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Arthropods employ a large family of up to 100 putative taste or gustatory receptors (Grs) for the recognition of a
wide range of non-volatile chemicals. In Drosophila melanogaster, a small subfamily of 8 Gr genes is thought to mediate
the detection of sugars, the fly’s major nutritional source. However, the specific roles for most sugar Gr genes are not
known. Here, we report the generation of a series of mutant sugar Gr knock-in alleles and several composite sugar Gr
mutant strains, including a sugar blind strain, which will facilitate the characterization of this gene family. Using Ca2C

imaging experiments, we show that most gustatory receptor neurons (GRNs) of sugar blind flies (lacking all 8 sugar Gr
genes) fail to respond to any sugar tested. Moreover, expression of single sugar Gr genes in most sweet GRNs of sugar-
blind flies does not restore sugar responses. However, when pair-wise combinations of sugar Gr genes are introduced to
sweet GRNs, responses to select sugars are restored. We also examined the cellular phenotype of flies homozygous
mutant for Gr64a, a Gr gene previously reported to be a major contributor for the detection of many sugars. In contrast
to these claims, we find that sweet GRNs of Gr64a homozygous mutant flies show normal responses to most sugars,
and only modestly reduced responses to maltose and maltotriose. Thus, the precisely engineered genetic mutations of
single Gr genes and construction of a sugar-blind strain provide powerful analytical tools for examining the roles of
Drosophila and other insect sugar Gr genes in sweet taste.

Introduction

Detection of sugars and other calorie-containing compounds
and their discrimination from other chemicals are critical behav-
ioral tasks that enable animals to feed from nutritious food sour-
ces. These processes are embedded in the gustatory system, a
hallmark of which is the cellular segregation of receptor proteins
that detect different groups of chemicals, such as sugars, proteins,
and bitter-tasting compounds. In all characterized animal model
systems, food chemicals stimulate different types of taste receptor
cells from those stimulated by chemicals with no nutritional
value or harmful and toxic compounds by virtue of cell-specific
expression of cognate receptors.1

In Drosophila, taste sensilla constitute the sensory structures
for the detection of all soluble chemicals. Taste sensilla, which
are the functional equivalents of mammalian taste buds, are
found in several major body parts, especially the labellum and
the legs. Most taste sensilla contain 4 gustatory neurons (GRNs;
some sensilla contain only 2 GRNs), as well as a mechanosensory
neuron2; the four neurons are thought to be dedicated to differ-
ent taste modalities, which have been associated with 3 appetitive
promoting (sweet, modestly salty, and water) and one aversive
(bitter/highly salty) modalities. Additionally, flies are also known
to respond with acceptance behavior when provided with amino

acids or fatty acids,3-5 the cellular mechanism of which is not
well understood.

Most Drosophila species are frugivores, and taste plays a cen-
tral role in flies’ feeding behavior. Sweet sensation is mediated by
the sweet GRNs present in most if not all sensilla of the 2 main
taste organs, the labial palps and the distal most segments of the
tarsi. Each of these sweet GRNs is thought to express members
of a Gr gene subfamily composed of 8 sugar Gr genes (Gr5a,
Gr61a, and Gr64a to Gr64f).6-10 A ninth Gr gene, Gr43a, was
recently shown to be critical for sensing internal (brain hemo-
lymph) fructose.11 In the taste system, Gr43a is expressed in only
a pair of tarsal taste sensilla, and its contribution to sucrose and
fructose sensing is secondary to receptors formed by sugar Gr
proteins.11

While Gr5a and Gr61a have been characterized in some
detail and shown to play a critical role in trehalose and glu-
cose sensing, respectively,8,12-14 the specific functions of each
of the Gr64 genes are less defined, other than the fact that as
a whole, this gene cluster is essential for sugar responses both
at the behavioral and cellular level.6,15 This paucity is due to
lack of specific mutations in single Gr64 genes, a conse-
quence of the densely clustered organization of the Gr64
locus (see Fig. 1). Regardless, specific roles have been
assigned for some of these genes based on phenotypes of
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deletion and insertion mutations. However, these types of
mutations are likely to alter expression of structurally unaf-
fected genes within the locus, which is exemplified by the
more severe phenotypes ascribed to the Gr64ab mutation

(deleting Gr64a, and Gr64b) than the more subtle phenotype
observed in Gr64a2 (deleting Gr64a, Gr64b, and Gr64c).7,8

Thus, lacking defined mutations and comprehensive expres-
sion profiles, it is not possible to determine the specific roles

Figure 1. For figure legend, see page 191.
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of the 6 Gr64 genes in sweet taste or the composition and
tuning profiles of receptor complexes to specific sugars.

Here, we report the generation of powerful genetic tools that
allow us to address these and several additional questions about
insect sugar receptors. We constructed a number of Gr mutations
via homologous recombination that revealed detailed expression
of 5 of the 6 Gr64a genes.16 Moreover, we created a sugar-blind
strain in which all 8 sugar Gr genes were deleted. We use this
strain to show, contrary to a recent report,17 that functional sugar
receptors are composed of at least 2 sugar Gr protein subunit.
Lastly, we identify 2 functional receptor complexes for recogni-
tion of the sugars maltose and sucrose, as well as glycerol.

Results

The genetic tools presented in this paper will overcome 3
major impediments that have slowed progress in our understand-
ing of sweet taste in Drosophila. First, there is a lack of precise
and useful mutations for the 6 densely clustered genes in the
Gr64 locus. Second, expression for many sugar Gr genes has not
been established and, hence, the role of such genes in sweet taste
remains speculative. Third, we currently lack a tool that unequiv-
ocally associates specific sugar chemicals with Gr proteins. The
tools presented here will help overcome these obstacles, and they
not only provide a path to a clear understanding of the role of
each sugar Gr gene in sweet taste, but also will aid in elucidating
the composition of specific insect sugar taste receptors.

Gene targeting of Gr5a and Gr64a-f loci
The GAL4/UAS expression system has been successfully

employed in many studies for the analysis of many Gr
genes.9,10,18,19 However, the success rate for Gr64-GAL4 trans-
genes has been poor, and for half of the genes, no cellular
expression profile has ever been reported with this system.
Therefore, we generated a series of sugar Gr knock-in alleles
through homologous recombination.20,21 We generated 7 trans-
genic fly strains containing a LEXA or GAL4 targeting construct
on the second chromosome, consisting of 50 and 30 non-trans-
lated sequences of all 6 Gr64 genes and Gr5a (Fig. 1, Fig. S1).
While null alleles for both Gr5a and Gr61a are available,8,13,14

the former, but not the latter, was included in this study
because 2 independently generated Gr5a transgenes were found
to be expressed not only in sweet GRNs, but also in additional
taste neurons.16,19 With the exception of the Gr64d construct,
all transgenes were successfully recombined into their target site,
replacing the Gr coding sequence with LEXA or GAL4 and

producing 6 new knock-in/null alleles: Gr5aLEXA, Gr64aGAL4,
Gr64bLEXA, Gr64cLEXA, Gr64eLEXA, and Gr64fLEXA (for details,
see Experimental Procedures). When these alleles are combined
in a fly with specific reporter genes containing transcription fac-
tor binding sites for GAL4 or LEXA (UAS-RFP or lexAop-GFP),
they should replicate endogenous Gr gene activity. Indeed, all
new knock-in alleles revealed expression either only in GRNs or
in GRNs and additional chemosensory cells of the olfactory sys-
tem or nutrient sensing brain neurons. A detailed expression
analysis of these alleles is described in a separate study.16

Effects of individual knock-in mutations on cellular response
The utility of the single gene mutations in assessing the effect

on gustatory receptor neuron responses was tested for the
Gr64aGAL4 mutation. Gr64a was chosen because it has been
proposed to be essential for proper sensing of many sugars,
including fructose, maltose, maltotriose, stachyose, raffinose,
and others7,8 by labellar taste neurons. Yet, lack of expression of
Gr64aGAL4 in labellar neurons, as well as absence of a PER phe-
notype,16 is not consistent with a major role for this Gr gene in
sugar sensing. Thus, we determined the cellular responses of
homozygous and heterozygous Gr64aGAL4 mutant flies in tarsal
neurons, where Gr64aGAL4 is expressed, using Ca2C imaging
(Fig. 2). We focused these imaging experiments on GRNs of
the 5b sensilla, as opposed to the 5v sensilla (albeit both pro-
duced similar responses; see Fig. S2), because the neurons of
the latter also express the Gr43 fructose receptor,16 which alone
is sufficient to mediate response to sucrose and fructose.11 Het-
erozygous control flies showed robust neuronal responses to all
sugars tested (Fig. 2B). Consistent with the relatively mild
behavioral deficits of Gr64aGAL4 mutant flies,16 GRNs of such
flies produced robust responses upon stimulation with most sug-
ars, and reduction, but not a complete loss, of Ca2C responses
to maltose and maltotriose only (Fig. 2B). Thus, the precise
gene knock-in mutations are likely to provide a more accurate
assessment for the contribution of individual sugar Gr genes
than gene deletions used in previous studies, many of which
also included regulatory sequences.7,8

Generating a sugar-blind Drosophila strain
Null alleles (i.e., lack of function alleles), such as Gr64aGAL4,

are useful when determining the contribution of a single gene to
a particular taste trait. However, for delineating sufficiency (i.e.,
which genes together may encode for functional sugar receptors)
null alleles are of limited value. Sufficiency is best assessed
with the help of heterologous expression systems, which,

Figure 1 (See previous page). GAL4/LEXA knock-in strategy for sugar Gr genes using homologous recombination. (A) Genomic region of the Gr64 locus
and the targeting construct for Gr64aGAL4 are shown in the 2 diagrams at the top. Homologous recombination replaces Gr64a with GAL4 and the wC mini-
gene, which is removed via CRE mediated recombination (bottom diagrams). Positions of primers used for PCR analysis are indicated by short arrows.
Note that the coding sequences of all other sugar Gr genes were replaced by LEXA. (B) PCR analysis of genomic DNA isolated from successfully targeted
homozygous lines (1) and respective donor lines (2). Location of primes P1, P9 and P2, P10 (see A) anneal to genomic DNA upstream and downstream
of, but not within, the donor construct; Expected DNA fragment sizes for the 50 and 30 products are 4.2 kb and 5.9 kb for Gr64aGAL4 (Gr64a), 4.6 kb and
4.6 kb (Gr64b), 6.3 kb and 4.6 kb (Gr64c) and 4.6 kb and 4.6 kb (Gr64e), 5.7 kb and 4.6 kb (Gr64fLEXA) and 3.7 kb and 3.8 kb (Gr5a). Primers G4, LA and w
(see Experimental Procedures) are specific for GAL4, LEXA and white gene. All PCR fragments had the expected size, except for the 50 fragment of Gr64b.
Additional PCR analysis revealed a~4kb DNA insertion upstream of the Gr64a gene. Numbers refer to location of molecular weight marker bands and indi-
cate fragment size (in kb). Primer sequences are shown in Figure S1.
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unfortunately, have had little success in the context of insect
taste receptors. An alternative approach to heterologous expres-
sion systems is the generation of an “empty neuron” system,
whereby deletions/mutations are introduced in every Gr gene
expressed in a particular neuronal subtype. Such an “empty neu-
ron” system has been powerfully employed in the Drosophila
olfactory system, where it was used to unambiguously identify

the ligands for numerous olfactory
receptors.22 While single GRNs
express many more Gr genes than
olfactory neurons express Or genes,
we sought to test whether neurons of
flies lacking all 8 sugar Gr genes could
be used as a “sugar Gr deficient neu-
ron system.” We therefore generated a
strain in which all 8 sugar Gr genes
carried null alleles (octuple mutant).
Variations of this octuple mutant
strain, also referred to as “sugar-blind”

strain (or 48Grsugar/48Grsugar), were also equipped with a
GRN specific GAL4 driver and a transgene for either the cal-
cium indicator GCaMP6.0 (octuple mutant DRIVER strain) or
one or more sugar Gr transgenes (octuple mutant REPORTER
strains; Table 1). When octuple mutant flies from these strains
are crossed, the effects on the cellular and behavioral responses
of single or pair wise combinations of sugar Gr genes in

Figure 2. Sweet taste neurons of Gr64aGAL4

mutant flies respond normally to most sug-
ars. (A) Antibody staining of tarsi of Gr64f-
GAL4;UAS-mCD8GFP shows 3 labeled sweet
neurons; the two neurons associated with
5b and 5v sensilla were used for Ca2C imag-
ing. The additional, 5s associated sweet neu-
ron is indicated with an asterisk. Note that
Gr64f-GAL4 and Gr64aGAL4 are co-expressed
in the sweet GNR of these sensilla.16 (B) Ca2C

responses of sweet GRNs associated with
the 5b sensillum ofGr64aGAL4/C (control) and
Gr64aGAL4/GAL4 flies. Responses to maltose
and maltotriose, but to none of the other
sugars, were significantly reduced in homo-
zygous mutants. All sugars were at 100 mM.
Student’s t-test: * P< 0.05; 4<N<8.

Table 1. Strains generated and used in this study. List of strains used for the examination of phenotypes of (i) mutations in single sugar Gr genes (top six
lines) and of transgene rescue in octuple mutant (Gr5aLEXA; DGr61a DGr64a-f) background (bottom four lines). R1 is an X linked genomic construct that con-
tains two essential non-Gr genes missing in the DGr64a-f deletion.

Genotype Description Remarks

Gr5aLEXA;C;C Gr5a null allele Coding Region Replaced by LEXA
C;C; Gr64aGAL4 Gr64a null allele Coding Region Replaced by GAL4
C;C; Gr64bLEXA Gr64b null allele Coding Region Replaced by LEXA
C;C; Gr64cLEXA Gr64c null allele Coding Region Replaced by LEXA
C;C; Gr64eLEXA Gr64e null allele Coding Region Replaced by LEXA
C;C; Gr64fLEXA Gr64f null allele Coding Region Replaced by LEXA
R1,Gr5aLexA;C;D61a,D64a-f All sugar Grs deleted sugar blind strain
R1,Gr5aLexA; Gr61a-GAL4:GCamP6m/Cyo; DGr61a,

DGr64a-f
Driver line for the rescue experiment in octuple

mutant background
Yields sugar blind flies suitable for Ca2C imaging

when crossed to sugar blind strain
R1,Gr5aLEXA; UAS-Gr64X/Cyo; DGR61a,DGR64a-f UAS lines used for single rescue experiment in

octuple mutant background
Yields flies with single sugar Gr suitable for Ca2C

imaging when crossed to sugar blind strain
Gr5aLEXA; UAS-Gr64X,UAS-Gr64Y/Cyo ;DGr61a,

DGr64a-f/TM6b
Reporter strains used for double Rescue

experiment in octupleMutant background
Yields flies with two sugar Gr suitable for Ca2C

imaging when crossed to sugar blind strain

*UAS-Gr64f construct is on the X chromosome (recombined onto R1, Gr5aLEXA chromosome) and UAS-Gr5a construct is on third chromosome (recombined
ontoDGr61a,DGr64a-f chromosome).
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otherwise sugar-blind flies can be quan-
titatively assessed using Ca2C imaging
and the proboscis extension reflex
(PER) assay, respectively. To verify
suitability of the 48Grsugar/48Grsugar

strain, we first examined the sugar-
induced neuronal responses in 2 types
of GRNs, one expressing the non-
canonical fructose receptor Gr43a
(associated with the 5v sensilla) and
one lacking expression of that gene (5b
sensilla), of octuple mutant flies (as
well as heterozygous control flies).16

No neural activity was observed in 5b
associated sweet GRNs in homozygous
flies upon stimulation with any sugar
solution tested, whereas control flies
responded robustly to all sugars
(Fig. 3A). In contrast, the 5v-associated
GRN, which express Gr43a, was acti-
vated when stimulated with fructose
and sucrose, to a level approximating
that of heterozygous control flies. These
observations are consistent with our
previous analysis of the Gr43a, which
showed that this receptor functions
independently of the sugar Gr proteins
as a fructose sensor.11 Moreover, they
suggest that the “sugar Gr deficient
neuron system” is adequate to deter-
mine the response profile upon re-
introduction of sugar Gr genes.

Sugar receptors are encoded
by 2 or more sugar Gr genes

It was recently reported that olfac-
tory neurons expressing any single
sugar Gr gene are activated when
bathed in a sugar solutions, and the
authors suggested that single Grs
function in the absence of other sugar
Grs. This observation, however, con-
tradicts evidence from numerous
studies that strongly argue that func-
tional sugar receptors are composed
of 2 (or more) different sugar Gr pro-
teins.6-8,15 To address whether or not
single Gr proteins can mediate sugar
responses, we expressed each of the 8
sugar Gr genes in sweet GRNs of
octuple mutant flies and performed
Ca2C imaging experiments on the tar-
sal 5b sensilla. None of the Gr pro-
teins, when expressed singly, led to

Figure 3. Many sweet taste neurons of octuple mutant flies lack sugar responses. (A) 5b associated
sweet GRNs of 48Grsugar/48Grsugar flies (homozygous mutant for all 8 sugar Gr genes) lack responses
to any sugar tested, while imaging of the same neuron of sugar 48Grsugar/ Cflies respond robustly to
all sugars tested. (B) 5v associated sweet GRNs, which express the atypical fructose receptor Gr43a,
of 48Grsugar/48Grsugar flies respond to sucrose and fructose, but not to maltose, trehalose, and glu-
cose. Heterozygous flies show somewhat stronger responses to sucrose and fructose, indicating that
receptors for these sugars are formed by sugar Gr proteins. All sugar concentrations were at 100 mM.
Student’s t-test: NS, Not Significant; * P < 0.05; 3<N<7.
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a fluorescence increase after application of 8 different sugar
solutions. Interestingly, when we measured cellular responses
of the 5v associated Gr43a expressing neuron, expression of
single sugar Gr genes was sufficient for activation following
application of some sugars (Table 2). For example, expression
of Gr64a alone elicited a maltose response in the Gr43a

neuron, expression of Gr64b alone or Gr64e alone elicited
responses to arabinose, melezitose, and glycerol, and expres-
sion of Gr61a alone elicited a glucose response. The interpre-
tation of these results is that Gr43a can form complexes with
sugar Gr proteins to form receptors for select sugars.

The experiments described thus far are consistent with the
hypothesis that Gr proteins do not
function as single receptors or homo-
dimers, but are composed of at least
2 different Gr subunits. To test this
idea further, we randomly chose 4
pairwise UAS-Gr combinations,
expressed them in octuple mutant
flies, and monitored activity in the
sweet GRN of the 5b sensillum
(which does not express Gr43a; Fig-
ure 4). Indeed, 2 combinations lead
to strong neural responses to a select
group of sugars. Specifically, the
Gr64a/64e pair induced strong
response to maltose and sucrose, but
not to glucose, trehalose, fructose,
arabinose, melezitose, and glycerol. In
contrast, the Gr64b/64e pair was able
to induce glycerol-specific responses,
but did not mediate responses to the
other 7 sugars we tested. We note
that 2 other combinations of Gr
proteins—Gr64a/Gr64b and Gr64a/
Gr64d—failed to convey cellular
responses in 5b associated sweet
GRNs of octuple mutant flies when
tested with any of the 8 sugars.

Table 2. Summary of single and double rescue Ca2C imaging experiments. Sweet GRN responses using Ca2C imaging observed in the 5b sensilla (lacking
expression of Gr43a; red), and in the 5v sensilla (expressing Gr43a; blue) of sugar blind (D8Grsugar/D8Grsugar) flies expressing a (top) or pairs of select sugar Gr
genes are shown. Empty fields indicate no statically significant increase compared sugar blind (D8Grsugar/D8Grsugar) flies; C, CC and CCC indicate statisti-
cally significant increase compared to sugar blind flies with cellular response < 33%, 33 to 66% and > 66% compared to control flies (D8Grsugar/C), respec-
tively. Note that the GRN of the 5v sensilla responds to sucrose and fructose, due to expression of the Gr43a gene in that neuron. Also note that expression
of single UAS-Gr transgene in the 5b-associated GRN fails to restore responses to any sugar, while expression in the 5v-assocaited GRN leads to the recovery
of some sugar responses. However, expression of pairs of UAS-Gr genes recovers select sugar response in the 5b-associated neuron (red). UAS transgenes
were expressed under the control of Gr61a-GAL4.

SugarTransgene(s Maltose Glucose Trehalose Fructose Arabinose Melezitose Glycerol Sucrose

none CCC CCC
UAS-Gr64a CCC CCC CCC
UAS-Gr64b CCC CC CC CCC CCC
UAS-Gr64c CCC CCC
UAS-Gr64d CCC CCC
UAS-Gr64e CCC CC CC CCC
UAS-Gr64f CCC CCC
UAS-Gr61a CC CCC CCC
UAS-Gr5a C CCC C CCC
UAS-Gr64aUAS-Gr64b CCC CCC
UAS-Gr64aUAS-Gr64d CCC CCC
UAS-Gr64aUAS-Gr64e CCC CCC CCCCCC
UAS-Gr64bUAS-Gr64e CCC CC CCC

Figure 4. Two sugar Gr proteins are necessary to form functional sugar receptors 5b-associated sweet
GRNs of octuple mutant flies (gray) expressing Gr64a (blue), Gr64b (red), Gr64d (tan), or Gr64e (yellow)
do not respond to any of the 8 sugars we tested. However, when octuple mutant flies were provided
with Gr64a and Gr64e (green), or Gr64b and Gr64e (orange), responses to maltose and sucrose, or glyc-
erol, was recovered. All sugars were at 100mM. Student’s t-test: P< 0.05; 3<N<7.
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Conclusion

We have generated a number of precise sugar Gr mutations
that can be used both as null alleles as well as expression alleles.
We also generated a sugar-blind fly strain that lacks measurable
sugar responses in sweet taste neurons (except in those expressing
Gr43a), and we have explored the utility of the sugar-blind strain
to answer some important, pressing questions. Indeed, one of the
main findings from our study is that sugar receptors are multi-
meric complexes composed of 2 or more subunits, rejecting the
suggestion derived from pseudo-heterologous expression studies
that single sugar Gr genes can mediate sugar responses on their
own.22 Using sugar-blind flies, we have determined the necessary
components of 2 sugar receptors, one tuned to the disaccharides
sucrose and maltose and one to the sugar alcohol glycerol.

Surprisingly, while the Gr43a fructose receptor functions on
its own in the brain and probably in other chemosensory
organs,11 as well as in heterologous expression systems,23 it is
capable of forming additional sugar receptors when combined
with other Gr proteins (Table 2). This observation suggests that
some Grs, albeit none of the sugar Grs, function as homomultim-
ers, but in combination with other Gr proteins, they can combine
to form receptors with novel ligand properties.

Our imaging analysis of Gr64a mutant flies, together with
behavioral studies of single Gr64mutant flies,16 demands re-eval-
uation of the promoted model of sweet taste, which suggested
that 2 multimeric receptors composed by only 3 Gr proteins
(including Gr64a) function as the major, if not sole, receptors for
sweet chemicals. Indeed, the conspicuous expression of Gr64a in
nutrient sensing neurons in the brain, along with the absence in
labial palp neurons,16 suggests that the main function for this
gene is likely the sensing of an internal sugar, rather than a die-
tary one.

Lastly, whether the GRNs in the octuple mutant strains repre-
sent a true empty neuron system remains to be determined. It is
impossible to rule out that other Gr genes are expressed in sweet
GRNs; moreover, a number of Ionotropic chemoreceptor genes are
expressed in the gustatory system24-26 and it is not known
whether they are expressed in sweet GRNs. Finally, sweet GRNs
were recently shown to mediate taste response to fatty acids, sug-
gesting expression of receptors in these neurons that recognize
such chemicals.4 Regardless, the complete lack of sugar mediated
responses in GRNs that lack expression of Gr43a should make
the octuple mutant strain a powerful tool to analyze not only
Drosophila sugar Gr genes, but also putative sugar Gr genes from
other insect species.

Experimental Procedures

Molecular cloning of knock-in constructs
Targeting constructs for ends-out homologous recombination

were based on the CMC-loxP-Gal411 and CMC-loxP-LexA::
VP16 vectors. CMC-loxP-LexA::VP16 was obtained by first add-
ing loxP sites into the AvrII the BstEII sites of the CMC vector.27

From the resulting plasmid (“CMC-loxP”), we cloned the LexA::

VP16 sequence into the SpeI and AvrII sites yielding the targeting
vector CMC-loxP-LexA::VP16. To generate gene-specific target-
ing constructs, PCR fragments flanking the gene being targeted
were cloned into the TOPO-XL vector (Life Technologies) and
then subcloned into the upstream and downstream multiple
cloning sites of CMC-loxP-Gal4 (Gr64a) or CMC-loxP-LexA::
VP16 (Gr5a, Gr64b, Gr64c, Gr64e, and Gr64f).

In most cases, restriction sites were introduced into the primer
sequence used to generate the PCR fragments, with the following
exceptions: (1) Gr5a 30 flank—Internal SpeI site in the PCR
product and a SpeI site in the TOPO vector were used to ligate
fragment to NheI site in 30 MCS. (2) Gr64b 30 flank—Internal
NheI site in the PCR product was used to ligate fragment to NheI
site in 30 MCS. (3) Gr64c 30 flank—Internal NheI site in the
PCR product was used to ligate fragment to NheI site in 30 MCS
(4) Gr64f 30 flank—Internal NheI site in the PCR product was
used to ligate fragment to NheI site in 30 MCS.

Primer Gr5a 50 Flank Sense—CGTACGCCGCAACTGG-
AAATGGAAATCTGA

Primer Gr5a 50 Flank Antisense—ACTAGTTGTGTA-
CAAGCTCTAAATCCTGACTAAACG Primer Gr5a 30 Flank
Sense—GGTGACCCACCCTTCAATCTTGATTAGACG-
CAC Primer Gr5a 30 Flank Antisense —GCTAGCGTTTT-
TACGCCTGCTGTCTGCTG Primer Gr64a 50 Flank Sense—
GGCGCGCCCTGTCGTTGGTTCTCCAGCAGC Primer
Gr64a 50 Flank Antisense—CGTACGGACGCTGGTCCCT-
TTTGCACTGAC Primer Gr64a 30 Flank Sense—GCGG-
CCGCTGGACAACAATAGCCACCAACACC Primer Gr64a
30 Flank Antisense—GCTAGCCAAGCCGCACTTCCCACA-
TAGG Primer Gr64b 50 Flank Sense—GGCGCGCCGCAA-
ATGGGGGAAGATCATTACTGGG

Primer Gr64b 50 Flank Antisense—CGTACGGGCCAAA-
CTAGCACTAACCAAACGAC

Primer Gr64b 30 Flank Sense—GCGGCCGCATCC-
TAGAATTTACTACTCGTATCTCCAATTCAAGAACG

Primer Gr64b 30 Flank Antisense—GCTAGCCTCACTTT-
TCGAACTGGCATCAAAGC

Primer Gr64c 50 Flank Sense—GGCGCGCCGTAGCTA-
TAT-TACTACTGCCCTACGTTCACTG

Primer Gr64c 50 Flank Antisense—ACTAGTGGCTT-
GACT-GTTGGGTAGCAAATG

Primer Gr64c 30 Flank Sense—GCGGCCGCTTCTAG-
TTTGAAATTTGCATTCTGTCGCACCTTC

Primer Gr64c 30 Flank Antisense—GCTAGCCTTTTCTT-
CAGCCGCCTCAACTTG

Primer Gr64e 50 Flank Sense—GGCGCGCCGTGAGTT-
GAGAAATGACTTTACACAGCTTAG

Primer Gr64e 50 Flank Antisense—ACTAGTGTTCCGTA-
CTCGACTGACAACCAATC

Primer Gr64e 30 Flank Sense—GCGGCCGCATTTTGTG-
GAAGTGGCAGGGGGTTAAG

Primer Gr64e 30 Flank Antisense—GCTAGCGATGCGGA-
TGTGTCCCAGTACTTG

Primer Gr64f 50 Flank Sense—GGCGCGCCGTGGAGTG-
CAAGCTGGATGCGAAC Primer Gr64f 50 Flank Antisense—
ACTAGTCCTAGGACCTGCTGGGGTAAACTG Primer
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Gr64f 30 Flank Sense—GCGGCCGCCCGCTAGAGA-
GATTCTACGTGTGTCCG Primer Gr64f 30 Flank Anti-
sense—GCTAGCCTTATGGCGGACACTGCAATCCTGG.

The transgenes were excised and linearized as described by
Miyamoto et al.11 and potential relocation onto the third chro-
mosome for the Gr64GAL4/LEXA constructs and the X for the
Gr5aLEXA construct was evaluated based on segregation from
respective chromosome balancers. Between 2 and 10 lines with
integration on the respective chromosome were generated and
genomic DNA of homozygous flies with putatively recombined
alleles was isolated. To determine whether the coding sequence
of the respective Gr genes was precisely replaced with either that
of LEXA or GAL4, we performed PCR using a primer within the
targeting construct and a primer complementary to a sequence
just upstream of downstream of the targeting construct for each
Gr gene.

Ca2C imaging of tarsal taste sensilla
Preparation of forelegs and Ca2C imaging of taste sensilla was

performed as described by Miyamoto et al.12. Concentration of
all sugar was 100 mM.
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