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The Anthropocene Epoch poses a critical challenge for organisms: they must cope with
new threats at a rapid rate. These threats include toxic chemical compounds released
into the environment by human activities. Here, we examine elevated concentrations of
heavy metal ions as an example of anthropogenic stressors. We find that the fruit fly
Drosophila avoids nine metal ions when present at elevated concentrations that the flies
experienced rarely, if ever, until the Anthropocene. We characterize the avoidance of
feeding and egg laying on metal ions, and we identify receptors, neurons, and taste
organs that contribute to this avoidance. Different subsets of taste receptors, including
members of both Ir (Ionotropic receptor) and Gr (Gustatory receptor) families contrib-
ute to the avoidance of different metal ions. We find that metal ions activate certain
bitter-sensing neurons and inhibit sugar-sensing neurons. Some behavioral responses
are mediated largely through neurons of the pharynx. Feeding avoidance remains stable
over 10 generations of exposure to copper and zinc ions. Some responses to metal ions
are conserved across diverse dipteran species, including the mosquito Aedes albopictus.
Our results suggest mechanisms that may be essential to insects as they face challenges
from environmental changes in the Anthropocene.

Drosophila j metal j taste j Anthropocene

Life on Earth faces great challenges in the Anthropocene Epoch (1–5). Animal, plant,
and microbial life are increasingly exposed to stresses they have not experienced before
in their evolutionary history (5–7). Their ability to adapt to these stresses will have a
major influence on the future of the biome (3, 8–10).
Among these stresses is the exposure of organisms to compounds at higher levels

than occur naturally in their environments (4, 11, 12). The land, air, and water of the
planet now abound with such compounds due to the agricultural, mining, and
manufacturing industries (4, 12–14). Many of these compounds, organic and inor-
ganic, are toxic at high levels. A critical problem for many species is to detect the
elevated levels of these compounds and respond adaptively.
Metals provide a paradigmatic case for investigating how animals sense and respond

to anthropogenic chemical threats. Although metals occur naturally in the Earth’s crust,
they have been released into the biosphere at rapidly growing levels due to mining,
metal-based industry, and the widespread use of metal-based agricultural products
(Fig. 1) (12, 13, 15). Metal ions are essential to many physiological processes but are
toxic at high concentrations (16, 17).
How do organisms detect metals at unnaturally high concentrations? Do the organisms

respond with adaptive behaviors? We chose to examine this problem in Drosophila, whose
chemosensory systems have been studied in detail at the molecular and cellular levels
(18–20). We examined a variety of heavy metals, with a particular focus on copper and zinc.
Both of these metals have become major environmental pollutants from mining, manufactur-
ing, and agriculture, where they are components of pesticides and fungicides (13–15).
Whereas humans detect metal ions in part via a G protein–coupled bitter taste

receptor, TAS2R7 (21, 22), and TRPV (transient receptor potential vanilloid) channels
have been implicated in copper sensation in Caenorhabditis elegans (23) and mice (24),
none of these receptors appear to have orthologs that function as taste receptors in Dro-
sophila. Rather, taste in Drosophila is mediated largely by a family of 60 Gustatory
receptors (Grs), which are predicted to contain seven transmembrane domains, and by
a family of Ionotropic receptors (Irs); other receptors have been implicated as well (20,
25, 26).
Taste receptors in Drosophila are expressed in gustatory receptor neurons (GRNs)

that are contained in taste sensilla (27). Each sensillum has a pore at the tip through
which tastants can pass and then activate GRNs within (28). Sensilla contain up to
four GRNs, with different GRNs responding to sugars, bitter compounds, or other
taste stimuli (29, 30). Taste sensilla are distributed on several organs. The labellum, the
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major taste organ of the fly head, contains 31 taste sensilla of
three morphological classes: short (S), intermediate (I), and
long (L) (30, 31). Taste sensilla are also located on the legs, the
pharynx, and the wing (27).
Here, we found that different subsets of taste receptors con-

tribute to the detection of nine metal ions when present at high
concentrations that the flies experienced rarely, if ever, until the
Anthropocene. We documented the avoidance of metal ions in
both feeding and egg-laying decisions, and we identified taste
organs, neurons, and receptors that contribute to this avoid-
ance. We found that metal ions activate some taste neurons
and inhibit others. Receptor mutations have different effects on
different avoidance behaviors. Some responses to metal ions are
conserved across diverse dipteran species, including a mosquito
species. Our results suggest mechanisms that may be essential
to the survival of insects as they face environmental stresses of
the Anthropocene.

Results

Taste Avoidance of Copper and Zinc Ions. A variety of metal
ions are critical for biological functions but toxic at high con-
centrations. We first measured the ability of flies to detect
high concentrations of copper and zinc ions, which are both

anthropogenic stressors in the environment but which differ
in many chemical properties (17). We initially tested the
responses of flies to these metal ions in two taste paradigms,
one that measures feeding preference and one that measures egg-
laying preference.

Feeding preference was measured in a capillary feeding assay
(CAFE assay; Fig. 2A) (32), in which flies were offered a choice
between two sucrose solutions, one containing metal ions and
the other a control. Flies showed a strong feeding avoidance of
both CuSO4 and ZnSO4 at high (10 mM) concentrations (Fig.
2 B and C). Flies were more sensitive to CuSO4, which was
aversive at concentrations as low as 0.1 mM.

To determine whether the avoidance was due to the Cu2+

and Zn2+ cations as opposed to the anions, we first tested
CuCl2 and Cu(NO3)2 and found the same results as with
CuSO4 (SI Appendix, Fig. S1A). Likewise, ZnCl2 elicited the
same response as ZnSO4. As a second test, we examined MgCl2
and found no response (SI Appendix, Fig. S1A). Next, since
metal solutions are acidic, we tested the response to an HCl
solution at pH 4, slightly more acidic than the 10 mM metal
solutions, and found no response (SI Appendix, Fig. S1B).
Finally, we replaced sucrose with three other sugar solutions
and found that the response to 10 mM CuSO4 was unaffected
(SI Appendix, Fig. S1C), even though the amount of sugar

Fig. 1. Copper concentrations in European topsoil. Reprinted from ref. 15, which is licensed under CC-BY-4.0.
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solution consumed varied (SI Appendix, Fig. S1D). Taken
together, these results support the interpretation that flies avoid
feeding on high concentrations of Cu2+ and Zn2+ ions.
An aversion to feeding on these metal ions is likely to be benefi-

cial, since flies maintained on high concentrations of these ions
showed a decreased survival rate (SI Appendix, Figs. S1 E and F).
Survival rate was not affected when animals were maintained on
culture medium at pH 4 (SI Appendix, Fig. S1G).
Egg-laying preference was also deterred by Cu2+ and Zn2+

ions. When given a choice between two substrates, one contain-
ing metal ions, flies avoided high concentrations of both
CuSO4 and ZnSO4 (Fig. 2 D–F). As in feeding avoidance, flies
were more sensitive to CuSO4, which was aversive at concentra-
tions as low as 0.1 mM. Flies showed an equivalent egg-
laying avoidance of CuCl2, Cu(NO3)2, and ZnCl2 (SI Appendix,
Fig. S1H). Egg-laying preference was not reduced on a substrate
containing 10 mM MgCl2, nor was it reduced on a substrate at
pH 4 (SI Appendix, Fig. S1I), indicating that the egg-laying aver-
sion is due to the metal cations.
An aversion to egg-laying on these metal ions is also beneficial,

in that eggs laid on substrates containing Cu2+ or Zn2+ ions
showed impaired development: Few if any eggs developed to the
pupal stage at 10 mM concentrations of either metal ion (SI
Appendix, Fig. S1J). Animals that survived development were
allowed to mate and lay eggs in culture medium of the same con-
centration. Pupation rates of this second generation were compa-
rable to those of the first generation (SI Appendix, Fig. S1K).

Different Taste Receptors Are Required for Taste Avoidance
of Different Metal Ions. Taste avoidance of high concentrations
of sodium, potassium, and calcium depends on Ir76b, a core-
ceptor for Irs (33–36). We tested the avoidance of copper and
zinc ions in mutants of Ir76b and another Ir coreceptor, Ir25a,
as well as in two Gr mutants, Gr33a2 and Gr66a1, which were
defective in responses to most bitter compounds tested in a
study of taste physiology (37).
Surprisingly, feeding avoidance of 10 mM Cu2+ was normal

in both Ir mutants (Fig. 3A). By contrast, preferences were
greatly reduced in each of the two Gr mutants. Dependence of
the feeding avoidance of 10 mM Zn2+ was strikingly different

from that of Cu2+ avoidance: Preferences were completely abol-
ished in both of the Ir mutants (Fig. 3B). Preferences were
altered by both Gr mutations, but only modestly.

Egg-laying preference showed similar dependence to that of
feeding preference, in that it was normal in the Ir mutants in
the case of Cu2+ (Fig. 3C) but was abolished or greatly reduced
in the case of Zn2+ (Fig. 3D). The Gr mutations affected pref-
erence to Cu2+ but not to Zn2+ in egg-laying preferences.

The simplest interpretation of these results is that the response
to anthropogenic metal ions in the environment is mediated
through multiple classes of taste receptor, which vary in their
responses to different metal ions. To test this interpretation, we
expanded our analysis to include additional metal ions: manga-
nese, iron, cobalt, nickel, silver, and cadmium, all of which are
considered transition metal ions based on their positions in the
periodic table, but which have diverse chemical properties (17).
We tested two oxidation states of iron, Fe2+ and Fe3+.

All of these metal ions elicited strong feeding avoidance (Fig.
3E). They could be divided into two groups based on their sen-
sitivity to mutation of Ir76b: Six metal ions were like Zn2+ in
that the response they elicited was severely diminished in the
Ir76b mutant. By contrast, Ag+ was like Cu2+ in that it elicited
a robust avoidance response in an Ir76b mutant. Responses to
Fe2+, Co2+, and Ag+ were sensitive to Gr66a1; responses to the
others were not. These results support the notion that responses
to different metal ions are mediated via different receptors.

We asked whether any of eight physical properties of the nine
ions (e.g., ionic radius, rion) correlated with these phenotypes. The
strongest correlation was between the dependence on Gr66a of a
metal ion and its absolute hardness, η (hard generally implies small
and nonpolarizable): Gr66a1 mutants tended to show greater phe-
notypes with softer metal ions (SI Appendix, Fig. S2). The strong
relationship between the Gr66a1 phenotype and η suggests that
Cu+, which is softer and more common in cellular environments
than Cu2+, might be a more effective activator of Gr66a than
Cu2+; however, this hypothesis is difficult to test since the stability
of Cu+ is limited in aqueous solutions.

Physiological Responses of GRNs to Metal Ions. To investigate
the neural basis of taste avoidance of metal ions, we carried out
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electrophysiological recordings from the taste sensilla of the
labellum, the main taste organ of the head. We focused on two
classes of S sensilla, the S-a sensilla (S1, S2, S6, S7, S10) and
the S-b sensilla (S3, S5, S9), which are convenient to record
from and which gave the most reproducible and robust
responses to metal ions in a preliminary analysis. The S-a and
S-b sensilla contain a neuron that responds to bitter com-
pounds and produces an action potential that is readily identifi-
able by its large amplitude (38). Bitter-sensing neurons (also
referred to as “B” neurons in ref. 20) of the S-a class show the

same response profile to a set of bitter compounds and express
the same Grs; sensilla of the S-b class show a different response
profile and express a different subset of Grs (37, 38).

S-b sensilla gave trains of action potentials from the bitter
neuron to a variety of metal ions (Fig. 4 A and B). The
response frequencies varied among metal ions, with Zn2+

eliciting the greatest mean responses. S-a gave weaker
responses than S-b.

The strong physiological response to Zn2+ in S-b sensilla
was severely reduced by mutations of Ir25a and Ir76b (Fig. 4 A
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and C). These results are consistent with the dramatic reduc-
tion in feeding and egg-laying responses to Zn2+ by Ir25a and
Ir76b mutations (Fig. 3 B and D).
We note that an intrinsic property of the metal solutions

used in these experiments is that they are slightly acidic and
cannot be neutralized without affecting the metal ions. HCl
solutions more acidic than those used here elicit some, but
fewer, spikes than the more effective metal solutions (39, 40).
The simplest interpretation of these results is that the strong
physiological responses we observed to certain metal solutions

are due in part to their acidity but primarily to the metal ions
they contain.

Interestingly, Cu2+ did not elicit strong responses from any of
these S-a or S-b sensilla, so we explored another parameter of
physiological response. In addition to activating bitter GRNs,
some bitter compounds inhibit the activation of sugar GRNs
(referred to as “A” neurons in ref. 20) (41, 42). We asked whether
Cu2+ or other metal ions inhibited the response of the sugar neu-
ron in L sensilla. We chose L sensilla because they contain no
bitter-sensing neurons, thereby simplifying the analysis.
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Fig. 4. Physiological responses of taste sensilla in the labellum to metal ions. (A) Representative recordings of responses to 10 mM zinc ions in S-b sensilla
of control flies and Ir25a and Ir76b mutants. (B) Action potentials induced by different metal ions at 10 mM in S-a and S-b sensilla. n = 4 to 12. (C) Responses
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n = 5 to 12. *P < 0.05, **P < 0.01, ****P < 0.001, Wilcoxon test. Error bars are SEM.
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The activation of the sugar neuron was greatly reduced by
Cu2+ (Fig. 4D). The reduction depended on the dose of Cu2+.
The response was reduced from 94 ± 11 spikes/s (n = 10) to
28 ± 3 spikes/s (n = 10) at the highest Cu2+ concentration
tested. The sugar neuron recovered most or all of its sugar
response after a brief interval (“R” in Fig. 4D), showing that
the reduction was not due to irreversible toxicity.
Other metal ions also showed inhibition of the sugar response.

Zn2+, Mn2+, Co2+, and Ni2+ all showed reductions at concentra-
tions of 5 mM, 10 mM, or 25 mM, and all showed recovery
thereafter (Fig. 4E and SI Appendix, Fig. S3 A–C). We also tested
Mg2+, which is not a transition metal ion, and found that MgCl2
did not show a reduction (SI Appendix, Fig. S3D).
Does the inhibition of the sugar neuron by metal ions have

behavioral consequences? As an initial test of this hypothesis,
we measured the proboscis extension response (PER), in which
a sucrose solution is applied to the labellum. This contact elicits
a robust extension of the proboscis, but the PER can be inhib-
ited by the addition of bitter compounds to the sugar solution
(41). We found that both Cu2+ and Zn2+ severely inhibit the
PER in a dose-dependent fashion (Fig. 4F).
Having found that Cu2+ did not show strong activation of

bitter neurons and that it inhibited the activation of sugar neu-
rons, we next asked whether it might inhibit the activation of
bitter neurons. We found that the activation of neurons in S
sensilla by caffeine, a well-studied bitter compound, is in
fact inhibited by Cu2+ (Fig. 4G). The activation depended on
the dose of Cu2+ and was observed in both S-a and S-b neurons
at concentrations as low as 0.5 mM (Fig. 4 H and I). There is lit-
tle if any precedent for similar inhibition of a bitter response, to
our knowledge. We note that we have not quantified the recovery
of bitter-sensing neurons following exposure to Cu2+, but prelimi-
nary analysis suggests that Cu2+ may impair subsequent responses
of these neurons for some period of time (43).
In summary, we found that i) Zn2+, but not Cu2+, elicits a

robust response from certain bitter neurons; ii) both Zn2+ and
Cu2+, as well as other metal ions, inhibit the response of cer-
tain sugar neurons to sucrose; and iii) Cu2+ inhibits the
response of bitter neurons to caffeine.
These results suggest that the avoidance of metal ions

observed in our initial two-choice feeding preference and egg-
laying preference assays could have either of two mechanistic
origins. First, the activation of bitter neurons by Zn2+ could
shift the preference away from the substrate with Zn2+. Second,
the reduction in sugar signaling by Zn2+ and Cu2+ could, in
principle, shift the preference toward the sugar substrates that
do not contain metal ions.
The necessity of Ir25a and Ir76b for Zn2+, but not Cu2+,

avoidance could reflect the role of these receptors in the activa-
tion of bitter neurons we observed by Zn2+, but not Cu2+. To
investigate the neural circuitry underlying the avoidance of
Cu2+, we extended our analysis to include other taste organs.

Feeding Avoidance of Cu2+ Is Driven by Neurons of the
Pharynx. We first examined behavioral preferences to Cu2+ in
Pox neuro (Poxn) mutants, which lack external taste neurons
because external taste sensilla are transformed into mechanosen-
sory sensilla. We compared two mutants: PoxnΔM22-B5/Poxn70-1-1,
which lacks taste neurons from external taste sensilla on the label-
lum, legs, and wings, and PoxnΔM22-B5; full-152, a less severe mutant
that lacks taste neurons only from the labellum (Fig. 5A) (44, 45).
Surprisingly, feeding avoidance of both mutants was

remarkably similar to that of the control (Fig. 5B). In egg-
laying tests, the lack of neurons from labellar sensilla only

(PoxnΔM22-B5; full-152) resulted in a modest reduction in
Cu2+ avoidance (Fig. 5C), and lack of neurons from all
external sensilla (PoxnΔM22-B5/Poxn70-1-1) resulted in a more
severe defect, but the flies still avoided laying eggs in the
substrate with Cu2+. The simplest interpretation of these
results is that neurons of the pharynx, the principal internal
taste organ, drive feeding avoidance to Cu2+ and make an
important contribution to egg-laying avoidance.

To test the hypothesis that feeding avoidance of Cu2+ is
driven primarily by pharyngeal neurons, we used GAL4 drivers
to express a UAS-TNT transgene (Tetanus Toxin Light Chain,
which cleaves synaptobrevin to block synaptic transmission) (46)
in several classes of GRN. We first used Gr2a-GAL4, which drives
expression in L7-3, a presumed bitter neuron of the labral sense
organ (LSO) of the pharynx, but little if any expression in taste
sensilla of the labellum, leg, or wing (47, 48). Flies containing
both Gr2a-GAL4 and UAS-TNT showed a dramatic decrease in
feeding avoidance of Cu2+ compared with the parental controls
containing Gr2a-GAL4 or UAS-TNT alone (Fig. 5D). The same
result was found for Gr93d-GAL4 (Fig. 5E), which is expressed in
the same pharyngeal neuron with Gr2a-GAL4 (as well as in two
other pharyngeal neurons) (47). By contrast, feeding preference
was not affected when blocking was driven by Gr36b-GAL4 (Fig.
5F), a driver that is expressed in S-a sensilla of the labellum, or
Gr59c-GAL4 (Fig. 5G), which is expressed in both S-a and a class
of I sensilla (I-a) on the labellum (38). Similar results were
obtained when the same GAL4 constructs were used to drive
UAS-Kir2.1, a channel that silences neurons (SI Appendix, Fig. S4
A–D) (49).

Use of Gr5a-GAL4, which drives expression in many sugar-
sensing neurons of the labellum and leg (50), did not affect
feeding preference (SI Appendix, Fig. S4E). We also used four
other constructs to drive UAS-TNT in the other major classes
of labellar GRNs as specified by the analysis of Jaeger et al.
(33): Ir94e-GAL4, ppk28-GAL4, ppk23-GAL4, and Gr66a-
GAL4. The only driver that produced a phenotype was Gr66a-
GAL4, which is also expressed in the L8 and L9 neurons of the
LSO of the pharynx, as well as in three other pharyngeal neurons
(SI Appendix, Fig. S4 F–I) (47). The simplest interpretation of all
these results taken together is that the feeding response to Cu2+ is
driven largely by bitter-sensing neurons of the pharynx.

Finally, we systematically tested the feeding responses to a series
of other transition metal ions to determine whether they also
depended largely on the pharynx, as in the case of Cu2+. We
found that the responses to Fe2+, Fe3+, Co2+, Ni2+, Cd2+, and
Ag+ were also unaffected by the loss of external taste sensilla and
are thus likely to be driven largely by neurons of the pharynx.
Only Zn2+ and Mn2+ were less aversive to flies lacking these sen-
silla (Fig. 5H).

Avoidance of Metal Ions Is Conserved in Other Drosophila
Species and a Mosquito. We asked whether the strong feeding
avoidance to Cu2+ and Zn2+ shown by Drosophila melanogaster is
conserved among other Drosophila species. We found that all of
seven other Drosophila species tested avoided feeding on both of
these metal ions at 10-mM concentrations (Fig. 6 A–C).

We also tested the mosquito Aedes (Ae.) albopictus, which
diverged from D. melanogaster ∼260 million years ago (51). Ae.
albopictus is a disease vector native to Southeast Asia that has
spread in the past few decades to many countries, including coun-
tries of North America, South America, Europe, and Africa. We
found that this mosquito also showed a clear taste avoidance to
both Cu2+ and Zn2+ in feeding assays (Fig. 6 D and E). It also
avoided both metal ions in egg-laying assays (Fig. 6 F and G).
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Physiological Effects of Exposure to High Levels of Copper
and Zinc Ions. What effects do high environmental levels of
copper and zinc have on Drosophila? We showed above that
these metal ions reduce viability and impair development (SI
Appendix, Fig. S1 E, F, J, and K). We then decided to examine
in more depth the effects of exposing flies to copper or zinc (SI
Appendix, Fig. S5A).
Female flies exposed to 10 mM copper or zinc for 1 d

showed a severe loss of body mass: 24% in the case of CuSO4

and 19% in the case of ZnSO4 (Fig. 7A) compared with con-
trols maintained on normal fly food. These reductions are com-
parable to those of flies that are starved for the same period of
time, consistent with the interpretation that flies maintained on
these metal ions consume little if any food. Male flies showed
the same effect, although less pronounced (SI Appendix, Fig.
S5B), which is likely caused by a similar feeding avoidance to
these metal ions (SI Appendix, Fig. S5C).
Does chronic exposure to these levels of metal alter their

feeding preferences (i.e., do they adapt to the presence of met-
als)? We found that after 1 or 2 d on high levels of copper or
zinc, flies showed the same feeding avoidance as control flies
(Fig. 7 B and C).
Are there effects of exposure on gene expression? We tested by

qRT-PCR the levels of the four genes that are required for responses
to either 10 mM copper or zinc following 1 d of exposure. The
expression of one of these genes, Gr66a, was elevated following
exposure to both copper and zinc, but the effect size was small; a
much larger effect was observed forMetallothionein A (MtnA), which
encodes a small cysteine-rich protein that protects against heavy
metal toxicity, in agreement with previous results (Fig. 7D) (52, 53).
We also exposed flies to 0.1 mM or 1 mM concentrations of

Cu2+ and Zn2+ continually over the course of 5 or 10 generations.

We found that feeding avoidance remained stable (Fig. 7 E–H).
For both metal ions, 1 mM concentrations were toxic (SI Appendix,
Figs. S1 J and K and S5 D–F), and the level of toxicity, as mea-
sured by the number of eggs that developed to the pupal stage,
remained relatively stable. Thus, the presence of metals in the envi-
ronment presented a threat that flies were not able to overcome
over the course of 10 generations.

Discussion

We examined the responses of Drosophila to high levels of nine
metal ions as a paradigm for the responses of organisms to
unnatural levels of environmental toxins, a major threat of the
Anthropocene. We analyzed responses at the behavioral, physi-
ological, and molecular levels and found that strong effects of
metal ions on behaviors were mediated by subsets of taste neu-
rons and multiple classes of taste receptors.

Metal concentrations in the environment have increased dra-
matically as a result of human activities, and declines in arthro-
pod densities have been widely observed at sites of high metal
contamination (5, 54). Metal ion concentrations are increased
still further by acidification of the environment, either at a
macroscale via anthropogenic acid rain or at a microscale via
organismal metabolism (55–57); such acidification releases
metal ions from metal-containing compounds.

Copper, zinc, and other metal pollutants contaminate a wide
variety of plants, at levels comparable to those used in our
experiments in some cases (58–61). Insects have mechanisms
for detoxifying metals (62–64), but high concentrations impair
development and viability (52, 65), as confirmed in our study.
The responses of the taste system we have studied here act to
reduce ingestion of high metal concentrations, but since the
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Fig. 6. Conserved taste avoidance of copper and zinc ions in other drosophilids and the mosquito species Ae. albopictus. (A) Phylogenetic tree of drosophilid
species included in this study. (B and C) Feeding preferences to 10 mM copper (B) or zinc (C) of different drosophilids. n = 10. Asterisks indicate significant
differences from 0 (**P < 0.01), Wilcoxon signed rank test. (D and E) Feeding preferences to copper (D) or zinc (E) of mosquitoes. n = 9 for 0 mM; n = 6 for
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ns, not significant.
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system presumably did not evolve under selective pressure
to detect such unnaturally high concentrations, the mecha-
nisms are of particular scientific interest as well as ecological
significance.
We found that responses to different metal ions were medi-

ated via different mechanisms. Previous studies have focused on
Irs in the taste avoidance of calcium, an alkaline earth metal,
and zinc, a transition metal (35, 66). We have confirmed the
requirement for Irs and extended it to include a total of seven
transition metal ions. We have now in addition implicated a
second class of taste receptors, the Grs, in the response to
Cu2+, Zn2+, Fe2+, and Ag+.
It is striking that the response to some metal ions depends

on both Ir and Gr genes (Fig. 3E). Genes of these two families
are coexpressed in many GRNs (20, 29). Interestingly, normal
taste response to lactic acid requires receptors of both classes,
with the response onset depending on Ir25a and offset depend-
ing on Gr64a-f genes (67). In humans, the bitter taste of some
metal ions is mediated by a G protein–coupled taste receptor
(21, 22), whereas their astringent taste is likely mediated at least
in part by TRPV1 (24, 68, 69).
We found three effects of metal ions on taste neurons. First,

several metal ions activated certain bitter neurons of the label-
lum. Different metal ions elicited different levels of firing from
bitter neurons of S-a and S-b sensilla, with Zn2+ showing the
greatest activation, of S-b neurons, and Cu2+ showing the least
(Fig. 4B). These responses to Zn2+ depended completely on
Ir25a and Ir76b, as did the feeding and egg-laying behaviors
induced by Zn2+ (Figs. 3 B and D and 4 A and C). Moreover,
blocking or silencing of bitter neurons in the pharynx reduced
the feeding avoidance of Cu2+ (Fig. 5). Taken together, these
results support a model in which the activation of bitter neu-
rons contributes to behavioral responses to high levels of envi-
ronmental metals.
Second, Cu2+, Zn2+, and several other metal ions inhibited

the response of sugar neurons to sucrose (Fig. 4 D and E and
SI Appendix, Fig. S3). In principle, the reduction in sugar neu-
ron firing could contribute to the feeding and egg-laying prefer-
ences for substrates that contain sucrose alone over those that
contain sucrose and metal ions. Blocking of sugar neurons did
not affect the feeding preference to Cu2+ (SI Appendix, Fig.
S4F). However, Cu2+ and Zn2+ both reduced the PER elicited
by sucrose (Fig. 4F), and it is possible that inhibition of sucrose
neurons contributes to this reduction.
Third, Cu2+ inhibited the response of bitter neurons to caf-

feine, and the extent of inhibition depended on the dose of
Cu2+ (Fig. 4 G–I). We have not quantified the recovery of neu-
rons following exposure to Cu2+, but preliminary analysis sug-
gests that Cu2+ may impair subsequent neuronal responses. If
so, this would represent a direct threat of environmental metal
pollution to sensory neurons.
It will be interesting to determine at high resolution the

molecular mechanisms by which metal ions are detected by
taste receptors. We do not know whether metal ions bind to
the ligand-binding pockets of taste receptors and thereby
activate or inhibit them. Some metal ions have been shown
to alter the activity of certain ion channels by acting as allo-
steric modulators or channel blockers (70–74) and could
have comparable effects on Grs, Irs, or other components of
the taste system.
We found that the effect of Cu2+ on feeding avoidance is

mediated largely through the pharynx, which also contributes
to egg-laying avoidance of Cu2+. These findings are in agree-
ment with a major role for the pharynx in egg-laying responses

to lobeline and feeding responses to L-canavanine, two bitter
compounds (45, 75).

The Cu2+ and Zn2+ feeding preferences we have analyzed
here are conserved across a variety of Drosophila species and
extend to the mosquito species Ae. albopictus as well (Fig. 6).
Moreover, the egg-laying preferences are conserved in the mos-
quito. These results suggest that elevated metal levels elicit
responses from the taste systems of a broad range of dipteran
insects. The results also suggest the possibility of novel applica-
tions of metals in vector control.

The three taste behaviors considered in this study, feeding,
egg-laying, and PER, are all strongly affected by metal ions
whose levels are increasing in many environmental locations.
We found that feeding responses to Cu2+ or Zn2+ do not
habituate quickly, either during short-term exposure (Fig. 7B)
or long-term exposure over the course of 10 generations (Fig. 7
E–H), even though a metallothionein-mediated detoxification
program was initiated (Fig. 7D).

In summary, the challenge posed by toxic metals in the envi-
ronment exemplifies a broad challenge currently faced by life
on Earth. Organisms face many novel threats, and they may
either respond adaptively or die. The taste system of Drosophila
detects high levels of nine metal ions via multiple classes of
receptors, neurons, and taste organs. Metal ions activate bitter
neurons, inhibit sugar responses, and inhibit bitter responses,
with different metal ions detected via different mechanisms.
Collectively, the system drives avoidance behaviors that protect
the animal and its offspring from ingestion of many toxic metal
ions. The workings of these mechanisms are essential to the
survival of flies and many related species to the perils of the
Anthropocene.

Materials and Methods

Drosophila Strains. Flies were reared on glucose media (Archon Scientific) at
25 °C and 60% relative humidity, in a 12-h light:12-h dark cycle. Control flies
were w1118 Canton-S unless otherwise mentioned. Canton-S flies were used for
short- and long-term exposure experiments. The following lines were obtained
from the Drosophila Bloomington Stock Center: Ir25a (41737), Ir76b (51309),
UAS-TNT (28838), and UAS-Kir2.1 (6596). Gr33a and Gr66a are described in ref.
37. Gr2a-GAL4, Gr5a-GAL4, Gr36b-GAL4, Gr59c-GAL4, Gr66a-GAL4, Gr93d-GAL4,
and Ir94e-GAL4 are described in refs. 38 and 76. Ppk23-GAL4 and ppk28-GAL4,
described in refs. 77 and 78, were provided by K. Scott (University of California,
Berkeley). PoxnΔM22-B5/CyO and PoxnΔM22-B5; full-152 with the corresponding
genetic background control w1118 Berlin were described in refs. 44 and 45, and
Poxn70-1-1/CyO was described in refs. 79 and 80. Drosophila erecta (14021-
0224.01), Drosophila pseudoobscura (15030-1161.03), Drosophila sechellia
(14021-0248.27), Drosophila simulans (14021-0251.001), Drosophila virilis
(15010-1051.00), and Drosophila yakuba (14021-0261.40) were obtained from
the Drosophila Species Stock Center.

Mosquito Strain. Laboratory strain (Foshan) wild-type Ae. albopictus were
reared in a 12-h light:12-h dark photocycle at 26 to 28 °C, 70 to 80% relative
humidity. The same rearing conditions were maintained for mosquito behavioral
assays. Larvae were fed TetraMarine Saltwater Granules fish food ad libitum.
Adult mosquitoes were housed in a mixed-sex cage and fed 10% sucrose ad libi-
tum. Mated adult females were blood-fed on defibrillated sheep blood via a
membrane-feeding device or on a human arm.

Chemicals. Cadmium sulfate (20920), caffeine (C1778), cobalt sulfate (C6768),
copper chloride (222011), copper nitrate (467855), copper sulfate (209198),
iron(II) sulfate (215422), iron(III) sulfate (307718), magnesium chloride
(M2670), manganese sulfate (M7634), nickel sulfate (203890), potassium chlo-
ride (409316), potassium nitrate (P8394), silver nitrate (916404), sucrose
(S7903), zinc chloride (746355), and zinc sulfate (Z4750) were purchased from
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Sigma-Aldrich. Agarose (AB00972) was purchased from AmericanBio. Hydrochloric
acid (JT9535) was purchased from J. T. Baker.

CAFE Assay. CAFE assays were performed as described in ref. 81, with slight
modifications. A chamber was prepared by filling a 50-mL Falcon conical tube
with 35 mL 1% agarose. Four glass capillary tubes (Drummond Scientific
Company, Catalog #2–000-001) were inserted through the cap and secured by
200-μL pipette tips (not shown in Fig. 2A). Two tubes were filled with 10 mM
sucrose, and the other two were filled with 10 mM sucrose mixed with metal
ions. In SI Appendix, Fig. S1 C and D, sucrose was substituted with other sugars
as indicated.

For the assay, 10 mated female flies (3 to 5 d old) were starved for 20 to
24 h and introduced into the CAFE chamber without anesthesia. The amount of
consumption within 3 h was measured, and a preference index (P.I.) was calcu-
lated as (consumption from capillaries containing sucrose and metal ions� con-
sumption from capillaries with sucrose alone)/(total consumption). Rarely, the
total consumption volume in an individual Falcon conical tube was less than
0.50 μL, and these tubes were excluded from the analysis.

Egg-Laying Assay. Egg-laying assays were performed as described in ref. 82.
Briefly, two of four quadrants were filled with 0.5% (wt/vol) agarose with 100
mM sucrose in Petri dishes (Dot Scientific, catalog #557684). One of the two
quadrants contained metal ions, and the other served as a control. Metal solu-
tions were added to agarose solutions that had been cooled to 55 to 58 °C to
reduce hydrolysis of metal ions.

Single mated female flies (4 to 6 d old) were introduced into one of the two
empty quadrants without anesthesia and were allowed 20 to 24 h to lay eggs in
a dark room (25 °C, 60% relative humidity). An egg-laying P.I. was then calcu-
lated as (number of eggs on test quadrant � number of eggs on control quad-
rant)/(total number of eggs). A very small fraction of dishes contained fewer than
five eggs and were excluded from the assay.

Survival Assay. Survival assays (SI Appendix, Fig. S1 E–G) were performed simi-
larly as described in ref. 35. Newly eclosed flies were collected in groups of 10
females and 3 males and cultured on standard media for 3 d. Then, female flies
were transferred into vials containing 1% agarose and either 100 mM sucrose
alone or 100 mM sucrose mixed with different concentrations of copper or
zinc as indicated. The viability of flies was monitored for 10 d. Flies were trans-
ferred to new vials with the same media every 12 h, with the number of live flies
recorded.

Tip Recording. Tip recordings were performed as in ref. 37 with mated female
flies (3 to 6 d old). The reference tungsten electrode was inserted into the eye. A
fine glass pipette filled with a tastant solution was used as the recording elec-
trode, and 1 mM KCl was used as an electrolyte in recordings with sucrose or caf-
feine. Signals were amplified (10× Syntech Universal AC/DC Probe), filtered
(100 to 3,000 Hz with 50/60-Hz suppression), digitized with IDAC-4 (Syntech),
and further analyzed with Auto Spike 32 software. Response was quantified as
the number of spikes in the first 500 ms after contact.

PER Assay. PER assays were performed as in ref. 83, with some modifications.
Three- to five-day-old female flies were starved for 24 h and immobilized in
200-μL pipette tips. Flies were tested with water before every tastant (50 mM
sucrose alone or mixed with copper or zinc as indicated) and were water-satiated
(i.e., the fly was given access to water until a negative response was seen). Each
fly was tested with only a single solution, three times, at 2-min intervals. The
PER was thus calculated as the fraction of full proboscis extension to the total
number of tastant presentations (0, 0.33, 0.67, or 1). Flies were tested with
100 mM sucrose afterward as a positive control; flies with no response were
excluded from the analysis. An exception was made for 50 mM sucrose mixed
with 25 mM copper stimuli, after which flies rarely gave any PER responses to
100 mM sucrose; we have indicated the PER as 0 to reflect the lack of response
to 25 mM copper.

Two-Color Choice Feeding Assay. The feeding preferences of different droso-
philids were tested in a two-color choice feeding assay as in ref. 75. Briefly, 10
female flies (3 to 5 d old) were starved for 24 h and then placed in Petri dishes
(Falcon, Catalog #35–1006) following short anesthesia on ice. D. virilis were
starved for 48 h and were tested in a larger Petri dish (Falcon, Catalog

#35–1001). Tastants were mixed with either 0.25 mg/mL indigo carmine
(Sigma-Aldrich, I8130) or 0.5 mg/mL sulforhodamine B (Sigma-Aldrich,
230162). Each tastant was paired the same number of times with each dye to
offset any dye preference. Flies were allowed to feed for 3 h in a dark, humidi-
fied chamber at 25 °C. The color of their abdomen was scored following
dissection of the gut, which made scoring more precise. The P.I. was calculated
as PI= (Nred� Nblue)/(Nred+ Nblue+ Npurple) or PI= (Nblue� Nred)/(Nred+ Nblue+
Npurple), depending on the dye/tastant combinations. PIs of 1.0 and �1.0 indi-
cate complete preferences for one solution or the other. A PI of 0 indicates no
preference. Trials with<50% colored abdomens were excluded.

Weight Measurement. Adult flies 3 to 4 d old were exposed for 1 d or 2 d to
10 mM CuSO4, 10 mM ZnSO4, or ddH2O (double distilled H2O). Following light
anesthesia with CO2, 10 to 20 flies were then weighed together on a balance
with a precision of 0.1 mg.

RNA Quantification. After flies (3 to 4 d old) were exposed to fly media mixed
with 10 mM CuSO4, 10 mM ZnSO4, or ddH2O for 24 h, fly heads were collected
using forceps and placed immediately into collection tubes kept cold in liquid
nitrogen. Head tissues were then ground in 500 μL RLT lysis buffer (Qiagen) on
ice. RNA was extracted with acid phenol and Direct-zol RNA microprep kits (Zymo
Research) according to the manufacturer’s protocol. Complementary DNA was
synthesized with EpiScript (Lucigen) and added to the iTaq Universal SYBR Green
(Bio-Rad) system for qPCR. Target gene expression was normalized to the level
of RP49 transcripts. Primers are provided below, with sequences adopted from
refs. 84–86:

RP49fwd (CCAAGCACTTCATCCGCCACC)
RP49rev (GCGGGTGCGCTTGTTCGATCC)
Gr33afwd (CCACCATCG CGGAAAATAC)
Gr33arev (ACACACTGTGGTCCAAACTC)
Gr66afwd (ACAGGAATCAG TCTGCACAA)
Gr66arev (AATGTTTCCATGTCCAGGGT)
Ir25afwd (CAATCCACTCAGCCATTCAA)
Ir25arev (ACCAGAGGCACTCCTTCAGA)
Ir76bfwd (CAGCGCAGCTTCGTCTACTA)
Ir76brev (CACAAAGTGCTTGTTCTTCG)
MtnAfwd (ACTGCGGATCTGACTGCAAG)
MtnArev (AAGATGCAGCGCCTCTACTC)

Mosquito Two-Choice Feeding Assay. Adult female mosquitoes, mated and
4 to 7 d old, were starved by giving them access to water but not food for
∼24 h. Twenty female mosquitoes were introduced by mouth aspiration (no
anesthesia) into the cage (24.5 cm × 24.5 cm × 24.5 cm), which contained two
feeding wicks. One wick contained 100 mM sucrose, with the red dye 0.05%
amaranth (Sigma-Aldrich, A1016), and the other contained 100 mM sucrose
mixed with metal substrate and the blue dye 0.05% indigo carmine (Sigma-
Aldrich, 131164). Mosquitoes were allowed to feed for ∼24 h, after which abdo-
mens were scored as red, blue, purple, or uncolored. The P.I. was calculated as
PI = (Nblue � Nred)/(Nred + Nblue + Npurple). P.I.s of 1.0 and�1.0 indicate com-
plete preferences for one solution or the other. A P.I. of 0 indicates no prefer-
ence. Trials with <50% colored abdomens were excluded. Control experiments
showed there was no preference for either of the two dyes (Fig. 6).

Mosquito Two-Choice Egg-Laying Assay. Adult female mosquitoes, mated
and 4 to 7 d old, were blood-fed on a human arm. Blood-fed and gravid females
were immediately selected and housed in a cage with ad libitum access to 10%
sucrose for ∼96 h until the egg-laying assays were started. For the egg-laying
assay, each cage contained two egg-laying cups filled with 100 mL deionized
water or metal solution at the indicated concentrations. Ten gravid females were
introduced by mouth aspiration and allowed to lay eggs for ∼24 h. The number
of eggs in each egg-laying cup was counted, and the P.I. was calculated as (num-
ber of eggs in metal cup � number of eggs in control cup)/(total number
of eggs).

Data Availability. All study data are included in the article and/or
SI Appendix.
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