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Abstract
The gut and Malpighian tubules of insects are the primary sites of active solute and water transport
for controlling hemolymph and urine composition, pH, and osmolarity. These processes depend on
ATPase (pumps), channels and solute carriers (Slc proteins). Maturation of genomic databases
enables us to identify the putative molecular players for these processes. Anion transporters of the
Slc4 family, AE1 and NDAE1, have been reported as HCO3

− transporters, but are only part of the
story. Here we report Dipteran (Drosophila melanogaster (d) and Anopheles gambiae (Ag)) anion
exchangers, belonging to the Slc26 family, which are multi-functional anion exchangers. One
Drosophila and two Ag homologues of mammalian Slc26a5 (prestin) and Slc26a6 (aka, PAT1,
CFEX) were identified and designated dPrestin, AgPrestinA and AgPrestinB. dPrestin and
AgPrestinB show electrogenic anion exchange (Cl−/nHCO3

−, Cl−/SO4
2− and Cl−/oxalate2−) in an

oocyte expression system. Since these transporters are the only Dipteran Slc26 proteins whose
transport is similar to mammalian Slc26a6, we submit that Dipteran Prestin are functional and
even molecular orthologues of mammalian Slc26a6. OSR1 kinase increases dPrestin ion transport,
implying another set of physiological processes controlled by WNK/SPAK signaling in epithelia.
All of these mRNAs are highly expressed in the gut and Malpighian tubules. Dipteran Prestin
proteins appear suited for central roles in bicarbonate, sulfate and oxalate metabolism including
generating the high pH conditions measured in the Dipteran midgut lumen. Finally, we present
and discuss Drosophila genetic models that integrate these processes.
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Introduction
Ionic homeostasis is essential for all organisms to keep basic physiological functions.
Compartmentalization of function is a second key concept of biology- at the level of organ
systems, tissue, cells and even organelles. Regulating ion composition in these biological
compartments is essential for proteins to act appropriately for establishing highly organized
systems, and facilitating biological control: (a) of what moves into and out of the
compartment; (b) sequestration and control of potentially toxic molecules needed for energy
metabolism (e.g., O2, transition metals, H+, SO4

2−, oxalate2−, etc) ; (c) controlling rates of
ion/solute movements. To achieve these functions, ion and solute transporters and channels
are tightly regulated. Many of these functions are the domain of several kinds of proteins
including solute carriers, known as Slc-proteins1. Active transport of ions by ATPases
(pumps) maintains ionic gradients, while the presence and open probability of ion channels
set membrane potentials. Secondary active transporters (i.e., Slc transporters) utilize one or
more aspects of the membrane electrochemical gradient (individual [solute] gradient or
electrical gradient, i.e., membrane potential, Vm) to specifically move ions and solutes into
and out of the cellular compartments (for details and derivation, see (Romero et al., 2009)).
The insect gut and Malpighian tubules carry out some of the most vital functions for
maintenance of the solute composition, pH and osmolarity of the haemolymph within an
appropriate range. At the same time, insect luminal pH of the gut (particularly the midgut) is
also tightly regulated and shows high pH (> 10.0) (Boudko et al., 2001a), in part for the
effective digestion of food. These findings indicate that insect gut is a place for active
transport of ion, solute and water. This transport is performed by various Slc proteins, they
are often poorly understood at molecular level, even in Diptera (Drosophila and Anopheles).
However, the rapid increase in genomic information facilitates in silico identification of
potential genes: Na+/K+-ATPase, V-ATPase, Na+/H+ antiporter (NHA) (Xiang et al., this
issue), anion exchanger (AE) (Linser et al., this issue), Na+-driven Cl− HCO3

− exchanger
(NDAE1) (Romero et al., 2000b), etc. This study adds one more candidate molecule for
understanding insect gut and Malpighian tubules physiology.

The Slc26 family contains multifunctional and highly versatile anion exchanger and channel
proteins with intriguing roles in normal physiology and human pathophysiology (Dorwart et
al., 2008; Mount and Romero, 2004a; Sindic et al., 2007). The human SLC26 transporter
family consists of eleven members, with SLC26A10 likely being a pseudogene (Mount and
Romero, 2004a). Among these members, three SLC26 genes are associated with human
disease: SLC26A2 (DTDST), chondrodysplasis; SLC26A3 (DRA, CLD), congenital
chloride-losing diarrhea; and SLC26A4 (Pendrin), Pendred syndrome and hereditary
deafness (reviewed in (Mount and Romero, 2004a)). Most of the Slc26 proteins function
primarily as anion exchangers transporting a wide variety of monovalent and divalent anions
(sulfate, chloride, iodide, formate, oxalate, hydroxyl ion, and bicarbonate) (Kato and
Romero, 2011; Mount and Romero, 2004a), whereas other Slc26 proteins function as
chloride ion channels or anion-gated molecular motors (Dorwart et al., 2008; Mount and
Romero, 2004a; Sindic et al., 2007). Slc26a6 is a well-characterized member, mediating Cl−/
HCO3

−, Cl−/SO4
2−, Cl−/oxalate2− and Cl−/formate− exchange. Slc26a6 is widespread and

1“Slc” is HUGO nomenclature for Solute Leak Carrier. The convention is that human genes/proteins are designated “SLC#” and non-
human genes/proteins are designated “[organism]Slc#.” The # refers to the particular gene/protein family (51 presently known)
followed by “a*” where “*” particular gene/protein in the family. See http://www.bioparadigms.org/slc/menu.asp for details.
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apically located in gut and renal epithelia. Because of these features, Slc26a6 can be
involved in several physiological events, such as Cl− absorption and HCO3

− secretion of
pancreatic duct epithelia, sulfate absorption and bicarbonate secretion of intestinal epithelia,
and oxalate excretion at intestine and renal tubules. Slc26a5, also known as prestin, is
expressed in the outer hair cells (OHCs) of cochlea in the mammalian ear (Zheng et al.,
2000) and involved in the auditory sensory system. Unlike other Slc26 transporters,
mammalian Slc26a5 does not function as a transporter but rather as an anion- and voltage-
sensitive molecular motor which alters OHC shape in response to Vm changes, i.e., the basis
for cochlear amplification (Oliver et al., 2001). By contrast, non-mammalian Slc26a5
proteins (chicken and zebrafish) possesses Cl−, SO4

2− and oxalate2− transport activity
(Schaechinger and Oliver, 2007).

The present manuscript reports the molecular cloning, phylogeny, localization and function
of the first Dipteran (Drosophila and Anopheles gambiae) Slc26 members. Specifically, we
report the localization pattern of their mRNA transcripts for dPrestin and AgPrestin.
Dipteran Prestin function as Cl− exchange systems for HCO3

−, oxalate2−, SO4
2− and

formate. Potential signaling control via WNK/SPAK/OSR1 kinases and new Drosophila
tools are discussed.

Results
Identification of candidate Dipteran HCO3− transporters

Presently there are 51 solute-leak carrier families (SLC) containing 378 transporter genes
(categorized in the Human Genome Organization (HUGO) Nomenclature Committee
Database (http://www.genenames.org/ and http://www.bioparadigms.org/slc/menu.asp)
(Hediger et al., 2004). In these SLC families, SLC4 (Romero et al., 2004) and SLC26
(Mount and Romero, 2004b) contain mammalian HCO3

− transporters. We therefore
searched the Drosophila melanogaster genomic database for the orthologues of SLC4 and
SLC26 family members and found two Slc4 and nine Slc26 homologues (Table 1). The
Drosophila Slc4 proteins (CG4675/NDAE1 and CG8177) are summarized with human
SLC4 members in the phylogenetic trees (Fig. 1A). Romero and coworkers functionally
characterized CG4675 as a Na+-driven bicarbonate/chloride exchanger (NDAE1) (Romero
et al., 2000a). By contrast, there are nine Drosophila Slc26 homologues. All Drosophila
Slc26 sequences, except CG5485, are very close to SLC26A11 (Fig 1B), a human protein of
unknown function. From Maximum Matching analysis using Genetyx software, CG5485 has
a relatively high homology with human SLC26A5 (29.89%) and SLC26A6 (30.05%). The
latter protein functions as a Cl−/HCO3

− exchanger (Ko et al., 2002; Xie et al., 2002).
CG5485 possesses a STAS (sulfate transporter anti-sigma) domain at the C-terminus which
is a typical motif of Slc26 family members. This clone in Drosophila was previously called
dPrestin (Weber et al., 2003)). Microarray analyses show that dPrestin is highly expressed in
midgut, hindgut and Malpighian tubules (see discussion below and Fig 5A).

Drosophila Prestin transport function in Xenopus oocytes
To examine the dPrestin transport function, we expressed Prestin protein in Xenopus
oocytes and performed electrophysiological experiments using ion-selective
microelectrodes. First, cytosolic pH level (pHi) was monitored in response to exposure to
Cl−-free medium (Fig 2Aa–c). Mouse Slc26a6 (mSlc26a6) was used as a positive ontrol. In
oocytes expressing Drosophila Prestin and mSlc26a6, Cl− removal caused marked increase
of pHi and a marked hyperpolarization. Readdition of Cl− elicited depolarization and
suppression of pHi increase observed in Cl−-free medium (Fig 2Aa, b). Water-injected
control oocytes had minimal background transport activity (Fig 2Ac). These results indicate
that Drosophila Prestin mediate electrogenic Cl−/nHCO3

− exchange (Fig 2Ad). Since
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Drosophila Prestin has high homology with SLC26A6, we next examined transport of
oxalate, sulfate and formate (substrates for mSlc26a6 and SLC26A6) by monitoring
intracellular chloride concentration ([Cl−]i) (Fig. 2B–D, a–c). In oocytes expressing
Drosophila Prestin and mSlc26a6, Cl− removal caused marked reduction of [Cl−]i and a
marked hyperpolarization. Readdition of Cl− elicited depolarization and recovery of [Cl−]i
(Fig 2BCDa–c). Control oocytes did not show these responses (data not shown). These
results indicate that Drosophila Prestin mediate electrogenic Cl−/oxalate2−, Cl−/sulfate2− and
electroneutral Cl−/formate− exchange (Fig 2B–Dd). These activities are similar to those that
we and others have reported for other species orthologues of Slc26a6 (Clark et al., 2008;
Freel et al., 2006; Jiang et al., 2006; Jiang et al., 2002; Kato et al., 2009; Kurita et al., 2008;
Monico et al., 2008; Wang et al., 2005; Xie et al., 2002). These data indicate that Drosophila
Prestin is a functional orthologue of mammalian Slc26a6.

Anopheles gambiae has two Prestin genes
A. gambiae has two Prestin homologous genes (AgPrestinA and AgPrestinB; both
apparently paralogs of the same gene) with high homology to dPrestin (Fig 3A). AgPrestinB
displays higher homology with dPrestin (46%) than AgPrestinA (37%). Both genes are
located on chromosome 3. Microarray analysis (http://funcgen.vectorbase.org/
ExpressionData/) (Neira Oviedo et al., 2009; Neira Oviedo et al., 2008) reveals that
AgPrestinA mRNA is highly expressed in salivary glands and gastric caeca (Fig 3B). On the
other hand AgPrestinB mRNA is highly expressed in posterior midgut and hindgut (Fig 3C).

A. gambiae Prestin B has transport function
Oocytes were injected with AgPrestinA and AgPrestinB cRNAs and their intracellular pH
level (pHi) was monitored in response to Cl−-removal as above for dPrestin experiments
(Fig 4A). In oocytes expressing AgPrestinB, Cl− removal (0Cl) caused marked pHi increase
and hyperpolarization (Fig 4Aa). By contrast, AgPrestinA-expressing oocytes and water-
injected oocytes did not show these responses (Fig 4Bb). These results indicate that
AgPrestinB possesses electrogenic Cl−/nHCO3

− exchange (Fig 4Ac).

To examine whether AgPrestinB mediates transport of oxalate and sulfate like dPrestin and
mSlc26a6, we analyzed I-V relationships using two-electrode voltage-clamp (Fig 4BC).
Both oxalate and sulfate caused voltage-dependent currents in AgPrestinB expressing
oocytes, and these data indicate the electrogenic nature of Cl−/SO4

2− and Cl−/oxalate2−

exchange (Fig 4BC).

Drosophila Prestin activity can be controlled by WNK/OSR1 signaling
Mammalian Slc26a6 and Slc26a9 have been reported to be regulated by WNK (with no
lysine) kinases (Dorwart et al., 2007a; Plata et al., 2008; Yang et al., 2011). Therefore, we
examined whether Drosophila Prestin is regulated by the WNK signaling pathway.
Searching the Drosophila melanogaster genomic database reveals that Drosophila has only
one WNK and only one SPAK-like protein, OSR1 (oxidative-stress-responsive kinase 1),
while mammals have four WNK genes and several SPAK/OSR1 genes (Deaton et al., 2009;
Delpire and Gagnon, 2008; Welling et al., 2010). Microarray analysis illustrates that these
Drosophila WNK (dWNK) and Drosophila OSR1 (dOSR1) mRNAs are ubiquitously
expressed in fly, including high levels in gut and Malpighian tubules (Table 2). Since
Drosophila Prestin mRNA is co-localized with dWNK and dOSR1 mRNA in the gut and
Malpighian tubules, we investigated if dPrestin function might be regulated by WNK and
OSR1. Here we used dOSR1 as a molecule involved in the WNK signaling pathway. Thus,
we co-expressed Drosophila Prestin and dOSR1 in Xenopus oocytes and compared I-V
responses to oxalate and sulfate using two-electrode voltage-clamp (Fig 5A, B). Co-
expression of dOSR1 with dPrestin increases both oxalate (Fig 5A) and sulfate transport
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currents (Fig 5B). To confirm whether dOSR1 itself mediates transport currents, we
expressed dOSR1 solely and found that dOSR1 itself does not induce any currents (Fig 5A,
B). These data indicate that the WNK/(SPAK/OSR1) signaling pathway can control dPrestin
transport activities and may be physiologically important.

Discussion
Both SLC26 proteins (Dorwart et al., 2008; Mount and Romero, 2004a; Sindic et al., 2007)
and certain SLC4 proteins exchange anions (Alper, 2010; Romero et al., 2009; Romero et
al., 2004), with many causing serious human disorders when mutated. Database searches
reveal that Slc26 family members exist in plants, animals and prokaryotes. Database
searching of Drosophila melanogaster genomic DNA allowed us to find and then clone nine
Slc26 homologues in the fly (Josephs et al., 2003; Josephs and Romero, 2004). Interestingly,
eight paralogues are similar to SLC26A11 and only one orthologue (dPrestin) is similar to
SLC26A1, A2, A3, A4, A5, A6 and A9, especially SLC26A5 and −A6 (Fig 2B). This
analysis implies that vertebrate Slc26a5, Slc26a6 and fly (insect) Scl26a5/a6 share the same
ancestral gene. At the molecular level, dScl26a5/a6 also has a sulfate transporter motif
(amino acid residue 247–558) and a sulfate transporter anti-sigma factor antagonist (STAS)
domain (amino acid residue 582–732) typical of Slc26 family members.

Functionally, dScl26a5/a6 can mediate the transport of Cl−, SO4
2−, oxalate2−, HCO3

− and
formate (Fig 2). In Drosophila Prestin mRNA is expressed in the midgut, hindgut and
Malpighian tubules (Fig 5A). These same tissues also express dWNK and dOSR1 mRNA
(Fig 5A). These features are very similar to those of vertebrate Slc26a6. Thus, it seems
reasonable that dScl26a5/a6 is the functional orthologue of vertebrate Slc26a6.

Prestin is also present in Anopheles gambiae but there are two homologues (AgPrestinA and
AgPrestinB) (Fig 3A). AgPrestinB is more similar to dPrestin than AgPrestinA at amino
acid level. AgPrestinB shares mRNA expression patterns with dPrestin (midgut and hindgut)
rather than AgPrestinA. Finally, AgPrestinB and dPrestin show similar physiological
functions transporting Cl−, HCO3

−, SO4
2− and oxalate2−.

The WNKs regulate many Na+, K+ and Cl− transporters involved in fluid and electrolyte
homeostasis (Gamba, 2005; Subramanya et al., 2006), including Slc26 family members:
Slc26a6 by WNK4 (Kahle et al., 2004) and Slc26a9 by WNK1, WNK3 and WNK4
(Dorwart et al., 2007b). The WNKs can regulate ion transporters directly by phosphorylating
the transporters (Deaton et al., 2009; Delpire and Gagnon, 2008; Welling et al., 2010).
Drosophila also has a WNK signaling system (frayed mutant). Interestingly Drosophila has
only one WNK and one OSR1 homologue though vertebrates have several genes for each
molecule. For example, human has four WNKs (WNK1-4) (Kahle et al., 2008) and two
OSR1 related genes (OSR1 and SPAK) (Welling et al., 2010). Expression patterns of
dPrestin mRNA overlap with dWNK and dOSR1 in the midgut, hindgut and Malpighian
tubules (Table 2). In vitro expression with dPrestin illustrates that dOSR1 activates sulfate
and oxalate transport activity of dPrestin (Fig 5A, B). Our results imply that Drosophila
epithelial transport of Cl−, oxalate2−, SO4

2− (and perhaps HCO3
−) in the gut and Malpighian

tubule is regulated by a WNK/OSR1 signaling via dPrestin protein activation. These results
further imply that Diptera (invertebrates) and Vertebrata share a common regulatory system
to achieve highly organized epithelial transport.

In Drosophila and mosquitos, luminal pH of the midgut is tightly regulated at each
segmental region (Boudko et al., 2001a; Boudko et al., 2001b; Shanbhag and Tripathi, 2005,
2009). The luminal pH of the Drosophila middle midgut is less than 3.0, while the pH of the
posterior midgut is greater than 10.0 (Boudko et al., 2001a; Boudko et al., 2001b;
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Jagadeshwaran et al., 2010; Onken and Moffett, 2009; Onken et al., 2008; Onken et al.,
2009; Shanbhag and Tripathi, 2005, 2009). Moreover, the luminal pH of the gut segment
between the gastric caeca and the anterior midgut in mosquito larvae is over 10.5 (Linser et
al., 2011). Several ion carriers and enzymes are known to produce this wide range of pH
differences in the gut lumen, such as V-type ATPase, Na+/K+ -ATPase, Na+/H+ antiporter
(NHE, NHA), carbonic anhydrase (CA), etc (Linser et al., 2009; Okech et al., 2008). Since
Diptera Prestin, elucidated in this study, transports bicarbonate (a major physiological
buffer), it likely contributes to this luminal pH regulation in midgut. Fig. 6 presents our
hypothesis of Prestin physiological function in the Diptera midgut for supplement of
bicarbonate to gut luminal side. Prestin is expressed at the apical membrane of midgut cells
and excretes bicarbonate which is produced by carbonic anhydrase or supplied by sodium-
driven chloride-bicarbonate exchanger (NDAE1) from the basolateral side (Linser et al.,
2011; Sciortino et al., 2001). WNK signaling may regulate this bicarbonate secretion
thorough Prestin, allowing increased transport and thus increased buffering and increased
midgut pH. Mutant analysis of Prestin and WNK as well as in vitro analysis of tubule and
gut halide transport will allow us to test this hypothesis.

Prestin also contributes to sulfate and oxalate metabolism at the gut and the Malpighian
tubule, as it mediates transport of SO4

2− and oxalate2−. Since in Anopheles chondroitin
sulfate biosynthesis is needed to support Plasmodium invasion of the midgut (Dinglasan et
al., 2007), we speculate that AgPrestin – mediated SO4

2− uptake by the gut is also critical to
support Plasmodium invasion and propagate malaria. Clearly further investigation will be
needed to understand basic transport, transport regulation and how these processes control
host-symbiont interaction.

Methods Summary
Drosophila

Flies were kept on standard medium in vials at 25°C, 12:12 h photoperiod, and 55% relative
humidity. Wild-type (Oregon R) flies were used for obtaining total RNA for RT-PCR
cloning.

Anopheles gambiae
Fertilized eggs of Anopheles gambiae were purchased from CDC-Atlanta. The eggs were
hatched in deionized water and maintained at 28°C in an incubator with a 12/12 light dark
cycle. Mosquitoes were grown to adult emergence and maintained in the lab on 30%
sucrose/water for several days prior to harvest and tissue dissection.

Xenopus laevis
Frogs were housed and cared for in accordance and approval of the Institutional Care and
Use committees of the Mayo Clnic.

Drosophila Prestin, Anopheles gambiae PrestinA and -B constructs
Complementary DNA was reverse-transcribed using oligo-dT primers and the SuperScript
III First-Strand Synthesis System (Invitrogen, Carlsbad, CA). The sequence of Drosophila
Prestin (CG5485) has been previously reported (Weber et al., 2003). The sequence of
Anopheles Gambiae PrestinA and -B was predicted by genomic and EST database (http://
www.ncbi.nlm.nih.gov/projects/mapview/map_search.cgi?taxid=7165) search first and then
cloned by RT-PCR. We designed PCR primers to amplify the open reading frame plus
restriction sites. Each sequence was verified.
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Oocyte experiments
Drosophila Prestin, Anopheles gambiae PrestinA and -B were subcloned into the pGEMHE
Xenopus expression vector, capped cRNA synthesized using the T7 mMESSAGE
mMACHINE kit (Ambion, Austin, TX); oocytes injected with 50 nL cRNA (0.2 μg/μL, 10
ng/oocyte for dPrestin; 0.5 μg/μL, 25 ng/oocyte for AgPrestinA and -B) or water as
previously for other transporters (Gunshin et al., 1997; Kato et al., 2009; Plata et al., 2007;
Romero et al., 1998); and incubated at 16°C in OR3 media. Oocytes were studied 3–10 days
after injection

Electrophysiology
Electrophysiology protocols were performed as we used for mouse Slc26a6 (Kato et al.,
2009; Kurita et al., 2008; Xie et al., 2002). All solutions were either ND96 (96 mM NaCl, 2
mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 5 mM HEPES, pH 7.5) or iso-osmotic ion
replacements (Sciortino and Romero, 1999). Cl− was replaced by gluconate. For HCO3

−

solutions, we used 5% CO2/33 mM HCO3
− (pH 7.5). For sulfate, oxalate and formate

solution, we used 5 mM SO4
2−, 0.33 mM oxalate2− and 5 mM formate−, respectively.

Two electrode voltage clamp
For these experiments, membrane currents were recorded with an OC-725C voltage clamp
(Warner Instruments, Hamden, CT), filtered at 2–5 kHz, digitized at 10 kHz. I-V protocols
consisted of 40 ms steps from Vh (−60 mV) to −140 mV and +60 mV in 20 mV steps (Kato
et al., 2009; Sciortino and Romero, 1999).

Ion selective microelectrodes
Ion selective microelectrodes were used to monitor pHi and intracellular Cl− ([Cl−]i) of
oocytes (Romero et al., 1998; Romero et al., 2000b). Intracellular pH and Cl−

microelectrodes had slopes of at least −54 mV/pH unit or decade, respectively.
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HIGHLIGHTS

• This is the first report of cloning and characterization of insect Slc26
transporters.

• One Drosophila and two Anopheles gambiae orthologues display high
homology with mammalian Slc26a5 and Slc26a6.

• dPrestin and AgPrestin-B show similar substrate transport as mouse Slc26a6

• dPrestin and AgPrestin-B are mainly expressed at gut and Malpighian tubules.

• Drosophila OSR1 signaling activates dPrestin transport function.

• Diptera prestin proteins are functional orthologues of mammalian Slc26a6 (i.e.,
PAT1, CFEX).
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Fig. 1. Phylogenetic tree of HCO3
− transporters (A: SLC4 and B: SLC26) in Drosophila

Results of the Drosophila melanogaster BLAST search revealed that there are two Slc4
clones and nine Slc26 clones. Neighbor-joining trees (Saitou 1987) were constructed based
on the deduced amino acid sequences of Slc4 and Slc26 from Drosophila (black) and human
(grey). Accession numbers are as follows: CG4675 (NDAE1), AF047468; CG8177,
NM_140100; SLC4A1, NM_000342; SLC4A2, NM_003040; SLC4A3, NM_005070;
SLC4A4, NM_003759; SLC4A5, NM_133478; SLC4A7, NM_003615; SLC4A8,
NM_004858; SLC4A9, NM_031467; SLC4A10, NM_022058; SLC4A11, NM_032034;
CG5485 (Drosophila Prestin), NM_140767; CG5002, AY240021; CG5404, NM_142225;
CG6125, AY240022; CG6928, AY240023; CG7005, NM_079766; CG7912, NM_143504;
CG9702, AY240025; CG9717, NM_143555; SLC26A1, AF297659; SLC26A2, BC059390;
SLC26A3, BC025671; SLC26A4, AF030880; SLC26A5 (prestin), AF523354; SLC26A6,
NM_134263; SLC26A7, AF331521; SLC26A8, BC025408; SLC26A9, BC136538;
SLC26A10, NM_133489; SLC26A11, AF345195. Phylogenetic trees were constructed
using the Clustal W computer program. The scale bar represents a genetic distance of 0.1
amino acid substitutions per site.
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Fig. 2. Drosophila Prestin function in Xenopus oocytes
A. Representative trances of intracellular pH (pHi) and membrane potential (Vm) of oocytes
injected with Drosophila Prestin (dPrestin) cRNAs (a), mouse Slc26a6 (mSlc26a6) cRNAs
(b), or water (control) (c) are shown. In the continuous presence of 33 mM HCO3

−/5%CO2
(dot square), the Cl−/HCO3

− exchange activities were monitored as changes in pHi and Vm
when extracellular Cl− was removed (grey shading) and readded. Model illustrating the
suggested transport activity (electrogenic Cl−/nHCO3

− exchange activity) is shown in d. B.
C. D. Representative traces of intracellular Cl− ([Cl−]i) and membrane potential (Vm) of
oocytes injected with dPrestin cRNA (a), mSlc26a6 cRNAs (b) and water (control) (c) are
shown in each tested substrates: oxalate (B), sulfate (C), and formate (D). Results for
solution changes from 20 mM-Cl− ND96 (20Cl-ND96) to 20Cl-ND96 containing 0.33 mM
oxalate, 5 mM sulfate, or 5 mM formate are indicated by dot square and results for solution
changes to Cl−-free solution are indicated by gray shading. Models illustrating the suggested
transport activity (electrogenic Cl−/oxalate2−, Cl−/sulfate2− and Cl−/formate− exchange
activity) are shown in Bd, Cd and Dd, respectively.
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Fig. 3. Phylogeny of Anopheles gambiae Prestin genes and their mRNA tissue distribution
A. Phylogenetic tree of AgSls26a5/a6 including those of other several species. Results of the
Anopheles gambiae BLAST search revealed that there are two Prestin related isoforms.
Neighbor-joining trees (Saitou 1987) were constructed based on the deduced amino acid
sequences of slc26a5 and slc26a6 from human (h), chicken (c), fugu (f), zebrafish (z), fly
(d), and Anopheles gambiae (Ag). The bootstrap values from a 5,000-replicate analysis are
given as % at the nodes. Accession numbers are as follows: hSLC26A5, AF523354;
mSlc26a5, AF529192; cSlc26a5, EF028087; fSlc26a5; BAE75795, zSlc26a5, BC054604;
AgPrestinA, GQ332421; AgPrestinB, AB671171; dPrestin, NM_140767; hSLC26A6,
NM_134263; mSlc126a6, AY049076; fSlc26a6A, AB200328; fSlc26a6B, BAE75797;
fSlc26a6C, BAE75798; zSlc26a6, BC155340. Phylogenetic trees were constructed using the
Clustal W computer program. The scale bar represents a genetic distance of 0.05 amino acid
substitutions per site. B. Tissue distribution of AgPrestinA and AgPrestinB. mRNA
expression level (signal intensity in Y axis) of AgPrestinA and B was examined by
microarray analysis using in each tissue: salivary gland (SG), gastric cacae (GC), anterior
midgut (AMG), posterior midgut (PMG) and hindgut (HG). AgPrestinA is highly expressed
in salivary glands and gastric cacae and AgPrestinB is expressed in posterior midgut and
hindgut.
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Fig. 4. AgPrestinB, but not AgPrestinA, has transport function
A, Representative pHi/Vm experiments for oocytes injected with AgPrestinB cRNA (a) or
water –control (b) are shown. In the continuous presence of 33 mM HCO3

−/5%CO2 (dot
square), the Cl−/HCO3

− exchange activities were monitored as changes in pHi and Vm when
extracellular Cl− is removed (grey shading) followed by readdition. Model illustrating the
suggested transport activity (electrogenic Cl−/nHCO3

− exchange activity) is shown in (c).
(B) Current-voltage (IV) relationships of oocytes expressing AgPrestinB in the presence of
0.33 mM oxalate (20 mM Cl−) or (C) 5 mM sulfate (70 mM Cl−) are shown. Values are
means ± SE, n = 3–5. Oxalate-elicited or sulfate-elicited currents are calculated as
I (oxalate or sulfate) − I (no oxalate or ulfate).
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Fig. 5. Drosophila Prestin transport is activated by dOSR1
A, B; Drosophila Prestin (dPrestin) activity at co-expression with dOSR1. Current-voltave
(I-V) relationships of oocytes expressing dPrestin solely (filled square), dPrestin with wild-
type dOSR1 (open square) and dOSR1 alone (open circle) in the presence of 0.33 mM
oxalate (20 mM Cl−) (B) or 5 mM sulfate (20 mM Cl−) (C) are shown. Values are means ±
SE, n = 3–5. Oxalate-elicited or sulfate-elicited currents are calculated as in Fig. 4
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Fig 6.
A model of Slc26a5/a5 (prestin) function of HCO3

−, SO4
2− and oxalate2− transport in

Dipteran midgut.
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Table 1

Slc4 and Slc26 genes in Drosophila and Anopheles

Slc4

Celera Gene ID Clone name Chr./Map posn

CG4675 NDAE1 2L/27E6

CG8177 Cg8177 3L/67C1

Slc26

Celera Gene ID Clone name Chr./Map posn.

CG5002 Slc26d5002 2R/54E7

CG5404 Slc26d 5404 3R/89A3-89A4

CG5485 dPrestin 3L/75A8

CG6125 Slc26d6125 3R/88F3-88F4

CG6928 Slc26d6928 3L/68F1

CG7005 Slc26d7005 3R/96B2

CG7912 Slc26d7912 3R/99D3-99D4

CG9702 Slc26d9702 3R/100A1

CG9717 Slc26d9717 3R/100A1
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Table 2

Drosophila Prestin, WNK and OSR1 mRNA expression

Tissue dPrestin dWNK dOSR1

Head 45 ± 2 114 ± 9 408 ± 41

Salivary gland 75 ± 8 206 ± 12 263 ± 14

Midgut 373 ± 29 141 ± 7 547 ± 13

Tubule 339 ± 34 124 ± 1 502 ± 41

Hindgut 266 ± 5 138 ± 1 892 ± 12

Ovary 160 ± 3 216 ± 7 609 ± 12

Testis 37 ± 2 140 ± 4 140 ± 5

Larval CNS 26 ± 4 146 ± 4 291 ± 19

Larval Salivary 50 ± 6 119 ± 7 674 ± 19

Larval midgut 313 ± 23 175 ± 13 507 ± 17

Larval tubule 318 ± 23 213 ± 3 421 ± 10

Larval hindgut 509 ± 30 169 ± 2 612 ± 43

Larval fat body 40 ± 6 110 ± 12 186 ± 3

Larval trachea 44 ± 4 89 ± 7 320 ± 28

S2 cells 230 ± 5 115 ± 0 541 ± 32

Whole fly 92 ± 9 97 ± 2 377 ± 15

Data from FlyAtlas.org (Chintapalli et al., 2007) quantifying the mRNA expression level of Drosophila Prestin (dPrestin), WNK (dWNK) and
OSR1 (dOSR1) examined by microarray for adult tissues, larval tissues, S2 cells (growing) and whole fly. Noted in bold: dPrestin, dWNK and
dOSR1 are coexpressed at midgut, hindgut and Malpighian tubules in both adult and larvae.
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