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1Department of Cellular Neurobiology, University of Göttingen, Julia-Lermontowa-Weg 3, 37077 Göttingen, Germany
2Max-Planck-Institute for Cell Biology and Genetics, Pfotenhauerstrasse 108, 01307 Dresden, Germany
3Max-Planck-Institute for Experimental Medicine, Hermann-Rein-Strasse 5, 37075 Göttingen, Germany
4These authors contributed equally to this work
5Present address: Neurobiology & Genetics, University of Würzburg, Am Hubland, 97074 Würzburg, Germany
6Present address: Department of Theoretical Physics, University of Saarland, Campus E2 6, 66123 Saarbrücken, Germany
7Present address: Department of Biology, McGill University, 1205 Avenue Docteur Penfield, Montréal, Québec H3A 1B1, Canada
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SUMMARY

The Drosophila auditory organ shares equivalent
transduction mechanisms with vertebrate hair cells,
and both are specified by atonal family genes. Using
a whole-organ knockout strategy based on atonal,
we have identified 274 Drosophila auditory organ
genes. Only four of these genes had previously
been associated with fly hearing, yet one in five of
the genes that we identified has a human cognate
that is implicated in hearing disorders. Mutant anal-
ysis of 42 genes shows that more than half of them
contribute to auditory organ function, with pheno-
types including hearing loss, auditory hypersuscepti-
bility, and ringing ears. We not only discover ion
channels and motors important for hearing, but
also show that auditory stimulus processing involves
chemoreceptor proteins as well as phototransducer
components. Our findings demonstrate mechano-
sensory roles for ionotropic receptors and visual
rhodopsins and indicate that different sensory
modalities utilize common signaling cascades.

INTRODUCTION

Hearing impairment is the most common sensory deficit in

humans (Hildebrand et al., 2008). Various forms of hearing

impairment have genetic causes, but many of the responsible

genes continue to remain elusive (Petit, 2006; Dror and Avraham,

2009). One of the genetic model organisms that is used to search

for auditory relevant genes is Drosophila, which communicates

via courtship songs and hears with antennal ears (Lu et al., 2009).

The ear ofDrosophila consists of a sound receiver and an audi-

tory sensory organ. The sound receiver is formed by the third

antennal segment and its feathery arista (Göpfert and Robert,

2001) (Figure 1A). Vibrations of this antennal receiver are trans-

duced by Johnston’s organ (JO), an array of �250 chordotonal

sensilla in the antenna’s second segment that serve hearing as
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well as wind and gravity sensing (Kamikouchi et al., 2009; Yorozu

et al., 2009). JO sensilla are composed of mechanosensory

neurons and supporting cells that are derived from sensory

organ precursors by lineage (Eberl and Boekhoff-Falk, 2007).

These precursors and the identity of the lineage are specified

by the basic helix-loop-helix (bHLH) transcription factor Atonal

(Ato) (Jarman et al., 1993), whose homolog AtoH1 (also known

as Math1) directs the formation of hair cells in vertebrate ears

(Bermingham et al., 1999).

Apart from Ato, JO sensilla and hair cells also share other

proteins, including myosin VIIa (Weil et al., 1995; Todi et al.,

2005), certain transient receptor potential (TRP) channels

(Liedtke et al., 2000; Walker et al., 2000; Sidi et al., 2003; Kim

et al., 2003), and prestins (Zheng et al., 2000; Weber et al.,

2003). JO neurons and hair cells also function in similar manners,

though the neurons use primary cilia instead of actin-based hair

bundles as sensory organelles: both cell types employ physically

equivalent transduction modules that seem to consist of force-

gated ion channels, adaptation motors, and gating springs

(Albert et al., 2007; Gillespie and Müller, 2009). Both cell types

also use these modules to actively amplify their mechanical

input, explaining why the Drosophila ear displays all the hall-

marks of active mechanical amplification known from vertebrate

ears (Hudspeth, 2008; Nadrowski et al., 2008).

Notwithstanding the fly’s amenability to genetic dissection,

rather few auditory relevant Drosophila genes have been

described and key molecules such as the auditory transduction

channels still await their molecular identification in vertebrates

and flies (Gillespie and Müller, 2009; Lu et al., 2009): According

to the Gene Ontology (GO) database (Ashburner et al., 2000),

24 annotatedDrosophila genes are associated with the ‘‘sensory

perception of sound’’ (GO: 0007605; Table S1 available online),

which compares to some 130 genes this GO term currently

includes for mice. The 24 auditory relevant fly genes have mostly

emerged from forward genetics screens (Kernan et al., 1994;

Eberl et al., 1997, 2000), yet linking mutations to genes is time

consuming and several mutations that affect fly hearing remain

uncharacterized. An attractive alternative to forward genetics

is reverse genetics, in which candidate genes are narrowed

down by expression profiling prior to testing for mutant
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Figure 1. Antennal Ear of Drosophila

(A) Sketch of the fly’s antenna depicting its second and third segments and the

arista. The second segment harbors JO (green).

(B) Longitudinal antennal sections from ato1/TM3 controls and ato1/Df(3R)p13

mutants. In the mutants, JO is lost.

For a compilation of auditory relevant Drosophila genes, please see Table S1.
phenotypes. This approach has identified genes of, e.g., Merkel

cells (Haeberle et al., 2004), hair cells (McDermott et al., 2007),

campaniform mechanoreceptors (Bechstedt et al., 2010), and

developing chordotonal organs (Cachero et al., 2011), and is

used here to identify genes that are expressed in—and required

for the auditory function of—JO. The approach we use, however,

is different: instead of comparing gene expression across

different cells or tissues (e.g., Haeberle et al., 2004; McDermott

et al., 2007; Bechstedt et al., 2010, Cachero et al., 2011), we

employ an ato-based knockout strategy and compare the gene

expression profiles of second antennal segments with and

without JO.

RESULTS

ato-Based Screening Strategy Identifies Auditory
Organ Genes
Hemizygous ato1/Df(3R)p13 null mutants lack JO in their second

antennal segments (Jarman et al., 1995) (Figure 1B). Profiting

from this genetic organ ablation, we screened for genes that

are expressed in JO by comparing the second antennal segment

transcriptomes between ato1/Df(3R)p13 mutants and balanced

Df(3R)p13/TM3 and ato1/TM3 controls (Figure 2A). To assess

transcriptomes, we isolated the second antennal segments of

�50 flies per strain and extracted their total RNA. Because about

half of the JO cells are sensory neurons, we also isolated RNA

from the brains of ato1/TM3 controls to delineate neuronal

genes. cRNA was hybridized to DNA microarrays containing

fourteen 25 mer oligonucleotides from 18,769 probe sets for

different Drosophila transcripts. For each experiment, three

biological replicates were run (Figure 2A).

To evaluate the quality of the microarray results, several tests

were performed. First, we subjected the expression profiles to

cluster analysis. We found that all the three replicates of each

microarray experiment cluster together, and that replicates

from different experiments are distinct (Figure 2B). Second,

we selected 15 transcripts covering the entire intensity range

covered by the microarray data using a random stratified

sampling strategy and quantified their expression in the second
antennal segment with quantitative real-time polymerase chain

reaction (qRT-PCR). Fold changes in expression correlated

with those obtained with the microarrays (Figure 2C), globally

validating the microarray results (Miron et al., 2006). Third,

scatter plots (Figure 2D) documented highly correlated expres-

sion profiles for the two control strains and revealed that certain

transcripts are downregulated in the second antennal segments

of ato1 nulls. We assessed this differential expression with two-

sample t tests using a false discovery rate procedure to correct

for the multiplicity of testing. Only differential expression with a

false discovery rate < 0.1 was considered significant, and only

genes that were significantly enriched in the second antennal

segments of both Df(3R)p13/TM3 and ato1/TM3 controls

were taken into consideration (Figure 2E). We thus obtained

a consensus list of 282 transcripts representing 274 genes that

are downregulated if JO is absent and thus deemed to be ex-

pressed in JO. One hundred one of these JO genes display

higher expression levels in JO than in the brain and 173 genes

seem to be neuronal genes that are equally or more abundant

in the brain (Tables S2 and S3).

The Auditory Organ Gene Set
To annotate the list of JO genes, we tested for enriched Gene

Ontology terms using the AMIGO enrichment tool (Carbon

et al., 2009). We found that 201 of the 274 genes are described

by Gene Ontology terms, and that significant proportions of

these genes encode ion channels (GO:0005216, 18 of 189 genes

in this category, p = 1.5e�6) and motors (GO:0003774, 9 of 82

genes, p = 9.0e�3) and are implicated in the response to abiotic

stimuli (GO:0009628, 36 of 198 genes, p = 2.1e�21) and light

(GO:0009416, 26 of 110 genes, p = 1.3e�20) (Figure 3).

Motors that were identified are the myosin III NINAC, the

kinesin Klp68D, and several axonemal dyneins. Ion channels

include members of the ionotropic receptor (IR) family of chemo-

receptors (Benton et al., 2009) and five TRPs. Two of these TRPs

(Nan, Iav) are reportedly expressed in the sensory cilia of JO

neurons and required for hearing (Kim et al., 2003; Gong et al.,

2004). The remaining TRPs serve hygrosensation (WTRW) (Liu

et al., 2007) as well as phototransduction and thermosensation

(TRP, TRPL) (Montell et al., 1985; Hardie and Minke, 1992;

Niemeyer et al., 1996; Rosenzweig et al., 2008). Apart from

TRP and TRPL, we identified many other key components of

the fly’s phototransduction cascade, including the visual arrestin

Arr2 (Yamada et al., 1990), the G protein subunits Gb76C (Yarfitz

et al., 1991) and Gg30A (Schulz et al., 1999), phospholipase C

(encoded by norpA; Bloomquist et al., 1988), protein kinase C

(encoded by inaC; Schaeffer et al., 1989), the scaffolding protein

INAD (Shieh and Niemeyer, 1995), and four of the fly’s seven

rhodopsins (Rhs) (Figure 3).

The list is also enriched for genes included in the Drosophila

cilium and basal body database (Laurençon et al., 2007) (30 of

815 genes, p = 4.8e�6) and for genes that are enriched in

mechanoreceptors of the Drosophila haltere (Bechstedt et al.,

2010) (62 of 621 genes, p = 8.8e�29) (Figure 3). The list further

comprises 12 of 100 putative chordotonal organ genes (p =

2.4e�7) that, 3 hr after the onset of neural development, are

upregulated in ato-expressing cells of Drosophila larvae

(Cachero et al., 2011). Of the fly genes that are associated with
Cell 150, 1042–1054, August 31, 2012 ª2012 Elsevier Inc. 1043



Figure 2. Identifying Auditory Organ Genes

(A) Strategy for gene identification. RNA was extracted from the second antennal segments (a2) of ato1/Df(3R)p13 mutants and ato1/TM3 and Df(3R)p13/TM3

controls and subjected to microarray analysis. Brains of ato1/TM3 controls served as a neuronal control tissue. For each experiment, three biological replicates

were run.

(B) Cluster analysis of the microarray data. The panel is aligned with the scheme in (A).

(C) Comparison of microarray and qRT-PCR data. Points: log2 fold changes in the expression of 15 selected genes in the second antennal segment of ato1/

Df(3R)p13 mutants with respect to those of ato1/TM3 (red) and Df(3R)p13/TM3 (blue) controls (data are presented as mean ± 1 SD, Nmicroarray = 3, NqPCR = 9).

Continuous lines: respective linear regressions (least square). Red line: ato1/Df(3R)p13mutants vs. ato1/TM3 controls, slope = 1.42, Y-intercept = 0.63, R2 = 0.92,

concordance correlation coefficient (ccc) = 0.89. Blue line: ato1/Df(3R)p13 mutants vs. Df(3R)p13/TM3 controls, slope = 1.48, Y-intercept = 0.43, R2 = 0.96, ccc =

0.89. Hatched line: Y = X.

(D) Scatter plots of the microarray data. Each point represents the mean log2 intensity of one transcript (N = 18,769 transcripts, n = 3 replicates). Red lines: linear

regressions (least square). Left: Df(3R)p13/TM3 controls vs. ato1/TM3 controls (regression: slope = 1.0, Y-intercept = 0.0, R2 = 0.98; ccc = 0.99); middle: ato1/

Df(3R)p13 mutants vs. ato1/TM3 controls (regression: slope = 1.0, Y-intercept = 0.09, R2 = 0.95; ccc = 0.97); right: ato1/Df(3R)p13 mutants vs. Df(3R)p13/TM3

controls (regression: slope = 1.0, Y-intercept = 0.02, R2 = 0.96; ccc = 0.98).

(E) Venn diagram depicting the number of transcripts whose expression is significantly reduced in the second antennal segments of ato1/Df(3R)p13mutants when

compared to Df(3R)p13/TM3 and ato1/TM3 controls. The 282 transcripts in the intersection include dual hits for eight genes (Ank2, CG17378, CG8086, dlg1,

Gg30A, MESK2, norpA, Sh).

For the corresponding microarray data, please see Table S2.
hearing (Table S1), we identified tilB (Kavlie et al., 2010) and eys

(Cook et al., 2008) along with iav and nan. Auditory relevant

genes that are missing such as ato, btv, ck, nompB, and ct

(Table S1) are mostly implicated in JO formation and may not

be transcribed in adults. Also nompC, which encodes the fly’s

TRPN1 channel, was not detected, presumably because the

respective microarray probe was directed against the 30 end of

only one isoform (isoform A; Walker et al., 2000), beyond

the stop codon. A gene that was identified is yuri, which is

expressed in a subpopulation of JO neurons and implicated in

gravity sensing (Baker et al., 2007). The list also comprises

at least 13 of the 1,037 zebrafish hair cell genes defined by

McDermott et al. (2007) (Figure 3) and, according to the Homo-

phila database (Chien et al., 2002), every fifth JO gene that we
1044 Cell 150, 1042–1054, August 31, 2012 ª2012 Elsevier Inc.
identified has a human cognate that is implicated in hearing

disorders (Table S4).

Gene Expression in the Auditory Organ
To validate the list of JO genes, we selected 14 genes represent-

ing diverse families and analyzed their expression in the second

antennal segment by in situ hybridization (Figures 4A and 4B).

Genes that were chosen are four phototransduction genes

(Arr2, Gb76C, Rh3, and Rh6), two TRPs (trpl and wtrw), one IR

(Ir75d), one axonemal dynein (Dhc93AB), Bmcp, which encodes

a solute carrier (SLC) family member, Os-C, which encodes

a putative pheromone-binding protein (McKenna et al., 1994),

and the homologs of human outer dense fiber of sperm tails

3-like 2 (ODF3L2) CG8086, human heat shock protein beta-1



Figure 3. Auditory Organ Genes

Selection of JO genes, representing significantly enriched Gene Ontology categories and as well as chordotonal organ, cilium, hair cell, and Drosophila haltere

genes defined by Cachero et al. (2011), Laurençon et al. (2007), McDermott et al. (2007), and Bechstedt et al. (2010), respectively. Light colors indicate channels

and motors whose gene ontology annotation is pending. In the column ‘‘JO expression,’’ + indicates that expression in JO was observed earlier or is supported

by in situ hybridization (is) or promoter-fusion constructs (pf) (Figure 4). In the column ‘‘JO function,’’ + indicates that mutations were found to alter JO function,

and – indicates that no such alterations were detected (Figures 5 and 6). (1)Kim et al. (2003); (2)Gong et al. (2004); (3)Cook et al. (2008); (4)Kavlie et al. (2010); (5)Baker

et al. (2007).

For the entire gene list and respective homologs, see Table S3. For human cognate genes that are implicated in hearing disorders, please see Table S4.
(HSPB1) CG13133, human dyslexia susceptibility 1 candidate 1

(DYX1C1) CG14921, and human signal peptide, CUB domain,

EGF-like 2 (SCUBE2) CG32373 (Table S3). Hybridization to

RNA in antennal sections revealed that all the 14 genes are

expressed in JO, whereas corresponding sense strand controls

gave no hybridization signals (Figure 4B).

To also gain insights into cellular expression patterns, we

again selected nine genes and generated transgenic flies

expressing Gal4 promoter fusion constructs (Figures 4C and

4D). Individual lines were crossed to UAS-2xEGFP reporters

and tested for expression in their second antennal segments.

Genes that were chosen are again Dhc93AB and the DYX1C1

homolog CG14921 as well as the IR Ir94b, the kinesin Klp68D,

the axonemal dynein CG9313, the nicotinamide amidase

Naam, the homolog of human WD-repeat domain 65 (WDR65)

CG4329, the homolog of human zinc finger MYND-type
containing 10 (ZMYND10) CG11253, and CG13636 whose

molecular and biological functions are unknown.

All nine transgenes labeled specific cells of JO (Figure 4B):

Ir94b-Gal4-labeled JO ligament cells that envelope the neurons’

somata and anchor them in the second antennal segment.

Naam-Gal4-labeled JO scolopale cells that wrap the cilia of

the neurons and form an endolymph space. The remaining

transgenes labeled some (CG14921-Gal4, CG11253-Gal4, CG-

13636-Gal4) or virtually all (Dhc93AB-Gal4, CG9313-Gal4,

CG4329-Gal4) JO neurons. All the genes that we selected thus

are expressed in JO.

Gene Requirements for Auditory Organ Function
To determine whether the list includes new genes for hearing, we

selected 42 genes and tested for mutant alterations in JO

function (Figures 5 and 6). Genes were chosen based on the
Cell 150, 1042–1054, August 31, 2012 ª2012 Elsevier Inc. 1045



Figure 4. Gene Expression in the Auditory Organ

(A) Sketch of the antenna indicating the regions shown in (B) (blue box) and (D) (red box).

(B) Gene expression revealed by in situ hybridization with antisense probes and sense strand controls. Scale bar, 50 mm.

(C) Sketch of a chordotonal sensillum depicting its different cell types (bottom, modified from Sarpal et al. [2003]) and location of the sensilla in the second

antennal segment (top, JO neurons depicted in green).

(D) Gene expression patterns in the second antennal segment revealed by driving UAS-2xEGFP via Gal4 promoter-fusion constructs (confocal sections). Frame

colors indicate the identities of the labeled cells (color code as in C). Scale bar, 20 mm.

For a compilation of the expression data, please see Figure S3.
availability of point mutations or transposon insertions (Bellen

et al., 2011). The alleleswtrwE754K, in which a nucleic acid substi-

tution (g2560a, isoform A) leads to the replacement of glutamic

acid by lysine at position 754 (E754K), and CG9313PADEF334P,

in which a deletion of 12 nucleic acids (G1165–T1176) leads to

the loss of four amino acids (P instead of PADEF), were identified

by Tilling (Cooper et al., 2008). Transposons were crossed into

w1118 or y1w67c23 backgrounds and their effects on target gene
1046 Cell 150, 1042–1054, August 31, 2012 ª2012 Elsevier Inc.
transcription were assessed with qRT-PCR (Figures 5B and

S1). To probe JO function, we exposed the flies to pure tones

at the mechanical best frequency of their antennal receiver and

recorded the resulting receiver displacement and compound

action potentials (CAPs) from the antennal nerve (Effertz et al.,

2011) (Figure 5A).

In wild-type (Canton S, Oregon R) and genetic background

(w1118, y1w67c23) strains, sound particle velocities above



�50 mm/s elicited CAPs that reached maximum amplitudes of

�50 mV. Antennal displacements consistently displayed a

compressive nonlinearity that, arising from transducer-based

mechanical amplification by auditory JO neurons (Nadrowski

et al., 2008; Effertz et al., 2011), amplified receiver displacements

�10-fold when sound was faint (Figures 5B, 6A, and 6B).

Sound-evoked CAPs were eliminated bymutations inCG9492

and Dhc93AB, which both encode dyneins, and in the DYX1C1

homolog CG14921 (Figures 5C and 6B). In the respective

mutants, target gene transcripts were absent (CG9492KG02504,

CG14921C247) or strongly reduced (Dhc93ABMB05444), and

mechanical amplification by JO neurons was virtually abolished

with amplification gains of less than 1.5 (Figures 5C and 6B).

Equally low amplification gains were caused by mutations in

Arr2, inaD, Rh5, Rh6, CG6053, and CG11253 (Figures 5D and

6B). In all these latter mutants, residual CAPs persisted, but

the sound particle velocities required to elicit CAPs were signif-

icantly increased. Hence, mutations in 9 (21%) of the 42 genes

severely impair JO function, abolishing mechanical amplification

by JO neurons and strongly affecting their electrical response.

Mutations in 16 (38%) of the 42 genesmoderately impaired JO

function as witnessed by mechanical amplification gains

between 1.5 and 5 (Figures 5E, 5F, and 6B). CAPs thresholds

were significantly increased by mutations in gl, rdgA, trpl, trp,

wtrw, sei, Bmcp, CG9313, Dhc36c, CG4329, and CG13636

(Figures 5E and 6B), but not in CG14636, Ir75a, Ank2, stops,

and CG8086 (Figures 5F and 6B). In several of the mutants,

CAP amplitudes were reduced (Figure 6B).

Excess mechanical amplification with gains greater than 15

characterized Cam5/Camn339 (Nelson et al., 1997) and bw1

mutants (Figures 5G and 6B), in which also CAP thresholds

were slightly, though not significantly, decreased. Their ears

were hypersensitive in that faint sounds induced larger antennal

displacements than in control flies, and their antennae

continuously oscillated spontaneously in the absence of sound

(Figures 6C).

No auditory phenotypes were detected in ninaCMB02664,

norpA7 (Harris and Stark, 1977), golMB03006, Sulf1MB11661, and

CG8419MB06410 mutants, whose antennal mechanics and

CAPs resembled those of controls (Figures S1A and 6B).

This lack of auditory phenotypes is unlikely to reflect a low effi-

ciency of the mutations: phototransduction is eliminated in

norpA7 mutants (Harris and Stark, 1977), and transcript levels

are elevated in golMB03006 mutants, possibly reflecting compen-

satory expression, and strongly reduced in ninaCMB02664,

Sulf1MB11661, and CG8419MB06410 mutants (Figure S1A). Muta-

tions in the remaining ten genes caused mild though significant

alterations in mechanical amplification or electrical responsive-

ness (Figures S1B and 6B), but additional experiments are

needed to confirm these subtle effects. Collectively, the above

analysis documents that mutations in at least 27 (64%) of the

42 genes alter JO sound responses, doubling the number of

auditory relevant Drosophila genes (Table S1).

Auditory Organ Function and Rhodopsins
Mutations in Rh5 and Rh6 strongly impair mechanical amplifica-

tion by—and sound-evoked electrical responses of—JO

neurons (Figures 5D and 6). To gain insights into the auditory
roles of these Rhs, we performed several tests. First, we ex-

pressed a genomic Rh6 rescue construct (Vasiliauskas et al.,

2011) in theRh61mutant background and found that mechanical

amplification and electrical responses are restored (Figure 7A).

Second, in Rh52, Rh61 double mutants (Vasiliauskas et al.,

2011), mechanical amplification was virtually abolished as in

the single mutants; the sound required to evoke CAPs, however,

had to be twice as loud as in the single mutants, documenting

non-redundant mutant phenotypes for different Rhs (Figure 7B).

Third, mechanical and electrical JO responses were also

impaired in santa-maria1mutants, in which the rhodopsin-bound

visual chromophore fails to form (Wang et al., 2007). When wild-

type santa-maria was expressed in the JO neurons of the

mutants, JO function was restored (Figure 7C). Fourth, wild-

type flies reared at 24:0, 12:12, and 0:24 hr light:dark conditions

all displayed normal JO sound responses (Figure 7D), and

stimulating the flies with light did not evoke antennal nerve

responses, indicating that JO function is independent of light.

Fifth, transmission electron microscopy revealed normal JO

anatomies in Rh52, Rh61 double mutants; mechanosensory

relevant structures including the sensory cilia, their rootlets,

and their dendritic caps all seemed normal (Figure 7E), and we

did not detect ultrastructural defects. Sixth, antibodies against

Rh5- and Rh6-labeled JO neurons in wild-type flies but not in

Rh52, Rh61 double mutants (Figure 7F). Labeling was confined

to the cytoplasm of the somata and to the cilia, where it partly

superimposed with antihorseradish peroxidase (HRP) staining

(Figures 7F and 7G). Anti-HRP recognizes sugar residues on

glycoproteins that are transported into the cilia were they are

secreted in two bands into the scolopale space (Figure 7E) (Ma

and Jarman, 2011). These bands, which persisted in Rh52,

Rh61 mutants, where recognized by anti-Rh5 (Figures 7F and

7G). The distal band may be important for partitioning the cilia

(Cook et al., 2008), and beyond this band punctate anti-Rh5 (Fig-

ure 7G) and anti-Rh6 (Figure S2) staining was observed in the

cilia, extending far into their mechanosensitive tips. Seventh, to

test whether Rhs are required for mechanotransduction, we

rapidly deflected the fly’s receiver with force steps and moni-

tored correlates of mechanotransducer gating in its mechanical

response (Figure 7H). Wild-type receivers displayed the charac-

teristic nonlinear gating compliance that associates with

antennal nerve responses and arises from the direct gating of

mechanotransduction channels (Albert et al., 2007; Nadrowski

et al., 2008). This gating compliance was reduced in Rh52 and

Rh61 mutants and virtually abolished in Rh52, Rh61 double

mutants, which was also reflected by the response of the

antennal nerve. Gating compliance and nerve response were

both restored when the genomic Rh6 rescue construct was ex-

pressed in theRh61mutant background, confirming that mecha-

notransducer gating in JO neurons requires Rhs. Apparently,

Rhs facilitate transducer gating in a nonredundant and light-

independent manner in the mechanosensory neurons of JO.

DISCUSSION

Mechano-, photo-, and chemoreceptors are developmentally

specified by bHLH transcription factors across taxa (Fritzsch

et al., 2007). Using the Drosophila JO as an example, we have
Cell 150, 1042–1054, August 31, 2012 ª2012 Elsevier Inc. 1047



Figure 5. Auditory Organ Sound Responses in Controls and Mutants

(A) Experimental paradigm to assess auditory JO function. Flies were exposed to pure tones at the best frequency of their antennal receiver (Table S1) and the

ensuing receiver displacement and CAP response were simultaneously assessed.

(B–G) Blue circles: relative CAP amplitudes (top) and receiver displacements (bottom) as functions of the sound particle velocity in controls (B) andmutants (C–G)

(pooled data from five flies per strain). Relative CAP voltage (V) amplitudes are scaled from 0 to 1 and calculated as ðV � VminÞ=ðVmax � VminÞ: The first panels in

(B)–(G) indicate the average slopes of the CAP (top) and displacement response (bottom) in the respective fly strains as red lines. In controls (B), displacement

responses display a nonlinear regime at intermediate intensities (arrow) that is associated with the dynamic range of the CAPs (hatched lines) and arises from

mechanical amplification by JO neurons. The lines from (B) are repeated as ghost traces in (C)–(G) to facilitate comparisons. Exclamation marks signal loss

and arrows the direction and strength of significant deviations from controls (for significances, see Figure 6B). The absence of significant effects is indicated by

ticks. Figures in the lower panels represent changes in transcript levels (%) with respect to w1118 controls (data are presented as mean ± SD, five technical

replicates each).

(B) Controls. The receiver’s displacement response displays a nonlinear regime at intermediate sound intensities (hatched lines and arrow) that aligns with the

dynamic range of the CAPs and results from mechanical amplification by auditory JO neurons.

1048 Cell 150, 1042–1054, August 31, 2012 ª2012 Elsevier Inc.



Figure 6. Auditory Response Characteristics

(A) Response parameters deduced from the data in Figures 5 and S1. For each individual fly, the gain of the mechanical amplification by JO neurons (top) was

determined as the amplitude ratio (arrow) between the receiver’s upper (green, hatched) and lower (blue) linear regimes. CAP thresholds (middle) were measured

as the particle velocity corresponding to 10% of the maximum CAP amplitude as determined from Hill-fits, and the asymptotic value assumed by the fits was

defined as the maximum voltage amplitude of the CAP response.

(B) Mechanical amplification gains (top), CAP thresholds (middle), and maximum CAP amplitudes (bottom) (data are presented as mean ± 1 SD, n = 5 flies per

strain). Black bars indicate significant differences from controls (p < 0.05, two-tailed Mann-Whitney U tests against the pooled data from controls with Bonferroni

correction for multiple comparisons). White bars indicate the absence of significant effects. Phenotypes are categorized based on their average mechanical

sensitivity gain (<1.5: ‘‘severely impaired’’; 1.5–5: ‘‘moderately impaired’’; >15: ‘‘hypersensitive’’). Average mechanical sensitivity gains between 5 and 15 (green

area, upper panel) are considered ‘‘normal’’ even when significantly different from those of controls, providing a conservative judgment of auditory dysfunction.

(C) Time traces of the free mechanical fluctuations measured at the tip of the antennal arista (left) of a Canton S wild-type fly and Cam5/Cam339n and bw1mutants

(right). In the mutants, the antennal receiver oscillates continuously in the absence of sound.
shown that null alleles of these transcription factors provide

a background against which the genetic repertoire of the respec-

tive receptors can be defined. Ion channels and motors for fly

hearing are identified that, judging from mutant phenotypes,

contribute to auditory signal transduction. Some of the newly

defined genes for hearing are also found in vertebrate cochleae,

extending the genetic parallels between the ears of vertebrates

and flies. In the fly, photo- and chemoreceptor proteins are ex-

pressed in the auditory organ and contribute to sound detection,

adding new levels of complexity to auditory signal processing
(C–G) Mutants. (C and D) JO function severely impaired: the displacement resp

amplification gain <1.5, Figure 6B); CAPs are virtually lost (C) or only evoked by lou

is significantly reduced (average gain between 1.5 and 5) and CAPs are either s

hypersentitive: nonlinear amplification significantly increased (average gain >15)

For mutants with grossly normal JO function, please see Figure S1.
and shedding light on the evolution of ato-dependent receptor

organs and sensory signaling cascades.

Auditory Stimulus Transduction, Axonemal Dyneins,
and TRPs
Force-gated ion channels and adaptation motors are key con-

stituents of auditory transduction modules (Gillespie and Müller,

2009), and their interplay provides mechanical amplification

in the fly’s ear (Nadrowski et al., 2008). The best candidate for

the fly’s auditory transducer is the NOMPC TRPN1 channel,
onse is linearized, documenting the loss of mechanical amplification (average

d sounds (D). (E and F) JO functionmoderately impaired: nonlinear amplification

ignificantly shifted to louder sounds (E) or not significantly altered (F). (G) JO

and CAP sensitivity unaltered. For statistics, see Figure 6.
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Figure 7. Rhodopsins in the Auditory Organ

(A) Genomic expression of wild-type Rh6 (Rh6+)

rescues JO function inRh61mutants, including the

mechanical amplification gain (top) and CAP

thresholds (bottom). Asterisks: p < 0.05 (two-tailed

Mann-Whitney U tests).

(B) Nonlinear amplification is virtually abolished in

single Rh52 and Rh61 and in Rh52, Rh61 double

mutants (top). In the latter flies, CAP thresholds are

twice as high as in the single mutants (bottom).

(C) Impaired JO function in santa-maria1 mutants

is rescued by expressing UAS-santa-maria in JO

neurons using the Gal4 driver JO1 (Kamikouchi

et al., 2009).

(D) JO sound responses are indistinguishable in

Canton S wild-type flies grown at 24:0, 12:12, and

0:24 hr light:dark cycles.

(E) Sketch of a JO sensillum with two sensory

neurons (left) and electron micrographs depicting

sensory cilium structure in Rh52, Rh61 double

mutants (right). Dc, dendritic cap; Sr, scolopale

rods; Ss, scolopale space; Ci, cilia; Bb, basal

bodies; Cr, ciliary rootlets; So, somata. Blue

arrowheads point to two the bands (depicted in

blue) in the scolopale spaces that are recognized

by anti-HRP. Scale bars, 0.5 mm.

(F) Fluorescence labeling of JO in wild-type flies

and Rh52, Rh61 double mutants. Phalloidin labels

the scolopale rods (Sr) that surround the cilia and

anti-HRP labels neuronal membranes. In the wild-

type, anti-Rh5 and -Rh6 specifically label JO

neuron somata and cilia whereas in the mutants

only unspecific labeling is observed. Insets: cross-

sections through the scolopales documenting

colocalization of anti-HRP and anti-Rh5/anti-Rh6.

In the mutants, unspecific anti-RH6 staining

superimposes with phalloidin. Scale bars, 10 mm;

insets 5 mm.

(G) Ciliary localization of Rhs. Row 1: anti-Rh5

staining of inner dendritic segments (arrows). Row

2, arrowheads: anti-Rh5 labeling of the two anti-

HRP-positive bands in the scolopale space de-

picted in (E). Row 3: anti-Rh5 labeling extends

from the distal bands (arrowhead) into the ciliary

tips (arrows). Row 4: Persistence of anti-HRP-

positive bands (arrowheads) in Rh52, Rh61 double

mutants. Scale bars, 10 mm (rows 1, 2, and 4) and

5 mm (row 3). For respective anti-Rh6 staining,

please see Figure S2.

(H) Mechanical correlates of transducer gating.

Relative dynamic stiffness of the antennal receiver

as a function of the external stimulus force (top)

and relative amplitudes of associated CAPs

(bottom) in Canton S wild-type flies, Rh52 and

Rh61 mutants, Rh52, Rh61 double mutants, and

Rh61 mutants expressing wild-type Rh6 (repre-

sentative examples). Relative stiffness ismeasured as the ratio between theminimum dynamic stiffness of the receiver upon external forcing and the steady-state

stiffness the receiver approaches when forcing is maintained. Red arrows highlight the reduced nonlinear gating compliance (top) of mutant receivers and the

associated shift of the nerve response to larger forcing amplitudes (bottom). In the double mutants, gating compliance and CAPs are virtually abolished, and

apparent residual signals largely represent noise.

See Figure S2.
whose Caenorhabditis elegans ortholog is a bona fide mechano-

transduction channel (Kang et al., 2010) and which itself is

essential for mechanical amplification (Göpfert et al., 2006;

Effertz et al., 2011). Because JO neurons are ciliated and
1050 Cell 150, 1042–1054, August 31, 2012 ª2012 Elsevier Inc.
because their cilia seem to bear dynein arms, these cells were

surmised to use axonemal dyneins as adaptation motors (Bech-

stedt and Howard, 2008). Our analysis shows that auditory

phenotypes as reported for nompC nulls (Effertz et al., 2011)



also result from mutations in TRPC (TRP, TRPL) and TRPA

(WTRW) channels, including the loss of mechanical amplification

and sensitive nerve responses. Our analysis also shows that

several axonemal dyneins are expressed in—and essential for

the function of—JO neurons and that mutations in, e.g., the axo-

nemal dynein geneCG9313 lead to auditory defects as observed

in nompC nulls (Effertz et al., 2011). Collectively, our results thus

support axonemal dyneinsas thepresumptiveadaptationmotors

in JO neurons and identify TRP channels (TRP, TRPL, WTRW)

that, judging from their requirements for transducer-basedampli-

fication, contribute to transduction in the ear of the fly.

Genetic Parallels between Fly and Vertebrate Ears
Although JO neurons and hair cells are endowed with different

sensory organelles and presumably use different channels and

motors for auditory transduction and amplification, our analysis

confirms and extends the genetic parallels between the ears of

vertebrates and flies: 89 of the 274 JO genes have vertebrate

homologs (Table S2), and several of these homologs occur in

vertebrate ears: of the 27 auditory relevant JO genes, for

example, calmodulin is found in hair cells where it regulates

transducer adaptation (Walker and Hudspeth, 1996). This adap-

tation actuates active hair bundle motions, which promote—or

contributes to—cochlear amplification in vertebrate ears (Hud-

speth, 2008): low Ca2+ concentrations enhance amplification

and lead to self-sustained hair bundle oscillations (Tinevez

et al., 2007), consistent with the hyperamplification and ringing

caused by mutations in Drosophila Cam. Hyperamplification

also ensues from mutations in bw, which encodes an ATP-

binding cassette (ABC) transporter. ABCs also occur in the

mouse cochlea (e.g., Savary et al., 2007), but whether they

contribute to cochlear function is unclear.

Also TRPC channels are found in vertebrate cochleae and

outer hair cells reportedly express TRPC3 (Raybould et al.,

2007). These cells also display a TRPC-like conductance that

contributes to Ca2+ homeostasis and is activated via diacylgly-

cerol (DAG) (Raybould et al., 2007). We found that mutations in

the Drosophila DAG kinase gene rdgA cause auditory pheno-

types as observed in TRPC channel mutants, and judged from

the RIKEN full-length enriched cDNA library (Okazaki et al.,

2002) a related DAG kinase, DGKZ, is expressed in the mouse

inner ear (NCBI, library dbEST 9974). The same library also

includes ZSCAN22, the homolog of gl, mutations in which impair

JO function. DYX1C1, the homolog of the newly defined

Drosophila deafness gene CG14921, in turn, is present in the

Wackym-Soares normalized rat vestibular cDNA library (Roche

et al., 2005; NCBI, library dbEST 16641), which also includes

Ank2 and the Arr2 homolog Arrb1. DYX1C1 is also expressed

in the zebrafish otic vesicle (Thisse and Thisse, 2004), as is

zgc:63660, the zebrafish homolog of the Drosophila deafness

gene CG11253. Several of the fly genes for hearing thus seem

present in vertebrate cochleae, putting forward new candidates

for auditory relevant vertebrate genes.

Hearing with Chemo- and Photoreceptor Proteins
and Sensory Organ Evolution
ato, apart from specifying chordotonal organs, directs the forma-

tion of Drosophila photoreceptors and chemosensory coelo-
conic sensilla (Jarman et al., 1994, 1995; Gupta and Rodrigues,

1997). All these receptors are thought to have evolved from

an ato-dependent ‘‘protosensory’’ organ that presumably con-

sisted of chordotonal sensilla because they are serially arranged

along the body and distributed widely among arthropod groups

(Niwa et al., 2004). Photoreceptors detect light with Rhs and

coeloconic chemoreceptors detect volatile chemicals with IRs

(Benton et al., 2009). The moderate auditory defects caused by

mutations in IRs, along with the expression of Ir94b in JO sup-

porting cells, suggest that these ion channels indirectly modulate

JO neuron function, possibly by contributing to ion homeostasis

in JO. Rhs, by contrast, are expressed in JO neurons and their

disruption gravely impairs neuron function. Equally severe

phenotypes result from the disruption of INAD, which holds

together the fly’s visual transduction complex (Chevesich

et al., 1997; Scott and Zuker, 1998). Judging from our analysis,

many components of this complex are expressed in JO, and

Rhs occur in JO cilia and are required for proper mechanotrans-

duction channel gating. Rhs, apart from sensing photons, have

recently been put forward as thermosensors, documenting that

they serve sensory functions other than detecting light (Shen

et al., 2011). The involvement of IRs and Rhs in mechanosensory

chordotonal organ function now suggests that these proteins

already served roles in sensation before chemo- and photore-

ceptors have diversified. Given the presumed closeness of the

‘‘protosensory’’ organ and chordotonal organs (Niwa et al.,

2004), we anticipate that dissecting IR and Rh functions in JO

may help defining archetypical roles of these proteins, with the

prospect of gaining a molecular understanding of how sensory

modalities and signaling cascades evolved.

EXPERIMENTAL PROCEDURES

Flies were maintained according to German Federal regulations (license

Gen.Az 501.40611/0166/501).

Gene Expression

The second antennal segments were isolated using microscissors, and their

total RNA was amplified using a two-cycle protocol. cRNA was hybridized

with Affymetrix Drosophila Genome 2.0 arrays. Gene Profile Analysis Suite

(GEPAS, v. 4.0) was used for analysis (Herrero et al., 2003). qRT-PCRs were

carried out with a MyiQ Single Color Real-Time PCR Detection System

(BioRad). DIG-labeled (Roche DIG RNA Labeling Mix) riboprobes were gener-

ated by cloning gene specific cDNA fragments into the Invitrogen PCRII-TOPO

Vector. Gene specific promoter-Gal4 transgenes were generated using the

pPTGAL vector (Sharma et al., 2002). Confocal microscopy was carried out

using a Leica TCS SP2 microscope.

Ultrastructure and Function

Electronmicroscopy was carried out on ultrathin sections using a Zeiss EM900

microscope. Antennal displacements were measured with a Polytec PSV-400

laser Doppler vibrometer, and resulting CAPs were recorded with a tungsten

electrode inserted into the antenna’s base. Antennae were actuated acousti-

cally (Göpfert et al., 2006) and, to identify correlates of transducer gating,

with electrostatic force (Albert et al., 2007).

ACCESSION NUMBERS

The complete microarray data is available from ArrayExpress (http://www.ebi.

ac.uk/arrayexpress) under the submission name ‘‘Drosophila Johnston organ

genes’’ (E-MEXP-3609).
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