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Prestin, the fifth member of the anion transporter family SLC26, is
the outer hair cell molecular motor thought to be responsible for
active mechanical amplification in the mammalian cochlea. Active
amplification is present in a variety of other auditory systems, yet
the prevailing view is that prestin is a motor molecule unique to
mammalian ears. Here we identify prestin-related SLC26 proteins
that are expressed in the auditory organs of nonmammalian
vertebrates and insects. Sequence comparisons revealed the pres-
ence of SLC26 proteins in fish (Danio, GenBank accession no.
AY278118, and Anguilla, GenBank accession no. BAC16761), mos-
quitoes (Anopheles, GenBank accession nos. EAA07232 and
EAA07052), and flies (Drosophila, GenBank accession no.
AAF49285). The fly and zebrafish homologues were cloned and, by
using in situ hybridization, shown to be expressed in the auditory
organs. In mosquitoes, in turn, the expression of prestin homo-
logues was demonstrated for the auditory organ by using highly
specific riboprobes against rat prestin. We conclude that prestin-
related SLC26 proteins are widespread, possibly ancestral, constit-
uents of auditory organs and are likely to serve salient roles in
mammals and across taxa.
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he mammalian cochlea achieves its sensitivity and frequency

selectivity by a process of active mechanical amplification
that is based on voltage-dependent contractions of outer hair
cells (for reviews see refs. 1-5). A molecular motor driving this
cellular electromotility has been identified recently to be prestin,
a membrane-based molecule that seems to change its confor-
mation in a voltage-dependent way (6-9).

Apart from mammals, active mechanical amplification also
improves hearing in other animals, i.e., lower tetrapods (for
reviews see refs. 10 and 11) and insects (12, 13). In these animals,
mechanical amplification is deemed to involve motor mecha-
nisms other than prestin; proposed candidate motors include
myosin-based adaptation motors and Ca?>*-dependent reclosure
motions of mechanotransduction channels in lower tetrapods
(11), whereas microtubule-dependent, ciliary motors have been
indicated to bring about active mechanical amplification in the
auditory systems of insects (13). Hence, different taxa may have
solved the need for sensitive hearing in analogous ways, with the
prestin motor being an evolutionary innovation unique to the
mammalian cochlea.

Prestin, encoded by 18 exons, shows highest homology to other
members of the newly discovered solute carrier (SLC) anion
transport family SLC26 within the sulfate transport region
between residue 98-135 (6). Amino acid sequence and gene-
structure analysis identified prestin to be the fifth member of this
family (prestin, SLC26AS5) (14). Apart from prestin, this family
includes, among others, pendrin (PDS, SLC26A4) (15), down-
regulated in adenoma (DRA, SLC26A3) (16), diastrophic dys-
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plasia sulfate transporter (DTDST, SLC26A2) (17), and
SLC26A6 (18). Functionally, SLC26 proteins have been pro-
posed to serve as chloride-iodide transporters, Cl-/HCO;5
exchangers, or sulfate transporters and, in the case of prestin,
motors (9, 14).

Using a 723-bp clone derived from the rat prestin cDNA
sequence covering the deduced amino acids between exons 11
and 18, we have generated riboprobes for in situ hybridization.
In the cochlea of rats, these probes selectively detect prestin (19)
but not pendrin and members of another SLC family, the SLC4
family, of which AE1 (SLC4Al), AE2 (SLC4A2), and AE3
(SLC4A3) are expressed within the cochlea of rats (20-23).
Interestingly, this highly specific riboprobe displayed positive
hybridization in the auditory organ of mosquitoes, the Johnston’s
organ, which consists of thousands of radially arranged multi-
cellular mechanoreceptor units (12). Therefore, we started to
search genome databases for homologous sequences in mosqui-
toes and other species. Sequence alignment and gene cloning
revealed prestin-homologous transcripts in nonmammalian ver-
tebrates and insects. The transcripts were identified to be
members of the SLC26 family and to be expressed in the auditory
organs. These findings highlight the ubiquity of SCL26 proteins
in auditory systems and raise the question about their functional
roles in audition.

Materials and Methods

Animals. Wistar rats and C57BL/6 mice were purchased from
Charles River Breeding Laboratories. Adult zebrafishes (Danio
rerio) were obtained from a local supplier. Animals of the
mosquito species Toxorhynchites brevipalpis and fruit flies Dro-
sophila melanogaster (Oregon R) were taken from laboratory
cultures. Animal experiments followed approved institutional
protocols at the University of Tiibingen (Tibingen, Germany).

Tissue Preparation. For in situ hybridization of postnatal cochleae
of rats and mice, cochleae were isolated, fixed, decalcified, and
cryosectioned as described (24, 25). For in situ hybridization of
fly and mosquito antennae, heads were dissected and embedded
in Tissue-Tek OCT compound (Sakura, Zoeterwoude, The
Netherlands). The macular organs of the lagena and sacculus of
zebrafish were dissected, fixed in 2% paraformaldehyde for 10
min, washed in PBS, and embedded. Cryosections were per-
formed as described (24, 25).
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Cloning and Sequencing of the Drosophila Prestin Homologue. For
mRNA isolation, heads of adult D. melanogaster were dissected
and immediately frozen in liquid nitrogen. The heads of up to 30
adult flies were pooled and stored at —70°C before use. mMRNA
was isolated and reverse-transcribed as described (19). By using
the oligonucleotide primer DroF2 (5'-CAAAATGCCTAGT-
GATAAAGAAAGTCCAG-3"), spanning the region from nu-
cleotides 179,547-179,575 deduced from the original D. mela-
nogaster CG5485 sequence (FlyBase FBgn0036770), in
combination with either the downstream primer DroR2 (5'-
CATATTCCACACAATCGTGCAGGGTG-3', nucleotides
181,987-182,012) or DroEcoRVR (5'-AGAGGAAGGTA-
GATATCCATGTGAAC-3', nucleotides 181,308-181,333), a
2.21-kb and a 1.60-kb fragment of the CG5485 gene were
amplified by PCR (annealing temperature, 55°C; number of
cycles, 40). Both fragments were cloned into the pCRII TOPO
Vector (Invitrogen) following manufacturer instructions.

Cloning and Sequencing of the Zebrafish Prestin Homologue. For
mRNA isolation, the lagena and sacculus of adult D. rerio were
dissected by using a stereomicroscope. Tissues were frozen
immediately in liquid nitrogen. Tissues of six animals were
pooled and mRNA was isolated and reverse-transcribed as
described (19). By using the oligonucleotide primer DanF1
(5'-TGCAGCCATGGAGCACGTAACTGTTAG-3") deduced
from nucleotides 30,585-30,559 of the D. rerio genomic sequence
2065031971 (Ensembl Zebrafish Genome Browser, D. rerio,
Assembly 06) together with the primer DanR4 (5'-CATCCCG-
TATGAGATACCAGTGGACAC-3', nucleotides 22,474-
22,500) and the primer combination DanF3 (5'-GTGTCCACT-
GGTATCTCATACGGGATG-3’, nucleotides 22,474-22,500)
and DanR1 (5'-ATGAGGTCAGGGGTCACAGGCTCACTG-
3’, nucleotides 13,975-14,001), two overlapping fragments span-
ning 2,151 bp of coding sequence altogether were amplified by
PCR (annealing temperature, 60°C; number of cycles, 40) and
cloned as described for the Drosophila gene product CG5485.

Riboprobe Synthesis and in Situ Hybridization. /n situ hybridization
with prestin-specific riboprobes in vertebrates was performed as
described in ref. 19. For Drosophila-specific riboprobes, the
1.6-kb CG5485-PA cDNA fragment was used for in vitro tran-
scription as described for the prestin-specific riboprobe. Sections
of D. melanogaster heads were postfixed with 2% paraformal-
dehyde for 15 min and washed in PBS. In situ hybridization was
performed as described (24, 25).

Sequence Analysis. Sequence analysis was performed by using
programs in the Sequence Manipulation Suite (http://
bioinformatics.org/sms/index.html), the ADVANCED GENEBEE
CLUSTALW 1.75 (http://dronel.genebee.msu.su/clustal/ad-
vanced.html), the ExXPASy TRANSLATE TOOL (wWww.expasy.org/
tools/dna.html), the BLAST services (www.ncbi.nlm.nih.gov/
blast/), the Ensembl Zebrafish and Mosquito Genome Browser
(www.ensembl.org) as well as the FlyBase BDGB BLAST server
(http://flybase.bio.indiana.edu). Pairwise alignments were ob-
tained with the CLUSTALW program, and the identity scores were
represented graphically in a dendrogram.

Results

Prestin-Specific Riboprobes Detect Mechanosensory Cells in the Hear-
ing Organs of Rodents and Mosquitoes. Using the 723-bp cDNA
clone of rat prestin (19) for synthesis of digoxigenin-labeled
riboprobes covering residues 465-704 of the deduced amino
acids of rat prestin, we localized prestin mRNA in cochleae of
rats and mice (Fig. 1 4 and B). Hybridization confirmed the
exclusive expression in outer hair cells previously described for
rats (19). No hybridization signals were detected with corre-
sponding sense probes (data not shown).
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Fig. 1. Expression of mRNA in cross sections of rat cochlea at postnatal day
10 (A), mouse cochlea at postnatal day 7 (B), and the mosquito T. brevipalpis
(Cand D) using in situ hybridization with rat prestin-specific riboprobes. Note
the restricted localization of prestin mRNA to the outer hair cells (OHC) in rat
and mouse cochlea (three arrows in row). IHC, inner hair cell. (C) In cross
sections of T. brevipalpis antennae, hybridization signals occur in the second
antennal segment (pedicel). (D) Higher magnification of positive signals lo-
calizes hybridization to chordotonal sensilla, the auditory mechanosensory
units of Johnston’s organ (JO). (E and F) No signals were observed with the
sense probe.

To assess whether prestin is unique to the mammalian cochlea,
we used rat prestin riboprobes to test hybridization in a mos-
quito, i.e., T. brevipalpis, a species that reportedly uses mechan-
ical amplification to improve the sensitivity of its antennal ears
(12). Positive hybridization signals were detected in the chor-
dotonal mechanosensory units of Johnston’s organ, the auditory
sense organ in the antenna (Fig. 1 C and D), whereas sense
probes failed to show positive signals (Fig. 1 E and F).

Apparently, these insects express a prestin homologue in their
hearing organs, with sequence similarities within the region
between exons 11 and 18 (amino acids 465-704) of mammalian
prestin. We therefore searched for prestin-homologous genes in
insects and nonmammalian vertebrates choosing two different
strategies. First, we screened available genome databases for
sequences homologous to the deduced amino acids spanning the
region of the rat prestin riboprobe. Second, we cloned the
presumptive prestin-homologous genes identified in Danio and
Drosophila to investigate their expression in auditory organs.

Sequence Alignments Among Various Species. By using the deduced
amino acid sequence 465-704 of the rat prestin gene [Rattus
norvegicus, GenBank accession no. NP_110467 (Rat_SLC26A5)],
BLAST algorithms of the NCBI, Ensembl, and FlyBase genome
browsers identified related sequences in D. rerio [genomic
sequences z06s031971 (Zebrafish_-I) and z06s015490
(Zebrafish_11)], Anguilla japonica [GenBank accession no.
BAC16761 (Eel)], Anopheles gambiae [GenBank accession no.
EAA07232, predicted gene product agCP10636 (Mosquito_I),
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Fig. 2.

Sequence comparison and phylogenetic relationship of prestin-homologous genes. (A) Predicted amino acids 471-517 of rodent prestin (rat, mouse,

and gerbil), which are part of our rat-specific prestin riboprobe, are aligned with deduced amino acids of DNA from different species (zebrafish, eel, mosquito,
and fruit fly; boxed) as well as with representative members of the SLC26 family. (B) Alignment of rodent prestin (SLC26A5) with the same species within the
highly conserved sulfate anion transport motif (amino acids 98-135). Identical amino acids (*) are shown in white type on a black background, strongly similar
amino acids (:) are shown in white type on a gray background, and weakly similar amino acids (.) are shown in black type on a gray background. No identity or
similarity is not highlighted. (C) The relationship between prestin-homologous genes from different species and from a selection of representative members of
the SLC26 family. For the generation of the phylogenetic tree, the alignment shown in A was used.

and EAAO07052, predicted gene product agCP7199
(Mosquito_IT)] and D. melanogaster [GenBank accession no.
AAF49285, predicted gene product CG5485-PA (Fruit fly)].
Alignment between these sequences and the best-matching
amino acids stretches between 471 and 517 of rodent prestin
SLC26AS5 [R. norvegicus NP_110467 (Rat_SLC26AS5); Mus mus-
culus, GenBank accession no. AAG59999 (Mouse_SLC26A5);
Meriones unguiculatus, GenBank accession no. AAF71715
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(Gerbil_.SLC26A5)] are shown in Fig. 24 (highlighted in gray).
To further specify the identified gene sequences, the alignment
was extended to the other members of the SLC26 family
(A1-A9) (Fig. 2 A and C). Homology searches within the
Ensembl Zebrafish Genome Database identified a best-
matching region spanning translated nucleotides 18,884-18,783
and 18,481-18,410 of the Zebrafish_I sequence. The correspond-
ing deduced amino acid residues are illustrated (Fig. 24), with

Weber et al.
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Fig.3. Sequence alignment of the predicted amino acid sequence of the Drosophila CG5485 and the D. rerio Zebrafish_l gene product with rat prestin. Identical
amino acids are shown in white type on a black background, strongly similar amino acids are shown in white type on a gray background, and weakly similar amino
acids are shown in black type on a gray background. Rat prestin and Drosophila_CG5485 share an identity of 26.5%, a strong similarity of 49.4%, and a weak
similarity of 61.4%. Rat prestin and Zebrafish_I share an identity of 49.8%, a strong similarity of 68.4%, and a weak similarity of 76.6%. The conserved sulfate
anion transport motif is boxed (compare with Fig. 2B); the region with highest homology within the rat prestin riboprobe is dot-boxed (compare with Fig. 2 A).
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numbers referring to the transcripts cloned in this study. A
sulfate anion transport motif with high homology to the rat
prestin amino acid sequence 99-136 was detected between the
translated nucleotides 27541-27428, indicated as 99-136 (Fig.
2B, Zebrafish_I). This alignment identified the Zebrafish_I gene
product to be closely related to prestin (SLC26AS) of rat, mice,
and gerbil (Fig. 2C, Zebrafish I), whereas another related
genomic zebrafish sequence derived from Zebrafish_II (Fig. 2 A
and B) best matches rodent SLC26A2 (Fig. 2C).

Homology screening was extended to other species including
freshwater eel A. japonica, the mosquito A. gambiae, and the
fruit fly D. melanogaster. Again database analysis revealed
best-matching sequences, which in all cases belonged to genes
thus far uncharacterized. In the eel A. japonica a BLAST search
identified the gene product Eel (Fig. 2.4 and C), which is closest
to Mouse_SLC26A6 (GenBank accession no. AAL13129; Fig. 2
A and C, Mouse_SLC26A6). In mosquitoes, the Ensembl Mos-
quito Genome Browser highlighted two related gene products,
Mosquito_I and Mosquito_II (Fig. 24). Both products exhibit the
sulfate anion transport motif (Fig. 2B, Mosquito_I, _II). In
Drosophila, the FlyBase BDGB BLAST server identified the gene
product Fruitfly (Fig. 24), again a gene endowed with the sulfate
anion transport motif (Fig. 2B).

As expected for SLC26 members, all the gene products
identified in fish and insects displayed the sulfate transporter and

Weber et al.

anti-sigma-factor antagonist domain (STAS) characteristic for
this family (26). When sequences taken from the sulfate trans-
porter motif (Fig. 2B) or full-length amino acid sequences of
SLC26 members in all species shown in Fig. 2C were used for the
generation of a dendrogram, a similar topography was observed
(data not shown).

Cloning and Analysis of a Prestin Homologue in Drosophila. To
analyze the expression of the SLC26 member of D. melanogaster,
we cloned the predicted gene product CG5485-PA as described
in Materials and Methods. Sequence analysis with the FlyBase
BDGB BLAST server predicted an ORF of 2,484 bp encoding a
742-aa protein. A fragment of 2.21 kb and a fragment of 1.6 kb,
both displaying complete identity with the corresponding nucle-
otides from the predicted gene product CG5485-PA, were
cloned. The 2.21-kb fragment encodes amino acids 1-735 of the
742 predicted amino acids. Within the ORF, homology to
SLC26AS5 was found (Fig. 3), especially in regions 98-135 (Fig.
2B) and 471-517 (Fig. 24) of the rat prestin amino acid
sequence. A sulfate transporter and anti-sigma-factor antagonist
domain (STAS) between amino acids 587-709 further confirmed
the gene to be an SLC26 member.

During the cloning of the CG5485-PA, an additional 400-bp
band was recurrently obtained from RT-PCR amplification,
indicating the presence of an alternatively spliced form of the
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gene. The transcript was cloned and sequenced. The transcript
encodes a CG548S5 subtype with a deletion of 1,855 nucleotides,
affecting the deduced amino acids 8—627 and, possibly, leading
to a truncated form of the protein.

Cloning and Analysis of a Prestin Homologue in D. rerio. To examine
the expression of the putative zebrafish prestin-homologous
gene referred to as Zebrafish_I, we derived primers from the
genomic sequence z06s031971 (Ensembl Zebrafish Genome
Browser) and isolated mRNA from the hearing organ (lagena
and sacculus) for RT-PCR. Two overlapping fragments of 2,151
bp were cloned that encode an ORF for a protein of 714 aa.
Sequence analysis with the Ensembl Genome Server revealed
these transcripts to be identical with the respective gene encoded
in the genomic sequence z06s031971. An alignment between the
2,151-bp fragment and the genomic sequence indicated the
presence of at least 15 exons (data not shown). The nucleotide
sequence of the 2,151-bp transcript was submitted to GenBank
(accession no. AY278118). The cloning of the uttermost 3" end
containing a stop codon has not been completed yet. The
homologies between the 2,142-bp sequence transcribed, starting
with a putative ATG codon (M) at base pair 8, rat prestin and
the Drosophila gene product CG5485 are shown in Fig. 3. Again,
the assignment of this gene to the SLC26 family was additionally
supported by the presence of a sulfate transporter and anti-
sigma-factor antagonist domain (STAS) (Fig. 3, amino acids
650-711). Between rat prestin and Zebrafish_I, we observed an
identity of 49.8%, a strong similarity of 68.4%, and a weak
similarity of 76.6%.

Prestin-Homologous mRNA in Sensory Systems of Zebrafish and D.
melanogaster. To evaluate whether either rat prestin or its
Drosophila homologues display hybridization in the auditory
organs of any of the other animals examined, iz situ hybridization
studies were performed by using riboprobes of in vitro-
transcribed 1.6-kb cDNA fragments of Drosophila CG5485-PA
along with rat prestin cDNA riboprobes.

Rat-derived prestin riboprobes, but not Drosophila-derived
riboprobes (data not shown), detected reactive cells distributed
within the sensory epithelium of the zebrafish lagena (Fig. 4B),
whereas appropriate sense probes were negative (Fig. 4B Inset).
In turn in Drosophila, Drosophila CG5485-specific riboprobes
but not rat prestin-specific riboprobes showed hybridization with
the chordotonal sensilla of Johnston’s organ (Fig. 4 C and D),
localized in the second antennal segment, the pedicel (Fig. 4C),
neighboring the third antennal segment, the funiculus (Fig. 4C).
Furthermore, Drosophila CG5485-specific riboprobes strongly
crosshybridized with mRNA within the pedicel of the mosquito
T. brevipalpis (Fig. 4E). Hybridization signals appear within the
Johnston’s organ (Fig. 4 E and F). Radially arranged hybridiza-
tion signals (Fig. 4F) suggest the localization within the radially
arranged mechanoreceptor units. Sense probes gave no hybrid-
ization signals (Fig. 4 D and F Insets).

Discussion

Prestin (SLC26A5) (14) is a motor protein specific to cochlear
outer hair cells and thought to be responsible for active me-
chanical amplification in mammalian ears (6-9). Beside prestin,
pendrin (SLC26A4) (15) is a member of the SLC26 family,
displaying a defined expression pattern in the developing cochlea
different from that of prestin. Thus far no further members of the
SLC26 family have been identified in mechanosensitive organs,
neither in mammals nor in nonmammalian vertebrates or insects.
This study establishes the presence of SLC26 members for the
auditory sense organs of nonmammalian vertebrates, i.e., teleost
fish and insects, documenting that SLC26 proteins occur in a vast
variety of ears.
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Fig. 4. (A) Toluidin blue-stained section showing the sensory epithelium of

the zebrafish lagena. (B) In situ hybridization with rodent-specific prestin
riboprobes detects the mRNA encoding an SLC26A-homologous transcript in
the sensory epithelium of the lagena of the zebrafish. (Inset) No signal was
visible with the appropriate sense riboprobe. In situ hybridization with Dro-
sophila CG5485-specific riboprobes detects reactive cells within the Johnston’s
organ (JO) in the second segment of antennae (pedicel) of D. melanogaster (C
and D) and of the mosquito T. brevipalpis (E and F). (D and F Insets) Sense
probes gave no signals.

Sequence alignment and comparative analysis (Fig. 24 and C)
show that the members of the SLC26 family identified in insects
constitute a separate branch of the family tree, whereas those of
fish cluster with pendrin (Eel), diastrophic dysplasia sulfate
transporter (Zebrafish_II), and prestin (Zebrafish_I). This divi-
sion seems to be reflected in the number of exons, which is small
in insects and mammalian SLCA1/A2 (=3 exons) but consid-
erably higher for Zebrafish.I (=15 exons) and mammalian
pendrin and prestin (>18 exons) (14, 27). The insect branch is
evolutionarily interesting. First, although the ears of insects and
vertebrates have evolved independently, their auditory mech-
anosensors (chordotonal sensilla and hair cells, respectively) may
share a common evolutionary origin (28). Such a scenario is
supported by the fact that homologous genes control the devel-
opments of these sensors (29) and may explain the presence of
closely related SLC26 members in insect and vertebrate ears.
Second, because insects reportedly use active mechanical am-
plification to improve the sensitivity of their ears (12, 13), the
identification of SLC26 members in insect auditory systems
raises the possibility that these ears are endowed with prestin-
like motors.

The closest relative of prestin was identified in fish. Evolu-
tionarily, the auditory organs of teleost fish (sacculus and lagena)
and mammals (cochlea) can be traced back to a single evolu-
tionary origin (30). With an amino acid sequence identity of
49.8%, Zebrafish_I is closer to rat prestin than any other known
member of the mammalian SLC26 family (rat pendrin, 36.4%
identity). Notably, unlike tetrapods and insects, fish are not
known to improve audition by active mechanical amplification.
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Physiological evidence, however, indicates that their hair cells
can be motile. The hair bundles of fish hair cells have been
observed to move both spontaneously and in response to elec-
trical stimulation (31), similar to the mechanically active hair
bundles of lower tetrapods (11). Such a form of cellular motility
is notably different from the prestin-mediated contractions of
mammalian outer hair cells, indicating that motors other than
prestin are involved. Conversely, the identification of a close
prestin homologue in the auditory system of fish suggests that
prestin-like motors may be at work. Clearly, future molecular
and functional studies are required to resolve this apparent
conundrum. The presence of prestin-related SLC26 members in
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genetically accessible animals such as zebrafish and fruit flies
may help resolving which motors are at work in ears and what
their respective contributions are to the process of hearing.
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