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A genetic analysis of sweet taste transduction was initiated using fruitflies and 
humans. In flies, behavioral and receptor cell electrophysiology data indicate 
different mechanisms for fructose and glucose in or before the receptor cells. 
Fructose nontasters (FN) and glucose nontasters (GN) were selected from nat- 
ural populations of adults and larvae. The FN are the first fructose taste variants 
isolated in any species. There were no significant differences between male and 
female frequencies for either variant type, and no observable differences in 
banding patterns between wildtype and FN X-chromosomes. These and pre- 
liminary cross-breeding data suggested a polygenic trait, either completely auto- 
somal, or including coding by a defective X-chromosomal gene for which an 
autosomal gene(s) can compensate. In humans, psychophysical functions also 
indicated different fructose and glucose mechanisms. Variability analysis sug- 
gested separate signals for the monosaccharides and an additive sucrose signal. 
Potential GN were identified by elevated glucose thresholds. © 1997 Elsevier 
Science Ltd 

INTRODUCTION 

The molecular mechanisms for sweet taste transduction 
in receptor cells are not well understood. Perceptual, 
physiological and biochemical data suggest multiple 
membrane receptors for sweet stimuli (Shallenberger 
& Acre, 1967; Shimada et al., 1974; Faurion, 1987) 
and a role for G-protein-dependent increases in cyclic 
nucleotides (cAMP or cGMP) leading to a receptor 
potential, perhaps via activation of a protein kinase 
that inactivates K ÷ channels (Striem et al., 1989; 
Tonosaki & Funakoshi, 1988; Daley & Vande Berg, 
1976; Avenet et al., 1988; Cummings et al., 1993; 
Schiffmann & Gatlin, 1993). A somewhat different ver- 
sion is suggested by data from our studies with taste- 
altering compounds: multiple sweet taste receptors may 
be coupled to a single sweet taste second messenger 
system (Kennedy, 1991; Kennedy et aL, 1993) involving 
stimulus-activated decreases in cyclic nucleotides 
(Foster & Kennedy, 1994a,b). Beyond the cloning from 
taste tissues of a G-protein, which is similar to G-pro- 
teins involved in visual transduction (McLaughlin et al., 
1992, 1993), the specific molecules and mechanisms 
remain unknown. 

An understanding of such protein receptors and 
transduction systems can be facilitated by the applica- 
tion of classical and molecular genetics techniques to 
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identify specific proteins, together with behavioral and 
electrophysiological studies to indicate the functions of 
those proteins. Such research can be conceptualized as a 
mutant-to-gene-to-protein process. We have adopted 
this approach in studies with both animal models 
(fruitflies) and humans. This paper summarizes key 
results which characterize the fruitfly responses to 
sugars, reports the isolation of fruitfly taste variants for 
fructose (FN) and glucose (GN), and describes ongoing 
work to characterize the FN. Our FN are the first fruc- 
tose taste variants isolated in any species. We also 
report studies which indicate separate fructose and glu- 
cose mechanisms in humans and potential human var- 
iants for glucose. Portions of this work are published in 
abstract form (Her & Kennedy, 1991; Poskanzer et al., 
1992; Poskanzer & Kennedy, 1993; Kennedy & Pos- 
kanzer, 1994; Eylam et al., 1995). 

Genetic studies with fruitflies as models 

311 

Fruitflies (Drosophila species) are the premier animals 
for genetic studies, because of their small sizes, large 
numbers of progeny, short generation times, and ease of  
culture (Hartl, 1992). Their giant polytene chromo- 
somes and small genomes (three pairs of autosomes and 
one pair of sex chromosomes) facilitate cytological and 
molecular genetic localization (Merriam et al., 1991; 
Hartl, 1992). Overall, the relative simplicity of Droso- 
phila is a major advantage for an integrated use of 
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classical and molecular genetics. In addition, chemical 
structural homology is conserved well enough for 
application of the analyses to mammalian systems (Gil- 
man, 1987; Barnard, 1989; Neer et al., 1990), and this 
'evidence of basically similar molecular mechanisms... 
has proven to be widely obeyed' (Barnard, 1989). 

Three 'sugar cell' mutants, which show altered beha- 
vioral and receptor cell responses to some sugars, have 
been reported in the small fruitfly, D. melanogaster 
(Bhavsar et al., 1983; Rodrigues & Siddiqi, 1981; Tani- 
mura et al., 1988; Tanimura, 1991). There is evidence 
for the cytological location of the defective genes for 
two of these: the 'Tre' gene, which controls trehalose 
sensitivity, is on the X-chromosome, and the gene for 
glucose sensitivity is on chromosome 3 (Tanimura et aL, 
1988). However, characterizations of mutant receptor 
cell responses are incomplete in D. melanogaster, pre- 
sumably because of difficulties in identifying the cells 
firing. These difficulties are thought to be due to the 
small size of receptor cell dendrites in this species 
(Fujishiro et al., 1984). 

We have been studying the genetics of responses to 
sugars in the Hawaiian fruitfly, D. adiastola. The large 
size of this species facilitates behavioral and receptor 
cell electrophysiological characterization of wildtype 
and variant taste responses. Such characterization is 
essential for a thorough understanding of the defective 
and normal physiological transduction mechanisms. A 
particular advantage is that we can reliably obtain clear, 
interpretable recordings of action potentials from D. 
adiastola receptor cells, without the confounding varia- 
tions in amplitude and waveform reported (Fujishiro et 
al., 1984) for D. melanogaster. Here we summarize data 
which characterize behavioral and receptor cell res- 
ponses to sugars in the wildtype D. adiastola, report 
the isolation of variants for fructose and glucose, and 
provide statistics for the occurrence of the variant traits 
and the male/female distributions in a natural popula- 
tion. 

A disadvantage of D. adiastola is that there exist 
neither a genetic linkage map nor a corresponding sup- 
ply of known mutants, as there are for D. melanogaster. 
However, the banding patterns and rearrangements of 
the larval polytene chromosomes of this and other 
closely related Hawaiian species have been described 
(Carson & Stalker, 1968). Thus, cytological localization 
by physical mapping techniques, and isolation of rela- 
tively short lengths of DNA for molecular analysis, 
should be possible. Here we report the isolation of 
larval FN and preliminary results from studies of chro- 
mosomal banding patterns in wildtype and FN D. 
adiastola larvae. 

A second disadvantage with D. adiastola is difficulty 
in maintaining laboratory cultures and, consequently, 
difficulty in conducting cross-breeding experiments. 
Therefore, we also have isolated nontasters in D. mela- 
nogaster and report here initial results from FN cross- 
breeding experiments with these animals. 

Human responses to sucrose, fructose and glucose 

Response functions obtained by constant-stimulus 
paired-comparisons (Pangborn, 1963) and by intensity/ 
time judgments (Portmann et aL, 1992) of various 
concentrations of sucrose, fructose and glucose vary in 
ways similar to our data from Drosophila and also 
indicate different mechanisms for fructose and glucose. 
Functions from our study with a forced-choice para- 
digm analogous to that we used for the Drosophila are 
similar, as well. These similarities, together with similar 
response functions from rat chorda tympani recordings 
(Hagstrom & Pfaffmann, 1959), and with the apparent 
conservation of molecular mechanisms from Drosophila 
to mammals, suggest that information from studies with 
Drosophila can be relevant to human taste. The human 
study reported here shows the similarities between Dro- 
sophila and humans when similar test paradigms are 
used. This demonstrated similarity will enable appro- 
priate conclusions in future genetic research with both 
species. 

In contrast to the human studies just mentioned, 
Breslin et al. (1994) compared sensitivities for sucrose 
and fructose with glucose to obtain U-shaped functions 
from which they concluded that the three sugars are 
indiscriminable. However, the different functions in the 
Pangborn (1963) and our data presented here are for 
concentrations lower than those tested by Breslin et al. 
(1994), and our functions converge at our highest con- 
centrations, in agreement with the Breslin et al. (1994) 
data. Also, the Portmann et al. (1992) and Breslin et al. 
(1994) data cover the same concentration range, with 
the Portmann et al. (1992) functions converging at con- 
centrations where the Breslin et al. (1994) subjects were 
unable to distinguish the sugars. Thus, although the 
data are interpreted differently, the results do not con- 
tradict each other. 

The evidence for different glucose and fructose 
mechanisms in humans suggests that we should be able 
to find some individuals who are defective in one or the 
other, as we have in Drosophila. Here we report data for 
some individuals whose glucose response functions do 
indeed vary markedly from those of the population, as 
well as population data which support different 
mechanisms for fructose and glucose. 

MATERIALS AND SUBJECTS 

Taste materials 

Sugars were [alpha]-D(+)-glucose, [beta]-D(--)-fructose, 
and [alpha]-D-glucopyranosyl-[beta]-D-fructofuranoside 
(Sigma, ACE reagent) in water or agar (Bacto-agar, 
DIFCO certified), and the food dyes were a commercial 
product ('Dec*a'cake', Durkee-French Foods, Inc.). 

For the fly experiments, water was distilled from 
Worcester city water in the Clark University Science 



Genetic analyses of sweet taste transduction 313 

Center still and filtered through a charcoal filter; the 
purity is checked every three months by a consultant 
(Mitchell Associates, Milford, MA). Test media were 
prepared 1 h prior to experiments. 

For  the human experiments, Poland Spring distilled 
water, the purity of  which is checked bimonthly (Poland 
Spring representative), was used. Sugar solutions were 
prepared at least 24 h before use, stored at 5°C, and 
brought to room temperature (~23°C)  for tests. 

Flies and larvae 

The flies were D. adiastola, a Hawaiian painted-wing 
fruitfly descended from D. grimshawi (Carson & Stalker, 
1968), or D. melanogaster. The D. adiastola were cul- 
tured at the Hawaiian Environmental Biology Program, 
University o f  Hawaii, Honolulu and shipped to our 
laboratory. Adults arrived at 7 days of  age and larvae at 
75 h after hatching. Adults were maintained in mass- 
feeding vials with sucrose, fructose and glucose, 2.5% 
w/v each (in 2% w/v agar) ad lib, at 18-20°C and 
allowed to adjust to a 12:12 h day:night cycle for at least 
two days before tests. Larvae were maintained in the 
shipping medium under the same conditions until testing. 
D. melanogaster adults and pupae were obtained from 
Connecticut Valley Biological Supply Co., Inc., cultured 
at 18°C, with 12:12 h light:dark, on Blue Drosophila 
medium (Connecticut Valley Biological Supply Co.). All 
tests were conducted with adult progeny from these 
cultures. 

Human subjects 

This research has been approved by the Clark Univer- 
sity Committee on the Rights of  Human Participants in 
Research and Teaching Programs. Ten male and 10 
female subjects (mean age 41.6, range 18-72 years) were 
recruited from the multicultural Clark University 
community, and included 5 Asian or Pacific Island 
individuals, as well as Caucasian Americans. They 
completed a confidential questionnaire with information 
about age, sex, race/ethnic origin, smoking, medications 
and family history of  diabetes. Any reporting known 
diabetes in themselves were thanked and told that we 
could not test them as subjects. The nondiabetic indi- 
viduals who were included in the experiment were con- 
sidered representative of  a 'natural '  human population. 

METHODS 

Fly behavioral tests 

Behavioral data were obtained using a two-choice 
paradigm, as adapted from Tanimura et al. (1982) by 
Her  and Kennedy (1991) and Poskanzer et al. (1992). 
Flies chose to feed on red or blue agar media, contain- 
ing (a) sugars of  various concentrations vs plain agar, or 

(b) fructose vs glucose at concentrations which had 
equal taste potency. 

Characterization of the natural population 
Groups of  43-55 flies were food-deprived, with 1% agar 
in water ad lib for 48 h. The flies then were anaes- 
thetized by cooling in a freezer and placed on water- 
saturated filter paper in the opaque section of  a double- 
sectioned test chamber, and the partition between the 
opaque and transparent sections removed. Upon  awa- 
kening, the flies were attracted to, and moved toward, 
the light in the transparent section. Since the opening 
between the sections was low, the flies were forced to 
walk on the wet filter paper. Thus their water receptors 
were stimulated and those flies that were thirsty drank. 
In this way, the paradigm controlled for ingestion of  a 
test solution by a thirsty fly for the water, rather than 
for the sugar. Once all the flies had moved into the 
transparent section, the opaque section was closed off 
and the sliding shelf removed. There, they chose among 
12 Petri dishes, randomly arranged on the floor of  the 
testing chamber; six contained a single concentration of  
a single sugar in 1% agar (red) and six contained sugar- 
free 1% agar (blue). The ranges of sugar concentrations 
in the media were sucrose 1.5-150 mM, fructose 1.5- 
250 mM, and glucose 20-250 mM. 

The flies were allowed to feed for 4.5 h. Then the flies' 
abdominal coloring was checked, and the flies categor- 
ized as red only, blue only, both red and blue, or neither 
red nor blue. A preference index (P/) was computed 
according to the following equation: PI = (R + 1/2M)/ 
(R + M + B), where R = number of  red flies (those eat- 
ing only the sugar-containing solution), M = number of  
mixed (red and blue) flies, and B = number of  blue flies 
(those eating only the plain agar solution). The test was 
repeated using different concentrations and different 
sugars, and the resulting PI values were plotted against 
sugar concentration (Her & Kennedy, 1991). 

Selection of adult variants 
Behavioral tests for variant selection in adult flies were 
as for the population characterization with some modi- 
fications. Test media were 20 mM fructose and 40 mM 
glucose in 1% agar, slightly suprathreshold concentra- 
tions for which the PI was 0.6. In the first of  two 
screening tests, fructose was colored blue and glucose 
was colored red. After the tests, flies were placed into 
individual vials containing a medium of  2.5% each 
sugar in 2% agar. On the second post-test day, the vials 
were examined for colored spots, and the flies classified 
as above. Those that were both red and blue were 
designated 'wildtype' (WT), since they ate both sugars. 
Those that were either only red or only blue were sub- 
jected to a second screening test after 48 h food-depri- 
vation, with the same concentrations of sugars, but with 
the colors reversed. Any flies which showed the same 
color in both tests had eaten both sugars and were thus 
WT. Those who excreted red in the first test and blue in 
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the second were designated 'fructose nontasters' (FN), 
as they had eaten only glucose, and thus presumably 
could taste only glucose. Similarly, those who excreted 
blue in the first test and red in the second were 'glucose 
nontasters' (GN) (Poskanzer et al., 1992; Poskanzer & 
Kennedy, 1993). 

Selection of larval variants 
A 96-well Elisa microplate (CorningR) was fitted with 
dental wax (Lactona) to enclose an octagonal test area 
7.5 cm in diameter, containing 48 wells. A center 'start 
zone' of four wells was filled with 1% agar. Around this 
area, blue and red media of fructose 20 mM and glucose 
40 mM (each in 1% agar) were placed in alternating 
wells, in ABAB fashion. Thus the larvae were required 
to not simply feed in the most-easily reached wells, but 
rather to make a choice by tasting two media, as they 
had to pass by A to get to another B. Spaces between 
wells were filled with plain agar so that larvae could not 
fall into these areas and become trapped. 

Since food-deprivation may cause chromosomal 
rearrangements in this species (K. Kaneshiro, 1994, 
personal communication), the larvae were not food- 
deprived before testing. They were removed from the 
shipping medium, allowed to crawl on water-saturated 
filter paper for 5-10 min, and then placed in the start 
zone of the test chamber. They were allowed to feed 6- 
8 h and then classified according to the colors seen in 
the intestines by light microscopy (Saikku, 1994). 

Chromosomal preparations 

After classification of a larva, the salivary glands were 
removed, stained with 1% orcein in 45% acetic acid and 
fixed (Sorsa, 1988). The glands then were squashed 
between glass slides, viewed by light microscope, pho- 
tographed, and traced by camera Lucida projections. 
The banding patterns were compared with standard 
maps for D. adiastola (Carson & Stalker, 1968) and D. 
melanogaster (Sorsa, 1988) and also compared between 
the D. adiastola WT and FN (Saikku, 1994). 

Receptor cell neurophysiology 

The action potential responses of receptor cells in single 
labellar sensilla were tip-recorded (a form of loose 
patch-clamp recording) in isolated D. adiastola proboscis 
preparations as in our previous work with blowflies 
(Kennedy & Halpern, 1980; Kolodny & Kennedy, 
1988). A concentration series of each sugar was deter- 
mined from the effective concentration ranges in the 
previous behavioral tests: sucrose or fructose 5, 10, 20, 
40, 80, 160 mM; glucose 30, 40, 60, 80, 100, 150 mM 
(all in choline chloride 100 mM). The various concen- 
trations of a given sugar, and also 'water' (75/zM 
NaCI) and 100 mM choline chloride, were presented in 
random order to each of nine sensilla as 5 s stimu- 
lations, with 5-min disadaptation periods in between. 

Data analyses were on the first 100 ms responses, as in 
our previous work (Kennedy & Halpern, 1980; Kolodny 
& Kennedy, 1988). 

Human psychophysical tests 

Procedure 
Subjects tasted and compared the sweetness of various 
concentrations of sucrose, fructose and glucose (2, 4, 8, 
16, 32, 64 and 128 mM) with that of distilled water (21 
pairs) in each of three sessions. The concentration range 
was selected to include the threshold as in the literature 
and according to results from preliminary tests. The 
series for all sugars was selected to range from a low 
concentration that no subject could recognize as sweet 
to a high concentration that all would recognize as 
sweet. The range also was selected to give clear resolu- 
tion of a concentration recognized as sweet by > 50% of 
the subjects. 

Cups of solutions (I0 ml) were placed on a table in a 
labeled order for presentation (21 pairs of sugar and 
water). The order was random for the concentration 
of each sugar, and for the water/sugar order within a 
pair, with the three sugars presented serially. The serial 
order of sugars was systematically varied for each of 
three sessions--sucrose/glucose/fructose, glucose/fruc- 
tose/sucrose, fructose/sucrose/glucose. 

Subjects were asked to not eat for at least 1 h before 
testing. The following instructions were read by them, 
and then read to them: 

'First rinse with a comfortable amount of water 
and then at the instruction 'start' from the experi- 
menter, take cup 1-A from the first pair of cups, sip 
the solution and taste it. Hold the solution in your 
mouth until the instruction 'out' is given. Then spit 
the sample into the spittoon cup and rinse with a 
comfortable amount of water. At the instruction 
'next', take cup 1-B from the first pair and sip, 
taste, spit and rinse as before. Then indicate which 
of the 2 solutions taste sweeter by circling A or B 
on the line labeled 1 on the data sheet. Then, at the 
instruction 'next', take cup 2-A from the second 
pair of cups, and sip, taste, spit and rinse as before. 
We will continue this procedure until you have 
tasted and picked the sweeter solution of all the 
pairs on the table.' 

The temporal sequence of the experiment was con- 
trolled by the experimenter seated behind the subjects, 
according to a digital stop watch. The sequence was as 
follows: 30 s for each sample in a pair, including 10 s 
tasting, then spitting and rinsing, with an interpair 
interval for recording the data of 15 s (total of 1 min, 
15 s for each cycle). This temporal sequence was selec- 
ted as one which would provide enough time between 
tastings to avoid sensory adaptation but would not be 
so long between solutions as to allow the subjects to 
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forget the sweetness of  the previous solution within the 
pair (Eylam et al., 1995). 

Response functions 
Recognition indices (R/), indicating the proport ion of  
the population that correctly recognized the sugar solu- 
tion in each pair as sweet, were calculated. Subjects' 
responses were collected as a binary series of  numbers: 
correct recognit ion= 1, and incorrect (indicating the 
water as the sweeter solution) = zero. If  the subject 
guessed in the forced-choice procedure, he/she had a 
50% chance of  being correct. Each subject was tested 
three times with the same sugars and concentration 
range, but in a different random order. Responses from 
all subjects were summed and divided by the N to cal- 
culate R I  values for the population data. An incorrect 
response in three replications of  a given concentration 
of  a particular sugar for all the subjects would give a 
population R I  of  0. As the concentration range increa- 
ses, there is a greater likelihood of  a correct answer, 
until the proport ion of  the population that can correctly 
recognize the sugar reaches a maximum where it levels 
off (RI  = 1.0) (Eylam et al., 1995). 

Variability analysis 
Positive ID values (the lowest concentration for which 
the sugar was correctly distinguished from water 100% 
of  the time) were calculated for each subject. Positive ID 
cumulative percentiles for the population were plotted 
and inspected for similarities and differences in the 
functions for the three sugars. Then positive ID con- 
centrations and logs of  positive ID concentrations (nor- 
mal and lognormal distributions) were plotted vs. 
computed Z-scores for the percentiles (0 and 100 were 
not used). By this analysis the intercept gives the mean, 
and the slope gives the standard deviation. The fits of  
these plots were inspected to determine whether they 

indicated separate signals for fructose and glucose. 
For  interpretation, a true lognormal distribution 
would be expected to result from a situation in 
which many factors contribute to variation in the 
measured parameter, and the factors all act multi- 
plicatively. A linear normal distribution would be 
expected when the factors act additively. A bimodal 
distribution composed o f  two separate lognormal 
signals is thought to appear normal (Hattis & Silver, 
1994; Eylam et al., 1995). 

RESULTS AND C O N C L U S I O N S  

Responses  of  D. adiastola natural population 

Behavioral and receptor cell responses for the popula- 
tion to the various sugar concentrations are summarized 
in Table 1. The behavioral thresholds (highest concen- 
trations for which the P I  = 0.5) were 5 m M for sucrose 
and fructose. For  glucose, however, the threshold was 
higher, at 30 mM. The range from the threshold con- 
centration to the lowest concentration at which the P I  
values began to level off (maximal response) was similar 
for sucrose and fructose, but narrower for glucose. 

Likewise, the first 100 ms receptor cell action poten- 
tial responses showed concentration-dependent firing 
over similar concentration ranges for sucrose and fruc- 
tose. However, the concentration-dependent firing eli- 
cited by glucose increased more rapidly to higher 
maximal rates at the higher concentrations. 

Fits of  the behavioral PI  values and receptor cell 
firing rates (numbers of  action potentials in first 100 ms 
responses, normalized to PI  scale) to the equation for a 
rectangular hyperbola were significant (p < 0.001, 
ANOVA). Again, the parameters (concentrations for 
the half-maximal and maximal response values) from 

Table 1. Drosophila adiastola population behavioral and receptor cell responses to sugars a 

Sugar Threshold Concentration b 
(mM) 

Measure 

Response Parameters c 

Concentration for Half- 
maximal Response ( + S.E.) 

(mM) 

Maximal Response a 
(± S.E.) 

Sucrose 
Behavior 5 
Neurophysiology 

Fructose 
Behavior 5 
Neurophysiology 

Glucose 
Behavior 30 
Neurophysiology 

2.5 (0.5) 0.75 (0.02) 
3.7 (1.3) 0.93 (0.06) 

3.7 (0.8) 0.80 (0.02) 
2.3 (0.5) 0.82 (0.02) 

18.8 (5.6) 0.93 (0.06) 
16.5 (7.0) 0.95 (0.09) 

aSummarized from Her and Kennedy (1991) and Poskanzer et al. (1992). 
bLowest concentration for which PI = 0.5 (see Methods). These concentrations elicited 1-3 action potentials in first 100 ms 
responses (mean 1.8, S.D. ± 0.4). 
CFor fits of the data to the equation for a rectangular hyperbola (p ~< 0.0001, ANOVA). 
dBehavior: PI. Neurophysiology: mean number of action potentials in first 100 msec responses, normalized to PI scale. 
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these fits were similar for sucrose and fructose, but 
higher for glucose (Table 1). These data suggest that 
there are different mechanisms for fructose and glucose 
in this species. 

Table 1 also shows that for each sugar, the parame- 
ters for the behavioral and receptor cell responses cor- 
respond. To confirm this correspondence, the rising 
phases ( P I =  0.5-0.8) of the response curves were 
fitted by linear regression. The fits and slopes were sig- 
nificant (p ~< 0.02, ANOVA), with good correlations 
(r 2 =0 .79-0 .96) .  Moreover, the slopes for fructose 
and glucose were significantly different by Analysis of 
Covariance (p < 0.001). These data suggest that the 
different fructose and glucose mechanisms are located in 
or before the receptor cells (Her & Kennedy, 1991; 
Poskanzer et al., 1992; Kennedy & Poskanzer, 1994). 

Control tests with 50 mM sucrose (red) vs plain agar 
(blue) in 9 flies and 50 mM sucrose (blue) vs plain agar 
(red) in 10 flies yielded similar P I  values (0.722 and 
0.700, respectively). Thus the color of the solution did 
not affect the flies' choice (Her & Kennedy, 1991). 

D. adiastola fructose and glucose taste variants 

Of 1224 adult flies from the natural population, all were 
screened for the FN trait, and 905 were screened for 
the GN trait. These tests selected FN and GN at 
frequencies (±S.E.)  of 5.7 (+0.7)  and 3.6 (±0.6), 
respectively. The FN are the first variants for fructose 
taste isolated in any species. 

There were no differences in frequencies between 
males and females for either nontaster type (p > 0.05, 
Z2 Test) (Table 2). Since all the flies tested had the nor- 
mal phenotypic appearance, they could be expected to 
be normal diploid specimens with no multiple chromo- 
somes. This statistical result then suggests that the gene 
for the variant trait is not on the X-chromosome. 
Rather, it must be located on an autosomal chromo- 
some (Poskanzer et al., 1992; Poskanzer & Kennedy, 
1993; Kennedy & Poskanzer, 1994). 

D. adiastola WT and FN chromosomes 

A total of 112 larvae were screened to yield 6.25%0 FN 
and 3.57% GN, frequencies which are comparable to 
those obtained in the adults. Microscopic inspections of 

11 WT chromosomal preparations showed similar 
banding patterns to those in chromosomal maps of 
Carson and Stalker (1968) for D. adiastola. 

Comparison of  the clearest WT preparation with 
maps for D. melanogaster (Sorsa, 1988) showed both 
similarities and differences. However, comparison of 
the WT preparation with 6 different FN chromosomal 
preparations, with particular attention to the X-chro- 
mosomes, revealed no apparent differences in banding 
patterns. Since the patterns were not clearly resolved in 
the entire genome of any one FN preparation, firm 
conclusions require additional data. However, these 
preliminary results from larval chromosomes support 
the suggestion from the adult fly behavioral data that 
the F N  trait is not located on the X-chromosome. That 
is, they support an autosomal location for the FN trait 
(Saikku, 1994). 

D. melanogaster cross-breeding experiments 

Fructose nontasters (3 females) also were isolated from 
a group of 40 laboratory population D. melanogaster 
with a frequency (7.5%) that was not markedly different 
from that for the natural population of D. adiastola 
(5.7%). The cross of a WT male with an FN female yiel- 
ded 87 first filial (Fl) progeny, including 20 FN, which 
represents a much higher frequency (23%) from that 
in the parental (P) D. rnelanogaster population. 
There was no clear difference in numbers of male and 
female FNs (11 and 9, respectively) within the Fl pro- 
geny, but the proportion of male FNs among the pro- 
geny (9 out of 87) was, again, greater than those in the P 
population (0 out of 40). There appeared to be no lethal 
alleles. 

Cross of an Fl WT female with an F1 WT male yiel- 
ded 16 second filial (F2a) progeny with no FN. Cross of 
an F1 FN female with an F1 FN male yielded 10 F2b 
progeny, including 3 FN at a greater frequency (30%) 
than that in the P population (7.5%). None of the F2b 
FN were female. There were no apparent lethal alleles in 
either F2 progeny. While the numbers of  flies in these 
crosses are too low for reasonable X 2 analysis, these 
preliminary data agree with the suggestion from the D. 
adiastola behavioral and chromosomal data that the 
trait does not involve a single gene on the X-chromo- 
some. Rather, the FN trait appears to be polygenic, and 

Table 2. Frequencies of nontasters isolated from a Drosophila adiastola natural population ~ 

All flies females males Female/male differences 6 

Fructose Nontasters 
N 1,224 619 605 
Frequency (% [ i  S.E.]) 5.7 [0.7] 5.6 [0.9] 5.8 [0.9] 0.90 < p < 0.95 

Glucose Nontasters 
N 905 467 438 
Frequency (% [-4- S.E.]) 3.6 [0.6] 4.3 [0.9] 3.0 [0.8] 0.25 < p < 0.50 

aSummarized from Poskanzer et al. (1992), Poskanzer and Kennedy (1993), and Kennedy and Poskanzer (1994). 
b~2 TEST. 
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Fig. 1. Human natural population proportions of correct 
recognition. 

either completely autosomal or partially coded by a 
defective X-chromosomal gene for which one or more 
normal autosomal genes can compensate. 

P s y e h o p h y s i c a l  r e s p o n s e s  o f  the  na tura l  h u m a n  

p o p u l a t i o n  

Population recognition index (R/) values, which indicate 
the proport ion of the population that correctly recog- 
nized the sugar in each pair as sweet (Methods), are in 
Fig. 1. The response curves fluctuate at the lower sugar 
concentrations and then increase steadily with increas- 
ing concentrations in the middle of  the range. While the 
curves for sucrose and fructose reach a maximum at 
32 mM, the curve for glucose continues to increase 
throughout.  The threshold concentrations ( R I =  0.5) 
are similar for sucrose and fructose (0 and 2 mM, 
respectively), while that for glucose is higher 
([6 + 15 + 18]/3 = 13 mM). Likewise, concentrations for 
correct recognition by 65% of the population 
( R I = 0 . 6 5 )  are identical for sucrose and fructose 
(6 mM), but higher for glucose (30 mM). These results 
support, but do not prove, separate physiological 
mechanisms for fructose and glucose taste in humans 
(Eylam et al., 1995). 
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Fig. 3. D. adiastola adult natural population normalized 
receptor cell firing rates (fitted to the equation for a rectangu- 

lar hyperbola). 

These response curves agree with those obtained from 
humans by Pangborn (1963) using constant-stimulus 
paired-comparisons, and by Por tmann et al. (1992) 
using intensity/time judgements in the similarities of 
sucrose and fructose functions and difference of  glucose 
functions and in the general forms of  the functions 
(converging for sucrose and fructose, expanding for 
glucose). They also agree with data of  Hagstrom and 
Pfaffmann (1959) for rat chorda tympani responses to 
sucrose and glucose. 

The three curves from our present study converge at 
the highest concentration (128 mM), 100% correct 
recognition (RI  = 1.0). This result is consistent with the 
monogeusia reported by Breslin et al. (1994) for con- 
centrations higher than those tested here. 

In addition, these human data are similar to data for 
behavioral and receptor cell responses of  D. adiastola in 
the forms of  the functions (Figs 2 and 3) and also in the 
sucrose, fructose, and glucose concentrations for correct 
recognition by 65% of the human population (6, 6 and 
30 mM, respectively) and 60% of  the D. adiastola 
population (10, 10 and 35 mM, respectively) (data of  
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Fig. 2. D. adiastola adult natural population behavioral pre- 
ference index functions (fitted to the equation for a rectangu- 

lar hyperbola). 
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Her & Kennedy, 1991; Poskanzer et al., 1992). These 
similarities support the suggestion that basic mechan- 
isms in Drosophila may be similar to those in humans 
and that Drosophila species may be a good model for 
the human mechanisms (Eylam et al., 1995). 

Variability analysis 

Figure 4 gives the population cumulative percentiles of 
positive ID values for each subject (the lowest concen- 
tration for which the sugar was correctly distinguished 
from the water 100% of the time by that subject) 
(see Methods). This graph again supports the hypo- 
thesis of separate mechanisms for the monosaccharides, 

since the sucrose and fructose functions are similar, 
while the glucose function is different. 

Figure 5 shows variability distributions calculated 
from the cumulative percentiles of positive 1D values, 
and Table 3 shows the regression parameters for the 
distributions. The data for fructose and glucose are 
better fitted by a lognormal distribution, while that for 
sucrose is better fitted by a normal distribution. This 
difference in fits suggests that the monosaccharides, 
glucose and fructose elicit separate signals, while the 
disaccharide sucrose elicits an additive response, 
perhaps of the separate glucose and fructose signals 
(see Methods and Hattis & Silver, 1994; Eylam et al., 
1995). 
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Table 3. Regression parameters 
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Sugar Variability distribution 

Normal Lognormal 

Mean (intercept) S.D. (slope) r 2 Geometric mean Geometric S.D. 
(mM) (mM) (intercept) (slope) 

(mM) (mM) 

r 2 

Sucrose 14.3 10.3 0.995 10 2.4 0.91 
Fructose 27 16.6 0.86 20 1.9 0.96 
Glucose 61.6 29.3 0.97 63 2.3 1 

Potential glucose nontaster 

Figure 6 shows the RI  values from a subject who may be 
a GN. Her function for fructose is similar to that for the 
population, but her glucose function shows a poorer  
sensitivity to this sugar. The concentration for her 
RI  = 0.65 (,-~80 mM) is considerably higher than that 
for the population ( ~  13 mM). Like the population, she 
can recognize 128 mM glucose as sweet in comparison 
with water 100% of  the time. 

DISCUSSION 

In D. adiastola adults from the natural population, 
parameters for behavioral and receptor cell responses to 
sucrose and fructose were similar, while those for glu- 
cose were different. These results suggest that physiolo- 
gical taste mechanisms for the two monosaccharides are 
different. That  parameters for the behavioral and 
receptor cell responses corresponded, indicates that the 
different physiological mechanisms are located in or 
before the taste receptor cells. 

The existence of  different mechanisms is further sup- 
ported by the isolation of  variants for fructose (FN) and 
for glucose (GN) from the adult natural D. adiastola 
population. There were no significant differences in fre- 
quencies between male and female FN or G N  fre- 
quencies. This result suggests that the variant traits are 
not sex-linked, i.e. that they are located on an auto- 
somal chromosome. The FN are the first variants for 
fructose taste isolated in any species. 

D. adiastola larval FN  and G N  were also isolated 
from a natural population at frequencies comparable to 
those in the adults. The existence of  these larval variants 
supports the suggestion that the FN and G N  traits are 
inherent, rather than acquired, characteristics of the 
adult populations. Inspection of  larval chromosomes 
suggested that banding patterns in the wildtype (WT) 
larvae were similar to those in published maps for this 
species, yet different from those in maps for D. melano- 
gaster, and demonstrated that differences could be dis- 
criminated in our preparations. However, comparison 
of  D. adiastola FN and WT preparations, with focus on 
the X-chromosomes, revealed no apparent differences. 
Although some additional preparation might yet resolve 

a difference, these preliminary results agree with the 
adult behavioral data to support an autosomal location 
for the F N  variant trait. 

Both F N  and G N  were isolated from a laboratory 
population of D. melanogaster adults at frequencies that 
were not markedly different from those for the adult D. 
adiastola natural population. These results indicate that 
it should be possible to exploit some of  the major  
advantages of  D. melanogaster--ease of  culture for 
cross-breeding experiments, the extensive genetic link- 
age maps and corresponding stocks of  known mutants,  
and the increasing base o f  information about the mole- 
cular genetics and development of  molecular techniques 
for this species--in future genetic work on sweet taste 
transduction. 

The results from three crosses with D. melanogaster 
F N  variants yielded no apparent lethal alleles. The FN 
frequencies for the progeny suggest a polygenic trait 
that is either completely autosomal or includes coding 
by a defective X-chromosome gene for which one or 
more normal autosomal genes can compensate. The 
numbers of  flies mated and progeny obtained thus far 
are low, however; therefore, these cross-breeding data 
must be considered preliminary. 

Human psychophysical functions from a forced- 
choice procedure similar to that used for the Drosophila 
also were similar for sucrose and fructose but different 
for glucose, and variability analysis indicated separate 
signals for fructose and glucose. Moreover,  the con- 
centrations of  the three sugars for 65% RI  (correct 
recognition by humans) and 60% PI (feeding preference 
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by Drosophila) were virtually the same. These simila- 
rities support  the suggestion that basic molecular sweet 
taste transduction mechanisms may  be similar in Dro- 
sophila and humans.  Thus the advantages of  a genetic 
analysis in Drosophila could be most  useful in the 
at tempt  to understand human sweet taste mechanisms. 

The evidence for separate fructose and glucose 
mechanisms in humans  suggests that  variants for one or 
the other mechanism could be identified in humans.  
The functions obtained from a potential human  G N  
support  this suggestion. The identification of  such var- 
iants f rom a natural  populat ion and taste-testing of 
members  of  the variants '  families to construct pedigrees 
for the variant traits could be most  useful. 

The studies reported here have probed the initial steps 
in a variant-to-gene-to-protein approach to sweet taste 
transduction. Overall, the results suggest that future 
classical and molecular genetics studies with both Dro- 
sophila and humans within the context of  this approach 
should be most  useful. 
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