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Evolutionary conserved brainstem 
circuits encode category, 
concentration and mixtures of 
taste
Nuria Vendrell-Llopis1,2 & Emre Yaksi1,2,3,4

Evolutionary conserved brainstem circuits are the first relay for gustatory information in the 
vertebrate brain. While the brainstem circuits act as our life support system and they mediate 
vital taste related behaviors, the principles of gustatory computations in these circuits are poorly 
understood. By a combination of two-photon calcium imaging and quantitative animal behavior 
in juvenile zebrafish, we showed that taste categories are represented by dissimilar brainstem 
responses and generate different behaviors. We also showed that the concentration of sour and 
bitter tastes are encoded by different principles and with different levels of sensitivity. Moreover, 
we observed that the taste mixtures lead to synergistic and suppressive interactions. Our results 
suggest that these interactions in early brainstem circuits can result in non-linear computations, such 
as dynamic gain modulation and discrete representation of taste mixtures, which can be utilized for 
detecting food items at broad range of concentrations of tastes and rejecting inedible substances.

The sense of taste plays an indispensable role in the life of all animals. It is very important to monitor the 
chemical contents of ingested food in order to determine if it is palatable (and nutritive) or aversive (and 
toxic). For example, while the low level of sourness in a lemonade or slightly bitter taste of tonic water 
can be perceived as pleasant, strong sourness or bitterness can indicate the toxicity of food. In vertebrate 
brain, all these essential computations are performed by using only a few variables, namely the main 
categories of taste: sweet, salty, bitter, umami and sour.

Taste information from the gustatory receptor neurons are carried via taste fibers to the first relay 
station in the vertebrate brainstem. This evolutionary conserved brainstem regions are named facial lobe1 
and vagal lobe2 in teleost fish, which are together related to the nucleus of the solitary tract in mam-
mals3–6. These brainstem regions acts as a life support system and mediates vital taste related functions 
such as swallowing, salivation and appetitive behaviors7,8. Taste computations at the level of gustatory 
receptor neurons9–15 and the taste fibers16–19 are well studied. Moreover, thanks to several studies across 
different vertebrates, we know more and more about the processing of taste information in the vertebrate 
brainstem20–30 and gustatory cortex31,32. However, studying gustatory computations especially at the level 
of vertebrate brainstem has been extremely difficult in part due to the limited access of this brain struc-
ture for in vivo physiology in most vertebrate species.

In this study, we established a framework for studying the gustatory computations in the brainstem 
comprehensively by a combination of in vivo functional brain imaging, quantitative behavioral assays, and 
genetic tools in a small and optically transparent vertebrate, the zebrafish. Our results showed that taste 
categories are represented by dissimilar brainstem responses and generate different behaviors. We also 
showed that the concentrations of sour and bitter tastes are encoded differently, with different sensitivity 
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and dose dependency. Moreover, we observed that mixing tastants leads to non-linear interactions, such 
as synergy and suppression. These interactions result in dynamic gain modulation, which increases the 
range of sensitivity for different taste concentrations. Finally, we observed that strong suppression of sour 
responses by bitter compounds leads to discrete taste mixture representations that resemble the stable 
states of neural attractors, which might serve to prevent ingestion of contaminated food items.

Results and Discussion
In order to study the gustatory computations in the zebrafish brainstem, we measured the neural 
responses evoked by taste stimuli in elavl3:GCaMP5 zebrafish expressing the transgenic calcium indi-
cator GCaMP5 pan-neuronally33,34. We chose to perform all of our experiments in juvenile zebrafish 
(3–4 weeks old) that had been actively feeding for several weeks, yet still had transparent bodies. This 
selection had two major benefits: (1) the subjects had exposure to a variety of tastes while feeding prior 
to testing and (2) the permeability of light to their brain allowed two-photon calcium imaging to be 
performed without the need of surgery. In order to study the gustatory computations in the brainstem, 
we mainly focused our measurements on the zebrafish facial lobe (Figs 1 and 2a–c), which is homologous 
to the mammalian nucleus of the solitary tract1,35. We presented a broad set of tastants11,36 with different 
behavioral significances by using a computer controlled taste delivery system, while imaging the neural 
activity by a two photon microscope. The neuronal calcium signals in facial lobe neurons in response 
to the taste stimulation were robust and reproducible (Supplementary Figure 1,2). In order to investi-
gate how taste categories are encoded, we presented a range of tastants from different taste categories 
and compared brainstem taste responses. For comparing multi-neuronal taste responses, we adopted 
several commonly used measures of similarity for neural activity, such as pairwise correlations (Fig. 2d, 
Supplementary Figure 3a), hierarchical clustering (Fig. 2e), principal component analysis (Fig. 2f) and 
Euclidean distances (Supplementary Figure 3b). All these similarity measures showed that tastants in the 
same category evoked similar neural activity and different taste categories are represented by dissimilar 
neural activity. To our surprise, while sour and bitter tastes evoked robust responses in the juvenile 
zebrafish facial lobe, amino acids that are typically strong taste stimuli for teleost fish16,17,37, evoked only 
weak responses. This can be due to the limited sensitivity of the calcium indicators or perhaps due to 
the developmental stage of the juvenile zebrafish that we examined, which was shown to be important 
for the assembly of the peripheral gustatory system in other teleosts38. In summary, our results revealed 
that the neural code for categorizing taste information at the level of the gustatory cortex31,32 is also pres-
ent at the early gustatory centers of the brainstem. Hence, it is likely that these evolutionary conserved 
brainstem circuits can mediate several taste related behaviors before the taste information is passed to 
the next level in the brain.

Neural representations of gustatory information in the facial lobe suggest that zebrafish can distinguish 
different taste categories. We tested this hypothesis by measuring simple taste-evoked motor behaviors, 
such as angular tail speed (ATS) and tail beat frequency (TBF)39 in semi-restrained zebrafish40 (Fig. 2g). 
We choose to perform these behavioral experiments in semi-restrained animals in order to make sure 
that the stimulus conditions in these behavioral experiments match that of calcium imaging experiments. 

Figure 1. Schematic representation of zebrafish brain. (a) Illustration of 21 days old zebrafish brain. 
Magenta lines delineates the facial lobe of the brainstem, which is the main focus of this study. Major brain 
regions are labelled. Abbreviations: LVII facial lobe of the brainstem; CC, cerebellum; TE, telencephalon; 
(b) Maximum projection image of a 21dpf elavl3:GCaMP5 zebrafish brain across 320 μ m depth. The 
magenta square indicates the facial lobe of zebrafish brainstem. Scale bar 100 μ m.
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Here, we quantified that the zebrafish responded to amino acids with weak motor behaviors, whereas 
bitter tastants and sour tastants generated increasingly stronger motor behaviors, respectively (Fig. 2h,i). 
Consistent with the taste responses of facial lobe neurons in our experiments and behavioral studies 

Figure 2. Taste categories are represented by dissimilar neural activity in the brainstem and generate 
different behaviors. (a) Optical section of the facial lobe in zebrafish brainstem expressing GCaMP5 under 
HuC promoter in most neurons. (b) Taste-evoked neural responses in the same optical section. Three arrows 
point to corresponding neurons from panel a. Scale bars 20 μ m. Stimulus is citric acid 5 mM  
(c) Time course of the stimulus delivery in grey and time course of taste-evoked responses of example neurons 
color-coded same as in panel a. Black arrow indicates stimulus onset. (d) Pair-wise Pearson’s correlations 
between neural responses to different tastants. Text colors represent magenta =  sour, green =  bitter, 
blue =  amino acids, black =  sweet. n =  721 neurons, across 10 fishes. (e) Dendrogram showing the linkage 
among taste categories. Distances are measured based on correlations. (f) Representations of taste responses 
with the first 3 principle components. Total variance explained by first 3 principal components is 97.2% 
(g) Motor behavior of a semi-restrained zebrafish, obtained from a video sequence projected in time (top) 
and the associated tracking of the tail angle (bottom) in response to citric acid delivery. (h) TBF versus 
ATS in response to different taste categories, sour (magenta), bitter (green) and amino-acids (blue). Each 
dot represents an average of three different trials from individual fish (n =  12 fish) during the first four 
seconds. These values are normalized to the maximum response of each fish. Max ATS =  2.9 ±  1.2π rad/s, 
Max TBF =  24.2 ±  2.6 Hz. (i) Behavioral taste map obtained by filtering the graph in panel h. Colored 
circles represent averaged values across all fish. All categories generate significantly different behaviors. 
(***p =  < 0.0005, **p =  < 0.005, *p =  < 0.05 by Mann-Whitney U-test). For abbreviations, please see 
methods.
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in other fish species41–43 we observed that the zebrafish behave differently in response to different taste 
categories.

Stimulus intensity (concentration) can change the perceived taste quality. For example, humans, rodents 
and teleost fish perceive low concentrations of sour taste as a feeding cue36,44–46, and high concentrations 
of sour taste as unpleasant44,45. Moreover, different taste categories have been shown to have different 
detection thresholds47; for example, bitter compounds can be detected at lower concentrations48,49. To 
test how taste intensity is encoded in the brainstem, we measured the responses of facial lobe neurons to 
a range of concentrations within the two taste categories that we observed strong neural and behavioral 
responses, the sour and the bitter taste. Here, we specifically chose taste concentration ranges that were 
used in previous studies performed in teleost fish11 and in rodents50. Our results showed that the bitter 
tastants induce strong responses in the bitter-sensitive facial lobe neurons, even at low concentrations, 
and there is only a small but significant increase in the response amplitude or the ratio of responding 
neurons with increasing bitter concentration (Fig. 3a,b). On the other hand, sour tastants did not elicit 
strong responses at low concentrations, but increasing the sour taste concentrations resulted in signif-
icantly larger responses and recruitment of more responding neurons (Fig. 3a,b). Interestingly, we also 
observed a significant increase in the response onset slope for the increasing concentrations of both sour 
and bitter responses (Fig. 3c). These results suggest that both the amplitude and the onset slope of the 
taste responses in facial lobe neurons can carry information about taste concentration to the downstream 
brain regions. We should also note that while most neurons follow these general rules for encoding taste 
concentrations, we also observed small numbers of neurons with complex dose-dependent responses 
(Supplementary Figure 4), which suggest strong nonlinear interactions in the facial lobe circuits. It is 
likely that the gustatory circuits make use of these diverse types of neurons with different taste sensitiv-
ities in order to cover a larger dynamic range for encoding taste concentration.

The amplitude and the onset of neural responses to varying sour and bitter taste concentrations suggest 
that the stimulus intensity for these different taste categories might be encoded by different principles. In 
order to test this, we compared the multi-neuronal responses to sour and bitter taste concentrations by 
using pairwise correlations of neural activity. We observed that sour concentrations are encoded by more 

Figure 3. Taste concentrations are encoded differently for different taste categories. (a) Average 
response time course of facial lobe neurons in response to citric acid (magenta) and quinine-HCl (green) 
averaged across neurons. n =  830 neurons from 14 fish for citric acid and n =  329 neurons from 11 fish 
for quinine-HCl. Black arrow represents stimulus onset. Black lines are the responses of same neurons 
to blank control. Shades of colors represent different taste concentrations. (b) Histogram for the dose 
dependent response amplitude of individual neurons for the concentrations of quinine-HCl (above) and 
citric acid (below). Neural response amplitudes are averaged over the first 4 seconds after the stimulus 
onset. The response amplitude increase significantly for all concentrations of quinine-HCl and citric acid. 
(c) Histogram for the dose dependent response onset slopes of individual neurons for the concentrations 
of citric acid and quinine-HCl. Response onset slopes are calculated as the first coefficient of the first order 
polynomial, fitted to the rising phase of each neural response during the first 1.5 seconds. The response 
onset slope increase significantly for all concentrations of citric acid and quinine-HCl, except between 
quinine-HCl 3 mM and quinine-HCl 10 mM. (d) Pair-wise Pearson’s correlations between neural responses 
to different concentrations of quinine-HCl and citric acid. Note that the representations of low quinine-
HCl concentrations are more similar to each other than low citric acid concentrations. (e) Motor behavior 
(normalized angular tail beat speed) of semi-restrained zebrafish in response to blank control and 3 
different concentrations of quinine-HCl and citric acid. Max angular tail speed =  1.9 ±  0.7π rad/s. n =  15 fish 
(***p =  < 0.0005, **p =  < 0.005, *p =  < 0.05, ns =  not significant. Mann-Whitney U-test for neural responses 
and Wilcoxon signed-rank test for motor behavior).
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dissimilar neural activity than bitter taste, especially at low concentrations (Fig.  3d). These differences 
in the neural encoding of sour and bitter taste concentrations suggest that the zebrafish can distinguish 
between sour taste concentrations more readily than bitter taste concentrations. We tested this hypothesis 
by measuring the motor behavior of semi-restrained zebrafish in response to various sour and bitter taste 
concentrations. Consistent with the neuronal responses, we observed that the animals can behaviorally 
differentiate concentrations of sour taste better than the concentrations of bitter taste (Fig. 3e). Overall, 
our results suggest that concentrations of sour and bitter tastes are encoded differently in the facial lobe 
of the brainstem, which results in a better separation for the sour taste concentrations when compared 
to bitter taste concentrations. One hypothesis is that it is more relevant for the taste circuits to be sen-
sitive to low levels of bitterness, which signal toxins, rather than encoding precise bitter concentrations. 
Alternatively, it is likely that different levels of sourness might have different qualities ranging from edible 
tasty food to inedible irritants, which is a very important distinction to make.

Our food is usually a mixture of different tastes and the presence of one taste category can alter the 
perceived quality of the other tastants within the mixture51,52. Several recent studies suggest that these 
kind of mixture interactions across taste categories are absent at the early levels of mammalian gustatory 
pathway, such as in gustatory receptor neurons and the taste fibers53–55. In teleosts fish, however, several 
types of taste mixture interactions were shown to be present56–59 already at the level of taste receptors 
and taste fibers. It is unclear whether such interactions are also prominent at the next level of the gus-
tatory pathway, the facial lobe of the zebrafish brainstem. To test potential taste mixture interactions 
across facial lobe neurons responding to different taste categories, we delivered mixtures of tastes and 
analyzed interactions of these taste responses with each other using simple and previously used meas-
ures of synergy and suppression (Fig. 4a). In brief, if taste mixture responses were larger than the linear 
summation of the neuronal responses to individual tastes, we labelled these as synergy interactions60. If 
taste mixture responses were smaller than the biggest of the individual components, we labeled these as 
suppression interactions60. Using this simple analysis on the neural data we observed both suppressive 
and synergistic interactions for the mixtures of sour tastes. Our analysis revealed that the probability of 
observing synergistic or suppressive interactions across sour tastes is highly dependent on the taste con-
centration. We observed that sour mixtures at low concentrations predominantly led to synergy, whereas 
sour mixtures at high concentrations mostly resulted in suppression (Fig.  4b,c). It is possible that the 
concentration dependency for the observed synergy among sour taste mixtures can in part be due to 
potential saturation in the dose response curves of individual neurons. However, our observation for the 
dynamic modulation of suppression is independent of these dose-dependent effects. In either case, our 
results suggested that the gain of brainstem circuits for encoding taste information can be dynamically 
modulated by tuning these synergistic and suppressive interactions. At low concentrations, sour taste 
mixtures interact synergistically and this increases the sensitivity of the gustatory system, which can 
help detect low sour concentrations, which are shown to be important as feeding cues that help to locate 
prey or food in other teleosts36,46. In contrast, when the concentration is high, we predominantly observe 
suppression in sour taste mixtures, which likely prevents the saturation of taste responses by reducing the 
sensitivity of the gustatory system. Consistent with our results in the brainstem, such gain modulation 
for taste responses was shown to persist at the latter stage of the taste pathway at the level of the insular 
cortex61 of mammals. It will be interesting to test the impact of these non-linear taste computations also 
in the teleost equivalent of insular cortex located in the forebrain. We propose that the dynamic gain 
modulation we observed at the level of brainstem neurons can extend the range of gustatory coding 
across a wider range of stimulus intensities, from very low to very high taste concentrations. Hence, this 
dynamic modulation of gain would allow the taste circuits to adjust their sensitivity according to the 
needs of the changing chemical environment where a low level of sour taste can act as a feeding cue36,46 
and high sourness might signal a potentially acidic and thus hazardous location.

Bitter tastes, which are often associated with toxins, may suppress the neural responses to other taste 
categories in the peripheral gustatory system of rodents62 and insects63. It is unclear whether such a 
suppressive effect of bitter tastes is also prominent at the next levels of gustatory pathway. To study this 
phenomenon, we measured the mixture interactions between bitter and sour tastants in the zebrafish 
facial lobe. We observed that the bitter tastants strongly suppressed the neural responses to sour taste 
(Supplementary Figure 5). We observed that while all bitter tastants used in this study (denatonium, 
quinine-HCl and caffeine) suppressed sour taste responses, quinine-HCl showed the strongest effect 
(Supplementary Figure 5a); thus, we continued our further investigations focusing on the mixtures of 
bitter taste quinine-HCl and sour tastants. Unlike the mixture interactions between sour tastants which 
are concentration dependent, the suppression of sour taste by the bitter taste was prominent at all con-
centrations (Fig. 4d,e). In line with this suppression, we also confirmed that motor response of juvenile 
zebrafish to the sour/bitter mixture is weaker than the motor response to sour taste alone (Fig.  4f,g). 
These results showed that a few number of bitter sensitive neurons with robust responses are sufficient 
to suppress a large portion of sour sensitive neuron, which highlight the importance of this mechanism 
that ensures to keep zebrafish away from a potential source of toxic bitter substances. It is likely that 
such strong suppression by bitter compounds on the sour taste responses might be related to a highly 
conserved neural mechanism, which evolved to prevent the ingestion of toxic substances that could 
contaminate the food items.
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Figure 4. Taste mixtures exhibit suppressive and synergistic interactions, which are dynamically 
modulated by the taste concentration and category. (a) Schematic representation for quantifying mixture 
interactions. Taste responses of two representative neurons, which show synergy (left) and suppression 
(right) respectively. Individual and mixtures taste responses(black) and predictions based on synergy and 
suppression rules as described in methods (grey). (b) Representative facial lobe neurons from individual 
zebrafish are color coded by the mixture interactions they exhibit (suppression =  magenta, synergy =  green, 
rest =  grey) in response to mixtures of sour tastants (citric acid and malic acid) at different concentrations. 
(c) Ratio of all neurons (left) and responding neurons (right) exhibiting synergy or suppression changes 
dynamically with changing concentrations. N =  1129 neurons in 7 fish. (d) Representative facial lobe 
neurons are color coded for suppressive and synergistic interactions for the mixtures of sour (citric acid) 
and bitter (quinine-HCl) taste. White scale bars are 20 μ m for b and d. (e) Ratio of all neurons (left) 
and responding neurons (right) exhibiting synergy or suppression for sour/bitter mixtures (for c and e 
***p =  < 0.0005, **p =  < 0.005, *p <  0.05 by Wilcoxon signed-rank test, ns =  not significant, n.a =  not 
applicable). N =  490 neurons in 7 fish. Error bars are standard error of the mean across fish for c and e.  
(f) TBF and ATS of zebrafish in response to citric acid (magenta), quinine-HCl (green) and their mixture 
(blue) at 5 mM concentrations. Each dot represents a three trial average from individual fish (n =  15 fish) 
during first four seconds. Max ATS =  1.9 ±  0.7π rad/s. Max TBF =  24.8 ±  4.0 Hz. (g) Behavioral taste 
map obtained by Gaussian filtering the graph in f. Colored circles represent average values across all fish. All 
combinations generate significantly different behaviors (***p =  < 0.0005, **p =  < 0.005, *p <  0.05 by Wilcoxon 
signed-rank test, ns =  not significant). (h) Dose dependent average amplitude for the neural responses to mixtures 
of citric acid and quinine-HCl. Citric acid concentration is kept at 3 mM and quinine-HCl concentration is 
gradually increased morphing the mixture responses. Error bars are standard error of the mean. (i) Pair-wise 
Pearson’s correlations between neural responses to morphing mixtures of citric acid and quinine-HCl. Note the 
abrupt change in the pairwise similarity of neural responses. N =  259 neurons in 10 fish.
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Several sensory modalities, such as olfaction64, audition65 and vision66, were shown to be encoded in 
a discrete manner by abruptly changing from one neural representation to another, resembling the stable 
states of neural attractors. These discrete transitions between stables states are suggested to be important 
for efficient stimulus discrimination in highly noisy environments and degraded stimulus conditions. 
Yet, it is unclear whether such discrete encoding of taste can occur in the gustatory system. To test 
whether discrete transitions also exist for the encoding of taste stimuli, we morphed the composition 
of sour/bitter mixtures by gradually increasing the concentration of the bitter compound (Fig. 4h). We 
observed that with low bitter concentrations, the sour/bitter mixture responses are highly correlated to 
the neural responses to sour compounds (Fig. 4i), despite the prominent inhibition of sour responses by 
bitter tastants (Fig. 4h). However, the similarity of the sour/bitter mixture to sour compounds decreased 
abruptly by increasing the bitter concentration, which made the sour/bitter mixture responses more sim-
ilar to bitter compounds (Fig. 4i, Supplementary Figure 5b,c). Our results suggest that the discrete neural 
representations that were shown in other sensory systems are also present in the gustatory system. It is 
likely that these discrete sensory representations are universal computations, which might be utilized to 
serve different functions for different sensory modalities. In the case of taste circuits, this sudden shift of 
neural responses for different sour/bitter taste mixture combinations may represent two distinct states in 
the facial lobe networks, edible and inedible. Our results suggest that the low levels of bitterness in taste 
mixtures do not significantly change the responses to sour taste and, therefore, are tolerable. However 
medium or high bitter concentrations in the sour/bitter mixtures, which might correspond to toxicity, 
can suddenly shift the neural representations of sour/bitter mixtures to be similar to those of bitter com-
pounds and prevent ingestion of inedible food. It was shown that the gustatory system is plastic and can 
change as the animals age38. It is likely that these distinct shifts in taste representations that we observed 
in juvenile zebrafish are highly species and age specific.

In summary, our results revealed that the brainstem circuits can encode taste category and concen-
tration, and mediate the interactions between mixtures of tastants. We propose that these evolutionary 
conserved circuits can utilize universal neural mechanisms, such as dynamic gain modulation and dis-
crete neural representations, in order to perform complex gustatory computations and execute gustatory 
behaviors, before the taste information is passed to the higher brain regions. It will now be interesting 
to study the local circuit architecture within the facial lobe of the brainstem that could underlie some of 
these computations and to understand how these sensory circuits interact with the motor circuits, which 
are controlling animal behavior.

Experimental Procedures
Zebrafish. The experiments were performed on size-matched juvenile zebrafish (Danio Rerio) at 
18–24 dpf, expressing GCamp567 under elavl3(HuC)68 promoter. No surgery was required since the 
zebrafish were in transparent nacre (mitfa mutant) background. Fish were kept at a density of 10–15 per 
3.5 liter tanks and maintained under a 14/10 day/night cycle in a closed circulating system (Technilab-
BMI bv) at 28.5 Celcius. Preparation. For calcium imaging experiments, the fish were first anaesthetized 
with 0.02% MS222, then embedded in 1% low melting point agarose (LMP) in a recording chamber 
(Fluorodish, Wold Precision Instruments), and subsequently paralyzed using a alphabungaro-toxin injec-
tion (Invitrogen). Later, the LMP obstructing the mouth was removed. For the behavioral experiments, 
we first embedded the fish in LMP in a small Fluorodish chamber, and then removed the LMP obstruct-
ing the mouth and the tail, allowing free tail movements. The setup was constantly perfused with fresh, 
oxygenated artificial fish water (AFW: 1.2 g of sea salt in 20 L reverse osmosis (RO) water) throughout all 
the experiments. All animal procedures were performed in accordance with the animal care guidelines 
issued by the government of Belgium. Please see the ethical statement below for the license number.

Tastants. The tastants were dissolved in AFW. Solutions were stored at 4 °C for not more than one 
week. 50 ml stocks of 200 mM of amino acids and 50 ml stocks of 20 mM of bitter and sour compounds 
were kept at − 20 degrees. All tastants were provided by Sigma-Aldrich (Belgium).

For the taste category experiments, we used a panel of nine tastants, as well as a control (AFW), 
which included: Mal: malic acid 10 mM; Cit: citric acid 10 mM; Ala: L-Alanine 100 mM; Pro: L-Proline 
100 mM; Den: denatonium benzoate, 10 mM; Caf: caffeine 10 mM; Qui: quinine-HCl 10 mM; Glu: glu-
tamic acid 100 mM; Fru: fructose 100 mM. For the taste concentrations experiment we used 0.1, 0.3, 1, 3 
and 10 mM of citric acid (sour) and quinine-HCl (bitter) for the calcium imaging experiments, and the 
same tastants in 0.5, 1 and 5 mM concentrations for the behavioral experiments. In the binary mixture 
experiments of citric and malic acid, as well as citric acid and quinine-HCl, we used 0.5, 1 and 5 mM of 
each tastant, including their final concentration in the mixture solution (Fig. 4a–g). For morphing the 
citric acid and quinine-HCl mixture (Fig. 4h–i) we gradually increased the concentration of quinine-HCl 
in the mixtures (0–0.1 mM-0.3 mM-1 mM-3 mM) while citric acid concentration was kept constant at 
3 mM. Supplementary Table 1 reports the pHs for all used tastants.

Throughout all of the experiments we used a constant stream (100 ml/h) of AFW directed to the mouth. 
Tastants were added into this stream with the switching of a computer-controlled 6 port 2-position valve 
(Valco Instruments). The time course of the taste stimulus was monitored by application of fluorescein 
solution. Each tastant was delivered three times in a randomized order and successive applications were 
separated by 2 min to avoid adaptation.
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Functional brain imaging. Images were acquired using a two-photon microscope and 20× water 
immersion objective (Zeiss). A femtosecond Ti:Sapphire laser (Spectra Physics) was used as an excitation 
source at 920 nm. Images were acquired using Zeiss software at 7.5 Hz from a single optical plane at a 
time. We collected data from up to three different optical planes (with 10 μ m separation) of the facial 
lobe in each juvenile zebrafish, covering a large portion of the facial lobe. For ensuring the reliability and 
robustness of our conclusions we used large sample size of juvenile zebrafish in all our imaging experi-
ments. Here we used n =  10 fish for taste categories, n =  14 fish and n =  11 fish for taste concentrations, 
n =  7 fish for taste mixtures and n =  10 fish for taste mixture morphing experiments.

Behavioral experiments. Video during behavioral experiments was acquired using a fast camera 
(Exg03 Baumer) at 100 Hz and the MATLAB Imaging acquisition toolbox.  The larvae were acclimated 
for at least 1 hour in the setup prior to data collection. All experiments were conducted during the after-
noon at ambient room temperature (~25°). For these behavioral experiments we used n =  12 fish for taste 
categories and n =  15 fish for taste mixture experiments.

Data analysis. Two-photon fluorescence images were first aligned using an algorithm that corrects 
occasional XY drift. Individual neurons were identified by a pattern recognition algorithm, which auto-
matically finds neurons by using a correlation based approach for comparing the Gcamp5 labelled neu-
rons with torus shaped neuronal templates of iterated sizes69. Later these automatically detected neurons 
are confirmed by manual inspection of a human user. Next, identified and confirmed neurons on the 
images are segmented into regions of interest (ROIs) as described before33. The relative change in flu-
orescence (dF/F) is calculated in pixels corresponding to individual neurons (ROIs). The results from 
three randomized trials for each stimulus were averaged. We only analyzed the neurons responding to 
at least one of the presented taste stimulus larger than 4 standard deviations or smaller than 3 standard 
deviations from the baseline period, which is one second preceding the stimulus delivery.

To analyze the behavior responses of the zebrafish, we first tracked the tail and then calculated the 
angular tail speed (ATS) and tail beat frequency (TBF). The ATS corresponds to the average angular 
displacement of the tail over 4 seconds after stimulus delivery. The TBF was calculated as the inverse of 
the time required for the tail to bend in a complete cycle (left-right)39. The ATS and TBF metrics were 
averaged across three trials, and normalized by the maximum ATS and TBF of each individual fish. 
Mann-Whitney U-test was used to study the significance of the results while comparing categories of 
tastants due to diverse sample size, whereas Wilcoxon paired test was used while comparing mixture 
interactions.

Please see the Supplementary table 2 for the detailed description of the sample size and the signifi-
cance values for comparative tests

Multi-variate statistical tools. To study how diverse or similar the neuronal responses evoked by 
different tastants were, meaning the linear dependence for the patterns of neural activity across different 
tastants, we calculated the Pearson correlation coefficients shown as correlation matrices in the figures. 
We also performed PCA, which uses an orthogonal transformation to identify the most relevant axis with 
highest variance. Then, we converted the first three principal components into coordinates to visualize a 
clear representation of variance across tastants. To study the difference on temporal reaction based on the 
onset slope of neuronal responses, we fit a first-order polygon curve to the first 1.5 seconds of the evoked 
response and used the first coefficient to quantify and compare the different slopes.

Mixture interaction analysis. To analyze the mixture interactions we defined synergy as any 
response to a binary mixture that is bigger than the summation of the individual components: 
R(a +  b) >  R(a) +  R(b)60,62.

Suppression was defined as any response to a binary mixture that is smaller than the biggest individ-
ual response: R(a +  b) <  max(R(a),R(b))60,61.

To study the significance of the results we used a non-parametric statistical test for repeated measure-
ments on a single sample of neurons, known as Wilcoxon signed-rank test.

Ethical Statement for animal procedures and experimental protocols. All animal procedures 
and all experimental protocols in this manuscript were approved by the Ethical Committee of KULeuven 
by the license number P133/2013, in accordance with the animal care guidelines issued by the govern-
ment of Belgium.
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