
mutagenesis can vary in natural populations. These and
other data to be discussed below show that the natural
variant and single-gene mutant approaches to behav-
ioural genetics are complementary.

Food-related behaviours and the foraging gene. The best
example of normal variation in behaviour that has been
studied genetically and molecularly is that of foraging-
related behaviour in Drosophila®*. Rover and sitter
fruitfly larvae show different patterns of foraging behav-
iour when searching for food (FIG. 2a). Rovers show
longer foraging trails on food and have a greater tenden-
cy to leave a patch of food than sitters do. This behav-
ioural difference is shown only in the presence of food.
What lessons can be learned from studies of the
rover/sitter variants? Both rovers and sitters should be
considered as wild-type phenotypes as they are main-
tained in nature at appreciable frequencies, with rovers
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HERITABILITY

The fraction of the phenotypic
variance that is due to additive
genetic variance.

PHENOTYPIC PLASTICITY
The modifiability of the

phenotype by the environment.
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=
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d Licking e Attempting copulation f Copulation

Figure 1 | Sequence of courtship behaviours shown by Drosophila melanogaster males towards females. a | The male
fruitfly orientates towards the female, then follows her, b | taps her, and ¢ | sings a species-specific courtship song by vibrating
one wing. d | Finally, he licks the genitalia of the female, and e | curls his abdomen in an attempt to copulate with her.

comprising 70% and sitters 30% of the population®*.
These normal individual differences in behaviour are
explained by variation in a single gene called foraging
(for), the rover ( for®) allele of which is genetically
dominant to the sitter ( for*) allele*>*. The bimodality
of the foraging trail lengths (FIG. 2b) indicates that both
forager types might be maintained by natural selec-
tion, and we have shown that density-dependent selec-
tion can shift for allelic frequencies such that rovers are
selected for in crowded larval environments and sitters
in less crowded ones™.

The rover/sitter forager variants also show the lack
of a relationship between HeriTABILITY and PHENOTYPIC
prasticrty. These normal behavioural patterns, although
‘genetically based, are plastic, and can be modified by
the internal and external environment of the fly. Larval
and adult flies with rover alleles can be made to behave
as sitters after a short period of food deprivation®*’.
Conversely, those with sitter alleles can be made to
behave like rovers by altering other environmental
parameters (M. Suster and M.B.S., unpublished obser-
vations). So, both intrinsic and extrinsic factors influ-
ence the expression of rover/sitter behaviour. This
example shows that it is inappropriate to suggest that
genes determine or code for a behaviour, or that innate
behaviours are inherently less variable than those that
are learned®*.

The genetic basis of behaviour is often complex. The
naturally occurring rover/sitter trait is inherited as a sin-
gle major gene (for) that is influenced by minor genes,
which have smaller effects on the phenotype than for®.
The cloning of for?*4**! showed that it is an essential
gene that has pleiotropic effects, and that it functions in
development and behaviour. It encodes a cGMP-depen-
dent protein kinase (PKG), and its cloning provided the
first piece of evidence that food-related behaviours
involve cGMP signalling in flies*'. The for gene spans
more than 40 kb and is alternatively spliced to produce
three major transcripts (T1-T3) and several minor
ones. T1-T3 are found throughout development, but
their abundance is developmentally regulated, and their
functions are now under investigation.

Another important finding from this work is that
very subtle differences in PKG enzyme activity and in
transcript abundance account for the behavioural dif-
ferences between the foraging variants. Rovers have only
a 12% increase in PKG enzyme activity in their heads
compared with sitters. If only a few cells are responsible
for this difference, then the percentage difference in
PKG in these cells could be quite high. Alternatively, a
small percentage difference might be sufficient to gener-
ate these normal differences in behaviour — for exam-
ple, if different activity levels were to determine the sub-
strate of the enzyme. These subtle differences at the
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Table 1 | Examples of cloned genes that influence complex behaviour

Behavioural category
Gene; synonym

Circadian rhythm
period (per)

timeless (tim)

double-time (dbt);
discs overgrown (dco)

Clock (CIK); jrk
cycle (cyc); Mop3

cryptochrome (cry)

Pigment-dispersing factor (Pdf)
disconnected (disco)

cAMP-dependent protein
kinase type Il (pka-Rll)

Courtship
fruitless (fru)
doublesex (dsx)

dissatisfaction (dsf)
courtless (crl)
slowpoke

cacophony (cac);
nightblind A (nbA)

dissonance (diss); no
on-or-off transient (nonA)

Learning and memory
dunce (dnc)

rutabaga (rut)

amnesiac (@mn);
cheapdate (chpd)

latheo (lat)
Shaker (Sh)

G protein s o 60A
(G-s a 60A)

DCO; cAMP-dependent
protein kinase 1 (Pka-C1)

CcAMP-response-element-
binding protein B at 17A
(CrebB17A); dCREB

Calcium/calmodulin-
dependent protein kinase Il
(CaMKil)

Neurofibromatosis 1 (Nf7)
Feeding/foraging
foraging (for); dg2

Molecular function

Transcription cofactor

Interacts with Per
Casein kinase |
Transcription factor
Transcription factor

Homology with blue-
light-sensitive DNA-
repair enzymes

Neuropeptide hormone
Transcription factor

Protein kinase

Transcription factor
Transcription factor

Steroid hormone
receptor

Ubiquitin-conjugating
enzyme

Calcium-activated
potassium channel

\oltage-sensitive
calcium channel

RNA binding

CcAMP-specific
phosphodiesterase

Adenylate cyclase
Neuropeptide

DNA-replication factor

\oltage-sensitive
potassium channel

Heterotrimeric
G protein

Protein Ser/Thr
kinase

Transcription factor

Protein Ser/Thr
kinase

Ras GTPase activator

cGMP-dependent
protein kinase

Expression

pattern

BN and NN

BN and NN

BN and NN

u

N

BN and NN

N

N and NN

N

N and NN
N and NN

N and NN

N and NN

N and NN

N and NN

u

N
N

N and NN

N and NN

u

N and NN

Behavioural pleiotropy

Locomotor rhythms, eclosion
rhythms, courtship, cocaine
sensitivity, others

Locomotor rhythms, eclosion
rhythms, sleep

Locomotor rhythms, sleep,
cocaine sensitivity

Locomotor rhythms, eclosion
rhythms, cocaine sensitivity

Locomotor rhythms, eclosion
rhythms, cocaine sensitivity

Resetting of behavioural rhythms

Locomotor rhythms

Locomotor rhythms, eclosion
rhythms

Locomotor rhythms, cocaine
sensitivity, ethanol sensitivity

All aspects of male courtship
Song defect

Poor sex discrimination,
reduced female receptiveness

Failure to court
Song defect

Song defect, optomotor
behaviour, photophobic

Song defect, optomotor
behaviour

Locomotor rhythms, ethanol
tolerance

Courtship learning, ethanol
tolerance, grooming

Ethanol tolerance

Larval feeding

Courtship suppression, gustation
defect, ether sensitivity

Visual behaviour, cocaine
sensitivity

Locomotor rhythms,
ethanol tolerance

Locomotor rhythms

Courtship suppression

Rover and sitter morphs

Developmental Reference
pleiotropy

7

7
Imaginal disc overgrowth, 7
pupal lethality

7

7

7
Visual system defect
Ovary development 18
Abnormal muscle of Lawrence 3
Sterility, abnormal yolk 3
protein production
Slow copulation, 3
no voluntary egg laying
Male sterile 3
Flight defect 3
Phototransduction 121
Phototaxis 121
Female sterility, decreased 10
female longevity

10

Decreased heart rate 10
Pupal lethality 10
Decreased longevity 9
Larval/pupal lethality 10
Female sterility, wing/eye/leg 10
morphogenesis defect
Larval lethality 10
NMJ branching defect 10
Growth defect 10
Pupal lethality, 41

hypoxia recovery

BN, broad neural; N, neural; NMJ, neuromuscular junction; NN, non neural; PCD, programmed cell death; U, ubiquitous.
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ECLOSION RHYTHM

The timing of the emergence of
the adult fly from its pupal case,
which usually occurs at dawn.
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Figure 2 | Sitter and rover foraging behaviour. a | A quick assay for rover/sitter behaviour in Drosophila melanogaster larvae
that uses a food source (a patch of yeast and water paste) on an agar plate. In between-patch foraging, it is highly probable
that rover larvae will leave a patch of food, whereas sitter larvae will move to the nearest food patch and remain feeding on it.
Within a food patch, it is possible to measure the distance a larva travels (foraging trail length) on a yeast patch in 5 min.
Rover/sitter behaviour is conditional on the presence of food in the environment®, because in its absence (on agar), both rover
and sitter larvae move equally rapidly, showing that sitter behaviour does not arise through a general sluggishness in crawling
behaviour. b | A minimal overlap in foraging trail lengths between the variants show that rover and sitter are discrete categories
of foraging behaviour. By measuring this trait, larvae of unknown genotype can be classified as being either rover or sitter.

molecular level might be representative of how behav-
iour is modulated in natural populations.

Two Caenorhabditis elegans variants show many sim-
ilarities to the rover/sitter behaviours in flies*?. Some
worms forage like rovers, whereas others resemble sit-
ters®. Individual differences in C. elegans foraging
behaviour result from variation in the coding region of
the npr-1 gene, a homologue of a mammalian neu-
ropeptide Y receptor that is known to be involved in the
regulation of food intake®. These findings indicate that
C. elegans and Drosophila could be developed as genetic
models for studying food-related behaviours in mam-
mals. Finally, the finding of rover and sitter natural vari-
ants in flies and worms provides us with an ecologically
and evolutionarily relevant model with which to ask
how natural selection acts on principal signal-transduc-
tion pathways to produce related behaviour variants in
very different species.

Fly behavioural mutants

In 1961, the first published study on Drosophila behav-
ioural genetics used artificial selection on natural popu-
lations to alter the upward or downward movement of
normal flies walking in a vertical maze*. The polygenes
involved in this behaviour could not be localized at the
time owing to the limited tools available. Seymour
Benzer provided the field of Drosophila behavioural
genetics with the single-gene mutant approach®. He

reasoned that normal or ‘wild-type’ versions of the
genes that influence specific behaviours could be mutat-
ed one gene at a time, and that the resulting behavioural
effect would shed light on the function of the mutated
gene. Indeed, the single-gene mutant approach has
allowed Drosophila researchers to significantly advance
our understanding of the mechanisms that underlie
many neurobiological and behavioural phenotypes,
including circadian rhythms, learning and courtship.
Overexpression studies in transgenic flies have also pro-
vided insight into human neurological disorders, such
as Parkinson disease and Huntington disease®.

Circadian rhythms

Major breakthroughs in our understanding of the mol-
ecular basis of biological rhythms have come from stud-
ies in Drosophila. Genetic screens have isolated flies that
show alterations in two outputs of the circadian clock:
ECLosION RHYTHMs and the activity—rest cycle (FIG.3). Some
genes involved in clock function affect both measures of
circadian rhythms, whereas others affect only one.

The period ( per) gene, discovered by Ron Konopka
and Benzer in 1971 (REE 47), was the first bona fide clock
gene found in any organism. Three original mutations
in per caused the lengthening (per’), shortening (per-)
and arrythmicity (per?) of the period of the rhythm.
The discovery that mutations in a single gene, per, could
alter circadian behaviour was the first step towards a
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a so facilitating the subsequent rise in the RNA levels of
y both genes. Mutations in perand tim affect this feed-
back loop in a way that is consistent with alterations in
behaviour. For example, in the per’ mutant, the affinity
of the Per—Tim interaction is decreased, such that the
entry of the heterodimer into the nucleus is delayed,
causing an extension of the cycle**%. The per® mutant
seems to speed up the daily disappearance of Per, per-
haps by decreasing its stability, causing a shortening of
the cycle®. Although perand tim are expressed widely in
the organism, per expression alone in the lateral neurons
of the brain rescues the behavioural rhythm®”. mosaic
AnaLysis has shown that expression of perin these cells
results in strong circadian rhythms®® and that the abla-
tion of the lateral neurons causes a loss of rhythmicity™.

@ disco’
—— Wild type

Hours . .
The molecular mechanisms underlying clock func-
b Time of day (h) tion that were first discovered in Drosophila are now
I T T T 1 known to underlie circadian rhythms in many other
8 20 8 20 8 species, including vertebrates. Familial advanced sleep
LU | TT T LU T W . .
T T WY T T phase syndrome (FASPS), an autosomal-dominant cir-
LI /1| SR | LI cadian rhythm variant in human populations, occurs in
T TTTEN— T T individuals who are described as ‘morning larks™. These
T T TITEEEENET LLLRL TITR T C g .
TV TN AT individuals show a 4-h advance of their sleep—wake cycle.
ORI T Positional mapping of the FASPS phenotype shows that
I T T 1 alterations in the human homologue of the fly per gene
8 8 20 8

mMrrmiT 1T T

Figure 3 | Eclosion and circadian rhythms in flies. The disconnected (disco) gene encodes a
transcription factor, which when mutated affects both eclosion and locomotor activity rhythms, as
do mutants alleles of per and tim. a | The eclosion activity rhythms of wild-type and mutant
(disco?) flies under constant darkness (free-running conditions). Like null per mutants, disco
mutant flies show arrhythmic eclosion patterns compared with wild-type flies, which emerge
around every 24 h. b | The locomotor activity rhythms of wild-type (upper) and disco mutant
(lower) flies under constant darkness. The locomotor activity of disco mutant flies is arrhythmic
compared with the ~24-h free-running rhythm of wild-type flies. Dark bars show periods of
activity. (Figures kindly provided by and modified with permission from Jeff Hall, Department of
Biology, University of Brandeis, Massachusetts, USA.)

MOSAIC ANALYSIS

The process of following the
progenitors of a single cell (a
clone). Clonal analysis can be
used to infer several things,
such as when gene action takes
place and if lineage has a role in
cell-fate determination.

molecular analysis of circadian rhythms. Mutations in a
second clock gene, timeless (tim) were found to produce
both a strong behavioural phenotype and an effect on
per expression®*>°. The cloning and subsequent
sequence analysis of perand tim did not hint at their
biochemical functions at that time as both were new
genes. However, the molecular analysis of perand tim
showed that they are regulated in a cyclic manner. Both
genes are transcribed early in the day, but the highest
levels of their mRNAs are found late in the day and into
the beginning of the night*'-*. During the night, the Per
and Tim proteins accumulate and form a heterodimer
that moves into the nucleus to bind the transcription
factors Clock (Clk) and Cycle (Cyc). This binding to Clk
and Cyc prevents Clk and Cyc from binding to the pro-
moters of per and tim, which results in the transcrip-
tional repression of perand tim. Late in the night and
early in the morning, Tim and Per, respectively, degrade,

(PER2) cause this syndrome in some families.
Individuals who are affected with FASPS have a serine-
to-glycine mutation in the casein kinase I (CKI)-binding
region of PER2. CKI is known to be involved in
Drosophila circadian rhythms; some mutant alleles of
double-time (dbt) (a Drosophila CKI) cause a shortened
rhythm in flies®'. Studies of Drosophila per have therefore
allowed researchers to predict the function of human
PER homologues, and further analyses have shown that
this function is conserved across phyla. So, the genetic
analysis of rhythm behaviour in Drosophila has provided
us with a molecular basis for understanding biorhythms
in all organisms.

Courtship and the fruitless gene

Drosophila male courtship behaviour is species specific.
As described above, D. melanogaster show several steps
in their courtship behaviour (FIG. 1), and different
regions of the nervous system have roles in the manifes-
tation of these steps®>®>.

The fruitless (fru) gene was originally identified on
the basis of the aberrant courtship behaviour shown by
frumutant D. melanogaster males. These males do not
distinguish between male and female flies while courting
and, when housed together, form mating chains that
result from males following each other while showing
courtship behaviour®>®. The fru gene does not seem to
affect female behaviour, general locomotion or wing
usage in males®. It is a member of the Drosopila sex-
determination cascade®*® and belongs to the BTB-zinc-
finger family of transcription factors; however, fru tran-
scriptional targets have yet to be identified. The fru gene
is a complex locus that spans ~130 kb. It has four pro-
moters (P1-P4), but only the pre-mRNA from the P1 fru
promoter is spliced in a sex-specific manner®’ (FIG.4), and
P2-P4 have no sex-specific functions®%%. As is the case
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Figure 4 | Genomic and transcript map of the fru locus. a | The fru genomic region, showing
fru exons, the promoters P1-P4 and fru mutations that affect splicing. Insertion sites that give rise
to several fru mutant alleles (fru®, fru? and frus) are shown. These mutant alleles have helped to
determine which combinations of transcripts are important for viability. The size of the promoters
can be seen from the scale (in kilobases), with P2 being only 32 nucleotides (nt) in length. A, B
and C are three alternatively used exons found in P1-derived transcripts. It is not known whether
these exons are present in the other promoter-derived transcripts. b | Transcripts from the P1
promoter are spliced in a sex-specific manner compared with transcripts from the other
promoters, which are non sex specific. The common exons (C1-C5) encode the BTB domain,
which is thought to be involved in protein dimerization. Male-specific transcripts from the P1
promoter add 101 amino acids to the amino terminus of the BTB domain, compared with
transcripts from the P4 female-specific promoter and to those from the P2, P3 and male-specific
P4 promoters. (Reproduced with permission from REE 63 © (2001) Elsevier Science.)

ASSOCIATIVE LEARNING

A form of learning whereby the
subject learns about the
relationship between two
stimuli, or between a stimulus
and a behaviour.

OLFACTORY-BASED
SHOCK-AVOIDANCE LEARNING
A learning model whereby a
shock is paired with one of two
olfactory stimuli offered to the
animal, so that the animal
learns to avoid the stimulus
paired with the shock in a
subsequent choice test that does
not include a shock.

MUSHROOM BODIES

Two prominent bilaterally
symmetrical structures in the
fly brain that are crucial for
olfactory learning and memory.

with for, both viable and lethal fru mutations exist; the
viable alleles alter male-specific courtship functions. The
fru gene also has pleiotropic effects and is responsible for
a range of phenotypes, some of which affect male
courtship behaviour. A particular set of Fru proteins that
are generated from transcripts associated with the P1
promoter are responsible for the role of fru in
courtship®, and fru seems to be required for almost all
steps in the courtship behaviour®. Severe viable alleles of
fru, generated by transposable element insertions, almost
completely abolish courtship behaviour and cause aber-
rant splicing of the sex-specific transcripts®. A weaker
insertion allele, fri/ (FIG.4), produces a different aberrant
splicing pattern and results in problems with song pro-
duction®. Another viable fru mutant stops the courtship
sequence at an even later step, during sperm transfer®,
and another, fru, results from an inversion that alters the
spatial pattern of gene expression in the brain®®.

The male-specific fru gene transcripts are expressed in
the central nervous system (CNS)*¢76° with the
strongest expression found during the pupal period when
itis thought that the circuitry important for male sexual
behaviour is built into the CNS”*”!. Approximately 20
groups of cells that express the male-specific fru gene
transcripts are distributed throughout the CNS, in both
the brain and the ventral nerve cord®. This expression
pattern indicates that the cells that express fru transcripts
are not localized within one substructure. Targeted
expression of the male-specific fru transcripts in a fru
mutant background should uncover where and when
wild-type fru needs to be expressed for normal male
courtship behaviour. On the basis of the studies of fru,
Bruce Baker et al.®® speculated that male sexual behaviour

arises as sensory information is transmitted to the CNS
through non-sex-specific sensory systems. This informa-
tion is then processed by the higher-order neuropil (the
cells that express fru) in a sex-specific manner using the
putative sex-specific circuitry in which fru acts.
Subsequently, sexual behaviour is possibly initiated
through non-sex-specific motor systems. Identification of
the circuit that fru-expressing neurons might form is one
of the next challenges for fru researchers.

Although courtship behaviours are stereotyped (fru is
important in what has been called the ‘specification’ of
courtship behaviour®®), male courtship behaviour also
has plastic components that have been studied from the
viewpoint of learning and memory. Males show a sup-
pression in courtship that can last for 3 h after encounter-
ing a mated female. Courtship suppression has similar
properties to ASSOCIATIVELEARNING’Z. Mutations in genes,
such as dunce (dnc), rutabaga (rut) and amnesiac (amn),
that affect cAMP signalling and that disrupt olfactory-
based avoidance associative learning” also alter courtship
suppression in Drosophila’”. Modest reductions in calci-
um/calmodulin-dependent protein kinase II (CaMKIT)
and protein kinase C (PKC), two kinases known to be
involved in neuronal plasticity, alter different aspects of
courtship suppression’*7®. So, different signal-transduc-
tion pathways have overlapping roles in the experience-
dependent modification of courtship behaviour.

Learning and memory

Drosophila can learn and remember®”. The genetic dis-
section of learning and memory in the fruitfly was initiat-
ed in the Benzer lab” using an OLFACTORY-BASED SHOCK-
AVOIDANCE LEARNING procedure that was used to isolate
dng, the first single-gene mutant for associative learning.
dnc mutants have abnormally high levels of cAMP
because they lack phosphodiesterase, which degrades
cAMP. Importantly, there is evidence that cAMP sig-
nalling modulates synaptic structural and functional
plasticity, which is thought, in part, to underlie learning
and memory**®'. dng, like forand fru, is a large, complex
locus that has several transcripts and pleiotropic effects
during development and adulthood. It is expressed wide-
ly in the nervous system during these stages, and some
mutant alleles of dnc cause alterations in the structure of
MUSHROOM BODIES, Which are required for olfactory-based
shock-avoidance learning®. A model for this type of
learning in Drosophila mushroom body neurons is
shown in FIG.5.

Evidence is accumulating that the mushroom bodies
have a crucial role in olfactory-based shock-avoidance
learning and memory formation in Drosophila. The
chemical ablation of adult mushroom bodies abolishes
shock-avoidance olfactory learning®, and mutants with
structural abnormalities in the mushroom bodies show
olfactory learning defects. Disruption of cAMP sig-
nalling in the mushroom bodies abolishes olfactory
learning®, whereas restoration of normal rut function in
the mushroom bodies of ruf mutant flies restores learn-
ing*. Finally, disruption of neurotransmission in
Drosophila mushroom bodies blocks the retrieval, but
not the acquisition, of memory®.
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Figure 5 | A model for olfactory-based shock-avoidance learning in Drosophila
mushroom body neurons. A mushroom body neuron gets olfactory information from:
first, the antennal lobes through ACT (antennoglomerular tract) interneurons that synapse
with the calyx of a mushroom body neuron; and second, from DPM (dorsally paired medial
neurons), which release the amnesic (Amn) neuropeptide into modulatory neurons after
the delivery of an electric shock to the fly. The axons of the DPM neurons, in which amn is
expressed, are thought to synapse onto mushroom body axons to cause the release of
putative modulatory neuropeptides. The simultaneous activity of these two pathways
causes the stimulation of adenylate cyclase (Ac) — encoded by rutabaga (rut) — which is
principally expressed in the axons and axon terminals of mushroom body neurons. The
stimulated Ac then activates a G-protein-coupled receptor (G), which causes elevated
cAMP levels. The increase in cAMP gives rise to either a short-lived change in the
excitability of the mushroom body neuron (short-term memory) or a long-lasting change
(long-term memory). The dunce-encoded cAMP phosphodiesterase (PDE) and the
catalytic (C) and regulatory (R) subunits of protein kinase A (PKA) are among several
genes that are preferentially expressed in mushroom body neurons. When PKA is
activated for a short period of time, it is thought that downstream changes in the K*
channels of the axon affect output from the post-synaptic neuron. Post-translational
modifications and changes in gene expression thought to be involved in long-term
memory occur partly through the phosphorylation of the transcriptional activator CREB by
PKA, which then, in turn, binds to cAMP-responsive elements (CRE) that are located in
the upstream regions of cAMP-inducible genes. P, phosphorylation. (Modified with
permission from REES 10,120).

Many other genes that affect learning and memory
have been identified using diverse genetic approaches
(see supplementary Table 1 online). Together, these
mutants have been used to dissect the biochemical path-
ways that are involved in learning and memory phases
similar to those that occur in other organisms, including
Aplysia and mammals®-%. Additional ForRwARD GENETIC
screens in Drosophila should identify new genes and
pathways that influence learning and memory.

Some flies with genetic alterations can learn but have
difficulty remembering. Normal flies can remember
what they have been taught for more than a week. A
40% decrease in the level of the catalytic subunit of PKA
causes mild effects on learning but not on memory. By
comparison, an 80% reduction in activity results in sig-
nificant learning and memory deficits, indicating that
the level of the catalytic subunit of PKA can affect the
severity of this defect® . Mutations in the amn gene
affect memory retention but not acquisition; amn flies
can learn but they forget what they have learned after
1 h (REFS9,91). The predicted gene product of amnis a
preproneuropeptide that is thought to stimulate CAMP
synthesis'®*2. The amn gene is highly expressed in two
large neurons that seem to project over the lobes of the
mushroom bodies®**. Overexpression of the CREB
repressor selectively blocks long-term memory, but
leaves learning and short-term memory intact. By con-
trast, overexpression of the CREB activator produces
long-term memory even when the flies are only trained
using a short-term memory procedure®®.

Starting with the discovery of dncand rut, studies of
learning and memory in Drosophila have uncovered the
importance of the cAMP signalling pathway for olfacto-
ry-based shock-avoidance learning and memory. The
functions of the mammalian homologues of these
Drosophila genes have also been investigated (for exam-
ple, see REFS 97,98). The identification, using forward
genetic screens, of new genes that influence learning and
memory will undoubtedly lead to the identification of
new genes and pathways of relevance to learning and
memory in many organisms.

Looking to the future

D. melanogaster has been successfully used to identify
genes that affect complex behaviours, many of which
can be directly related to their mammalian counter-
parts. But is Drosophila more than just a means to iden-
tify genes and pathways? What general principles about
the genetic control of behaviour have emerged from
this field in the past decade? What further questions
remain, and how can they be pursued in the future
both experimentally and theoretically?

Are there behaviour-specific genes? Some behavioural
geneticists use the term ‘behavioural gene’ as a short-
cut for saying “a gene that influences the expression of
a behaviour pattern”. This term is misleading because
it implies that the gene is dedicated to its behavioural
function alone. In most cases, this is highly unlikely
because genes that have a role in behaviour almost
always have pleiotropic effects?®*>!% (TABLE 1).
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Box 2 | Genetic background and behavioural phenotypes

The increasing awareness that several genes influence behaviour has prompted a re-
examination of what geneticists call wild-type or normal behaviour. As has been
reported for the mouse, wild-type flies differ in many developmental, morphological
and behavioural characteristics'®. The complex interactions between the genes that
underlie a behavioural phenotype can be shown by the effect of genetic background on
the phenotype. Genetic background effects can be gene or phenotype specific. For
example, circadian phenotypes associated with the per* (short period) allele can be
susceptible to genetic background changes''®. Learning is strongly affected by genetic
background, such that some genetic backgrounds can alleviate the defects in learning
caused by a mutation'"’. In addition, learning mutants kept in the lab for many years
can ‘lose’ their phenotype, showing relatively normal learning scores. However, the
phenotype can reappear once the line is outcrossed to the original genetic
background''. Presumably, the learning phenotype is lost because of natural selection
for genes that modify the phenotype in that genetic background, indicating that a
mutation in a learning-associated gene is deleterious, even under laboratory
conditions. The existence of such genetic background effects indicates that behavioural
phenotypes are highly sensitive to interacting networks of genes and environments
throughout development and adulthood.

According to Baker and colleagues®, an exception to
this might be fru (specifically, the sex-specific tran-
scripts of fru that are associated with the P1 promot-
er), as they argue that fru exemplifies an, as yet
undiscovered, group of highly dedicated regulatory
genes that specify behaviour in Drosophila. However,
fru might be a highly dedicated regulatory gene
because of its role in the sex-determination pathway
and not because of its function in behaviour. Corina
Schutt and Rolf Nothiger'”" argue that sex-determina-
tion systems in Diptera evolve more rapidly than in
other gene systems in general, and that the gene system
that controls sex determination in Drosophila is
uncharacteristically rigid. As a result, we might expect
components of this system (for example, the Fru pro-
teins that affect courtship behaviour) to be inherently
less variable, and thus less modifiable by the environ-
ment, than other genes that influence behaviour. If
true, this would make fru an interesting exception to
the idea that there are no behaviour-specific genes,
transcripts or promoters.

The ‘behavioural genes’ terminology should not
imply that a gene controls or determines behaviour.
Rather, genes influence the development and function-
ing of normal behaviour patterns by contributing to the
development of the parts of the nervous system that are
required for the performance of an adult behaviour.
Genes can also have a role in the performance of the
adult behaviour or they might be involved in both the
development and functioning of behaviour. By
analysing natural variants and mutants, genes involved
in any or all of these processes will be uncovered.

Many of the genes that influence behaviour were dis-
covered in behavioural screens for mutants that show
alterations in a behaviour of interest. Further investiga-
tions into these genes uncovered that all of them have
pleiotropic effects and several functions in both develop-
ment and behaviour, or in several behaviours (see sup-
plementary Table 1 online). Why is there no gene the sole
function of which is behaviour? One rather simple

FORWARD GENETICS

A genetic analysis that proceeds
from phenotype to genotype by
positional cloning or candidate-
gene analysis.

EPISTASIS

An interaction between non-
allelic genes, such that one gene
masks or interferes with the
expression of the other gene.

explanation might be that the gene is not the appropriate
unit with which to explain the relationship between
genes and behaviour, because changes to the regulatory
components of a gene, such as to its promoter or splice
sites, might be what influence behavioural variation in
laboratory'®and natural populations. According to this
idea, selective pressures would act on enhancers or splice
variants to modify the development or activity of circuits
that underlie behaviour. This idea is supported by exam-
ples such as fru, where a promoter-specific transcript
(P1) makes a unique contribution to the specification of
neural circuits for courtship behaviour. The ratio of
transcripts might also have a role in generating behav-
iour. For example, one transcript might be important for
the behaviour, but when its abundance is severely
reduced — for example, by mutation, a lack of negative
feedback might allow the increased expression of anoth-
er transcript, such that a normal behavioural pattern can
still be produced. This compensation might be common
in behavioural systems and might explain why knock-
outs of genes thought to be important in behaviour
sometimes have no behavioural effect'”. (Redundancy
from other genes is also sometimes given as an explana-
tion for this finding; however, evidence is lacking as to
whether compensation or redundancy adequately
explain the results.) These compensatory actions might
be a characteristic of the interacting gene networks that
are found in behavioural systems, and might also depend
on epiSTATIC interactions that occur on different genetic
backgrounds'®” (80x 2). These ideas should be thoroughly
tested in the future as new behavioural mutants and the
corresponding genes are discovered.

Subtle mutations: tools for analysing behaviour. How
can we meaningfully analyse the effect of alterationsin a
single gene on the performance of a behaviour when we
know that most genes have pleiotropic functions? When
a gene known to influence behaviour is knocked out or
inactivated, disruptions to several biological functions
can result that reflect a role for this gene in both devel-
opment and behaviour. Many genes that alter behaviour
are essential genes (such as for !, scribbler (sbb), which is
involved in Drosophilalarval turning behaviour'™, fru’,
and latheo (lat)'®*, which is involved in learning). It is
notable that more subtle gene alterations, such as hypo-
morphic mutations, often show only the behavioural
alteration and not other unrelated phenotypes, and are
more likely to reflect the subtler genetic influences on
behaviour that occur in nature'®. These milder muta-
tions, and the ability to target the expression of a gene to
certain tissues in the organism during development (for
example, by using the Garguas system), should allow us to
disentangle the role of a gene in development from its
role in the behaviour itself. For instance, variants that
produce a partial loss of function in kinases, such as
PKA and CaMKII (a 10-20% reduction in kinase level),
cause changes in fly behaviour that are specific to learn-
ing and memory, whereas severe mutations in these
genes are lethal'®. Even though these kinases are
involved in many biological processes, a subtle change in
kinase activity exerts a potent effect on the behavioural
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GAL4/UAS SYSTEM

Used in Drosophila to target the
expression of specific genes to
specific tissues. UAS stands for
the upstream-activating system
of the yeast GAL4 gene.

phenotype, presumably by acting in specific cells at spe-
cific times. These data indicate that, in the future, subtle
hypomorphic mutants, rather than severe alleles, should
be used for more detailed studies of gene function in
behaviour. The analysis of natural variants and screens
for suppressors targeted to specific tissues should reveal
more about the genes and pathways that are important
to individual differences in behaviour.

Genes act through neuronal networks. To understand
how genes contribute to behaviour, we must identify
and characterize the units of behavioural function: the
neuronal networks that produce movements and orga-
nize them into the appropriate temporal and spatial
patterns that characterize a given behaviour. So far,
physiological studies of behaviour in Drosophila have
shown the usefulness of the fly as a model system for
synapse function, but it is not clear from the results of
these studies whether they can be used as a basis for
understanding the central neuronal networks that are
crucial to many complex behaviours.

Ideally, with respect to complex behaviours, we
would like to be able to measure synaptic properties
from central nervous systems in mutants with altered
behaviour; however, these measurements are very diffi-
cult to obtain in Drosophila. The Drosophilalarval neu-
romuscular junction (NM]J) has been used to investigate
the links between synaptic development and synaptic
properties, to make inferences about adult behaviour.
For example, there is increasing evidence that cAMP
signalling modulates the synaptic structural and func-
tional plasticity that is thought to partly underlie learn-
ing and memory®**#"%. Many Drosophila learning
mutants show activity-dependent alterations in synaptic
function at the NMJ (for example, dnc mutants show
both increased neuronal activity and synaptic arboriza-
tions). In addition, rover and sitter larval variants differ
in their synaptic physiology in a manner that seems to
be correlated with their behaviour'®®!?. However, these
physiological studies at the NM]J are, at best, correlated
with the behavioural variation under study.

Only a few neural circuits have been characterized
in Drosophila, and of these, all reflect relatively simple
behaviour patterns, such as the flight-related reflex
circuit and the leg resistance reflex circuit''®. The
advantage of these simple neural circuits is that they
consist of relatively few neurons that are identifiable.
By contrast, the neural substrates involved in more
complex behaviours, such as courtship or circadian
rhythms, are comparably large and widespread, as dis-
cussed above. Consequently, the neural circuits for the
complex behaviours discussed in this review have not
yet been characterized because this is a difficult task,
given the number of overlapping circuits that underlie
complex behaviours. The GAL4/UAS expression sys-
tem''! is a potentially powerful tool for identifying
such neural circuits as it allows toxins, such as tetanus
toxin''?, to be targeted to specific neurons during
development, such that the subsequent effects on
synaptic activity, for example, can be measured''>!'">.
Furthermore, the advent of new intact or dissociated
physiological preparations for physiologically assaying
larval' or adult'”® neuronal networks should help to
address gene function in specific motor circuits, to
link ultimately a gene or its subcomponents (for
example, transcripts and splice variants) to the actual
performance of a behaviour.

Although there are many unknowns in the puzzle,
the powerful array of genetic techniques in Drosophila
and its well-established place as a model organism in
developmental genetics, provides researchers with a
unique opportunity. That opportunity is to create a
comprehensive picture of how continuing interactions
between the genome and environment select for natu-
rally occurring mutations that can act on specific neu-
ronal networks to modify the development and/or
functioning of behaviour. No doubt, Drosophila, with its
array of genetic resources and behaviourally based
screens to identify new genes involved in conserved
pathways, is at the forefront of behavioural genetics
analysis. Undeniably, this little fly will continue to pro-
vide us with many tantalizing discoveries.
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SUPPLEMENTARY TABLE

Table 1 | Examples of cloned genes that influence complex behaviour

Behavioural category

Gene; synonym
Circadian rhythm
period (per)

timeless (tim)

double-time (dbt);
discs overgrown
(dco)

Clock (CIk); jrk

cycle (cyc); Mop3

lark
cryptochrome (cry)

Pigment-dispersing
factor (Pdf)

vrille (vri)

ebony (e)

dusky (dy);

Andante (And)
disconnected (disco)

cAMP-dependent
protein kinase
type Il (pka-Rll)

shaggy (sg9)
takeout (to)

Courtship
fruitless (fru)

doublesex (dsx)

dissatisfaction (dsf)

courtless (crl)
slowpoke
spinster (spin)

cacophony (cac);
nightblind A (nbA)

dissonance (diss);
no on-or-off
transient (nonA)

Molecular
function

Transcription
cofactor

Interacts with
Per

Casein kinase |

Transcription
factor

Transcription
factor

RNA binding

Homology with blue-
light-sensitive DNA-
repair enzymes

Neuropeptide
hormone

Transcription
factor

B-alanyl dopamine
synthetase

Plasma membrane
component

Transcription
factor

Protein kinase

Protein Ser/Thr
kinase

Ligand-binding
protein

Transcription
factor

Transcription
factor

Steroid hormone
receptor

Ubiquitin-conjugating
enzyme

Calcium-activated
potassium channel

Membrane protein

\oltage-sensitive
calcium channel

RNA binding

Expression
pattern

BN and NN

BN and NN

BN and NN

N

BN and NN
N

Nand NN
N

N and NN
N and NN

N

N and NN

N and NN

N and NN

N and NN

N and NN

N and NN
N and NN
N and NN

N and NN

Behavioural
pleiotropy

Locomotor rhythms,
eclosion rhythms,
courtship,

cocaine sensitivity,
others

Locomotor rhythms,
eclosion rhythms,
sleep

Locomotor rhythms,
sleep,
cocaine sensitivity

Locomotor rhythms,
eclosion rhythms,
cocaine sensitivity

Locomotor rhythms,
eclosion rhythms,
cocaine sensitivity

Eclosion rhythms

Resetting of
behavioural rhythms

Locomotor rhythms
Locomotor rhythms
Locomotor rhythms

Locomotor rhythms,
eclosion rhythms

Locomotor rhythms,
eclosion rhythms

Locomotor rhythms,
cocaine sensitivity,
ethanol sensitivity

Locomotor rhythms

Feeding rhythms

All aspects of male
courtship

Song defect

Poor sex discrimination,

reduced female
receptiveness

Failure to court
Song defect

Reduced female
receptiveness

Song defect,
optomotor behaviour,
photophobic

Song defect,
optomotor behaviour
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Developmental
pleiotropy

Imaginal disc
overgrowth,
pupal lethality

Embryonic fragility

Embryonic lethality

Wing development
Visual system defect

Ovary development

Segment polarity,
larval/pupal lethality,
bristle development

Semi-viable

Abnormal muscle of
Lawrence

Sterility,
abnormal yolk protein
production

Slow copulation,

no voluntary egg laying

Male sterile
Flight defect
PCD defect

Phototransduction

Phototaxis

Reference
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fickle (fic); Btk
family kinase at 29A
(Btk29A)

Learning and memory
dunce (dnc)

rutabaga (rut)

amnesiac (@amn);
cheapdate (chpd)

latheo (lat)

linotte (lio)/derailed
(dr)

minibrain (mnb)

leonardo (leo);
14-3-3¢

nalyot (nal); Adh
transcription factor 1
(Adf1)

Shaker (Sh)

G protein sa 60A
(G-s a 60A)

DCO; cAMP-
dependent protein
kinase 1 (Pka-CT)

ether a go-go (eag)

CcAMP-response-
element-binding
protein B at 17A
(CrebB-17A); dCREB

Calcium/calmodulin-
dependent protein
kinase Il (Camkll)

Dopa decarboxylase
(Ddc)

Volado (Vol); scab
(scb)

fasciclinll (fasll)

Protein phosphatase 1
at 87B (Pp1-87B)

Neurofibromatosis1
(NFT)

Feeding/foraging
foraging (for); dg2

Protein tyrosine
kinase

CcAMP-specific
phosphodiesterase

Adenylate cyclase

Neuropeptide

DNA-replication
factor

Novel/protein
tyrosine kinase

Protein Ser/Thr
kinase

Protein kinase C
inhibitor
Transcription
factor

Voltage-sensitive
potassium channel

Heterotrimeric
G protein

Protein Ser/Thr
kinase

Voltage-sensitive
potassium channel

Transcription
factor

Protein Ser/Thr
kinase

Dopa decarboxylase

a-integrin

Cell adhesion

Protein phosphatase
type | catalyst

Ras GTPase
activator

cGMP-dependent
protein kinase

Nand NN Male genitalia defect

U Locomotor rhythms,
ethanol tolerance

U Courtship learning,
ethanol tolerance,
grooming

N Ethanol tolerance

N Larval feeding

N

N

N and NN

N and NN

N Courtship suppression,
gustation defect,
ether sensitivity

N and NN Visual behaviour,
cocaine sensitivity

N and NN Locomotor rhythms,
ethanol tolerance

N Courtship suppression,
olfaction defect,
ether sensitivity

U Locomotor rhythms,

N Courtship suppression

N and NN Courtship suppression,
eclosion rhythms

N and NN Locomotory defect

N and NN Ethanol sensitivity

U Reduced moatility

U

N and NN Rover and sitter morphs

Reduced longevity,
head involution defect

Female sterility,

decreased female longevity

Decreased heart rate
Pupal lethality

CC brain defect,
MB defect,
axon-guidance defect

Reduced brain volume

Embryonic lethality,
eye-pattern defect

Embryonic lethality,
larval sluggishness

Decreased longevity,

Larval/pupal lethality

Female sterility,
wing/eye/leg morpho-
genesis defect

Leg shaking,
decreased longevity,
decreased heart rate

Larval lethality

NMJ branching defect

Lethality,
female infertility,
sclerotinization defect

Larval lethality,
embryonic development
defects

Synaptic pattern defect,
Bolwig’s organ defect,
eye defect

Reduced flight activity

Growth defect

Pupal lethality,
hypoxia recovery

BN, broad neural; CC, central complex; MB, mushroom body; N, neural; NMJ, neuromuscular junction; NN, non neural; PCD, programmed cell death; U, ubiquitous.
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