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SUMMARY

Comparative studies of related but ecologically distinct species can reveal how the nervous
system evolves to drive behaviors that are particularly suited to certain environments. Drosophila
melanogasteris a generalist that feeds and oviposits on most overripe fruits. A sibling species,

D. sechellia, is an obligate specialist of Morinda citrifolia (noni) fruit, which is rich in fatty acids
(FAs). To understand evolution of noni taste preference, we characterized behavioral and cellular
responses to noni-associated FAs in three related drosophilids. We find that mixtures of sugar and
noni FAs evoke strong aversion in the generalist species but not in D. sechellia. Surveys of taste
sensory responses reveal noni FA- and species-specific differences in at least two mechanisms—
bitter neuron activation and sweet neuron inhibition—-that correlate with shifts in noni preference.
Chemoreceptor mutant analysis in D. melanogaster predicts that multiple genetic changes account
for evolution of gustatory preference in D. sechellia.
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Dey et al. characterize evolution of noni acid taste in drosophilids, identifying fatty acid- and
species-specific differences in sweet- and bitter-sensing circuits that correlate with differences in
feeding preference for noni acids between noni host-specialist and generalist species.

INTRODUCTION

Dietary preferences differ dramatically between insect species, even among those that might
be closely related, and they have large consequences on adaptive evolution. Host plants
present a wealth of chemical information, and previous studies have found examples of both
olfactory and gustatory variation that accompany adaptive responses to ecological niches.1—9
However, a central and poorly understood question is how chemosensory evolution
contributes to differences in dietary preference. Insects that are host plant specialists present
unique opportunities to decipher how the nervous system evolves to affect behavior.

D. sechelliais one such model, because of its obligate host specialization as well as its
evolutionary proximity to D. melanogaster. Drosophila species originated in equatorial
Africa from where they spread all over the world.10 The melanogaster subgroup contains
nine sibling species. While most are generalists and can thrive on a broad range of hosts, two
species, D. sechelliaand D. erecta, depend on selected hosts, Morinda citrifolia (noni) and
Pandanus candelabrum, respectively, for their survival.>1112 D, sechellia is endemic to the
Seychelles archipelago in the Indian Ocean, where it exclusively feeds and oviposits on the
fruit of M. citrifolia of the Rubiaceae family.1314 An ancestor of D. sechelliais thought to
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have arrived on the Seychelles from the coast of Africa or Madagascar, and it diverged into
D. simulans, D. sechellia, and D. mauritiana. Though D. sechellia diverged from D. simulans
several thousand years ago,1516 it is possible that its specialization for noni fruit may be

a more recent development.10-11 The robust differences in dietary preference between D.
sechelliaand closely related drosophilid species allow for comparative approaches to define
the neural mechanisms underlying preference for noni fruit.

Noni fruit is toxic for all other drosophilids found on the Seychelles, which is thought

to provide an additional advantage to the specialist.1112.17-19 The toxicity is largely
attributed to medium chain fatty acids (FAs), which along with additional carboxylic acids
and derivatives comprise a significant fraction of the volatiles emanating from ripe noni
fruit.19 Octanoic acid (OA) and hexanoic acid (HA) are major components (58% and

19% of the volatiles, respectively) and are individually toxic to the generalist species.1®
Decanoic acid (DA), found in smaller amounts (1.54% of the volatiles), does not by itself
have an observable effect on survival. However, a mixture of the three acids in the same
proportions as present in noni causes the same mortality as fruit pulp, an effect that cannot
be replicated with a mixture of OA and HA only.17:19 Thus, although the molecular basis

of physiological tolerance to noni components is not yet well understood, it appears that D.
sechellia has evolved detoxification mechanisms to cope with multiple chemical components
of noni.11.20-24 The primary locus responsible for this resistance has been mapped to a
cluster of 18 genes, including various Obps (odorant-binding proteins) and nine members
of the Osiris (Osi) family.2%-25 Osj genes encode conserved transmembrane proteins that are
involved in various functions such as vesicular protein trafficking and degradation, olfactory
cuticular nanopore formation, and pheromone sensitivity.26-30 RA/A/ knockdown of Osié,
Osi7, and Osi8in adult D. melanogaster alters its resistance to OA.23 Knockdown of Osi8
also decreases OA resistance in larvae.3! Further investigation is needed to determine the
mechanisms of how Osi proteins contribute to noni FA resistance.

While physiological tolerance is key for survival on noni fruit, accompanying changes in
behavioral preference are important for driving interactions between D. sechellia and noni.
D. sechelliais attracted to noni fruit, or mixtures of FAs and esters that mimic noni,

from as far away as 150 m.12:32 Contact-range behaviors are also markedly different—D.
melanogasterand D. simulans avoid feeding and laying eggs on substrates containing noni
FAs, whereas D. sechellia females choose to do $0.33-36 Several studies have investigated
mechanisms underlying olfactory adaptations that increase attraction of D. sechelliato noni
volatiles and also induce oviposition.12:32:37:38 However, little is known about neurogenetic
variation in gustatory function, which is engaged upon contact with the fruit.

Investigations of FA taste in D. melanogaster have largely focused on appetitive responses
elicited by HA,39 which is mediated via a subset of sweet-sensing taste neurons and is
dependent on members of the ionotropic receptor family, including co-receptors Ir25a and
Ir76b, as well as a selectively expressed 1r56d.49-42 Whether these functions are altered

in D. sechellia has not been explored. Comparative studies have delved more into gustatory-
driven oviposition behavior and found FA aversion in the generalists, contrasted with
preference in D. sechellia 1?1843 oss of Obp57dand Obp57e or knockdown of Obp56e

in D. melanogaster causes reduced aversion to noni fruit.33-36 Obps are widely expressed
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in taste tissues and are involved in modulating feeding behaviors to various stimuli.#4-47
Yet, how these Obps act to alter FA taste responses is not yet clear. Overall, these questions
reflect a significant gap in our understanding, since changes in taste and dietary preference
may have been key events that facilitated selection of increased behavioral attraction and
physiological adaptations in D. sechellia. 1148

Here, we systematically characterize gustatory responses of D. sechelliaand its generalist
siblings, D. simulans and D. melanogaster. We find major evolutionary shifts in behavioral
responses to the three noni FAs. We test labellar sensilla for responses to noni FAs, and we
find that noni FAs activate bitter taste neurons and also inhibit sweet taste neurons. Further,
we find noni FA- and species-specific differences in these features that parallel evolutionary
shifts in feeding preference. Analysis of D. melanogaster chemoreceptor mutants suggests
that a Gr-dependent mechanism is involved in bitter neuron activation, and an Ir-dependent
mechanism is involved, at least in part, in sweet neuron inhibition. Overall, our study
predicts that multiple variants impacting the function of at least two different classes of taste
neurons allow D. sechelliato favor noni.

RESULTS

D. sechellia shows a loss of feeding aversion to noni FAs

We examined gustatory behaviors of three Drosophila species separated from each other
by less than 3 million years—D. melanogaster, D. simulans, and D. sechellia (Figure
1A)—to FAs found in noni fruit. Since previous studies have shown that HA triggers
proboscis extension response (PER) in D. melanogaster;3%4149 we compared PER to noni
FAs. We tested the three noni FAs separately, each at two different concentrations, the
higher of which approximates that found in noni fruit.1® Consistent with previous studies,
D. melanogaster showed proboscis extension in response to tarsal stimulation with noni FAs
(Figures SLIA-S1C). As expected, this appetitive PER, as well as consumption, in response
to pure HA was dependent on /r56d (Figures S1D and S1E). But we found little to no
difference in PER to OA or HA across the three species, although D. sechellia exhibited a
somewhat stronger PER to DA than the generalists.

Since FAs are found in the presence of sugar in noni fruit, we next performed binary choice
feeding assays in which one tastant alternative was 5 mM sucrose mixed with OA, HA,

and DA at concentrations that mimic the approximate levels present in ripe noni fruit (1%
OA, 0.5% HA, and 0.05% DA).19 The sucrose-FA mixture was tested with water as the
alternative. D. sechellia exhibited a much greater preference for sucrose-FA compared to
either of the two generalist species (Figure 1B). We next tested gustatory preference for the
sucrose-FA mixture when the alternative was 1 mM sucrose. The lower concentration of
sucrose is less appetitive than 5 mM sucrose, but it can be preferred when aversive tastants
are mixed with 5 mM sucrose. In these experiments, we found that D. sechellia did not
distinguish between the two stimuli; however the generalists showed complete preference
for 1 mM sucrose, indicating that noni FAs reduce food palatability for D. melanogaster
and D. simulans (Figure 1C). Consistent with these results, we found that consumption of
food containing noni FAs was significantly reduced in the generalist species (Figure 1D). By
contrast, the presence of noni FAs stimulated food intake in D. sechellia. Overall, our results
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suggest that sucrose-noni FA mixtures elicit behavioral aversion in the generalist species,
which is greatly reduced in D. sechellia.

Individual noni FAs elicit species-specific feeding preference

It is possible that all three noni FAs contribute to differences in the response of D. sechellia,
or that a single FA drives the change in preference. Since the differences between generalist
and specialist species in terms of their feeding preference for the noni FA mixture was

more pronounced in binary choice assays with sucrose, we compared behavioral responses
to individual noni acids under the same conditions (Figure 2A). Varying concentrations of
each of the three acids were mixed with 5 mM sucrose and tested against 1 mM sucrose.

FA concentrations were selected based on the range reported for noni fruit!’-12 and, in some
cases, previous reports of behavioral sensitivity.18:33.34.36 Qverall, we found species-specific
patterns of feeding preference for individual noni FAs. For D. melanogasterand D. simulans,
all three FAs caused concentration-dependent shifts in feeding preference away from the
sucrose-FA mixtures and toward the lower concentration of plain sucrose instead (Figures
2B-2D). Preference was also determined by FA identity, with DA being the least preferred
of the three (Figure 2D). Interestingly, the behavioral threshold for OA was lower in D.
simulans, suggesting enhanced sensitivity compared to that of D, melanogaster (Figure

2B). By contrast, inclusion of neither OA nor DA influenced preference of D. sechellia

for the higher concentration of sucrose. Some reduction in preference was observed with
higher concentrations of HA, but nevertheless, D. sechellia always preferred the sucrose-HA
mixtures to a greater extent than the sister species (Figure 2C). Overall, these results indicate
that the generalist drosophilids have far less preference for the three prominent FAs in noni
fruit compared to D. sechellia.

Anosmic D. melanogaster retain behavioral avoidance of noni FAs

The noni FAs are volatile, and there are differences in olfactory responses to HA and

OA between D. melanogasterand D. sechellia, attributable to differences in olfactory
receptors such as Or22a and Ir75b, as well as in olfactory circuits.12:32:37.38 Although
olfaction-independent FA taste responses have been described, these have largely been
investigated in the context of appetitive behavior.39-4249.50 Tg determine if olfactory input
contributes to FA preferences, we compared the behavior of wild-type D. melanogaster with
that of Orco mutants (AOrco) lacking Or-dependent olfactory sensing, and with antennaeless
Orco mutants (AOrco antennae-less) lacking all olfactory input>® (Figure 2E). Flies were
tested for feeding preference for sucrose-noni FA mixtures using the binary choice assay
conditions described above. We found that all three FAs elicited reduced preference at the
highest concentrations, even in flies that had lost the ability to smell them (Figures 2F-2H).
In fact, DA aversion was not significantly different between the control and experimental
groups at any of the tested concentrations (Figure 2H); thus, DA feeding avoidance, at least
across the tested concentrations, is independent of olfactory function. For OA and HA, on
the other hand, olfaction-impaired flies showed reduced avoidance of the sugar-FA mixtures,
indicating a partial contribution of olfactory input to the behavioral outcomes in this assay
(Figures 2F and 2G). Therefore, in generalist species, both olfactory and taste functions
contribute to the feeding avoidance of noni FAs.
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Sensillar responses to noni FAs differ between species

To elucidate the sensory basis of gustatory preference in the generalist and specialist species,
we surveyed responses to noni FAs in taste sensilla of the labellum. We focused on L-

and S-type sensilla, which represent units that either contain or lack a bitter taste neuron
within them. As reported previously,>2 we found that both the numbers and positions of
these sensilla were largely similar in the three species, facilitating comparative analyses
(Figure 3A). From initial recordings, we found similar strengths of OA and HA responses
between D. melanogasterand D. sechellia (Figures 3B—3D). However, DA responses were
significantly lower in D. sechellia compared to D. melanogaster (Figure 3D) and correlated
with reduced feeding aversion to DA (Figures 2D and 2H) and the 3FA mixture containing
DA (Figures 1B and 1C). Interestingly, of the three species, D. simulans exhibited strongest
responses to OA and DA, paralleling its heightened sensitivity to these compounds in
binary choice feeding assays. Since S-type sensilla are also activated by bitter tastants, we
compared responses to lobeline, denatonium, coumarin, and caffeine. We found that with
the exception of caffeine, which, as previously reported, did not evoke a response in D.
sechellia,>? responses to other bitter tastants were similar in the three species (Figure S3A).

Noni FAs activate bitter taste neurons via gustatory receptors

The robust responses in Sa- and Sh-type sensilla mimic the pattern observed for ca-
responses in Sa- and Sh-type sensilla; we therefore compared pooled S-type responses
across species. For L sensilla, we primarily recorded from L7-9, which are positioned
laterally to the S hairs. OA and HA were tested at a range of 0.05%-1% and DA from
0.025%-0.1%. We did not find robust dose-dependent spiking activity in response to any of
the three noni FAs in the selected L-type sensilla of any species (Figure S2). On the other
hand, spike trains consistent with a single responsive neuron were observed upon stimulation
of S-type sensilla with noni FAs (Figures 3B-3D). In all three species, response to each

FA exhibited dose dependence. We found no differences in nonical bitter tastants.>3 We
therefore hypothesized that the observed FA responses originate in bitter-sensing neurons,
which are present in S-type but not in L-type sensilla.>3 To test this idea, we measured

1% HA responses from S-type sensilla in flies in which either Gr64fsweet- or Gr32abitter-
sensing taste neurons were genetically silenced by expression of Kir2.1. As in wild-type
flies, we observed a strong response to 1% HA in S-type sensilla of control UAS-Kir2.1 flies
(Figure S3B). We also measured responses to control tastants—100 mM sucrose (sweet), 10
mM lobeline (bitter), 10 mM denatonium (bitter), as well as TCC—which were as expected.
We found that response to HA was maintained in Gré4f-silenced flies; the loss of response
to sucrose but not to lobeline or denatonium confirmed the specific functional ablation of
sweet-sensing neurons. Conversely, in Gr32a-silenced flies, we observed that responses to
HA as well as to lobeline and denatonium were abolished, whereas that to sucrose was
maintained (Figure S3B).

As an independent line of evidence for bitter taste activation by FAs, we expressed GCaMP6
in bitter neurons and imaged tastant-evoked changes in fluorescence in presynaptic terminals
of these neurons in the sub-esophageal zone (Figures 3E-3G). As expected, calcium

activity was elevated in these neurons when 10 mM quinine was applied to the labellum.
Additionally, we observed calcium activity in response to 2-s applications of the noni FAs.
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Interestingly, a longer stimulation period of 10 s uncovered one peak of calcium activity
following stimulus onset (ON response) and a second peak upon stimulus removal (OFF
response) for quinine as well as the noni FAs (Figure S3C). Such responses have recently
been described in response to acetic acid and lactic acid, in both sweet- and bitter-sensing
taste neurons,>4:5°

Since a previous report attributed HA-evoked spiking activity in S-type sensilla to Gr64e
function in sweet-sensing neurons,*® we tested a Gr64a-fmutant and confirmed that while
sucrose response was lost, HA responsiveness was not affected in S-type sensilla (Figure
S4A). In line with the electrophysiology results, Gré4a-fmutants failed to distinguish
between two concentrations of sucrose in binary choice assays but exhibited feeding
aversion to 1% HA (Figure S4B). We also tested mutants lacking /r56ad, which functions

in sweet-sensing neurons. These mutants exhibited no differences in the robust HA-evoked
firing activity observed in labellar S-type and I-type sensilla (Figures S4C-S4E). Moreover,
Ir56d mutants, both intact and antennae-less, retained behavioral aversion to sucrose-HA
mixtures in binary choice feeding experiments (Figures S4F and S4G).

We next tested D. melanogaster flies lacking the Gr33a receptor, which is expressed in

all bitter taste neurons in the labellum and is required for responses to a number of

bitter tastants.>2:53 FA responses in S-type sensilla were nearly abolished in Gr33a mutants
(Figure 3H). Concomitantly, Gr33a mutants exhibited much higher preference for sucrose-
FA mixtures in binary choice assays, compared to control flies, which strongly avoided the
mixtures (Figure 31). Similar results were obtained when we tested an HA concentration
range on Gr33amutants in electrophysiology or behavior assays (Figures S4H and S41).
Collectively, our results, which are corroborated by a recent study,>® indicate that bitter taste
neurons are strongly activated by the diverse FAs found in noni fruit.

Noni FAs inhibit sweet-sensing neurons in a species-specific manner

Previous studies have found that some tastants activate bitter-sensing neurons and also
inhibit sweet-sensing neurons, with both cellular mechanisms independently contributing to
a fly’s avoidance of the tastant.46:57-61 We examined the responses of L-type sensilla, which
did not exhibit any activity with noni FAs alone, to mixtures of sucrose with each of the
noni FAs to test whether similar inhibitory mechanisms could be involved in determining
behavioral outcomes to noni fruit. The noni FAs were tested across the same concentration
range that was used to evaluate bitter taste activity.

In D. melanogasterand D. simulans, but not in D. sechellia, we observed significant
reduction of sucrose-evoked firing activity in the presence of the highest concentrations

of all three noni FAs (Figures 4A-4D). With OA and DA, a reduction of sucrose response
was also observed with the lowest concentration that was tested. Since the baseline response
to 100 mM sucrose varied across species, we quantified inhibition by calculating the ratio
of spiking activity in response to the mixture to that of sucrose alone, which revealed
differences in the threshold concentrations for this effect (Figures 4B’-4D’). Overall, DA

> OA > HA in terms of strength of inhibition in the generalist species. Dose-dependent
relationships were similar in D. melanogasterand D. simulans, with the exception that HA
evoked stronger inhibition in the latter (Figure 4C’). Moreover, the inhibitory effects of FAs
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could be overcome by titrating the amount of sucrose (Figure S5), ruling out a scenario in
which FAs have a general deleterious effect on neuronal function.

Notably, the action of noni FAs was markedly different on sugar-evoked activity in D.
sechellia. At concentrations that were inhibitory in the generalist species, we found less
inhibition in D. sechellia (Figures 4B’-4D’). Thus, loss of sweet taste inhibition may
contribute to noni FA preference in D. sechellia.

We next asked whether the observed differences in inhibition are specific to noni FAs,

or whether there is a broader alteration of the sweet taste neuron’s sensitivity to aversive
tastants. We took recordings from L-type sensilla using mixtures of sucrose with bitter
compounds, since many of these have been found to inhibit sweet-sensing neurons in D.
melanogaster.*6:57-61 Of the four tastants we selected, lobeline and denatonium exhibited
strong inhibitory effects in D. melanogaster, whereas coumarin and caffeine did so weakly if
at all (Figure 4E). We found no differences in the effect of lobeline and denatonium across
the three species, indicating that the D. sechellia sweet-sensing neuron is capable of being
inhibited by these compounds. Interestingly, coumarin and caffeine had stronger effects on
sweet-sensing activity in D. simulans. We also observed smaller differences in the action
of these compounds between D. sechelliaand D. melanogaster. Overall, these results are
consistent with the idea of FA-specific differences in patterns of sweet neuron inhibition
across the three species.

Noni FAs modulate sugar feeding preference in a species-specific manner

We next examined how noni FAs influence feeding responses to sugar, using a series of
binary assays in which both enhancement and suppression of feeding preference could be
measured. In these experiments, both tastant alternatives contained the same concentration
of sucrose (2 mM), and one also included a noni FA (Figure 5A). Each of the noni FAs

were tested across a range of concentrations as noted above. In these assays, a Pl (preference
index) greater than zero would indicate a positive behavioral valence for the noni FA
mixture, and conversely a value less than zero would indicate a negative behavioral valence.

The two generalist species showed little to no preference for any of the mixtures with

noni FAs at lower concentrations and strong avoidance as the concentrations increased
(Figures 5B-5D). Conversely, D. sechellia displayed preference for the sucrose-noni FA
mixture across multiple concentrations (Pl is significantly different from zero), suggesting
that the noni compound increased the appetitive value of the mixture (Figures 5B-5D and
5B’-5D’). To determine whether the attraction is dependent on olfactory input, we surgically
removed the antennae, which house sensilla that show heightened sensitivity to noni FAs and
related volatiles.32:37:38 We found that D. sechellia’s feeding preference for sucrose-noni FA
mixtures was not altered by removal of the main olfactory organ (Figures 5E-5G). Although
we cannot rule out possible involvement of the maxillary palps, these results are consistent
with a primary role for taste function in driving feeding outcomes to sucrose-FA mixtures.
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Ir47a mutants of D. melanogaster exhibit D. Sechellia-like responses to mixtures with low

noni FAs

A previous study reported that Ir76b, a broadly expressed ionotropic receptor, can modulate
the sensitivity of sweet-sensing taste neurons.52 In D. melanogaster flies lacking /r76b, the
responses to mixtures of sucrose and acetic acid were abnormally high. We wondered if
/r766 might similarly be involved in lowering the response of sweet-sensing neurons in the
presence of noni FAs.

We recorded from L-type sensilla in D. melanogaster /r76b mutants using mixtures of
sucrose with OA.. Inclusion of OA at concentrations of 0.05% and 0.1% lowered the
response in control flies not in /r766 mutants (Figures 6A and 6A’). At OA concentrations
of 0.5% and 1%, sugar response inhibition was slightly reduced but still present in the
mutant flies (Figure 6A’). Consistent with the electrophysiological analysis, we found that
/r766 mutants showed higher feeding preference for sucrose-OA mixtures, particularly with
the lower concentrations of OA, than control flies (Figure 6B). Our results invoke an
/r766-dependent mechanism that lowers sucrose response in the presence of FAs along with
an additional /r766-independent mechanism that contributes to sugar response inhibition at
higher FA concentrations. Further, we hypothesized that the /r766-dependent pathway may
be altered in D. sechellia.

The genome of D. melanogaster encodes 63 Ir receptors, a number of which are expressed in
taste neurons.#2:63-65 A comparison of the Ir repertoires in the three drosophilid species used
in this study shows that 13 are selectively pseudogenized in D. sechellia.8 Among these,
Ir47a emerged as a candidate of interest because its expression was previously mapped

to sweet-sensing neurons.83 To test whether removal of /r47a function in D. melanogaster
would phenocopy D. sechelliain terms of higher responses to mixtures of sucrose and

low concentrations of OA, we used CRISPR-Cas9 to generate a mutant allele of /r47a
(Figure 6C) and recorded from L-type sensilla in flies lacking /r47a function. We found

that in /r47a mutants, mixtures of sucrose with OA (0.05% or 0.1%) did indeed evoke more
spikes than sucrose alone (Figures 6D and 6D”). Binary choice assays (Figure 6E) suggest a
valence switch in /r47a mutants at the tested concentrations of OA—the mutants showed a
positive mean preference for the sucrose-OA mixtures, notably at concentrations that evoked
a negative mean preference in controls. Overall, these results raise the possibility that loss of
Ir47ain D. sechellia contributes to its altered pattern of feeding preference for noni.

DISCUSSION

In this study we investigate cellular and behavioral responses of three closely related
species—D. sechellia, D. simulans, and D. melanogaster—to uncover the gustatory basis
of D. sechellia’s specialization on noni fruit. Our results suggest that gustatory adaptation
is complex, involving changes in multiple response features of taste neurons to alter the
specialist’s preference for noni fruit (Figure 7). Specifically, we find that FAs activate
bitter taste neurons and inhibit sugar responses in sweet taste neurons, with FA- and
species-specific patterns matching the switch in behavior between the generalists and

D. sechellia. Genetic analysis in D. melanogaster predicts chemosensory variants in D.
sechelliathat alleviate FA-mediated suppression of sugar response and reduce FA-mediated
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activation of bitter taste neurons. Furthermore, our study does not exclude the possibility of
gain-of-function alterations in chemoreceptors such as Ir56d that mediate taste attraction to
FAs.40-42 Future work could determine whether similar adaptations are found in D. yakuba
mayottensis, which has independently specialized on noni fruit.67.68

Identification of the genetic basis of evolutionary variation in noni taste poses significant
challenges. Nevertheless, an understanding of the neurophysiological differences in D.
sechellia allows us to pinpoint a number of chemosensory genes that are predicted to be
non-functional®6.69.70 or that show reduced expression in the labellum of D. sechellia®®>2 as
candidates that merit further investigation. Our work presents clear hypotheses for roles of
candidate Gr, /r, and Obp genes in the evolution of noni FA taste in D. sechellia (Figure 7).
It is also possible that peripheral adaptation is accompanied by anatomical and/or functional
changes in gustatory circuits, but this is far more difficult to address within the confines of
our current tools and understanding.

Large chemosensory gene families in insects provide evolutionary forces with many
substrates on which to act and alter peripheral function. Comparison of drosophilid species
show rapid evolution of receptor genes in the genome3°:69.70 as well as changes in gene
expression across species.*>2 Comparative analyses of chemosensory functions have also
begun to reveal extensive plasticity in the periphery.#32:37.38.52.71.72 A notable example is
the olfactory system of D. sechellia, in which Or22a and Ir75b variants with increased
sensitivity to noni volatiles are expressed in greater numbers of olfactory neurons,32:37.38
which likely contribute to the increased attraction of this species to noni fruit, and also
gate close-range taste-driven oviposition preference.”3 Another example is that of the fruit
pest, D. suzukif, which has substantially reduced expression of bitter Grgenes and shows a
corresponding loss of sensitivity to a broad range of bitter tastants, which correlates with its
shift in oviposition preference for ripe fruit compared to overripe fruit.

From this study, /rand Obp genes emerge as candidates for evolution of sweet-sensing
neuron activity in response to noni FA-sugar mixtures. In the presence of sucrose, we
uncovered inhibitory effects of noni FAs on sweet-sensing neurons, which appear to depend,
at least in part, on Ir76b/Ir47a and perhaps additional Irs. Given that D. melanogaster

Ir47a mutants exhibit D. sechellia-like responses to low OA-sucrose mixtures, it would

be interesting to restore /r47ain D. sechelliato test whether the functional loss of

this particular chemoreceptor is a contributing factor in its behavioral evolution. Another
potential mechanism is one involving Obps. One member of this family, Obp49a, is known
to be required for inhibition of sweet taste neurons by bitter tastants and is downregulated

in D. sechellia®®.7% Obp56e and Obp57a/e, which alter perception of noni FAs,33-35 may
also be involved via their action on sweet-sensing taste neurons. Alternatively, additional
candidates may be tested on the basis of comparative genome or expression analyses. A

few Obps are appealing because they exhibit evolutionary rate differences between specialist
and generalist species in the melanogaster subgroup’® or are differentially expressed in the
proboscis.’

Similarly, specific Grgenes are candidates for roles in noni FA-mediated bitter-sensing
neuron activity. Our observation that Gr33a mutants of D. melanogaster show reduced
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aversion to noni FAs is consistent with a model in which a Grvariant in D. sechellia alters
its bitter response to DA and thereby contributes to its noni preference. This fits with the
rapid loss of Grs in D. sechellia—13 of 73 Grs found in D. simulans are predicted to be

lost in D. sechellia, and at least some of them were expected to be involved in sensing
compounds that deter the generalist sibling from noni.”® Additionally, a number of bitter Grs
were found to have signals of soft selective sweeps in D. yakuba mayottensis, supporting

the involvement of the Grfamily in behavioral adaptation in this independent model of

noni specialization.”® Nevertheless, given the extent of Grvariation, it was somewhat of a
surprise that D. sechellia exhibited fairly robust bitter taste responses to HA and OA. At
least three different reasons might account for this. One, our study may have missed features
of FA responses since we did not record from labellar I-type hairs or any tarsal sensilla,
which could be differentially tuned to noni FAs in the different species. Although responses
from Sa- and Sb-type sensilla appeared similar and were pooled for analysis, it is possible
that small differences between these subtypes could be obscured by this strategy. With tip
recordings, we also could not measure OFF responses, compounds,’’ consistent with the
idea that D. sechelliahas lost Grgenes that recognize bitter tastants that it is no longer
exposed to.0 Similarly, a broad loss of bitter sensitivity was found to correlate with the shift
in oviposition substrate preference observed from D. melanogasterto D. suzukii* Finally,

at least two instances of pseudo-pseudogenes are described in drosophilids.”278 Perhaps
some of the Grs that are considered non-functional in D. sechelliamay not be so. Future
genetic experiments with D. sechellia will be invaluable to provide insight into the adaptive
reported as elevations in calcium activity upon removal of certain organic and fatty acids,
and it is conceivable that these vary across species.>*>° Alternatively, Grlosses may be
unrelated to FA taste evolution. A recent study found that losses of Gr28b.aand Gr39a.ain
D. melanogaster phenocopy D. sechellia in terms of reducing feeding aversion to other bitter
roles of any candidate genes that emerge from initial tests in D. melanogaster.

Further analysis of gustatory variation might prove of immense value in studying the
evolution of host specialization and speciation. One proposed model is that loss of
behavioral aversion to noni, which appears to be significantly dependent on gustation,
preceded selection of physiological resistance and mechanisms to increase attraction.11:48
Analysis of the three chosen species did not yield a clear hypothesis for a temporal sequence
of the observed gustatory adaptations. Since D. simulans presented heightened noni aversion
compared with D. melanogaster, questions remain about the ancestral state of noni FA

taste. A broader comparative approach with additional drosophilid species, including more
of the simulans clade, may help to determine the evolutionary history of distinct gustatory
mechanisms and their potential contributions to behavior across the phylogeny.

Limitations of the study

We did not observe sweet taste neuron activity upon stimulation with FAs alone, in contrast
with previous findings of robust FA-evoked calcium transients in Gr64f sweet-sensing
neurons. This could be due to differences in sampling properties and temporal resolution
between calcium imaging in the presynaptic termini and tip recordings from the dendrites.
A more plausible explanation is that our recordings were not conducted from the relevant
labellar sensilla. A recent study found HA-evoked firing rates of >5 spikes per second only
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in L4 and L6 sensilla,® while we largely focused on L-type sensilla #7-9. Therefore, our
study does not investigate potential differences in FA-induced activation of sweet-sensing
neurons between the three species. It is worth noting that variation in noni FA taste may also
exist in other organs such as the tarsi, where FA-responsive neurons are known to reside.*!

STARXMETHODS

RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Anupama Dahanukar,
anupama.dahanukar@ucr.edu.

Materials availability—New plasmids and fly lines generated in this study are available
upon request. Requests should be directed to and will be fulfilled by the lead contact.

Data and code availability

. All original data have been deposited at Mendeley Data and are publicly
available as of the date of publication. DOIs are listed in the key resources table.

. The paper does not report original code.

. Any additional information required to reanalyze the data reported in this study
is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Drosophila stocks—Flies were raised on standard cornmeal-dextrose diet at 25°C

and 50% relative humidity in a 12:12 light:dark cycle. For the diet, yellow cornmeal
(57020, Quaker), dextrose (G8270, Sigma), inactive dry yeast (75570, Lynside), propionic
acid (402907, Sigma) and tegosept (20-258, Apex chemical and reagent) were used.

D. melanogaster flies were red-eyed Canton-S. Other D. melanogaster genotypes were
obtained from the Bloomington Drosophila Stock Center: UAS-Kir2.1 (BL91802), Gr64f-
Gal4 (BL27883), Gr32a-Gal4 (BL57622), Gr33a- (BL31427), Ir56d" (BL81249), /r766t
(BL51309), orco* (BL23129), vas-Cas9 (BL# 51324), nt118 (BL5905). wCSis nAll8
backcrossed to Canton-S. D. simulans (w[501] 14021-0251.195) and D. sechellia (14021—
0248.25) were obtained from the Drosophila Species Stock Center. A Gr64a-fflies were
generously shared by Dr. Seok Jun Moon. /r47a' mutants were generated in the laboratory
for this study.

METHOD DETAILS

Generation of Ir47al mutant—The /r47a mutant was generated using CRISPR/
Cas9. Synthetic oligos (sense 5’-CTTCGAGCGACAGTAACATAACCG and antisense 5’-
AAACCGGTTATGTTACTGTCGCTC were annealed and cloned into the pBS-U6-Bbsl-
chiRNA (#45946, Addgene) restricted with Bbsl. The U6-Ir47a-chiRNA cassette was
removed using Kpnl and EcoRI digestion and cloned into similarly cut pattB. An injection
service (Bestgene, Inc) was used to transform y,w; attP40 embryos with the resulting
pattB[U6-Ir47a-chiRNA] vector using the site-directed phiC31 integrase system. vas-Cas9
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females were mated with attP40[Ir47a-chiRNA] males and the resulting attP40[Ir47a-
chiRNA]/+; vas-Cas9/+ females were mated to balancer males to generate isogenic lines.

8 lines exhibited indels at the CRISPR target site representing /472! and 2 other frameshift
alleles and 5 in-frame deletion alleles.

Proboscis extension response assay—b-7 days old female flies were starved for
24-26 h on water-saturated Kimwipes. For experiments, individual flies were trapped in

20 JL pipette tips (1123-1710, USA Scientific) such that their heads were exposed. Flies
were given water until satiated and then stimulated with wicks wetted with 30 mM sucrose.
Flies that did not cease to drink water or that failed to respond to sucrose were discarded.
Tastants were tested from low to high concentrations and water was given between tastants.
Responses were scored as follows: full proboscis extension = 1, partial proboscis extension
= 0.5, no proboscis extension = 0.

Binary choice feeding preference assay—Feeding preferences were measured using
the Binary Choice Assay. Tastant solutions were prepared in water and tested for pH with
indicator papers (4391-01, Baker-pHIX). pH was in the moderate to neutral range.

pH values of tastant solutions prepared for behavior experiments.

Concentration OA HA DA
0.025% 7
0.05% 6.5 7 7
0.10% 6.5 6.5 55
0.50% 5 5

1.00% 45 4

Equal numbers of trials were performed with dyes swapped. To ensure sufficient
participation 5-7 days old flies were wet-starved for 24-26 h prior to the experiment.
Groups of 10 males and 10 females were then placed in tight-fit Petri dishes (351006,
Falcon) containing 1% agarose droplets mixed with pink (0.5 mg/mL sulforhodamine) or
blue (0.25 mg/mL indigocarmine) dyes and tastants. Food droplets were dispensed on the
Petri plates using 0.5 mL repeating pipette tips (4751-0050, Tip One). Once flies were
added, plates were kept in a dark humid chamber (25°C) for 2 h, after which the flies were
frozen at —80°C for 30 min and scored for the color in their abdomens. Feeding preference
was calculated as follows:

Preference Index (PI) = ((# flies fed on tastant 1) — (# flies fed on tastant 2))/(# flies fed on
tastant 1 or tastant 2 or both) Trials with less than 50% participation were discarded.

Consumption assay—5-7 days old flies were wet-starved for 24-26 h. Groups of 10
males and 10 females were then placed in tight-fit Petri plates (Falcon 351006) containing
1% agar droplets mixed with pink (0.5 mg/mL sulforhodamine) or blue (0.25 mg/mL
indigocarmine) dyes and tastants. Equal numbers of trials were performed with dyes
swapped. Plates were kept in a dark humid chamber (25°C) for 2 h and then frozen at
-80°C for 30 min. Female flies from each plate were first weighed and then their digestive
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tracts were dissected with forceps (#11252-20, Fine Science Tools) and placed in PCR
tubes (AB-620, Thermo Scientific) with 5 uL of water. The tubes were vortexed and spun

in a mini-centrifuge (C1413V-115 Kinetic Energy 26 J Galaxy Mini Centrifuge, VWR) for
30 s. Supernatant was collected using 10uL XL graduated pipette tips (1110-3800, USA
Scientific) and the absorption was measured at 565 nm (for pink food) and 289 nm (for blue
food) using a Nanodrop 2000c Spectrometer. Standard curves were generated for both dyes
to calculate ingested food volumes from absorbance measurements.

Extracellular tip recordings—Extracellular recordings were performed from S- and
L-type sensilla in the labellum using the tip recording method.”® Female flies aged 5-7
days were used for the recordings. A reference electrode, filled with Beadle-Ephrussi Ringer
Solution (7.5 g NaCl, 0.35 g KCl, 0.279 g CaCl,.2H,0) was inserted into the dorsal thorax
and into the labellum such that it immobilized the proboscis in a completely extended
position. Tastants were dissolved in 30 mM tricholine citrate (TCC); the pH range for all
tastant stimuli was 6.5-7.0. Recordings were obtained using a TasteProbe coupled with an
IDAC-4 signal acquisition system and Autospike software (Syntech). Up to four sensilla

of each type were recorded from a single fly, and at least four flies were tested for

each stimulus*~ sensillum type combination. Species or genotypes to be compared within
experiments were tested on the same day(s). Neuronal activity was quantified in the first
500-ms period following contact between the stimulus and the pore of the taste sensillum.
Spike ratios were calculated as follows: (#spikes100 mm sucrose + FA — #SPiKeS100 mm sucrose)!

(#spikes100 mM sucrose)-

In vivo calcium imaging—3-5 days old mated female flies expressing UAS-GCaMP-R
(GCaMP6.0 and mCherry) in Gr66aneurons were starved for 24 h prior to imaging,

as previously described.#0:50 Flies were anesthetized on ice and then placed inside of a
cut 200 uL pipette tip (#50101182, Fisher Scientific) so that their head and proboscis
were accessible, but their body and tarsi were restrained. Using forceps (#11252-20, Fine
Science Tools), the proboscis was manually extended and a small amount of dental glue
(#595953WW, Ivoclar Vivadent Inc) was applied between the labium and the edge of the
pipette tip, ensuring the same position throughout the experiment. Next, both antennae
were removed. A small hole ~1 mm in diameter was cut into a 1 cm? piece of aluminum
foil and then fixed to the fly using dental glue, creating a sealed window of exposed
cuticle. Artificial hemolymph (140 mM NaCl, 2 mM KCl, 4.5 mM MgCI2, 1.5 mM
CaCl2, and 5 mM HEPES-NaOH with pH = 7.1) was applied to the window and then

the cuticle and connective tissue were dissected using forceps and a 27 g hypodermic
needle (#14-840-82, Fisher Scientific) to expose the SEZ. Mounted flies were placed on
a Nikon A1R confocal microscope and then imaged using a 20X water-dipping objective
lens. The pinhole was opened to allow a thicker optical section to be monitored. Gré66a
neurons were simultaneously excited with wavelengths of 488 nm (FITC) and 561 nm
(TRITC). All recordings were taken at 4Hz with 256 resolution. Tastants were applied

to the proboscis with a wick, which was operated using a micromanipulator (Narishige
International USA, Inc). For initial measurements of ON responses, tastants were applied
for ~2 s. For ON and OFF responses, tastants were applied to the proboscis for ~10 s.
For analysis, regions of interest were drawn manually around the Gr66a projections. For
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each frame, the mean fluorescence intensity for FITC and TRITC was subtracted from

the background mean fluorescence intensity. Then, the fluorescence ratio of GCaMP6.0
to mCherry was calculated. Next, baseline fluorescence was calculated as the average
fluorescence ratio of the first 5 frames, 10 s prior to tastant application. For each frame,
the % change in fluorescence (%AF/F) was then calculated as: (peak fluorescence ratio -
baseline fluorescence ratio)/baseline fluorescence ratio * 100. Average fluorescence traces
were created by taking the average and standard error of %AF/F for each recording of a
specific tastant.

QUANTIFICATION AND STATISTICAL ANALYSES

Statistical analyses—Sample sizes for all experiments were determined from previous
literature. All statistical analyses were performed using Graphpad Prism software. Data from
PER experiments were analyzed using Friedman Test with Dunn’s post hoc analysis. Data
from electrophysiology experiments were analyzed using two-way ANOVA with repeated
measures for pairwise comparisons or Mann Whitney test. Data from binary choice assays
were analyzed using two-way ANOVA with pairwise comparisons or #tests with Welch’s
correction. The results of consumption assays were compared using #tests with Welch’s
correction. Calcium responses were compared using one-way ANOVA. Details, including
the statistical tests used and the exact values of » for each experiment are provided in the
corresponding figure legends. In all graphs, error bars depict s.e.m. Results of all statistical
analyses are included in Mendeley data (https://doi.org/10.17632/srrd35bxcm.1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

D. melanogasterand D, simulans, but not D. sechellia, avoid feeding on noni
acids

Noni fatty acids (FAs) activate bitter taste neurons and inhibit sweet taste
neurons

D. sechellia has FA-specific changes in bitter activation and sweet inhibition

Variations in Grand /rgenes are predicted to alter noni FA taste in D.
sechellia
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Figure 1. D. sechellia has higher taste preference for noni FAs compared to its generalist sister

species

(A) Phylogenetic tree showing the evolutionary relationship between three Drosophila

species.

(B) Feeding preference of indicated Drosophila species to 5 mM sucrose with or without
a mixture of three noni FAs (3FA; 1% octanoic acid, 0.5% hexanoic acid, 0.05% decanoic
acid) tested against water. n = 10.
(C) Feeding preference of indicated Drosophila species to 5 mM sucrose with or without
3FA (as in B) tested against 1 mM sucrose. n = 8-10.
(D) Ingested volume (uL) of indicated diet normalized to body weight (mg) in mated
females. D mel, n = 48 (5 mM sucrose), n = 39 (5 mM sucrose + 3FA); D simn= 42 (5 mM
sucrose), n = 30 (5 mM sucrose + 3FA); D sech, n = 36 (5 mM sucrose), n = 38 (5 mM
sucrose + 3FA). Data were analyzed using two-way ANOVA with Tukey’s post hoc multiple
comparisons test (B and C) and t test with Welch’s correction (D), *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. Error bars represent SEM. See also Figure S1.
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Figure 2. Noni FAs evoke species-specific feeding preferences
(A) Diagram of binary feeding assay used for (B)-(D) and (F)—-(H) outcomes. Created with

BioRender.com.

1 mM Sucrose

&N Aorco 4 Aorco antennae-less

(B-D) Feeding preference of indicated species for mixtures of 5 mM sucrose with varying
concentrations of octanoic acid (OA), hexanoic acid (HA), or decanoic acid (DA) tested
against 1 mM sucrose. n = 12 trials for each concentration of the indicated FA.

(E) Flies used for results shown in (F)—(H): Canton-S (wild-type), orcot (Aorco), or orcot
with the third segment of the antennae removed surgically (Aorco antennae-less). Created

with BioRender.com.

(F-H) Feeding preference of indicated flies for 5 mM sucrose with varying concentrations of
OA (F,n=12-14), HA (G, n = 11-12), or DA (H, n = 11-12) tested against 1 mM sucrose.
Data were analyzed using two-way ANOVA with Tukey’s post hoc multiple comparisons
test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent SEM.
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Figure 3. Noni FAs activate bitter neurons in S-type sensilla
(A) Arrangement of sensillar types in the labella of three Drosophila species.

(B-D) Representative traces and mean responses of labellar S-type sensilla in indicated
species to varying concentrations of octanoic acid (B, n = 10-14), hexanoic acid (C, n =
9-15), and decanoic acid (D, n = 10-18).

(E) Diagram of set up for live imaging of tastant-evoked changes in GCaMP6 fluorescence
in axon terminals. Stimuli are applied to the proboscis.

(F) Representative pseudocolored images of calcium activity in axon terminals of Gr66a*
neurons in response to 2-s stimulation of the labellum with indicated tastant. Scale bar
represents 50 um.

(G) Activity traces and average peak changes in GCaMP6 fluorescence in Gré66a* neurons to
2-s applications of tastants. n = 4 (water), n = 8 (0.5% OA), n = 8 (1% OA), n = 10 (0.5%
HA), n =8 (1% HA), n =10 (0.05% DA), n = 8 (0.1% DA), n =7 (10 mM quinine).
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(H) Representative traces (left) and mean responses (right) obtained from S-type in w
Canton-S (wCS) or Gr33a* flies stimulated with the indicated tastants. Tastants were the
following: octanoic acid (OA, 1%), hexanoic acid (HA, 1%), decanoic acid (DA, 0.1%), and
tricholine citrate diluent (control, 30 mM). For control flies, n = 12 (control), n = 12 (OA), n
=11 (HA), and n = 12 (DA). For Gr33a" flies, n = 12 (control), n = 12 (OA), n = 12 (HA),
and n =12 (DA).

(1) Feeding preference of D. melanogaster flies to 5 mM sucrose mixed with octanoic acid
(OC, 1%), hexanoic acid (HA, 1%), or decanoic acid (DA, 0.1%) tested against 1 mM
sucrose. Genotypes are as in (H). n = 10. All representative traces show the first 500-ms
period following contact between the stimulus and taste hair. Data in (B)-(D) were analyzed
using two-way ANOVA for repeated measures with Tukey’s post hoc multiple comparisons
test; data in (G) were analyzed with one-way ANOVA with Sidak’s post hoc test for multiple
comparisons; data in (H) and (1) were analyzed with the unpaired t test with Welch’s
correction. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent SEM.
See also Figures S2, S3, and S4.
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Figure 4. Noni FAs modulate sweet taste in a species-specific manner
(A) Representative traces of recordings from L-type sensilla in named Drosophila species

stimulated with 100 mM sucrose alone (suc) or in mixtures with octanoic acid (OA),
hexanoic acid (HA), or decanoic acid (DA). Traces show the first 500-ms period upon

stimulation with indicated tastant.

(B and B”) Paired recordings from L-type sensilla of named Drosophila species with 100
mM sucrose alone (0) or in a mixture with OA (%). (B”) L-type sensillum responses to
mixtures of 100 mM sucrose with varying concentrations of OA relative to 100 mM sucrose
alone (depicted as spike ratios). n = 13 (D mel), n = 9 (D sim), n = 14 (D sech) from five

flies.

(C and C’) Paired recordings from L-type sensilla of named Drosophila species with 100
mM sucrose alone (0) or in a mixture with HA (%). (C”) L-type sensillum responses,
calculated as in (B”), to mixtures of 100 mM sucrose with varying concentrations of HA
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relative to 100 mM sucrose alone. n = 12 (D mel), n=9 (D sim), n = 10 (D sech) from four
flies.

(D and D’) Paired recordings from L-type sensilla of named Drosgphila species with 100
mM sucrose alone (0) or in a mixture with DA (%). (D) L-type sensillum responses,
calculated as in (B”), to mixtures of 100 mM sucrose with varying concentrations of DA
relative to 100 mM sucrose alone. n =9 (D mel), n = 10 (D sim), n = 9 (D sech) from four
flies.

(E) Representative traces and L-type sensillum responses, calculated as in (B”), to mixtures
of 100 mM sucrose with bitter tastants lobeline (LOB, 10 mM), denatonium (DEN, 10 mM),
coumarin (COU, 3 mM), and caffeine (CAFF, 10 mM), relative to 100 mM sucrose alone.

n = 9 from four to five flies for each tastant-species combination. Data in (B”), (C”), (D”),
and (E) were analyzed using two-way ANOVA for repeated measures with Tukey’s post hoc
multiple comparisons test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars
represent SEM. See also Figure S5.
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Figure 5. Noni FAs modulate sugar preference in a species-specific manner

(A) Diagram of binary feeding assay used for (B)—(G) and outcomes. Created with
BioRender.com.

(B) Feeding preference of named species to 2 mM sucrose mixed with varying
concentrations of octanoic acid (OA) tested against 2 mM sucrose alone. n =12. (B’) D.
sechelliaresults from (B), with preference index (PI) for each sucrose-OA mixture tested for
significance from zero.

(C) Feeding preference of named species to 2 mM sucrose mixed with varying
concentrations of hexanoic acid (HA) tested against 2 mM sucrose alone. n = 12. (C’)

D. sechellia results from (C), with preference index (PI) for each sucrose-HA mixture tested
for significance from zero.

(D) Feeding preference of named species to 2 mM sucrose mixed with varying
concentrations of decanoic acid (DA) tested against 2 mM sucrose alone. n = 12.
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(D) D. sechellia results from (D), with preference index (PI) for each sucrose-DA mixture
tested for significance from zero.

(E-G) Feeding preference of D. sechellia, tested intact (D sech) or with antennae surgically
removed (D sech antennae-less), for 2 mM sucrose mixed with varying concentrations of
OA (E), HA (F), or DA (G) tested against 2 mM sucrose alone. n =9 (OA), n = 10 (HA),

n =10 (DA). Data in (B)-(G) were analyzed using two-way ANOVA with Tukey’s post hoc
multiple comparisons test. Data in (B”)—(D”) were tested for significance from hypothetical
mean 0 using the Wilcoxon test. For all graphs, *p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001. Error bars represent SEM.
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Figure 6. D. melanogaster |r mutants exhibit D. sechellia-like responses to low FA-sucrose
mixtures

(A) Representative traces (left) and paired recordings (right) from L-type sensilla of D.
melanogaster w118 (control) and /r766" flies with 100 mM sucrose alone (0) or in a mixture
with 0.05% octanoic acid (0.05). (A”) L-type sensillum responses to mixtures of 100 mM
sucrose with varying concentrations of octanoic acid (OA) relative to 100 mM sucrose alone
(depicted as spike ratio); data from (A) are included in this graph. Genotypes are as in (A). n
= 9-13 from four flies.

(B) Feeding preference of uA118 (control) and /r766" flies for 5 mM sucrose mixed with
varying concentrations of octanoic acid (OA), tested against 1 mM sucrose. n = 10.

(C) Diagram of /r47a depicting the lesion in the /r47a" allele, generated using CRISPR-
Cas9. The sequence targeted by the sgRNA is underlined.

(D) Representative traces (left) and paired recordings (right) from L-type sensilla of D.
melanogaster w118 (control) and /r474" flies with 100 mM sucrose alone (0) or in a mixture
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with 0.05% octanoic acid (0.05). (D”) L-type sensillum responses to mixtures of 100 mM
sucrose with varying concentrations of octanoic acid (OA) relative to 100 mM sucrose alone
(depicted as spike ratio); data from (D) are included in this graph. Genotypes are as in (D). n
=12-17 from 5 to 6 flies.

(E) Feeding preference of uA118 (control) and /r474" flies for 2 mM sucrose mixed with
varying concentrations of octanoic acid (OA), tested against 2 mM sucrose. n = 10. Data in
(B) and (E) were analyzed using two-way ANOVA with Sidak’s post hoc test for multiple
comparisons; data in (A’) and (D’) were analyzed with two-way ANOVA for repeated
measures with Sidak’s post hoc multiple comparisons test. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001. Error bars represent SEM.
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Figure 7. Proposed model for loss of noni taste aversion in D. sechellia
Diagram summarizing proposed cellular and molecular mechanisms underlying observed

differences in gustatory aversion to noni FAs between generalist drosophilids and D.
sechellia. The action of noni FAs in mixtures with sucrose is depicted for Gr64f GRNS;
not included here is the activation of Gr64fneurons with pure FAs. Molecular pathways
that are predicted to have loss of function variants in D. sechellia are indicated in the gray
bubbles. Noni FAs is used as a generic term; HA, hexanoic acid; OA, octanoic acid; DA,

decanoic acid.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

Caffeine Sigma-Aldrich C8960
Coumarin Sigma-Aldrich C4261
Decanoic acid Sigma-Aldrich C1875
Hexanoic acid Sigma-Aldrich 153745
Indigocarmine Sigma-Aldrich 18130
Lobeline Sigma-Aldrich 141879
Sucrose Sigma-Aldrich S7903
Sulforhodamine Sigma-Aldrich 230162
Tricholine citrate Sigma-Aldrich T0252
Octanoic acid Sigma-Aldrich C2875
Quinine Sigma-Aldrich 22630
Deposited data

Original data and results of statistical analyses

This paper, Mendeley data

https://doi.org/10.17632/srrd35bxcm. 1

Experimental models: Organisms/strains

D. melanogaster, Canton-S
D. sechellia
D. simulans, w[501]

Drosophila Species Stock Center

Drosophila Species Stock Center

N/A
14021-0248.25
14021-0251.195

D. melanogaster: Gr32a-GAL4 Bloomington Drosophila Stock Center 57622
D. melanogaster: Gr33a- Bloomington Drosophila Stock Center 31427
D. melanogaster: AGré4a-f Dr. Seok Jun Moon’s laboratory*S N/A
D. melanogaster: Gr64f-GAL4 Bloomington Drosophila Stock Center 27883
D. melanogaster: Ir47a* This paper, Figure 6 N/A
D. melanogaster: Ir560" Bloomington Drosophila Stock Center 81249
D. melanogaster: Ir766* Bloomington Drosophila Stock Center 51309
D. melanogaster: orco* Bloomington Drosophila Stock Center 23129
D. melanogaster: UAS-Kir2.1 Bloomington Drosophila Stock Center 91802
D. melanogaster: vas-Cas9 Bloomington Drosophila Stock Center 51324
D. melanogaster: wA118 Bloomington Drosophila Stock Center 5905
Oligonucleotides

5’-CTTCGAGCGACAGTAACATAACCG Integrated DNA Technologies N/A
5’-AAACCGGTTATGTTACTGTCGCTC Integrated DNA Technologies N/A
Recombinant DNA

pBS-U6-Bbsl-chiRNA Addgene 45946
pattB[U6-Ir47a-chiRNA] This paper, Figure 6 N/A
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