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Select proteins involved in electrical and chemical neu-
rotransmission are re-coded at the RNA level via the deamina-
tion of particular adenosines to inosine by adenosine deami-
nases acting on RNA (ADARs). It has been hypothesized that
this process, termed RNA editing, acts to “fine-tune” neuro-
physiological properties in animals and potentially down-
stream behavioral outputs. However, the extreme phenotypes
resulting from deletions of adar loci have precluded investiga-
tions into the relationship between ADAR levels, target tran-
scripts, and complex behaviors. Here, we engineer Drosophila
hypomorphic for ADAR expression using homologous recom-
bination. A substantial reduction in ADAR activity (>80%)
leads to altered circadian motor patterns and abnormal male
courtship, although surprisingly, general locomotor coordina-
tion is spared. The altered phenotypic landscape in our adar
hypomorph is paralleled by an unexpected dichotomous re-
sponse of ADAR target transcripts, i.e. certain adenosines are
minimally affected by dramatic ADAR reduction, whereas ed-
iting of others is severely curtailed. Furthermore, we use a
novel reporter to map RNA editing activity across the nervous
system, and we demonstrate that knockdown of editing in
fruitless-expressing neurons is sufficient to modify the male
courtship song. Our data demonstrate that network-wide tem-
poral and spatial regulation of ADAR activity can tune the
complex system of RNA-editing sites and modulate multiple
ethologically relevant behavioral modalities.

Informational recoding of RNA by the catalytic deamina-
tion of adenosine to inosine proceeds through the action of
ADARs3 (1). Long double strand RNA duplexes exhibiting
perfect complementarity can be modified extensively by pro-
miscuous ADAR activity. However, mRNAs may also serve as
site-specific substrates for ADARs via base pairing interac-
tions that generate short imperfect duplexes that generally
include the exon destined for editing and a cis-acting comple-
mentary sequence, usually found in a neighboring intron (2,

3). Because inosine is recognized by the translation machinery
as guanosine (4), A-to-I editing in mRNAs can lead to the in-
corporation of amino acids differing from those specified by
the literal genome.
In Drosophila, the spectrum of ADAR substrates is pecu-

liarly specific, consisting primarily of mRNAs encoding an
array of voltage- and ligand-gated ion channels, as well as nu-
merous pre-synaptic proteins involved in exo- and endocyto-
sis of synaptic vesicles (5–8). Similarly, several mammalian
ion channels and G-protein-coupled receptors are also subject
to RNA editing (2, 7, 9–11). In light of the ontological class
and high sequence conservation of ADAR target genes, RNA
editing has been invoked as an essential function in control-
ling synaptic transmission and neurophysiology. Correspond-
ingly, deletion of the single Drosophila adar locus (dAdar)
results in severe adult-stage behavioral abnormalities, includ-
ing extreme uncoordination, seizures and a complete lack of
courtship in dAdar null (dAdar5g1) males (12), whereas mice
lacking ADAR2 suffer from seizures and early mortality (13).
Due to the presence of a single X-linked adar locus and

more than 100 mRNA sites of dADAR modification, Drosoph-
ila provides an ideal system to study the correlation between
deaminase levels and recoding output. We have previously
shown that restoration of editing in the adult nervous system
partially rescues the locomotor defect of dAdar-deficient
males, an effect that appears to be independent of any interac-
tions between dAdar and the RNAi pathway (14). However,
the pattern of dADAR expression and activity within the fly
nervous system is currently unknown. Furthermore, although
previous studies have focused on the relationship between
dADAR activity and motor control, it is unclear whether
complex behaviors require regulated editing and, if so,
whether subpopulations of edited proteins contribute to dis-
tinct behavioral outputs.
Here, we investigate these issues using homologous recom-

bination and a molecular reporter for RNA editing activity.
Although dADAR expression can be detected in almost all
neuronal nuclei, significant variation in dADAR activity exists
between genetically distinct neurons. Finally, through the
generation of a novel hypomorphic dAdar allele, we demon-
strate an unexpectedly complex relationship between in vivo
dADAR levels and deamination of specific RNA editing tar-
gets. These data, combined with neuron-specific dADAR
knockdown, demonstrate that correct regulation of editing
activity at both cell-autonomous and network levels is re-
quired for behavioral outputs in Drosophila and provide
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mechanistic insight into the complex landscape of proteomic
diversity generated by RNA editing.

EXPERIMENTAL PROCEDURES

Drosophila Strains and Genetics—For a full list of Drosoph-
ila strains used, see supplemental Tables 1 and 2. Flies were
raised at a constant 25 °C, on standard molasses food, and
under 12-h day/night cycles. Both dAdar RNAi transgenes
were obtained from the Vienna Drosophila RNAi Stock Cen-
ter. Generation of the double RNAi line was described previ-
ously (14). Tissue-specific Gal4 lines were obtained from the
Bloomington stock center.
Ends-out Homologous Recombination of the dAdar Locus—

We performed ends out homologous recombination using a
similar methodology to that reported previously (15). Briefly,
we utilized the ends-out targeting vector p[w25.2] that con-
tains the white� selectable eye color mini-gene flanked by
LoxP sites for subsequent removal by Cre-recombinase. Ho-
mology arms were cloned and sequenced in pTOPO (Invitro-
gen) and then shuttled into the multiple cloning sites of the
vector to generate p[w25-dADAR-HA], which was then intro-
duced into the Drosophila genome by standard transgenic
methods (Genetic Services Inc.).
The cloning strategy is as follows, where all genomic coor-

dinates are given by the Drosophila melanogaster draft, BDGP
Release 5, with release 5.12 annotation provided by FlyBase at
the UCSC Genome Browser. Arm 1 is the 5� arm of
p[w25-dADAR-HA] (see Fig. 1) and was generated by PCR
amplification to incorporate cloning sites as follows: Arm 1,
BsiWI-1,673,865–1,676,526-AscI. Arm 2 is the 3� arm of
p[w25-dADAR-HA] and was generated in two parts by PCR
amplification to incorporate cloning sites and an HA epitope
tag; Arm2, Acc65I-1,676,602–1677784-HA/NheI-1,677,788–
1,679,400-NotI. The HA tag sequence was inserted after the
terminal glutamate codon of dAdar (GAA) ending in an opal
(TGA) stop codon and an NheI (gctagc) cutting site as fol-
lows: GAAtacccttacgatgttcctgattacgccagcctgTGAgctagc.
Targeting was performed to generate multiple independent

targeting events in which the HA tag was incorporated or ex-
cluded from the recombination events. Targeted alleles were
validated by amplification using primers outside the region of
targeting. All targeted alleles were sequenced to verify only
the presence of indicated sequences. Subsequent removal of
the white� mini-gene selectable marker was achieved by per-
forming crosses to animals expressing Cre-recombinase and
re-isolation of targeted chromosomes containing a single
LoxP site. The recombinant alleles were subsequently back-
crossed to Canton-S for five generations.
Behavioral Analysis—Locomotor patterns were recorded

using horizontal, single fly activity monitors (TriKinetics).
Flies were left to acclimatize for �12 h before recording was
initiated. An average daily pattern was calculated for each fly
by averaging data from 3 consecutive days. These values were
then further averaged across the experimental population.
Mating assays and song recording were performed in a cus-
tom-made chamber. For each assay, 5–7-day-old males and
3–5-day-old virgin females were used, and the time taken for
male initiation of courtship (latency) and the courtship index

(time spent courting/total time) was recorded over 10 min.
All mating assays were performed in a narrow time window
(7–10 a.m.) to minimize circadian influences on experimental
outcome, blind to experimental genotype where possible.
Mating songs were recorded using a MicroTrack mobile digi-
tal recorder (M-Audio) and were analyzed in Audacity. Be-
cause dAdarhyp males expressed a white� mini-gene and
dAdarWTLoxP did not, we crossed a white� mini-gene-con-
taining p[w25.2] vector inserted in the 3rd chromosome into
the dAdarWTLoxP background to restore eye pigment
expression.
RNA Editing Analysis—RNA extractions from Drosophila

heads (15–20 per sample) were performed using TRIzol rea-
gent (Invitrogen). Edited cDNAs were amplified via RT-PCR
using target-specific primers (see Ref. 14 for details). Levels of
editing were determined by measuring the area under A- and
G-peaks in individual electropherogram traces using ImageJ.
The percent editing is expressed at G/(A � G) � 100.
Western Blotting—Protein samples were prepared in buffer

containing SDS and �-mercaptoethanol and electrophoresed
on a 10% gel (Amresco). Anti-HA antibody (Covance) was
used at 1:500; anti-actin (Millipore) was used at 1:20,000–
80,000. Band intensities were quantified on a Kodak Image
Station following background subtraction. For adult heads, 20
heads/100 �l of buffer were used per sample. For develop-
mental analysis, we used 250 1st instar larvae, 10 3rd instar
larvae, and 10 whole adult males per 100 �l of buffer.
Confocal Microscopy and Immunohistochemistry—A Zeiss

LSM 510 meta-confocal microscope was used to obtain all
images. Samples for immunohistochemistry were prepared as
described previously (16). Primary antibodies were used at the
following concentrations: mouse anti-Lamin, anti-Elav, anti-
Repo, and anti-Dachshund (Developmental Studies Hy-
bridoma Bank) were all used at 1:50; mouse anti-HA and rab-
bit anti-HA (Santa Cruz Biotechnology) were used at 1:50.
Alexa-Fluor secondary antibodies (goat anti-mouse Cy3 and
goat anti-mouse and anti-rabbit FITC (Invitrogen)) were used
at 1:200. DAPI (Invitrogen) was used at 1:1000. Confocal im-
ages were obtained at subsaturation levels of fluorescent in-
tensity. Images were contrast-enhanced in Adobe Photoshop.
Each image shown is a representative example of n � 5.

RESULTS

dADAR Is Localized to the Neuronal Nucleus in the Dro-
sophila Brain—The endogenous dADAR protein expression
pattern within the adult Drosophila nervous system has not
been determined. To remedy this, we used ends-out homolo-
gous recombination (17) to generate three independent re-
combinant lines, two with HA epitope-tagged sequences at
the 3� end of the dAdar locus (Fig. 1, A and B) and one with-
out. Editing levels did not significantly differ between both
dAdarHA lines and w1118 controls (supplemental Fig. 1).

During homologous recombination, screening for recombi-
nant flies is facilitated by the insertion of an �5-kb white�

mini-gene eye color selection cassette within an intron of the
dAdar locus, subsequently removed via a Cre-recombinase
step (17, 18). Western blotting using an anti-HA antibody
revealed robust expression of an HA-immunoreactive protein
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at the predicted size of dADAR in both recombinant lines
lacking the white� mini-gene (Fig. 1C). We used these lines to
detail the expression pattern of dADAR. Because dADAR-HA
levels and endogenous editing were indistinguishable between
the two independent lines, we use them interchangeably
throughout all subsequent experiments. Confocal microscopy
revealed broad expression of dADAR in the brain and tho-

racic ganglion (supplemental Fig. 1). Co-immunostaining for
HA and the nuclear envelope protein Lamin showed that
dADAR expression was prominent only within nuclei (Fig.
1D). No significant dADAR localization to the cytoplasmic,
axonal, or dendritic compartments was observed. In addition,
dADAR co-localized with Elav (a marker for neuronal nuclei)
but not Repo (a glial nuclear marker), indicating that nuclear

FIGURE 1. Visualization of dADAR expression using ends-out homologous recombination. A, schematic representation of the targeting construct used
to insert an HA epitope tag at the 3� of the dAdar locus. B, representative Western blot showing HA-positive bands in two independent lines lacking the
white� mini-gene. Actin was used as a loading control. *, nonspecific labeling. This is likely to be a head/brain-specific cross-reaction because it is not ob-
served when using whole fly tissue (see Fig. 4B). C, quantification of relative dADAR-HA levels (normalized to actin) before and after Cre expression. Values
are expressed relative to the mean of each post-Cre dAdarHA line (n � 6 Western blots, three independent samples). Error bars, S.E. values. D, lamin and
dADAR-HA staining in the male brain and thoracic ganglion. Scale bar, 10 �m. E, dADAR-HA co-localizes with DAPI-stained nuclei and Elav, but not Repo, in
the male brain. Scale bar, 20 �m.
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dADAR expression is widespread and enriched in the neuro-
nal nucleus (Fig. 1E).
Editing Activity Varies Widely between Neuronal

Subpopulations—Our initial analysis of dADAR localization
revealed clear differences in dADAR protein expression even
between neighboring neurons (Fig. 1, D and E), suggesting
that dADAR expression is under spatial control in the Dro-
sophila brain, as is the case in mammals (19). To investigate
how dADAR activity varies in genetically defined neurons, we
used a molecular reporter of editing activity based on syt-1,
which contains four editing sites in exon 9, of which sites 3
and 4 are edited most robustly (Fig. 2A) (3, 7). The reporter
(termed syt-T) consists of the edited exon flanked by the up-
stream and downstream introns and exons cloned into a
pUAS vector (14), allowing targeted expression using the
UAS-Gal4 binary expression system (20).
We used 21 neuronal Gal4 lines to drive two independent

insertions of syt-T (see supplemental Table 2 for details) and
observed production of full-length transcripts with all Gal4
drivers. Sequence analysis confirmed that all full-length tran-
scripts were the result of accurate splicing. In certain cases, a
minor band corresponding to exon 9 skipping was observed.
However, alterations in editing of the reporter did not corre-

late with alternative splicing of the edited exon (supplemental
Fig. 2). Editing at site 4 was detected in all neurons defined by
the library of Gal4 lines but varied widely from 27 to 82% (Fig.
2, B–D). In contrast, editing at site 3 was either undetectable
or �10% in 16/21 driver lines tested, and it was only observed
at robust levels (�20%) in the five subpopulations that yielded
the highest editing at site 4, suggesting that although low
dADAR levels are sufficient for robust editing of site 4, editing
at site 3 only occurs once a certain threshold of dADAR ex-
pression has been exceeded.
To test whether dADAR expression correlated with editing

of the syt-T reporter, we examined dADAR expression in two
neuronal subtypes representing high and low levels of dADAR
activity indicated by the syt-T reporter,: glutamatergic (ok371)
and mushroom body neurons, respectively (see supplemental
Table 2). Robust dADAR levels were detected in many gluta-
mate-releasing neurons labeled with a nuclear red fluorescent
protein (Fig. 2E) (21). In contrast, mushroom body cells la-
beled with the nuclear marker Dachshund showed strikingly
lower dADAR expression levels relative to surrounding neu-
rons (Fig. 2F). These data suggest that cell-autonomous regu-
lation of dADAR expression contributes to neuron-to neuron
variation in editing of the molecular reporter.

FIGURE 2. Molecular reporter of RNA editing reveals neuron-specific patterns of dADAR activity. A, design of the reporter, termed syt-T. Exons 8 –10 of
syt-1, along with the intervening introns, were cloned into the pUAS expression vector. Upon transcription, the E1 and E2 elements form a pseudo-knot
structure by base pairing with coding sequences in exon 9 (3), leading to formation of a dADAR substrate and editing of sites 3 and 4. B, example electro-
pherograms showing editing of sites 3 and 4 in three genetically distinct cell types as follows: mushroom body � neurons (201y), fruitless-positive (fru), and
glutamatergic (ok371) neurons. Average editing of site 3 and 4 in 21 classes of neurons, defined by distinct Gal4 drivers, is shown in C and D. Each value is
the mean of 4 – 6 RT-PCRs derived from males carrying each Gal4 driver and one of two independent insertions of syt-T. Error bars, S.E. values. E, dADAR ex-
pression in glutamatergic neurons. dADAR-HA and the nuclear red fluorescent protein red-stinger (21) driven by ok371-Gal4 are shown in the male brain
and thoracic ganglion (upper panel), and at higher magnification in the central brain (middle) and thoracic ganglion (lower panel). F, dADAR-HA expression
in Dachshund-positive Kenyon cells is clearly reduced relative to the surrounding nuclei. Scale bars, 20 �m.
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Stringent Reduction of dADAR Expression Reveals Differen-
tial Affinities of Edited Substrates—Initially, the two pre-Cre
recombinant lines generated contain a white� mini-gene in-
serted in an inverse orientation relative to dAdar transcrip-
tion. Western blots revealed that prior to removal of this
white� mini-gene insertion, dADAR-HA staining was re-
duced by 80 � 5% and 87 � 7% relative to post-Cre counter-
parts (Fig. 1, C and D). Thus, insertion of white� serendipi-
tously generated independent hypomorphic alleles of dAdar
(which we refer to as dAdarhyp; control flies harboring a single
LoxP site in intron 7 of dAdar are referred to as dAdarWTLoxP).

The substantial reduction in dADAR expression also led to
a tissue-specific decrease in auto-editing of the dAdar tran-
script, a developmentally regulated event that acts to down-
regulate dADAR activity by re-coding a conserved serine resi-
due to glycine near the active site (22). Amplification of the
dAdar transcript revealed that auto-editing was slightly
but significantly reduced in dAdarhyp heads relative to
dAdarWTLoxP (WTLoxP, 53.8%; hyp, 49.1%, n � 8 RT-PCRs,
p � 0.005, Mann-Whitney U test). In contrast, auto-editing in
thorax tissue dropped from 38.1% in dAdarWTLoxP controls to
23.1% in dAdarhyp thoraxes (n � 5–8, p � 0.005). The de-
crease in ADAR protein production by the dAdarhyp allele
results in comparable or only slightly reduced levels of the less
active (edited) form of Drosophila ADAR protein. Thus, any
system-wide changes in target deamination should be largely

due to changes in ADAR levels rather than effects due to mis-
regulated auto-editing.
Complete loss of A-to-I RNA editing in Drosophila results

in multifaceted adult-stage behavioral abnormalities (12),
consistent with the functional pleiotropy of dADAR. How-
ever, the extreme uncoordination exhibited by dAdar5g1 null
flies has made investigations into the relation between A-to-I
editing activity and complex behavior impossible. Surpris-
ingly, despite the severe reduction in dADAR expression in
dAdarhyp males, locomotor activity appeared relatively robust
under casual observation (supplemental movie), and no obvi-
ous uncoordination was apparent. These observations sug-
gested that editing might perdure in a behaviorally relevant
subpopulation of adenosines in dAdar hypomorphs, despite
the severe reduction in dADAR protein expression. We tested
this hypothesis by comparing editing in 68 target adenosines
in the hypomorph and control backgrounds. Like editing in
the dAdarHA genetic background (supplemental Fig. 1),
dAdarWTLoxP males did not significantly differ from wild-type
Canton-S (data not shown). In dAdarhyp heads and thoraxes,
however, editing was reduced by an average of 68 � 4% and
56 � 4%, respectively, relative to the post-Cre control (Fig.
3A). We observed a similar reduction in editing in dAdarHA

males in which the white� mini-gene was not removed (data
not shown).

FIGURE 3. Varied impacts on mRNA re-coding following reduction of dADAR expression. A, heat map representation of editing levels at 68 sites in
dAdarWTLoxP heads and thoraxes, and the corresponding reduction of editing in the same tissue from dAdarhyp males. Each editing site is represented by a
four-symbol code (see supplemental Table 3 for details). B and C, editing levels in female heads for 8 LE sites (B) and 10 HE sites (C). The homozygotic and
heterozygotic backgrounds containing various dAdar alleles are noted below each graph. Each value is the mean of �3 RT-PCRs. Error bars, S.E. values.
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Intriguingly, the reduction in specific editing of targets was
highly nonuniform (Fig. 3A and supplemental Fig. 3, A and B).
Editing at a substantial fraction of sites was reduced by 70–
100% in hypomorph heads and thoraxes. In contrast, despite
the extreme curtailing of wild-type dADAR levels, a subpopu-
lation of adenosines was modified at nearly wild-type levels
(Fig. 3A and supplemental Table 3). For example, in the male
thorax, syt-1 site 4 and site 2 of the ard acetylcholine receptor
(also known as D�1) are edited at similar levels (95 � 1% and
94 � 2%, respectively) (supplemental Table 3). However, in
dAdarhyp thoraxes, editing at syt-1 site 4 was reduced by 12%
relative to dAdarWTLoxP, while ard site 2 was reduced by 71%.
A further striking example is site 4 of eag and the single site in
Ca�1T. Site 4 of eag is slightly reduced from 84 � 0.6% to
79 � 0.4% in dAdarhyp heads, while editing in Ca�1T is com-
pletely abolished in dAdarhyp heads, despite its high level of
editing in dAdarWTLoxP heads (87 � 0.7%).
Based upon these data, we classified dADAR substrates into

two groups according to their sensitivity to dADAR protein
levels, which we term “high and low efficiency” (HE and LE)
sites. We defined HE sites as those reduced by �30% in
dAdarhyp thoraxes, while LE sites are reduced by �70%. Im-
portantly, HE and LE sites also exhibited similar responses to
dADAR reduction in male dAdarhyp head samples, although
these were shifted toward slightly lower reductions in HE sites
and greater reductions in LE sites (supplemental Fig. 3). Many
dADAR targets are edited at higher levels in the thorax rela-
tive to head tissue (average increase, 16 � 6% for all sites ed-
ited �10%; Fig. 3A), although notable exceptions such as shab
site 5 and Ca�1T were apparent. This trend may reflect in-
creased dADAR activity in the thoracic ganglion relative to
the head, perhaps due to lower levels of auto-editing in
dAdarhyp thoraxes.
We took advantage of the dAdar5g1 null and hypomorphic

dAdarhyp alleles to generate females with a graded range of
dADAR expression, and we examined editing at 10 HE and 8
LE sites in head samples from four genetic backgrounds: hyp/
hyp, 5g1/FM7 (where FM7 is a balancer chromosome with a
wild-type copy of dAdar�), hyp/FM7, andWTLoxP/WTLoxP.
These genotypes have predicted relative dADAR expression
levels of �20, 50, 60, and 100%, respectively. As expected, all
LE sites exhibited very low levels of editing in hyp/hyp heads
(0–23%), in contrast to HE sites (30–84%) (Fig. 3, B and C).
Every HE site tested showed wild-type levels of editing in 5g1/
FM7 heads, and the mean reduction in hyp/hyp heads relative
to wild-type controls was only 26 � 4%. Thus, only a minimal
concentration of dADAR is sufficient to yield robust editing
of HE sites.
In contrast, the mean reduction in LE sites in hyp/hyp

heads relative to wild-type controls was 80 � 4%. However,
within the LE sites we examined, we could delineate two sub-
populations. Five of the eight sites tested (ard sites 1–3, DSC1
and Ca�1T) showed wild-type editing levels in 5g1/FM7
heads, despite severely reduced editing in the dAdarhyp back-
ground. The remaining three sites (unc-13, Ca�1D site 1, and
site 6 of the D�6 acetylcholine receptor) showed sequentially
increased editing in proportion to higher dADAR levels and
did not reach wild-type levels of editing in either 5g1/FM7 or

hyp/FM7 heads. We also examined five HE and LE sites in
hyp/hyp, 5g1/FM7, hyp/FM7, andWTLoxP/WTLoxP tho-
raxes, with similar results (supplemental Fig. 3, C and D). Fi-
nally, Western blotting indicated that there was no significant
up-regulation of expression from a wild-type dAdar locus in
dAdarHA/5g1 trans-heterozygote females (supplemental Fig.
3E), indicating that there does not appear to be a compensa-
tory mechanism counteracting decreased ADAR production.
The unexpectedly complex relationship between dADAR

concentration and editing levels appears to vary on a site-by-
site basis. One possible explanation for the variation in the
sensitivity of edited adenosines to dADAR concentration is a
differential ratio of substrate mRNA to dADAR enzyme, i.e.
LE sites are present in mRNAs with high steady-state expres-
sion levels, while the converse is true for HE sites. However,
this explanation is not consistent with the close proximity of
HE and LE sites within transcripts from a single gene, which
was observed for several mRNAs, including Ca�1D and D�6
(Fig. 3, B and C), as well as shaker, shab, and eag (supplemen-
tal Table 3). For example, sites 5 and 6 of shaker are separated
by just six nucleotides yet exhibit strikingly different reduc-
tions in editing in dAdarhyp heads, with site 5 reduced by 22%
and site 6 by 76% (supplemental Table 3). In addition, pro-
teins re-coded by dADAR that function in the same subcellu-
lar compartment also exhibited drastically divergent re-
sponses in dAdarhyp. Synaptotagmin-1 (syt-1) and unc-13
both act to promote vesicle release at pre-synaptic nerve ter-
minals. Nonetheless, site 4 of syt-1 is robustly edited in
dAdarhyp, while editing of unc-13 is almost abolished in both
dAdarhyp heads and thoraxes (Fig. 3). Therefore, our data
strongly suggest that the sensitivity of editing sites to changes
in dADAR levels is a function of inherent primary sequence
and/or structural properties specific to the double strand
RNA structural intermediates required for ADAR-mediated
deamination.
High and Low Efficiency Editing Sites Exhibit Distinct Pat-

terns of Developmental Regulation—Editing at many, but not
all, dADAR substrates is under strong temporal control, ap-
pearing predominantly at the pupal and adult stages of Dro-
sophila development. Edited adenosines exhibiting differen-
tial developmental regulation may even be found within the
same transcript (23, 24), yet how this is achieved remains un-
known. Previous data has shown that dAdar transcription is
low during the larval stages and rapidly peaks at the late pupal
and adult stages (25). We hypothesized that adenosines show-
ing high levels of editing throughout development represent
HE sites and require low levels of dADAR expression for ro-
bust editing. Conversely, pupae/adult-specific sites would re-
quire higher concentrations of dADAR for efficient modifica-
tion and populate the LE class.
We assessed whether temporal changes in dAdar transcrip-

tion result in similar alterations in dADAR protein levels by
comparing dADAR expression in the adult thoracic ganglion
and the ventral nerve cord of 3rd instar larvae (L3) (Fig. 4A).
Although strong dADAR expression was observed in neuro-
nal nuclei in the adult thoracic ganglion, dADAR was largely
undetectable by immunohistochemistry in the larval ventral
nerve cord. Furthermore, Western blotting revealed robust

RNA Editing Affects Complex Behavior in Drosophila

8330 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 10 • MARCH 11, 2011

http://www.jbc.org/cgi/content/full/M110.186817/DC1
http://www.jbc.org/cgi/content/full/M110.186817/DC1
http://www.jbc.org/cgi/content/full/M110.186817/DC1
http://www.jbc.org/cgi/content/full/M110.186817/DC1
http://www.jbc.org/cgi/content/full/M110.186817/DC1
http://www.jbc.org/cgi/content/full/M110.186817/DC1
http://www.jbc.org/cgi/content/full/M110.186817/DC1
http://www.jbc.org/cgi/content/full/M110.186817/DC1
http://www.jbc.org/cgi/content/full/M110.186817/DC1
http://www.jbc.org/cgi/content/full/M110.186817/DC1


bands corresponding to dADAR-HA isoforms in adult male
tissue, which were undetectable in samples prepared from the
1st instar (L1) and L3 larval stages (Fig. 4B, inset). Thus, the
increase in dAdarmRNA between the larval and adult stages
is mirrored by a similar change in detectable dADAR protein
expression.
We next investigated whether HE and LE sites show dis-

tinct patterns of developmental regulation, in keeping with
the above hypothesis. We measured editing at the same HE
and LE sites examined above (Fig. 3, B and C), amplified from
Canton-S L1, L3, and adult-stage cDNAs. Editing sites repre-
senting HE and LE classes showed strikingly different devel-
opmental regulation (Fig. 4, B and C). As predicted, all LE
sites tested showed clear increases in editing between the L3
and adult stages (Fig. 4B). Across the eight sites studied, edit-
ing levels at the L3 stage averaged only 8 � 3% of the corre-

sponding adult values. In contrast, HE sites were enriched for
adenosines that were robustly edited in the early and late lar-
val stages (Fig. 4C), with the mean values at L3 averaging 53 �
10% of adult levels. Three of the four HE adenosines that did
show developmental regulation mapped to the same tran-
script, encoding the Ca�1D voltage-gated calcium channel.
Thus, although deamination of particular transcripts may be
developmentally modulated by factors distinct from dADAR
itself, editing site-specific responses to dADAR protein levels
explains a significant proportion of the temporal variation in
editing and correlates well with our functional definition of
HE and LE classes.
Reduction of dADAR Expression Affects Complex Behavior—

The lack of severe uncoordination in dAdarhyp males allowed
us to examine, for the first time, whether complex adult-stage
behaviors are altered in a genetic background with an engi-
neered alteration in editing levels.
Under light-dark (12:12 h) conditions, wild-type Drosophila

exhibit diurnal peaks of activity centered on the lights-on
(dawn) and lights-off (dusk) transitions. Importantly, spikes in
activity are preceded by anticipatory increases in locomotion
that are driven by an endogenous circadian clock (26). We
examined rhythmic locomotor patterns using automated, sin-
gle-fly activity monitors. dAdarWTLoxP males displayed peaks
of activity at subjective morning and evening, as well as antici-
pation of both dark-light and light-dark transitions (Fig. 5A
and supplemental Fig. 4). Under constant dark conditions,
dAdarWTLoxP males displayed anticipation of subjective morn-
ing and night (data not shown), illustrating that the circadian
clock remains intact in our control genotype. In dAdarhyp
males, peaks of morning and evening activity were present but
reduced in amplitude relative to dAdarWTLoxP (Fig. 5B), and
anticipation of morning, but not night, was completely abol-
ished. Importantly, this pattern of locomotor activity was dis-
tinct from dAdar5g1 males, which lack coordinated locomotor
patterns (Fig. 5C and supplemental Fig. 4) (12). We quantified
the degree of morning anticipation in the above three geno-
types (defined as the number of beam breaks in the 3 h be-
fore lights-on normalized to the 6 h before lights-on).
dAdarWTLoxP males exhibited a 60 and 45% increase respec-
tively in the degree of morning anticipation relative to
dAdarhyp and dAdar5g1 males, respectively (Fig. 5D). Thus,
although limited expression of dADAR (�20%) is sufficient to
restore a degree of locomotor coordination and activity, in-
cluding startle responses to changes in light stimuli, more
robust dADAR expression is required for the manifestation of
circadian anticipation of morning, a complex behavior. Analy-
sis of total locomotor activity revealed that locomotion in
dAdarhyp males and females was reduced by 52–58% relative
to control genotypes (Fig. 5E). Interestingly, hetero-allelic
females revealed that a very modest increase of dADAR ex-
pression (from �50% in 5g1/FM7 to � 60% in hyp/FM7 fe-
males) was sufficient to completely restore wild-type locomo-
tor levels (Fig. 5E).

Temperature-sensitive paralysis and circling behavior,
other hallmarks of dAdar5g1 males (12), were not observed in
dAdarhyp males, although sporadic seizures were clearly ap-
parent (see supplemental movie). Most surprisingly, hypo-

FIGURE 4. Dynamic control of dADAR expression underlies develop-
mental patterns of editing at low efficiency sites. A, dADAR and Elav ex-
pression in the L3 ventral nerve chord (VNC) and the adult thoracic ganglion
(TG). Scale bar, 20 �m. B, LE sites are subject to strong developmental regu-
lation. Editing at eight LE sites was examined at two larval stages (L1 and
L3) and in adult males (A). Inset, representative example of n � 4 Western
blots showing a strong increase in dADAR expression at the male adult-
stage relative to L1 and L3. The two dADAR-HA bands likely represent
dADAR proteins containing or lacking the alternatively spliced 3a exon,
which is included at a higher level in the abdomen relative to the head and
thorax (43). C, developmental profiles of 10 HE sites in L1, L3, and adult (A)
males. Error bars, S.E. values.
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morphic males exhibited robust courtship toward wild-type
females, a behavioral pattern completely absent in dAdar5g1
males (12). Because the relationship between RNA editing
and mating behavior is unclear, we compared several court-
ship parameters in dAdarWTLoxP and dAdarhyp males. Al-
though males from both genotypes court wild-type females,
dAdarhyp males exhibited an �4-fold increase in the time
taken to initiate courtship (latency) relative to dAdarWTLoxP

males (p � 0.00025, Mann-WhitneyU test; Fig. 6A). Despite
this, the overall length of time spent courting did not signifi-
cantly differ between either genotype (p � 0.33; Fig. 6, B andC).
During mating, males produce a species-specific “love

song” via unilateral wing vibration, which is proposed to both
facilitate female acceptance and to act as an indicator of cor-
rect species identity during courtship. Mutations in several
loci that also undergo RNA editing have been shown to
alter the song waveform (27). This suggested the possibility
that RNA editing in neuronal mRNAs might modulate
song properties. To test this, we recorded the pulse songs
of dAdarWTLoxP and dAdarhyp males.
Courting dAdarWTLoxP males generated robust pulse songs

with highly stereotyped waveforms similar to previously pub-
lished examples from wild-type Drosophila (n � 26, Fig. 6D)
(27, 28). In contrast, pulse songs from dAdarhyp males often
exhibited abnormal waveforms characterized by polycyclic
pulses and additional peaks (Fig. 6E). Of the 44 songs ana-
lyzed from dAdarhyp males, only 7 were similar to the
dAdarWTLoxP pulse pattern. The change in waveform was ac-
companied by alterations in several other song parameters,
including a reduced number of pulses per song train, an in-

creased pulse frequency, and a small but highly significant
increase in the inter-pulse interval (dAdarWTLoxP, 38.6 ms �
0.4, n � 312; dAdarhyp, 40.8 ms � 0.4, n � 281; p � 0.0001,
Mann-Whitney U test) (Fig. 6, F–H). In addition, we observed
striking variability in the dAdarhyp pulse waveforms, even be-
tween distinct song trains from the same male (Fig. 6E). The
coefficient of variation (defined as the S.D. divided by the
mean) of the pulse frequency increased from 0.121 in
dAdarWTLoxP to 0.265 in dAdarhyp, but it was similar when
comparing the inter-pulse intervals of the two genotypes
(dAdarWTLoxP, 0.175; dAdarhyp, 0.155). Thus, in addition to
influencing multiple song parameters, robust editing also ap-
pears to be required for maintaining aspects of male song
pulse stereotypy.
Inhibition of RNA Editing in a Small Subset of Neurons Is

Sufficient to Alter Complex Behavior—In Drosophila, the
male-specific isoform of the transcription factor Fruitless
(FruM) is a key mediator of male-specific behaviors, and the
output of fruitless (fru) neurons is known to be essential for
correct courtship behavior and generation of the mating song
(29–31). Because both of these behavioral parameters were
altered in dAdarhyp males, we examined the pattern and func-
tion of A-to-I editing in this behaviorally important subset of
neurons.
fru neurons are present in both the male and female central

brain and thoracic ganglion, composing �2% of the total neu-
ronal population. Although the distribution and projection
patterns of fru neurons are broadly similar between male and
female Drosophila (30–32), subpopulations of fru neurons
have been shown to exhibit sexual dimorphism in both num-

FIGURE 5. Global reduction in dADAR activity leads to altered patterns of locomotor activity. A–C, mean activity profile of dAdarWTLoxP (A, n � 30),
dAdarhyp (B, n � 30), and dAdar5g1 males (C, n � 16) under 12-h light-dark cycles (white and black bars). Each bar is an average value of time points from
three consecutive days. In dAdarWTLoxP, but not dAdarhyp or dAdar5g1 males, anticipation of morning and evening can be observed under both environmen-
tal conditions (arrowheads). D, quantification of morning anticipation in the three experimental genotypes. E, mean locomotor activity in male and female
dAdar allelic backgrounds. Error bars, S.E. values. **, p � 0.005; ***, p � 0.0005; not significant (ns): p � 0.05 (Mann-Whitney U test).
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ber and wiring (33–35). We initially tested whether editing
activity in fru neurons also showed sexual dimorphism by
driving the two independent insertions of the syt-T reporter
(Fig. 2) using fru-Gal4 and analyzing editing at syt-T sites 3

and 4 following RT-PCR amplification from male and female
head and thorax cDNA. Interestingly, editing at site 4, which
is more robustly edited than site 3, indeed showed subtle but
significant sexual dimorphism. Site 4 exhibited a relative in-

FIGURE 6. RNA editing is required for appropriate male courtship. A, time taken to initiate courtship (latency) is significantly higher in dAdarhyp males
(n � 20) relative to dAdarWTLoxP controls (n � 15), yet the total time spent courting virgin females over a 10-min period (courtship index, CI) is not signifi-
cantly different between either genotype (B and C). Courtship index was either calculated over the whole 10 min (B) or following initiation of courtship (C).
Examples of three separate song trains are shown from a single dAdarWTLoxP (D) or dAdarhyp male (E). Note that although the trains from the dAdarWTLoxP

male are highly stereotyped, trains from even a single dAdarhyp male show striking variability in waveform pattern. Scale bar, 10 ms. F–H, song parameters in
dAdarWTLoxP (n � 26 songs, 5 males) and dAdarhyp (n � 44 songs, 9 males). Error bars, S.E. values. *, p � 0.05; ***, p � 0.0005; not significant (ns): p � 0.05
(Mann-Whitney U test).
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crease of �20% in male versus female head cDNA (p � 0.004,
Mann-Whitney U test). This trend was reversed in thorax
cDNA, where site 4 editing in fru neurons was reduced by
�10% in males relative to females (p � 0.03; Fig. 7, A and B,).
Editing at site 3 showed a similar trend, albeit at lower levels
(Fig. 7B). Furthermore, site 4 editing was statistically un-
changed between fru neurons in male heads and thoraxes
(p � 0.94) but increased by 30.5% between female head and
thorax samples (p � 0.003; Fig. 7B). No sex-specific alterna-
tive splicing of the syt-T reporter was observed in either head
or thorax tissues (supplemental Fig. 5).

Because dAdar is X-linked, our results could potentially
reflect sex-specific differences in dADAR expression through-
out the nervous system. Thus, we examined editing of the
endogenous syt-1 transcript in male and female whole head
and thorax cDNA and found no significant sexual dimor-
phism at either site (supplemental Fig. 6). We next measured

editing at a further five LE and eight HE sites (Fig. 3) in the
same tissues. In this combined data set of 15 editing sites, we
found a small but significant reduction in overall editing in
female relative to male heads (mean reduction, 9%, p �
0.0013, paired t test). However, in contrast to editing of the
syt-T reporter, there was no significant alteration in editing of
endogenous mRNAs when comparing male and female tho-
raxes (p � 0.198) nor a significant difference in editing of the
15 sites between female head and thorax samples (p � 0.68)
(supplemental Fig. 6). Thus, the female tissue-specific differ-
ences in editing of syt-T cannot be explained in terms of a
global alteration in editing activity. Collectively, these data
suggest that dADAR activity is differentially controlled in
male and female fru neurons.
The existence of sexually dimorphic editing activity sug-

gested a functional role in dADAR activity in fru neurons.
Robust dADAR expression was detected in many fru neurons

FIGURE 7. Knockdown of dADAR in fruitless-expressing neurons alters the male courtship song. A, example of electropherograms showing editing of
syt-T site 3 and 4 expressed in fruitless-positive (fru) neurons within the male and female head or thorax. B, quantification of editing of two independent
insertions of syt-T (n � 6 –7 RT-PCRs for each value). C, dADAR expression was examined specifically in fru neurons by expressing a nuclear red fluorescent
protein (23) using the fru-Gal4 driver line, in a dAdarHA background. Nuclei of fru neurons can be detected throughout the brain and thoracic ganglion (up-
per panel). Examples of dADAR expression in fru neurons in the dorsal anterior segment and pars intercerebralis (middle panels) and meso-thoracic ganglion
(lower panel) are shown at higher magnification below. D and E, example of song trains from control males heterozygous for driver (w�; �; fru-Gal4/�, n �
26 song trains, 10 males) or RNAi transgenes (w�; adr-IR1/�; adr-IR2/�, n � 30 song trains, 10 males). Note the similarity in waveform between song trains
shown in D and E compared with those from dAdarWTLoxP males (Fig. 6D). F, example of song trains from males with reduced dADAR expression in fru neu-
rons (w�; adr-IR1/�; fru-Gal4/adr-IR2) (n � 27 song trains, 11 males). Note the extra spike in the first pulse and the polycyclic waveform in the last pulse.
Scale bar, 10 ms. Error bars, S.E. values. *, p � 0.05; **, p � 0.005; not significant (ns): p � 0.05 (Mann-Whitney U test).
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in both the male brain and the thoracic ganglion (Fig. 7C).
Importantly, dADAR is expressed in fru neurons in the meso-
thoracic segment of the ventral nerve cord, which are thought
to be a key component of the song pattern generator (Fig. 7C)
(36, 37). We made use of a previously validated double-RNAi
line (adr-IR1 � 2) directed against the 3� region of the dAdar
transcript and under the control of the upstream activation
sequence promoter (14) to selectively reduce dADAR expres-
sion in fru neurons. Knockdown of dADAR solely in fru neu-
rons did not significantly alter male locomotor activity, la-
tency to court, or total time spent courting (supplemental Fig.
7). Male-male courting, a hallmark of fruitlessmutants, was
not observed in fru-Gal4 � adr-IR1 � 2 males (data not
shown). This, as well as the robust courtship of females, indi-
cates that the development and wiring of fru neurons are un-
likely to be adversely affected by dADAR knockdown.
We next examined the mating song in the experimental

and both control genotypes. Song waveforms from control
males containing driver or transgenes alone were indistin-
guishable from dAdarWTLoxP (Fig. 7, D and E). In contrast,
12/27 song trains from males with dADAR expression inhib-
ited in fru neurons exhibited polycyclic waveforms and/or
additional peaks that were not observed in either genetic con-
trol (Fig. 7F), as was also observed in dAdarhyp males (albeit in
a higher proportion of songs). This was accompanied by an
increase in the average number of pulses per song train (fru-
Gal4 � adr-IR1 � 2, 12.9 � 1.7; fru-Gal4/�, 6.6 � 1; adr-IR1 �
2/�, 8 � 1.3; p � 0.005, Mann-Whitney U test) but no signifi-
cant alteration in either pulse frequency or inter-pulse inter-
val relative to both control genotypes. Thus, knockdown of
dADAR in fru neurons can partially phenocopy a discrete
subset of the multifaceted alterations in courtship behavior
observed in dAdarhyp males, namely the generation of mating
songs with abnormal, often polycyclic, waveforms.

DISCUSSION

Using a novel hypomorphic allele of dAdar generated
through homologous recombination coupled with cell-spe-
cific dADAR knockdown, we have demonstrated that RNA
editing serves a modulatory role in multiple adaptive behav-
iors in Drosophila. In short, we provide linkage between the
loss of conserved and taxa-specific amino acid re-coding sites
and alterations in wild-type ethological outputs that directly
impinge on organismal fitness. Importantly, the behavioral
defects observed in dAdarhyp males correlate with the severe
loss of a particular subset of edited adenosines, namely those
that are preferentially edited at the adult stage (Fig. 4B).
Our molecular analysis of dAdar hypomorphs revealed a

striking diversity in the response of edited adenosines to
changes in endogenous dADAR levels (Fig. 3). Both the local
sequence surrounding edited adenosines and their predicted
secondary structures vary widely between dADAR substrates,
providing a potential mechanism to generate differential af-
finities for dADAR binding and deamination (3, 11, 37). This
finding has important implications as follows. First, it pro-
vides a explanatory basis for the developmental regulation of a
select population of editing sites (Fig. 4), a phenomenon com-
mon to both Drosophila and mammals (23, 24, 38, 39). Sec-

ond, cell-specific variation in dADAR expression (Fig. 2) may
allow spatial control of LE sites while simultaneously main-
taining robust network-wide editing of HE sites, thus provid-
ing a means to fine-tune neuronal physiology through the
diversification of a constrained population of proteins (see
Fig. 8, for model).
We have previously shown that pan-neuronal expression of

the two hairpin RNAi constructs used in this study reduces

FIGURE 8. Model for neuron to neuron variation in editing levels within
the Drosophila nervous system. Top panel shows a graphical representa-
tion of the change in editing of one HE site (shab site 4; shb4) and two LE
sites (ard site 2; ard2, and unc-13; unc1). Shab site 4 is edited at almost wild-
type levels even in genotypes with very low dADAR expression, as is the
case for all HE sites (Fig. 3). Thus, editing at this, and similar sites, is unlikely
to vary widely from neuron to neuron, even though dADAR activity is highly
variable in different neuronal populations (Fig. 2). In contrast, editing at LE
sites is likely to vary substantially in neurons with differing levels of dADAR
expression. Certain LE sites only required 50% of wild-type dADAR expres-
sion for achieving wild-type editing levels, while others required more ro-
bust dADAR expression (Fig. 3). The bottom panel shows a diagrammatic
representation of three distinct neuronal subtypes (derived from Fig. 2),
with low, medium (med), and high relative expression of dADAR. In neurons
with low dADAR activity (such as mushroom body neurons), only HE sites
such as shab site 4 are likely to be strongly edited. At slightly higher levels
(for example, fru neurons), both shab site 4 and ard site 2 (i.e. the “higher
efficiency” LE sites) will show editing but not weak LE sites such as unc-
13. Finally, in neurons with high dADAR expression (such as photo-re-
ceptors; supplemental Table 2), all subclasses may be open to robust
editing.
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locomotor activity by �90% (14), and this effect could not be
phenocopied by dADAR knockdown in any particular neuro-
nal subset tested. Furthermore, dADAR knockdown under
these conditions was robust enough to strongly reduce editing
even at HE sites such as syt-1 site 4. Although knockdown is
subject to the level of hairpin expression and efficiency of
RNAi in particular neurons, the abrogation of ADAR expres-
sion by transgenic knockdown was clearly effective. In con-
trast, editing at HE sites is still maintained in our purely ge-
netic model using dAdarhyp mutant males and females (Fig.
3), as is coordinated locomotion (albeit at lower levels; Fig. 5).
Indeed, even dAdarhyp/dAdar5g1 trans-heterozygote females,
predicted to express dADAR at � 10% of wild-type levels, do
not appear uncoordinated.4 Collectively, these data imply that
network-wide editing of HE sites is sufficient to provide mo-
tor tone and prevent the extreme uncoordination observed in
dAdar null flies.
Conversely, it is tempting to speculate that developmentally

regulated LE sites modulate adult-specific behaviors. Indeed,
we examined two ethologically relevant behaviors in dAdarhyp
males, which show a severe disruption of developmentally
regulated editing (Fig. 4), and we found both to be defective
(Figs. 5 and 6). dAdarhyp males did not show the circadian
anticipation of lights-on seen in wild-type Drosophila (Fig. 5),
and multiple aspects of courtship behavior were abnormal in
dAdarhyp males, including the time required to initiate court-
ship and the waveform of the mating song (Fig. 6). It should
be stressed that defects in both of the above parameters are
likely to be severely detrimental to reproductive fitness under
competitive conditions in the wild.
Although our data lead us to hypothesize that loss of adult-

stage LE sites may underlie the locomotor and courtship de-
fects exhibited by dAdar hypomorphs, we cannot currently
link the loss of particular editing sites to the behavioral de-
fects seen in dAdarhyp males due to the large number of char-
acterized dADAR substrates. Over 100 editing sites in 24
mRNAs have been identified either serendipitously or
through comparative genomics approaches (7), although a
recent bioinformatic screen identified a further potential 27
mRNAs subject to re-coding (40). The existence of function-
ally epistastic interactions between editing sites also makes it
unlikely that any particular phenotype observed in dAdarhyp
males can be fully mapped to the loss of a single editing site
(23, 24). Rather, the relationship between re-coding and be-
havior can instead be viewed through the prism of the pleio-
tropic actions of dADAR on a wide range of RNA substrates,
with many edited proteins simultaneously contributing to the
total phenotype of interest.
We mapped the cellular foci for behavioral abnormalities

associated with stringent loss of dADAR expression using
transgenic RNAi (41). Knockdown of dADAR specifically in
fruitless-expressing neurons partially recapitulated the poly-
cyclic songs observed in dAdarhyp males (Fig. 7) but did not
phenocopy alterations in other song properties or mating be-
havior, suggesting that these highly specific phenotypic com-

ponents are influenced by editing in other fru-negative neu-
rons and/or muscle tissue. Surprisingly, targeted expression of
a molecular reporter for editing activity suggests that male
and female fru neurons within both the brain and thoracic
ganglion may differ in terms of dADAR activity (Fig. 7). Be-
cause only small subpopulations of fru neurons exhibit mor-
phological sexual dimorphism, it has been hypothesized that
expression of the male-specific isoform of Fruitless (FruM)
may modify the physiological properties of fru neurons (29–
32). Given the large number of transcripts re-coded by A-to-I
editing (7), an alteration of dADAR expression or activity by
FruM could hypothetically provide a means of enabling func-
tional modulation of a wide range of ion channels and synap-
tic release proteins. Further experiments will be required to
test whether the alterations in editing observed between male
and female fru neurons represent large differences in a subset
of fru neurons, subtle alterations across the fru neuron net-
work, or are due to numerical sexual dimorphism in the fru
neuron population.
That RNA editing can modulate song properties is particu-

larly intriguing, because editing sites are not static throughout
insect evolution (3, 6, 42). Indeed, even within the Drosophila
lineage, we have observed species-specific changes in the
magnitude of editing at orthologous adenosines in several ion
channels (7, 38). Therefore, our data open the possibility that
alterations in RNA editing may contribute to species-specific
song waveforms, a key mechanism implicated in the repro-
ductive isolation between Drosophilids. More broadly, our
data suggest that, in principle, evolutionary divergences in
RNA editing may contribute to the generation of adult-stage
species-specific behavioral patterns.
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