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e have identified a novel member of the vertebrate sodium- and chloride-dependent neurotransmitter symporter family
rom Drosophila melanogaster. This gene, named bloated tubules (blot), shows significant sequence similarity to a

subgroup of vertebrate orphan transporters. blot transcripts are maternally supplied and during embryogenesis exhibit a
omplex and dynamic pattern in a subset of ectodermally derived epithelia, notably in the Malpighian tubules, and in the
ervous system. Animals mutant for this gene are larval lethals, in which the Malpighian tubule cells are distended with
n enlarged and disorganised apical surface. Embryos lacking the maternal component of blot expression die during early
tages of development. They show an inability to form actin filaments in the apical cortex, resulting in impaired syncytial
uclear divisions, severe defects in the organisation of the cortical cytoskeleton, and a failure to cellularise. For the first
ime, a neurotransmitter transporter-like protein has been implicated in a function outside the nervous system. The
solation of blot thus provides the basis for an analysis of the relationship between the function of this putative transporter

and epithelial morphogenesis. © 1999 Academic Press
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transporter.
INTRODUCTION

The renal or Malpighian tubules of insects have proved to
be an important model system for the analysis of both the
development of epithelial tissues (Skaer, 1993, 1996) and
the physiological activity of the mature transporting epi-
thelium (Maddrell, 1981, 1991; O’Donnell et al., 1996).
Their function consists of the excretion of toxic waste
products and the adjustment of ionic and osmotic balance
of the body fluids (Wigglesworth, 1939).

In Drosophila, the embryonic development of the Mal-

Sequence data from this article have been deposited with the
EMBL/GenBank Data Libraries under Accession No. AJ243264.
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pighian tubules can be subdivided into distinct steps, which
allows us to dissect the genetic and cell biological require-
ments for each of them. At the extended germ band stage,
two pairs of primordia evaginate at the border between
midgut and hindgut. Within each tubule primordium one
cell is singled out by lateral inhibition from an equivalence
group (Hoch et al., 1994). This so-called tip cell controls the
proliferation of its neighbours as the tubule grows (Skaer,
1989, 1992). Later, it expresses markers diagnostic of neural
cells and forms close contacts with an A9 nerve branch
(Hoch et al., 1994). Further morphogenesis of the tubules
includes an increase in polyteny and further growth by
extensive cell rearrangement. The tubules persist through
metamorphosis into adulthood.

The circumference of the tubule is occupied by two cells,
the apical sides of which face the lumen and which are

characterised by a highly organised cytoskeleton and well-
elaborated microvilli (see Skaer, 1992, 1993, for reviews).
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441blot Is Required for Normal Apical Cytocortex
Secretory activity becomes obvious at late stages of em-
bryogenesis by the deposition of uric acid in the tubule
lumen. Taken together, the characteristics of this simple
epithelium facilitate the analysis of problems applying to
epithelial development in general, such as the control of
cell proliferation and cell shape, the establishment of cell
polarity, morphogenetic movements, and differentiation
into a transporting epithelium.

This paper describes the isolation, molecular characteri-
sation, and expression pattern of a novel gene, identified by
P-element enhancer trapping to be expressed in the Mal-
pighian tubules. We show that mutations in bloated tu-

ules (blot) have a profound impact on the organisation of
he apical membrane domain in the tubules. We also show
n essential requirement for blot in the organisation of the
ortical cytoskeleton during the syncytial blastoderm and
ellularisation. Blot encodes a member of the 12-
embrane-pass transporter superfamily exhibiting se-

uence similarities with a group of orphan neurotransmit-
er symporters. We present the pattern of blot expression
hich is the first putative neurotransmitter transporter

xpressed outside the CNS in Drosophila.

MATERIAL AND METHODS

Fly Stocks, Reversion Screens, and Germ-Line
Clones

Fly culture and crosses were carried out according to standard
procedures (Ashburner, 1989). The homozygous viable starter
strain carrying the ry506 P[lArB]A434 chromosome (A434) was
generated by Bellen et al. (1989). The lethal P-element line P{ry1

5PZ} l(3)01658 ry506/TM3, ryRK Sb1 (l(3)1658) was generated by
pradling et al. (1995). Deficiencies used include Df(3L)st7 e/TM3
b e (73A3; 74A3-B1) (Ashburner et al., 1980) and Df(3L)81K19 st
ra/TM6B (73A3; 74F1-F4) (James and Collier, 1992), Df(3L)st-E23
t tra/TM3 Sb (72E1-E5;74D1-D5) (Nöthiger et al., 1989). Their
reakpoints were confirmed on polytene chromosomes. In order to
emonstrate that the lethal phenotype of l(3)1658 is caused by the
nsertion of the PZ element, we mobilised the P element by hybrid
ysgenesis using D2-3 as a source of transposase (Robertson et al.,
988). Revertant ry506 chromosomes, which complemented

l(3)1658 and Df(3L)st-E23, were analysed by Southern blot and
showed restoration to the wild-type genomic arrangement in the
vicinity of the original PZ insertion site (data not shown). Genomic
deletions of adjacent sequences were induced by imprecise excision
of the P-element insertion from the enhancer trap line A434. In
order to enhance the stability of imprecise excision events, hybrid
dysgenesis was initiated over the deficiency Df(3L)st-E23, thus
preventing any possible gap repair by gene conversion (Engels et al.,
1990).

blot germ-line clones were generated using the FLP-DFS tech-
nique (Chou and Perrimon, 1996). For this, one of the alleles
obtained by the reversion screen, blotM55, and the lethal P-element-
induced allele blot1658 were recombined onto the D FRT3L22A chro-

osome. Females carrying germ-line clones were mated to males

eterozygous for the original mutant stock in order to assay for
aternal rescue.

Copyright © 1999 by Academic Press. All right
Molecular Techniques

Genomic DNA adjacent to the insertions was obtained by
plasmid rescue of the PZ element (Mlodzik and Hiromi, 1992) and
the P[lArB] element (Wilson et al., 1989) using an XhoI digest of
genomic DNA prepared from flies of the A434 insertion line and an
XbaI digest of genomic DNA prepared from the l(3)1658 insertion
ine. A genomic 2.0-kb XhoI/HindIII fragment flanking the P
lement of the A434 line was used to screen a Drosophila genomic

l phage library (provided by S. Russell) according to Sambrook et al.
(1989). In situ hybridisations to polytene chromosomes were done
according to Ashburner (1989). The transcriptional activity of the
individual fragments of the genomic walk was analysed by whole-
mount in situ hybridisations performed according to Tautz and
Pfeifle (1989). A 5.8-kb XhoI insert fragment from genomic phage l

3.3 was used to screen the l cDNA library E6, made from poly(A)1

RNA of 3- to 6-h embryos (Poole et al., 1985). One of the cDNAs
obtained, the 2.1-kb cDNA E1, was subsequently used to probe
Northern blots containing poly(A)1 RNA of different developmen-
tal stages and to screen the Drosophila 4- to 8-h embryonic cDNA
library pNB40 (Brown and Kafatos, 1988). Two of the cDNAs, E1
(1–2036 bp) and NB7 (699–4017 bp) overlap and represent the
full-length transcript of blot. Both cDNAs were sequenced on both
strands (Sequenase 2.0 Kit; USB). The blot cDNA sequence was
analysed using the Staden (R. Staden, Medical Research Council
Laboratory of Molecular Biology, Cambridge, UK) and the Genetics
Computer Group, Inc., software packages and the DNAstar soft-
ware package (DNASTAR, Inc.). A FastA 3.08 alignment (Pearson
and Lipman, 1988) set at default parameters was used to establish
the alignment with proteins of the Swiss PROT “all” library.

Immunocytochemistry and b-Galactosidase
Detection

Embryos were stained either as whole mounts or after dissection
(Bate, 1990). Ovaries were dissected from 3- to 5-day-old females in
Ringer (Roberts, 1986), the peritoneal sheath was slit, and the
ovarioles were teased apart to allow access of reagents. Antibody
staining and b-gal detection were carried out according to conven-
tional protocols (Ashburner, 1989). We used X-Gal (Genetic Society
of America) to assay for b-gal activity and rabbit anti-b-gal antibody
(Cappel; used at 1:10,000) to reveal patterns of b-gal expression.
Fixation and labelling of nuclei and the cytoskeleton were accord-
ing to Theurkauf (1994). For the detection of F-actin, embryos were
formaldehyde fixed (36%), hand devitellinised (von Dassow and
Schubiger, 1995), and incubated with fluorescently labelled phal-
loidin (Molecular Probes) diluted 1:1000 in PBS/0.1%Triton X-100
(PBT). Nuclei were visualised using propidium iodide (Molecular
Probes) at a concentration of 200 ng/ml in PBT or using TOTO-3
(Molecular Probes) diluted 1:3000 in PBT. The microtubule cy-
toskeleton was stained using a mouse anti-a-tubulin primary
antibody (Sigma) diluted 1:800 in PBT/5% normal horse serum and
a donkey anti-mouse IgG secondary antibody coupled to Cy3 (The
Jackson Laboratory). Microscopical analysis was done on a Zeiss
Axiophot2 supplied with Nomarski optics. Laser-scanning micros-
copy was performed using a Leica TCS NT confocal imaging

system and pictures were mounted using Adobe PhotoShop 4.0 and
Canvas 5.0.
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RESULTS

Genetic and Phenotypic Analysis of blot
Our screen of enhancer trap lines with expression in the

developing Malpighian tubules yielded two insertion lines,

FIG. 1. b-Galactosidase expression in embryos and larvae of isolat
E) and A434 (B, C, D, and F) revealed by immunocytochemical stai
11 embryo. (B, C) Dissected preparations from stage 12 (B) and stag
from the tubule primordial cells into the tip cells (arrow) and the
Malpighian tubules in third-instar larvae (anterior tubules indica
midgut. (E) Stage 16 embryo shows stained cells in the ventral nerv
of a third-instar larva, including the ring gland (arrow) and eye-ant
ventral nerve cord express b-galactosidase (open arrowheads). (A) L
Hartenstein (1997).
l(3)1658 (Spradling et al., 1995) and A434 (Bellen et al.,
1989), which show very similar patterns of reporter gene

Copyright © 1999 by Academic Press. All right
expression. These lines are of particular interest because
early lacZ expression throughout the tubule primordia, as
they evert from the hindgut (Fig. 1A), is subsequently
restricted to the tip cells and their siblings as they become
apparent at the distal end of each Malpighian tubule (Figs.

hancer trap lines. b-Galactosidase expression in lines l(3)1658 (A,
(A) Staining in the Malpighian tubule primordia (arrow) of a stage
(C) embryos to show the restriction of b-galactosidase expression
lings (open arrowheads). (D) b-Galactosidase is present in all four
y arrowheads). The ureters do not stain (open arrowheads). mg:
(arrowheads). (F) Expression in the CNS and associated structures

l disc (asterisk). Single cells on the surface of the brain lobes and
al view, (E) ventral view. Stages according to Campos-Ortega and
ed en
ning.
e 15

ir sib
ted b
e cord
enna
ater
1B and 1C). The l(3)1658 insertion line is a late larval lethal
(Spradling et al., 1995). Homozygous animals are delayed in
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443blot Is Required for Normal Apical Cytocortex
their development but reach the mid/late third instar before
development is arrested. The lethality could be reverted by
excision of the P element, suggesting that the chromosome
does not carry other zygotic lethal mutations.

Genetic analysis of the 74B region. l(3)1658 was
apped to 74B on the left arm of the third chromosome

Spradling et al., 1995; this work). It complements
f(3L)st7, placing blot proximal to 74A3-B1, the proximal
reakpoint of this deficiency. Noncomplementation was
ound with Df(3L)st-E23 and Df(3L)81K19. Animals hemi-
ygous for l(3)1658 over Df(3L)st-E23 or Df(3L)81K19 show
remature arrest in growth during the second larval instar

FIG. 2. Malpighian tubules of wild-type and blot mutant larvae.
blot1658-mutant (arrowheads) tubules. Note the bloated appearance
concretions. (C, D) Confocal images of dissected, third-instar Mal
iodide (nucleic acids, red). (C) Detail of a wild-type main segment.
and shows concentrated F-actin staining in the microvilli. (D) Detai
apical projections (stars) outlined by phalloidin staining, into the l
nd subsequently die, indicating that the insertion of the
Z element in l(3)1658 created a hypomorphic allele of blot

Copyright © 1999 by Academic Press. All right
therefore designated blot1658). Neither hemizygous nor ho-
mozygous blot1658 larvae show any overt morphological
bnormalities other than the Malpighian tubule phenotype
escribed below and a slight thickening of the cuticular
enticles.
In order to create stronger alleles of blot, the P element of

he viable A434 line was dysgenically mobilised over
f(3L)st-E23 (see Material and Methods). Two chromo-

omes, named blotM55 and blotM51, which fail to comple-
ment Df(3L)st-E23, Df(3L)81K19, or the l(3)1658 chromo-
some but complemented Df(3L)st7, were recovered.
Animals hemizygous or homozygous for blotM55 or blotM51

) Bright- and dark-field images of dissected wild-type (arrows) and
he mutant tubules and the reduction in fluorescent intracellular
an tubules stained with phalloidin (F-actin, green) and propidium
apical brush border (arrowhead) encircles the lumen of the tubule
blot1658/blot1658 main segment. The cells appear swollen and extend
n. Scale bars, 50 mm (A, B) and 20 mm (C, D).
(A, B
of t

pighi
The

l of a
show second-instar larval lethality and exhibit phenotypes
similar to homo- or hemizygous blot1658 animals (not
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445blot Is Required for Normal Apical Cytocortex
shown). Molecular analysis of these two lines shows that
part of the A434 element remains, suggesting that a small
genomic deletion in the vicinity of the P element had been
created (data not shown).

Phenotypic analysis of zygotic blot mutants. Wild-type
larval Malpighian tubules consist of two pairs of slender
tubes which have a yellowish appearance. Their cells are
characterised by the inclusion of concretion bodies and a
large number of fluorescent substances (Figs. 2A and 2B)
(Wessing and Eichelberg, 1978). In blot mutant larvae, the
overall organisation of the Malpighian tubules is normal.
However, they differ from wild type in their bloated appear-
ance (hence the name bloated tubules) and a dramatic
reduction in the number of cellular concretion bodies (Figs.
2A and 2B).

In tubule cells of wild-type larvae the cytoskeleton is
strictly organised. Microtubules preferentially align along
the basolateral side (data not shown). Actin filaments are
highly concentrated in a submembranous region beneath
the apical membrane, the cortex, and extend into the
microvilli (Fig. 2C). The number of nuclei in the mutant
tubules is similar to that of wild-type larvae (not shown)
and the epithelium is still formed by a monolayer of cells,
which exhibit apicobasal polarity. However, the apical side
of the epithelial cells is highly abnormal; extensive folds
protrude into the lumen almost obliterating it. Staining for
F-actin shows that the folded membrane is still associated
with an apical cytocortex, suggesting that microvilli are
still present (Fig. 2D).

Phenotypic analysis of mutant embryos lacking mater-
nal blot expression. Since blot is strongly expressed dur-
ing oogenesis and its RNA is present in the freshly laid egg
(see below), we analysed embryos lacking the maternal
component of gene expression. Females with germ-line
clones of either blotM55 or blot1658 show strongly reduced
ertility. The embryonic phenotype for both alleles de-
cribed below is fully penetrant and there is no evidence of
aternal rescue.

FIG. 3. Cellularisation in wild-type embryos and embryos deriv
lastoderm-stage embryos stained with phalloidin (F-actin, green),
). (A–E) Wild-type and (F–I) mutant embryos derived from germ-l

ven distribution of F-actin and microtubules beneath the plasma
ytoplasm. (B) Wild-type embryo during cellularisation showing
nterphase nuclei, surrounded by a honeycomb network of F-act
ytocortex. The microtubule network extends several nuclear diam
ransformed into pseudocleavage furrows. (D) Slow phase of cellular
ecruited to the newly formed cellularisation furrow. (E) Fast phas
oncentration of F-actin localised to the contractile rings of the fu
f blot, the early pattern of nuclear divisions and migration during
lastoderm stage filamentous actin in the cortex is almost complet
). F-actin caps, pseudo-cleavage furrows, and cellularisation furrow

uclear diameter into the egg (H). Nuclei lose synchrony, adopt an abno
ropping into the yolk (I, arrow). B and G, surface views; A, C–E, and F

Copyright © 1999 by Academic Press. All right
Wild-type embryos show a dramatic reorganisation of the
pical cortex, an actin-rich cortical layer beneath the egg’s
lasma membrane, on the arrival of nuclear centrosomes
uring nuclear cycle 10. As a result, evenly distributed actin
laments (Fig. 3A) are concentrated into interphase caps in
he newly developing cytoplasmic domains. During the
ollowing syncytial mitosis, the actin caps are transformed
nto mitotic pseudo-cleavage furrows, which surround the
pindles at metaphase during mitotic cycles 10–13 (Figs. 3B
nd 3C). During cellularisation, most of the actin filaments
re recruited to the membrane furrow, with the highest
oncentration at the furrow canals (Figs. 3D and 3E, arrows)
see Warn and Robert-Nicoud, 1992; Foe et al., 1993; Sulli-
an and Theurkauf, 1995, for reviews).
Embryos lacking maternal blot function show an appar-

ntly normal pattern of early nuclear division and nuclei
igrate to the periphery at the preblastoderm stage (Fig. 3F).

mall aggregates of F-actin, dispersed throughout the yolk,
re present in numbers comparable to those of wild type
not shown). The earliest morphological defects are a delay
n the formation and frequently a reduction in the number
f pole cells formed (not shown). As the nuclei reach the
eriphery, few actin filaments are present and no organisa-
ion into F-actin caps or mitotic pseudo-cleavage furrows
an be detected (Figs. 3G and 3H). Consequently, the
tructure of the apical cortex is severely impaired, the
uclei in the cortex lose synchrony of division, and the
pacing between adjacent nuclei becomes irregular. Many
uclei display an abnormal shape, frequently fuse, and drop
nto the interior of the embryo (Fig. 3I). At the time when
ellularisation should occur, the recruitment of F-actin
ormally associated with the developing membrane furrow
oes not occur and cellularisation completely fails (cf. Figs.
D, 3E, and 3I). The embryo remains a polynucleate mass,
hich gradually degenerates, the yolk pushing out to dis-
lace the cortical cytoplasm, followed by shrinking of the
ntire mass and embryonic lethality.

m blot germ-line clones. Optical sections of preblastoderm- and
-tubulin (microtubules, red), and TOTO-3 (nuclei, blue in A, B, F,

lones of blot1658. (A) Wild-type preblastoderm embryo showing the
brane before the nuclei-associated centrosomes reach the cortical
highly stereotyped pattern of microtubules aligned around the
) Nuclear cycle 11. Nuclei show a regular arrangement in the

into the egg. The interphase F-actin caps are in the process of being
on. F-actin filaments are concentrated in caps above the nuclei and
cellularisation showing highly elongated nuclei and the strongest
canals (arrows). (F–I) In embryos lacking the maternal component
reblastoderm stage seems unaffected (F). However, at the syncytial
bsent, although aggregates, present in the yolk, are still visible (G,
not form. The early microtubule network extends only about one
ed fro
anti-a
ine c
mem
the

in. (C
eters
isati
e of
rrow
the p
ely a
s do
rmal shape, and are irregularly arranged (G, I) with many of them
, H–I, sagittal views.
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447blot Is Required for Normal Apical Cytocortex
Cloning and Sequence Analysis

A 2.0-kb HindIII/XhoI fragment adjacent to the A434
nsert was isolated and used to initiate a genomic walk of 30
b from a phage library, as shown in Fig. 4A. Both P
lements were found to have inserted into a genomic 2.7-kb
baI fragment, which subsequent analysis indicated to be

he 59 upstream region of blot. Whole-mount in situ hybrid-
sations using various probes which together covered the
ntire genomic walk revealed only a single pattern of
ranscription (described below).

The analysis of several partial cDNAs, isolated from
hage and plasmid cDNA libraries, revealed a composite
DNA length of about 4 kb. Two transcripts of 4.3 and 4.0
b were detected on a Northern blot containing RNA
solated from staged wild-type embryos, the shorter tran-
cript appearing to be predominantly supplied maternally
Fig. 4B). Sequencing of the cDNA clones lE1 and NB7
evealed that they are partially overlapping and together
epresent a composite cDNA of 4017 nucleotides, which is
hus likely to represent the full-length blot mRNA. This

cDNA contains one long open reading frame (ORF), which
is preceded by three in-frame translational stop codons.
None of the in-frame initiation codons (AUG) conform
precisely to the consensus sequence for Drosophila initia-
tion codons (Cavener, 1987). The longest possible ORF
predicts a protein of 1035 amino acids (Fig. 4C) with a
calculated molecular mass of 114 kDa. A hydrophobicity
plot reveals 12 domains of high hydrophobicity, each large
enough to harbour a transmembrane domain (TMD) (Fig.
4D). The N-terminus does not contain a readily identifiable
signal sequence, suggesting that the large hydrophilic N-
and C-terminal regions are located in the cytoplasm. In this
putative orientation there are three large extracellular do-
mains (ECD) between TMD3 and TMD4, TMD5 and
TMD6, and TMD7 and TMD8 with sizes of approximately
47, 31, and 36 amino acids (aa), respectively (Figs. 4C and
4D).

Comparison of the deduced amino acid sequence to
peptide sequences in the databases reveals that the central,
12 transmembrane-spanning domains of Blot have signifi-

FIG. 4. Molecular analysis of the blot locus at 74B. (A) Composite
insertions. Genomic l phages are indicated. The transcription unit
EcoRI; X, XhoI; Xb, XbaI. Solid lines represent genomic DNA; box
lack. PZ and P[lArB] indicate the insertion sites of the P element o

RNA (10 mg/lane) isolated from staged wild-type embryos and hy
ifferent levels of abundance during development, can be distinguis
uggesting maternal origin, while the longer becomes more abund
rom the longest open reading frame of the full-length blot cDNA
ines. There are three large putative extracellular domains, ECD I (
orders are arbitrary). The potential consensus N-glycosylation
ydrophobicity plots of the Blot protein (aa 169–720) and the
onservation in the region of the 12 TM domains in terms of the spacin
oolittle algorithm (1982), averaging 12 residues at a time.

Copyright © 1999 by Academic Press. All right
cant similarities with a large family of sodium- and
chloride-dependent neurotransmitter symporters (Fig. 5).
Amongst the more strongly conserved regions are two
signatures indicative of this family (highlighted in Fig. 5;
Bairoch et al., 1997; Bucher and Bairoch, 1994). The Blot
sequence conforms to the Prosite signatures by 66 and 76%,
respectively. The 100 most probable alignments of Blot to
database sequences are exclusively to sodium- and chloride-
dependent neurotransmitter symporter family members.
There are no alignments to members of the second subfam-
ily of potassium-dependent neurotransmitter antiporters
(Kanai and Hediger, 1992) nor to other 12-transmembrane-
domain transporters such as glucose transporters (reviewed
in Wright et al., 1993).

The highest probable match was identified between Blot
and the rat orphan transporter Rb21A (Smith et al., 1995).
There is 28% identity in a stretch of 436 aa from Blot
Leu-224 to Asp-661. Taking conserved amino acid ex-
changes into account, the degree of similarity reaches 64%.
In hydrophobicity plots of Blot and RB21A the comparison
reveals a striking conservation of both the number of
putative TMDs and their arrangement and spacing (Fig. 4D).

Pattern of blot RNA Expression during
Development

The spatiotemporal pattern of blot expression was anal-
ysed by in situ hybridisation in wild-type embryos and
ovaries. There is expression of blot in all nurse cells during
oogenesis (Fig. 7A), resulting in ubiquitous staining of early
embryos (Fig. 6A). Patterned zygotic expression is initiated
transiently in an anterior cap region which expands into a
broad band of ectodermal blot transcription before cellulari-
sation is complete (Fig. 6B). At gastrulation expression
refines to six stripes and a posterior patch in the ectoderm
(Fig. 6C). During late stages of germ-band extension, the
most prominent element of the blot expression pattern is a
ring of cells in the amnioproctodeum. This expression is
refined to the Malpighian tubule primordia as they evert
from the hindgut during stage 11 (Fig. 6D) and later be-
comes limited to the tip cells, which continue to express

iction map of 30 kb of genomic DNA in the region of the P-element
lot is organised into at least four exons covering 17 kb of DNA. E,
present the blot cDNA; the longest open reading frame is filled in
two enhancer trap lines used. (B) Northern blot analysis of poly(A)1

sed with cDNA E1. Two transcripts of 4.3 and 4.0 kb, present at
the shorter of which is more strongly expressed before gastrulation,
s zygotic expression is initiated. (C) Amino acid sequence derived

12 putative transmembrane domains are indicated by numbered
9–365), ECD II (aa 411–441), and ECD III (aa 499–534) (the precise
(N523) in the third large extracellular domain is circled. (D)

length rat orphan transporter RB21A. Note the high structural
restr
of b

es re
f the
bridi
hed,
ant a
. The
aa 31

site
full-
g and hydrophobicity profile. The plots are based on the Kyte and
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449blot Is Required for Normal Apical Cytocortex
blot throughout embryogenesis (Fig. 6E). blot RNA is also
expressed in the posteriormost row of cells in each segment,
in segmentally reiterated cells in the CNS, in head sensory
structures such as the antennomaxillary complex (Fig. 6F),
and in the tracheal system in a subset of the putative
tracheal tip cells (not shown) and in the anterior and
posterior spiracles (Fig. 6F).

In the wild-type larva, expression of blot is reinitiated in
ll cells of the Malpighian tubules (Figs. 6G and 6H). In
ontrast, tubules derived from homozygous blot1658 animals

show no blot expression (Figs. 6I and 6K), suggesting that
the phenotype observed is due to the absence of blot
function. We also tested whether the expression of blot is
abolished in ovaries and embryos derived from blot1658

germ-line clones. While wild-type cysts of stage 9–11 show
strong blot expression (Fig. 7A) and the transcript is found
ubiquitously in early embryos (Fig. 7B), there are no blot
transcripts detectable in blot1658 germ-line clone ovaries and
mbryos (Figs. 7C and 7D) until the paternally introduced
lot1 allele is zygotically activated (not shown). In situ

hybridisations of a lacZ probe to blot1658 germ-line clone
ovaries and embryos reflect the wild-type pattern of blot
expression (Figs. 7E and 7F), indicating that the activity of
the trapped enhancer is unaffected.

The activation of bicoid transcription during oogenesis
and the localisation of its RNA in blot1658 germ-line clone
mbryos are also indistinguishable from wild type, suggest-
ng that the anterior–posterior axis formation remains un-
erturbed in embryos lacking the maternal component of
lot (Figs. 7G and 7H).

DISCUSSION

In this paper we describe the isolation and characterisa-
tion of a novel Drosophila melanogaster gene, bloated
tubules. The product of this gene exhibits significant simi-
larity with members of the sodium- and chloride-dependent
neurotransmitter transporter family, which play important
roles in intercellular signalling and vectorial transport. The

FIG. 5. Comparison of the Blot protein with members of the
sequence comparison of the central regions comprising the 12 trans
a bar and a Roman numeral. Blot shows closest similarity to a subg
ECDs, one between TMD III and IV and the other between TM
ymporters show only one large extracellular domain between tra
ymporter family are highlighted in bold (Prosite Database). The Blo
ransporter contains 5 amino acids which were shown to be
Kleinberger-Doron and Kanner, 1994; Keshet et al., 1995; Bismuth e
o be essential for the recognition and/or transport of the substrate g
ons. The fact that these two residues are not conserved in Blot (ope
ransported by Blot. Accession numbers are rRB21A (Q64093), rNT

m Ine (Q94917), and dm SERT (U02296). The alignment was performed
DNAstar).
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ffects of neurotransmitter transporters are primarily
odulatory, such as terminating the process of synaptic

ransmission by clearing the synaptic cleft of neurotrans-
itters and thereby additionally retrieving signalling mol-

cules for recycling (Iverson and Kelly, 1975; Uhl and
ohnson, 1994). In vertebrates, members of the neurotrans-

itter transporter family are expressed predominantly in
he nervous system but their gene products are also found
n epithelial tissues (Guimbal and Kilimann, 1993; Rasola
t al., 1995). However, nothing is known about their func-
ion in these epithelia.

Analysis of the deduced amino acid sequence of Blot
eveals that it has the highest sequence and structural
imilarities to a subfamily of neurotransmitter transporter
roteins for which no substrate has been identified. These
rphan transporters include rRB21A, rNTT7, rNTT4, and
lone VTA 1732 (Smith et al., 1995; Uhl et al., 1992).
ydrophobicity plots reveal that these proteins have more

han one large potential extracellular domain, which may
e glycosylated, thus distinguishing them from the other
embers of the family which show only one large, poten-

ially glycosylated, extracellular domain (e.g., rGAT-1; Ben-
ett and Kanner, 1997).
blot is expressed primarily in epithelial tissues of ecto-

ermal origin and in the nervous system of the embryo and
arva. Substantial levels of transcript are also found in the
eveloping oocyte and the freshly laid egg. Lack or reduc-
ion of blot function during oogenesis results in early arrest
f embryonic development. The cuticular phenotype of
nhancer trap line l(3)1658 was previously analysed in a

screen for P-element-induced maternal-effect mutations
(Perrimon et al., 1996). l(3)1658 was included in a class of
mutations in which germ-line clones produced normal eggs
but embryos that fail to produce cuticle.

Ledent et al. (1998) identified l(3)1658 as a P-element
nsertion reflecting the expression of a bHLH protein target
f poxn (tap; Gautier et al., 1997; Bush et al., 1996). These
uthors generated a lethal excision (“a large deletion”;
edent et al., 1998), tap74, which resulted in a reduction of

tap expression but no discernible morphological phenotype.

/Cl2-dependent neurotransmitter symporter family. Amino acid
brane domains. Each transmembrane region of Blot is indicated by
of orphan symporters (rRB21A and rNTT7), which show two large
I and VIII. The other Na1- and Cl2-dependent neurotransmitter
embrane helices III and IV. Two signatures characteristic of this
uence conforms 66 and 76% to the consensus motifs. The rGAT-1
al for transport function (W68, R69, E101, Y140, and W222)
1997). They are indicated by arrows. W68 and Y140 were indicated

nobutyric acid itself rather than the transport of sodium or chloride
ows) may indicate a profound structural difference in the substrate
Q08469), rGAT-1 (P23978), hGLYT-1 (P48067), hPROT (Q99884),
Na1

mem
roup
D VI
nsm
t seq
critic
t al.,
-ami
n arr
T7 (
using the Clustal algorithm in conjunction with a PAM 250 matrix
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451blot Is Required for Normal Apical Cytocortex
tap74 does not complement l(3)1685 or blotM55 (Ledent et al.,
998; J. Bourne and H.S., unpublished). Comparison of
estriction maps for the two genomic regions reveals no
verlap and whole-mount in situ hybridisations with frag-
ents of the blot genomic walk do not stain tap-expressing

ells (Bush et al., 1996; K. Johnson, unpublished). These
ata indicate that tap and blot have distinctive genomic

locations. Comparison of the expression patterns of tap and
blot shows that LacZ expression in l(3)1658 more closely
eflects the expression of blot; in particular, tap is not

expressed in the Malpighian tubules, in the tracheal sys-
tem, or during oogenesis in the adult (H.S., unpublished).
We suggest that the lethality of both l(3)1685 and tap74

results from the loss of blot function since neither line
omplements blotM55 and the Malpighian tubules of tap74

larvae appear swollen, as we have described for l(3)1685
(H.S., unpublished).

We have identified l(3)1658 to be an allele of blot and
have named it blot1658. The phenotypic analysis of embryos
erived from blot1658 germ-line clones described here con-

firms the importance of the maternal contribution of blot
(Perrimon et al., 1996); embryos from germ-line clones
display a dramatic reduction in the concentration of corti-
cal actin filaments. The resulting absence of pseudo-
cleavage furrows is likely to be the cause of the nuclear
defects observed. This phenotype is reminiscent of that
produced by injection of cytochalasin B into syncytial
blastoderm wild-type embryos. This treatment disrupts the
monolayered arrangement of cortical nuclei by blocking
microfilament organisation. In contrast, blocking microtu-
bule organisation by injection of low concentrations of
colcemid prevents the exclusion of yolk from the cleared
cytoplasm but has no influence on the monolayered periph-
eral nuclei (Edgar et al., 1987).

Individual aspects of this phenotype have been described
in embryos of the maternal-effect lethal mutations sponge,
daughterless-abo-like, nuclear fallout, grapes, and
scrambled (reviewed in Foe et al., 1993; Sullivan and

heurkauf, 1995) and the zygotic genes nullo and
erendipity-a (reviewed in Schejter and Wieschaus, 1993a).

Embryos lacking maternal sponge gene product fail to
assemble actin into the interphase caps and the pseudo-

FIG. 6. Expression of blot transcripts. In situ hybridisation of d
third-instar Malpighian tubules of wild-type (G, H) and blot1658 (I, K)
f blot transcripts. (B) Stage 5 embryo showing blot transcripts in a

ectodermal region. (C) Early stage 6 embryo, showing five strong an
in the ventrolateral region (arrowhead). Posterior-lateral patches
arrowhead). (D) Stage 11 embryo, showing expression in the primor
embryo showing blot expression in the tip cell of an anterior Malpig
in the epidermis expressing blot transcripts. (F) Stage 16 embryo, sho
nerve cord (open arrows), the antennomaxillary complex (amc), and

H) Malpighian tubule of a wild-type third-instar larvae showing blot ex
Malpighian tubules derived from homozygous third-instar blot1658 larva
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cleavage furrows. Consequently, an irregular spacing of
nuclei and a fusion of mitotic spindles can be observed
(Postner et al., 1992). In contrast, embryos derived from
germ-line clones of daughterless-abo-like, nuclear fallout,
or scrambled show no effect on the actin cap, but exhibit
disruption of the pseudo-cleavage furrows (Sullivan et al.,
1993). In the case of daughterless-abo-like embryos, this
phenotype seems to be due to a failure to separate the
centrosomes correctly (Sullivan et al., 1990), whereas
nuclear fallout embryos show a defect in the recruitment of
actin from the caps to the pseudo-cleavage furrows (Roth-
well et al., 1998). The zygotic genes nullo, bottleneck, and
a-serendipity are required for the organisation of the hex-
agonal actin network during membrane formation. Muta-
tions in any of these genes lead to the formation of
multinucleate cells (Postner and Wieschaus, 1994; Schejter
and Wieschaus, 1993b; Schweisguth et al., 1990). The fact
that embryos lacking blot function show defects in several
ifferent steps before and during cellularisation suggests
ither a recurring requirement for its gene product or a
equirement as a prerequisite for the organisation of the
-actin cytoskeleton in early embryonic development.
The unifying feature of the early embryonic phenotype of

erm-line clones and the larval Malpighian tubule pheno-
ype is a dramatic change in the organisation of the apical
ytocortex, although the effects observed are to some extent
pposite. While in embryos derived from germ-line clones
he F-actin organisation is completely abolished, epithelial
ells of the Malpighian tubules apparently exhibit an in-
rease in F-actin. Whether this is the cause or the conse-
uence of the expanded apical surface remains to be eluci-
ated. The phenotypes observed raise the question of how
he loss of or reduction in activity of a putative transporter
roduces the defects observed. We have not yet identified a
ubstrate transported by Blot. One could imagine that the
ormal intracellular supply of this substrate, by transport
cross the plasma membrane, is required for the synthesis,
olymerisation, or organisation of the cytoskeleton. Alter-
atively, the morphological changes observed could result,
s a secondary effect, from physiological changes produced
y alterations in transport. Although data from genetic and
ell biological analysis have given some insight into the

genin-labelled cDNA fragments to wild-type embryos (A–F) and
e. (A) Embryo at nuclear cycle 11 shows weak but even distribution
terior cap and in three broad stripes in the prospective segmented
weak ectodermal stripes of blot expression, which are interrupted

aining mark the rim of the amnioproctodeal invagination (open
f the Malpighian tubules (open arrowhead). (E) Detail of a stage 13
tubule (Mt) (arrowhead). Open arrowheads indicate stripes of cells
expression in single, segmentally reiterated cells along the ventral

posterior spiracles (ps). Anterior is to the left and dorsal is up. (G,
igoxy
larva
n an

d one
of st
dia o
hian
wing
the
pression in all tubule cells. (I, K) There is no expression of blot in
e.
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FIG. 7. Maternal expression and early zygotic localisation of blot, lacZ, and bicoid transcripts in wild-type and blot1658 germ-line clones.
(A, B) Wild-type expression of blot. There is expression of blot in all nurse cells, which is particularly strong during stages 9–11.
Subsequently, blot transcripts are evenly distributed in early embryos. (C, D) blot1658 germ-line clone ovaries and embryos, processed in
arallel, show no expression of blot, whereas the transcription of the lacZ reporter gene (E, F) in mutant ovaries and embryos remains
unaffected. (G, H) Neither expression nor the subsequent localisation of bicoid RNA is perturbed in blot1658 germ-line clone embryos (H)
compared to wild type (G).
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molecular components of the apical cytoskeleton, compara-
tively little is known about the signals and factors that
trigger its co-ordinated organisation and modification. Our
finding, that a molecule with characteristics of a trans-
porter is required at two different stages of Drosophila
epithelial development to regulate this important subcellu-
lar domain, is an opportunity to study this mechanism in
more detail.
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