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Abstract
The chemical senses of olfaction and taste are well developed in fish and play a 
vital role in its various activities such as navigation, mate recognition, and food 
detection. The small teleost fish Astyanax mexicanus consists of interfertile river- 
dwelling and cave- dwelling populations, referred to as “surface fish” and “cave-
fish” respectively. An important anatomical feature of cavefish is the lack of eyes 
leading them to be referred to as blind fish and suggesting an enhanced func-
tional role for other senses such as taste. In this study, we characterize the expres-
sion of bitter taste receptors (T2Rs or Tas2Rs) in A. mexicanus and investigate 
their functionality in a heterologous expression system. The genome database 
of A. mexicanus (ensemble and NCBI) showed 7 Tas2Rs, among these Tas2R1, 
Tas2R3, Tas2R4, and Tas2R114 are well characterized in humans and mice but 
not in A. mexicanus. Therefore, the 4 Tas2Rs were selected for further analysis 
and their expression in A. mexicanus was confirmed by in situ hybridization and 
RT- PCR in early developmental stages. These Tas2Rs are expressed in various 
oral and extraoral organs (liver, fins, jaws, and gills) in A. mexicanus, and Tas2R1 
has maximum expression and is localized throughout the fish body. Using the 
heterologous expression of A. mexicanus T2Rs in HEK293T cells coupled with 
cell- based calcium mobilization assays, we show that A. mexicanus T2Rs are acti-
vated by commonly used fish food and known bitter agonists, including quinine. 
This study provides novel insights into the extraoral expression of T2Rs in A. 
mexicanus and suggests their importance in extraoral food detection.
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1  |  INTRODUCTION

Taste is a fundamental chemosensory system, which plays 
a vital role in the identification of nutrients and regula-
tion of food intake. Tastants stimulate specialized cells 
known as taste receptor cells locally organized as taste 
buds, consisting of signaling molecules involved in taste 
signal transduction. Several reports in the recent past 
have studied the physiology of taste receptors in extraoral 
tissues and have led to the assumption that these recep-
tors could represent excellent candidates for high- affinity 
chemo- detectors in cells outside the tongue.1– 3 Mammals, 
including humans, have five basic taste modalities where 
sweet, bitter, and umami taste transductions are mediated 
through G protein- coupled receptor (GPCR) signaling 
pathway.4,5 In rodents, bitter taste is mediated by a fam-
ily of ∼30 highly divergent bitter taste receptors (Tas2Rs 
or T2Rs).4,5 Besides human and rodents, T2Rs are also 
expressed in animals such as chicken, frog, and teleost 
fish.6,7 In fish, the chemical senses of olfaction and taste, 
are well developed and important for various survival 
cues.8 Molecular analyses have revealed that teleosts and 
mammals share pivotal signaling components involved in 
taste signal transduction.9

Astyanax mexicanus (Mexican tetra) is a novel animal 
model in evolutionary developmental biology. This fish 
exists in two morphological types: an eyed, pigmented 
surface- dwelling form (surface fish, SF), and an eyeless 
unpigmented cave- dwelling form (cavefish, CF).10– 12 
However, both morphs share the same genome with the 
exception of certain polymorphisms in CF which are im-
portant for its cave adaptation.13 A. mexicanus is an om-
nivorous feeder that eats flush- out debris and leftovers 
from other cave- dwelling animals, such as cave- dwelling 
bats and some small organisms. The sighted SF in the wild 
feeds more on plant- based materials such as water weeds 
and small organisms.14 Although both forms are omniv-
orous, the CF lacks eyes. Over the last 1  million years, 
the CF has evolved mechanisms to search, identify, and 
consume food in these resource- limiting environments.14 
These mechanisms include the development of construc-
tive traits, such as large jaws to accommodate more teeth 
and an increased number of taste buds around the mouth 
and ventral surface of the head.10,11 The larger jaws of the 
CF result in bigger mouths to maximize the opportuni-
ties to capture food. This makes more space on the lips 
for expansion of the gustatory system, namely tastebuds. 
Schemmel (1967) showed that the number of tastebuds 
in CF was five to sevenfold greater than compared to the 
sighted SF.15

Furthermore, in SF, taste buds are mainly found in the 
labial epithelium, whereas in the CF, they are also found 
in the skin of the maxilla, lower jaw, and ventral aspect 

of the head.14 Tastebuds in teleosts are typically pear-  or 
onion- shaped intraepithelial sensory structures that con-
sist of multiple cell types. Although Schemmel (1980) 
showed that the morphology of the tastebuds does not 
differ between the two morphs, more recent evidence has 
shown, using immunohistochemistry, that the tastebuds 
in CF larvae contain more receptor cells and are inner-
vated by more axon profiles.16

The T2R families in teleost fish have been described 
as small and evolutionarily conserved, in contrast to the 
significant evolutionary dynamics observed for tetrapod 
T2Rs. The T2Rs have been identified in divergent fish 
species, such as zebrafish, medaka fish, and fugu fish 
(Takifugu rubripes).8,17– 19 A recent genomic analysis re-
vealed an expansion of T2Rs in A. mexicanus. The cellular 
and molecular characteristics of specific T2Rs and their 
functional significance are largely unknown in fish spe-
cies including A. mexicanus.9

The aim of the present study is to investigate the expres-
sion of Tas2Rs in different organs of the A. mexicanus and 
to functionally characterize A. mexicanus T2Rs using het-
erologous systems. Quinine, a known agonist of human 
T2Rs, is part of the quinolone alkaloid family and is usu-
ally found in plants.20,21 Therefore, the possibility that 
quinolone alkaloids could be present in aquatic plants and 
that recognition of quinolones by the fish extraoral taste 
receptors could be beneficial cannot be discarded. In this 
study, it was tested if quinine, dextromethorphan (DXM), 
and commonly used fish food can activate A. mexicanus 
T2Rs. The specificity of T2R signaling was also analyzed 
using blockers.

2  |  MATERIAL AND METHODS

2.1 | Mexican tetra fish strains and 
maintenance

Mexican tetra (A. mexicanus) was obtained from 
Dr. R. Borowsky (New York University) and Dr. W. 
Jeffery (University of Maryland). In accordance with 
the Canadian council of animal care guidelines, the 
fish were raised at the animal care facility, University 
of Manitoba, Canada, with a controlled pH (7.4 ± 0.4) 
and conductivity (900 ± 100 μS/m) levels. Animals were 
maintained under a stable 12 h light and dark cycle at 
24°C in a 20- gallon glass tank. Fish were fed twice a day 
with flake food and to prime, for breeding they were 
fed with protein- enriched foods (bloodworms, black-
worms, and brine shrimp). To induce spawning, the 
tank temperature was increased to 26°C and one male 
was added to a tank containing one female. Eggs were 
collected the next day. Animals were raised according to 



576 |   BHATIA et al.

the guidelines of the Canadian Council of Animal Care 
(CCAC) and the experiment protocols (AC 11301) were 
approved annually.

2.2 | Materials

Human embryonic kidney (HEK) 293 T cells were pur-
chased from American Type Culture Collection and main-
tained in a cell culture medium composed of DMEM- F12 
(Thermo Fisher Scientific) supplemented with 10% heat- 
inactivated fetal bovine serum (Millipore Sigma) and 
1% penicillin– streptomycin (Thermo Fisher Scientific). 
Hygromycin (Millipore Sigma) was used as the selec-
tion antibiotic for generating stable cells. The anti- FLAG 
antibody used for flow cytometry was purchased from 
BioLegend (Cat# 637308, RRID:AB_2561497). The anti- 
digoxigenin- AP antibody used in the dot blot analysis was 
purchased from Roche Diagnostics (Cat# 11093274910, 
RRID:AB_514497). The bitter compounds (quinine hy-
drochloride), and dextromethorphan (DXM), were pur-
chased from Millipore Sigma. The frozen fish food, brine 
shrimp (Omega One, OmegaSea LLC), and bloodworms 
(San Francisco Bay Brand) were purchased from a local 
pet shop in Winnipeg, Manitoba. Gallein was purchased 
from Tocris. U73122 and U73343 were purchased from 
Sigma– Aldrich. A commercially synthesized peptide in-
hibitor (AGDDAPRAVF) was acquired from GenScript. 
All compounds were prepared using calcium assay buffer 
(1X HBSS, 20 mM, 4- (2- hydroxyethyl)- 1- piperazineethane
sulfonic acid [HEPES]). The Fluo- 4 NW calcium assay kit 
was purchased from ThermoFisher Scientific. All chemi-
cals were of analytical grade. DIG DNA Labeling Kit was 
purchased from Sigma– Aldrich to prepare an antisense 
RNA probe for in situ hybridization.

2.3 | Phylogenetic analysis

The phylogenetic analysis was performed to explore the 
relationship of bitter taste receptor genes in A. mexi-
canus. Data regarding Tas2R expression in A. mexicanus 
were acquired from NCBI (RRID:SCR_006472), Uniprot 
(RRID:SCR_002380), and Ensembl (RRID:SCR_002344) 
databases. We used MEGA version 10 software (Molecular 
Evolutionary Genetics Analysis, http://www.megas oftwa 
re.net, RRID:SCR_000667) to prepare the phylogenetic 
tree.22 The amino acid sequences for each T2R were ob-
tained from the Uniprot protein search engine and in-
cluded in the MEGA 10 software. As reported previously, 
we have selected the neighbor- joining statistical analysis 
method, and the bootstrap consensus tree was inferred 
from 1000 replicates.23

2.4 | Reverse transcriptase- polymerase 
chain reaction

Total RNA was isolated from different sections of the 
30 days post- fertilization (dpf)  A. mexicanus body using 
an RNeasy mini kit. Total RNA was quantified using a 
Nanodrop spectrophotometer. cDNA synthesis: 800 ng of 
the total RNA was subjected to reverse transcription with 
iScript™ Reverse Transcription Supermix (BioRad) for 
cDNA synthesis, as per the manufacturer's instructions. 
The supermix contents were RNase H+ MMLV reverse 
transcriptase, RNA inhibitor, dNTPs, Oligo (dT), random 
primers, buffer, MgCl2, and stabilizers. Briefly, the reac-
tion was performed at 46°C for 20 min followed by RT inac-
tivation at 95°C for 1 min. The resulting cDNA was used for 
RT PCR (BioRad). The PCR primers used for the selected 
taste receptor genes were designed using PrimerQuest soft-
ware (Integrated DNA Technologies) and validated with 
the NCBI primer blast tool (www.ncbi.nlm.nih.gov/tools/ 
prime r- blast/, RRID:SCR_003095). The primer sequences, 
annealing temperature, and NCBI accession ID are listed 
in Table 1. The annealing temperature for each primer set 
was optimized by performing Gradient PCR (Range 50– 
65°C). GAPDH was used as a reference gene. Non- template 
control (NTC) and no reverse transcriptase (NRT) negative 
control were run in parallel to assess the overall specificity 
of the reaction. All reactions were run in triplicate.

2.5 | Whole- mount in situ hybridization

The PCR products of the selected genes were used to 
synthesize digoxigenin- labeled antisense RNA probes. 
Primers for PCR products are mentioned in Table 1. The 
reverse primer has an additional T7 RNA polymerase pro-
moter. The PCR product was purified with a QIAquick 
PCR purification kit (Qiagen). In vitro transcription was 
performed to make an antisense RNA probe according 
to the manufacturer's instructions (Roche kit, Sigma- 
Aldrich). The labeling efficiency of all probes used was 
confirmed using dot blot analysis (data not shown). Anti- 
digoxigenin- AP (Roche) antibody was used in the dot blot 
analysis.

Whole- mount in situ hybridization was performed as 
described by Thisse and Thisse (2008) with the modifica-
tion in proteinase K treatment.24,25 Proteinase K (20 μg/
ml) was used for 10 min at room temperature for 2 days 
post- fertilization (dpf) old fish. A no probe control hybrid-
ization mix was used as a negative control. After the color 
reaction, samples were post- fixed with 4% paraformalde-
hyde and dehydrated through a graded methanol series. 
Specimens were photographed using SteREO Discovery 
V8 stereomicroscope.

https://scicrunch.org/resolver/RRID:AB_2561497
https://scicrunch.org/resolver/RRID:AB_514497
https://scicrunch.org/resolver/RRID:SCR_006472
https://scicrunch.org/resolver/RRID:SCR_002380
https://scicrunch.org/resolver/RRID:SCR_002344
http://www.megasoftware.net/
http://www.megasoftware.net/
https://scicrunch.org/resolver/RRID:SCR_000667
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://scicrunch.org/resolver/RRID:SCR_003095
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2.6 | Expression vectors and cell culture

The N- terminal FLAG epitope- tagged Tas2R1, Tas2R3, 
Tas2R4, and Tas2R114 genes were codon- optimized for 
expression in mammalian cells and cloned into the KpnI- 
NotI site of the pcDNA3.1/Hygro(+) expression vector. 
The recombinant expression vectors were acquired from 
commercial sources (GenScript Inc).26 The gene con-
structs of Tas2Rs are listed in Table 2. The HEK293T heter-
ologous expression system was used, similarly to previous 
studies that characterized ligands of fish taste receptors.6 
For recombinant expression of fish T2Rs in HEK293T cell 
lines, the cells were transfected with corresponding fish 
Tas2R expressing plasmids using Lipofectamine 2000 as 
per the manufacturer's instructions. Post transfection, the 
cells were grown in media supplemented with hygromy-
cin (200 μg/ml). To establish the stable cell lines stably ex-
pressing the fish T2Rs, the cell was allowed to propagate in 
the selection media until the clones starts to appear. The 
clones were screened for higher expression of T2Rs using 
flow cytometry. The protocol used for the establishment of 
a stable cell line has been previously described.27,28

2.7 | Flow cytometry

For the flow cytometry analysis 1 × 105 HEK293T cells 
stably expressing FLAG- tagged T2Rs were used. The cells 
were stained with allophycocyanin (APC) conjugated anti- 
FLAG antibody at 1:300 dilutions followed by a 1  h in-
cubation in dark at 4°C. After incubation, the cells were 
washed three times with fluorescence- activated cell sort-
ing (FACS) buffer (0.5% BSA in 1X PBS). Next, the cell 
surface expression of the FLAG- tagged T2Rs was analyzed 
on a BD FACSCanto II flow cytometer (BD Biosciences, 
RRID:SCR_018056). The percentage of cells expressing 
the FLAG (APC) surface marker was determined with the 
gating method using the BD FACSDiva (BD Biosciences 
Systems, RRID:SCR_001456) and FlowJo (BD Life 
Sciences) software. One- way ANOVA and Holm- Sidak's 
multiple comparisons tests were performed to calculate the 
statistical significance of three independent experiments. 
A p- value of <0.05 was considered statistically significant.

2.8 | Fish food preparation for calcium 
mobilization assay

The grinded fish food, brine shrimp, and bloodworm, were 
thawed on ice and 300 mg of each fish food were dissolved in 
10 ml of assay buffer (1X Hanks' balanced salt solution, 20 mM 
HEPES). The solution was homogenized by pipetting sev-
eral times, followed by three cycles of 30s sonication (W- 375 T
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Sonicator, Heat Systems Ultrasonics Inc.) with an interval of 
30s in between when the sample was placed on ice. Lastly, the 
solution was filtered using 0.45 μm and 0.2 μm sterile syringe 
filters, aliquoted, and stored at −20°C until further use.

2.9 | Calcium mobilization assay

Calcium mobilization assays were performed as described 
previously.26,28,29 Briefly, HEK293T cell lines stably ex-
pressing T2Rs were incubated with Fluo- 4 NW dye for 35 
mins at 37°C followed by another 35 mins at room tempera-
ture. Then, the cells were treated with different concentra-
tions of compounds by robotically adding the compounds 
using FlexStation 3 plate reader (Molecular Devices). The 
cells were treated with well- known T2R agonists, quinine 
and dextromethorphan (DXM), at concentrations ranging 
from 0.06 to 4 mM, and commonly used fish food, brine 
shrimp, and blood worm, at a concentration ranging from 
0.16– 10  mg/ml. To characterize the canonical signaling 
pathway activated by T2Rs, signaling inhibition experi-
ments were performed by pre- treating the cells for 30 min 
with the Gβγ inhibitor, gallein, PLCβ inhibitor, U73122, or 
its inactive analog U73343 (10 μM), followed by treatment 
with brine shrimp.28,30 For the competition- binding assays, 
the cells were treated with a known T2R blocker, peptide 
AGDDAPRAVF (1 mM), in the presence of quinine. For 
elucidating the IC50 value of the peptide, the cells were 
treated with AGDDAPRAVF at concentrations ranging 
from 1 mM to 0.03 mM in the presence of a single concen-
tration (1 mM) of quinine (Zhang et al. 2018).

Calcium mobilized was expressed as ΔRFU after sub-
tracting the responses of HEK293T control cells. The data 
from at least three independent experiments performed 
in triplicate were analyzed. The EC50 and IC50 values 
were calculated using GraphPad Prism software version 
6.0 (GraphPad Software Inc., RRID:SCR_002798) and a 
nonlinear regression (curve- fit) model using the function 
Y = a + (d−a)/(1 + 10[(logEC50 or IC50 –  X)*HillSlope], where a is 
minimum (basal response), d is maximum (maximal re-
sponse), and X is compound (agonist or inhibitor) concen-
tration. R2 values were obtained and used to determine the 
goodness of the curve fit of the data.

2.10 | Statistical analysis

The data shown are the ± SEM from at least three independent 
experiments (n). One- way analysis of variance was performed 
to compare three or more groups, followed by Holm- Sidak's 
multiple comparison post hoc test to check the significance. 
A p < 0.05 was considered statistically significant.

3  |  RESULTS

3.1 | Phylogenetic analysis

Astyanax mexicanus is diploid with two sets of 25 
chromosomes. The chromosomal locations of the 
seven Tas2R genes are shown in Figure  1A. Among 
these genes, Tas2R1, Tas2R3, Tas2R4, and Tas2R114 

T A B L E  2  Recombinant amino acid sequences of selected A. mexicanus T2Rs

Gene name (NCBI 
accession number) Construct

Tas2R1
(XP_022535925.1)

MDYKDDDDKFHSIHWSFSISISLKTFQSVNVPLSLFSIFMDIFFIFCLSPVSEQQRLKPPLLVLLGSLVGCNTA 
LHFFTLLFVLSDFANSLSETDSYSFYYFTAQCLLFTMRVSITSCLWLNVFYYCQIVPARHPFLIMLKRNIRLFVY 
SALIIDKFFFLEEFIVYIASYLIRLYRKPEIYNSTYTNMVTNALIVDIWLRLVYFFFSVCMMLASGCATISYLRRH 
MRNMEKSSRSSARLQSQLRVTITGIIQTLLYLLCSVWLILDDVAFYLTTADFDQKAYIFYTVISLYSFGTNINLG  
VGQTVFREQAILIWQKLFGSFLD*

Tas2R3
(XP_022534184.1)

MDYKDDDDKNVRQPLMTLLVLVICCTSTFQLCFIIHLSLEFMAIGGNLKQIVDTLMSYAVRVSIPASLWLN
IFYCSQIIPVTYAPFIWLKKNIKTVVYFLLISTKIYFLTYFVLEILMSYGIFSRMKLPQVNSTVINGSYASVRTKFQ
ISSLLDILDTLTMVLIMLGLCVMLIVTGSTGRYLYKHIRKMTSSGMPFNSQTLQNQVRVTLTSFIQGFIYLLFT
VGAFIDVYCAFKSLVFDWDIVWMLHNLYSLATIINLGVGQSLFRQRVAHLCQKAVNIPSS*

Tas2R4
(XP_007248736.2)

MDYKDDDDKHARVHAQLTSQWINIMGLDTFILQLIAIVVLVCTGVMWNSFNLIATIRMQLKTKGIQTMIL
IIFSFSFSNVILVLSCFAIVLFVTLDPVFMCTKIEAHHLILVYMWLSSSCVSFWSIALLSVLHCVKVVSFSIGCFN
ALKKNISRITNIALLLICLGSFLLFIPFFTLYIPKVTATNTTIGINGTNVTTNTSNTTTKTCPLPSLSPQISTPLYTLLY
MSFLCPIPLMIMMTTSLRMVIHLCQHVLSLSKNQTQVQSLDSYLFICKLNISLVGVYLITLAIVSIFFILKMLELT
VSYLLIIFGFSLYCIMTAALLTASTKKLREKFWRMICCKETKKQ*

Tas2R114
(XP_022535720.1)

MDYKDDDDKAENTSTVGFLKMSSQAFASVNMAVASLSIFINLFFVFCMVFPSQRSEHLKQPLNILLGLLIGS
SIASHVCILIFVHSGDVLFTAESPKFLINHIVEETMLFIMRTSVTSHLWLNVFYYCQIVPAQRSFLIWLKDNIRVF
VYFALIMDRLFFLSSFITSILYYSEIQIISNSTTYTNTSLMDTEQNTTAAILRELSETCIIQYWLRFAYFFISLCVMLA
ASCATVLYLRRHMKRMEESSKSFSSPRLQKQMRVTITGIVQLILQMICISWIISDGPLRLKLPSHFDPDRHIYST
VISLYTLCSTLNLCVGQSIFRQPVINMWQNLVQFFCANSE*

https://scicrunch.org/resolver/RRID:SCR_002798
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are well characterized in humans and mice but not 
in A. mexicanus, therefore they were selected for fur-
ther analysis. Tas2R3 gene has two isoforms having 
the same location on the chromosome. The phylo-
genetic analysis of Tas2Rs of A. mexicanus is shown 
in Figure  1B. We did not include partial or pseudo 
Tas2R genes in the phylogenetic analysis. The amino 
acid sequences of all seven Tas2Rs were aligned, and 
the Neighbor- Joining method with bootstrapping was 
performed. All ambiguous positions were removed for 
each sequence pair (pairwise deletion option). There 
was a total of 360 positions in the final dataset. The 
optimal tree with the sum of branch length of 4.5393 is 
shown in Figure 1B. The tree was drawn to scale, with 
branch lengths in the same units as those of the evo-
lutionary distances used to infer the phylogenetic tree. 
We observed some Tas2Rs have long branch lengths 
indicating a more genetic change than other Tas2Rs, 
Tas2R1, and Tas2R114 originate from the same branch 

with less genetic divergence, whereas Tas2R4 has max-
imum genetic changes and falls in a separate branch of 
the tree.

3.2 | Expression analysis of Tas2Rs

We performed RT PCR analysis to examine the pres-
ence of Tas2R1, Tas2R3, Tas2R4, and Tas2R114 and 
observed that Tas2R1 is expressed in all body parts of 
A. mexicanus (Figure 1C,D). The four Tas2Rs were ex-
pressed in the head and gills and showed varying lev-
els of expression in different body parts (Figure  1C). 
Next, we checked the expression of these Tas2Rs at 
early developmental stages from 1 to 5 dpf and found 
Tas2R1 is constantly expressed at all early stages 
compared to other Tas2Rs (Figure S1A). However, 30 
dpf fish showed the presence of all the Tas2R genes 
(Figure S1B).

F I G U R E  1  A. mexicanus bitter taste receptor genes (Tas2Rs). (A) Chromosomal location of the A. mexicanus Tas2Rs. A. mexicanus 
is diploid with two sets of 25 chromosomes. The source of the map is Ensembl using A. mexicanus (genome 2.0) whole genome. 
(B) Phylogenetic analysis of A. mexicanus Tas2Rs. We performed the analysis using the Neighbor- Joining method. The optimal tree with the 
sum of branch length = 4.5393 is shown. The tree was drawn to scale, with branch lengths in the same units as those of the evolutionary 
distances used to infer the phylogenetic tree. This analysis involved 7 T2Rs amino acid sequences. Evolutionary analyses were conducted in 
MEGA software version X. (C,D) Tas2Rs are expressed in different tissues of A. mexicanus. 10 μl of PCR product was loaded in 2% agarose gel 
and stained specific product bands were visualized using a UV transilluminator (BioRad). GAPDH was used as a reference gene. Samples in 
lanes 1 to 10 represent different tissues and are mentioned in Table (D). NRT (lane 11) is negative control with no reverse transcriptase and 
NTC (lane 12) is a non- template control. 100 bp DNA ladder was used. Present: √; Absent: X
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3.3 | Whole- mount in situ hybridization

After confirming the presence of Tas2Rs in early devel-
opmental stages, 2 dpf old embryos were analyzed to see 
the mRNA expression in craniofacial and body region. 
The whole- mount in situ hybridization analysis showed 
that Tas2Rs were present in the developing pharyngeal re-
gion, around the spinal cord, and above the eye (Figure 2). 
Tas2R1 has strong expression throughout the embryo at 
2 dpf. At this stage, Tas2R4 has moderate expression and 
Tas2R3 and Tas2R114 have low expression in similar re-
gions (Figure 2).

3.4 | Functional characterization of 
A. mexicanus T2Rs

HEK293T cells stably expressing T2R1, T2R114, T2R3, 
and T2R4 were used for the functional calcium mobiliza-
tion assays. The stable expression of T2Rs in these cell 
lines was confirmed using flow cytometry (Figure  S2). 
The intracellular calcium mobilization was meas-
ured after T2R stable cells were treated with quinine 
(0.06– 4 mM) and DXM (0.06– 4 mM), which are known 
to activate multiple human T2Rs.31,33,34 Next, to evalu-
ate whether the expressed T2Rs can recognize com-
monly used fish food, we treated the cells with brine 
shrimp and bloodworm (0.16– 10  mg/ml). Similar to 

human T2Rs, the selected A. mexicanus T2Rs were ac-
tivated by multiple compounds. Increased calcium mo-
bilization was observed when these T2Rs were treated 
with quinine (EC50 0.42 to 1.11 mM) and DXM (EC50 
1.43 to 2.04 mM) (Figure  3A,B). On the other hand, 
the fish food activated only T2R1 (EC50(brine shrimp) 
4.99 ± 0.8  mg/ml, EC50(bloodworm) 5.23 ± 1.79 mg/ml) and 
T2R3 (EC50(brine shrimp) 4.63 ± 0.72 mg/ml, EC50(bloodworm) 
4.8 ± 0.2  mg/ml). T2R4 and T2R114 failed to show sig-
nificant calcium mobilization upon treatment with 
brine shrimp (Figure  3C). No saturation in calcium 
mobilization was observed for T2R4 with bloodworm 
treatment (Figure  3D). As T2R1 was highly expressed 
through the A. mexicanus body and activated by all se-
lected compounds in this study, it was further selected to 
characterize the canonical Gβγ- PLC signaling pathway 
activated by T2Rs. Upon pretreatment of the cells with 
the Gβγ inhibitor gallein and PLCβ inhibitor U73122 
followed by treatment with brine shrimp, a significant 
decrease in calcium mobilization was observed. As ex-
pected, no significant differences were observed with 
the U73122 inactive analog U73343 (Figure  3E,F). The 
inhibition of quinine- dependent T2R activation by the 
peptide AGDDAPRAVF previously demonstrated with 
human T2Rs,32 was also tested. The results showed that 
the peptide inhibited quinine response upon activa-
tion of fish T2R1 in a concentration- dependent manner 
(IC50 = 176.92 ± 31.01 μM, Figure 4).

F I G U R E  2  Whole- mount In- situ 
hybridization of Tas2Rs expression of 
2- day post- fertilization (dpf) A. mexicanus 
embryos. (A,B) Tas2R1, (C) Tas2R3, (D) 
Tas2R4, (E) Tas2R114, and (F) no probe 
negative control. Expression was present 
in the developing pharyngeal region 
(arrowhead), around the spinal cord 
(arrow), and above the eye (dash arrow). 
Tas2R1 has strong expression throughout 
the embryo at this stage (A). Tas2R4 has 
moderate expression (D) and Tas2R3 
and Tas2R114 have lower expression in 
similar regions. *, eye. Scale bar is shown
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F I G U R E  3  Functional analysis of A. mexicanus T2R1, T2R3, T2R4, and T2R114 in response to quinine, DXM, fish food, and signaling 
blockers. T2Rs stably expressed in HEK293T cell lines were treated with (A) quinine and (B) dextromethorphan (DXM) at a concentration 
ranging from 0.06 to 4 mM, and (C) brine shrimp and (D) bloodworm at a concentration ranging from 0.16 mg/ml– 10 mg/ml. (E) The graph 
shows the decrease in calcium mobilization when the cells were treated with the signaling blockers U73122 (10 μM) and gallein (10 μM) in 
combination with the brine shrimp (5 mg/ml). No significant differences were observed with the negative control U73343 (10 μM). Calcium 
mobilization assay was performed using Fluo- 4NW dye, and baseline subtraction was carried out with HEK293T control cells and plotted 
as ΔRFU or Relative Fluorescence Units. The data represent SEM of at least three independent experiments performed in triplicate. (F) 
Schematic display of the signaling steps inhibited by gallein (Gβγ inhibitor) and U73122 (PLCβ inhibitor). Created with BioRe nder.com. 
**, p ≤ 0.01

https://biorender.com/
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4  |  DISCUSSION

Although much research has been conducted on the loss 
of eyes and the effect of lens degeneration on associated 
or surrounding eye structures on CF,35– 38 few studies have 
focused on molecular mechanisms of other sensory func-
tions such as olfaction and taste. Thus, we attempted to 
explore the T2R biology on teleost using A. mexicanus as 
an animal model.

In animals, bitter taste perception is important to detect 
and reject potentially toxic substances including foods.39,40 
Humans can tolerate mild or moderate bitter compounds 
which are important for survival.41 Several studies showed 
the presence of human T2Rs in oral and extraoral tis-
sues.3,42 However, the existence and function of extraoral 
T2Rs in A. mexicanus remained to be explored. The evolu-
tion of T2Rs is very dynamic on a genomic scale where fre-
quent pseudogene and gene duplication happened which 
generated a large variation of T2Rs repertoire within bony 
vertebrates.43 This was the first study to show that Tas2Rs 
are expressed in different body parts of A. mexicanus, an 
early derived teleost fish like Zebrafish.44

The genome of 15 fish species was previously analyzed 
and the presence of 21 intact and 3 pseudogenes from the 
Tas2R family in the A. mexicanus genome was reported.7 
Here, analyzing more recent transcriptomics data of A. 
mexicanus from Gene Expression Omnibus (GEO)- NCBI 
and Ensembl databases, we found seven Tas2Rs and an-
alyzed the gene expression of four Tas2Rs in oral and ex-
traoral tissues. Our data showed in A. mexicanus, Tas2R1 
has maximum expression followed by Tas2R4. Mainly, the 
head region that showed expression of all selected Tas2Rs. 
Similarly, zebrafish, a phylogenetically close fish species, 
also expresses Tas2Rs in taste receptor cells in the lips, 
gills, and pharynx.6,18,45

In order to facilitate the analysis of the functional 
role of T2Rs in A. mexicanus, we used the established 
HEK293T heterologous expression system.28,31 We se-
lected the bitter agonists' quinine and DXM, which we 
have previously studied in human T2Rs.31,34,46 Other 
studies have also performed characterization of known 
bitter agonists in zebrafish and common carp (Cyprinus 
carpio) T2Rs.6,47 In comparison to what we observed in 
previous studies on human T2R4 (hT2R4), A. mexicanus 
T2R4 showed an EC50 value of 1.1 mM with quinine, 
which was similar to that usually obtained with hT2R4 
quinine treatments.28,31 We have previously shown 
that quinine acts intracellularly to enhance hT2R4 ex-
pression, acting as a pharmacological chaperone for 
hT2R4.26 This suggests that it is possible that quinine 
treatment may also cause an increase in cell surface traf-
ficking of A. mexicanus T2R4. More studies are required 
to investigate the possible chaperone activity of quinine 
in A. mexicanus T2Rs.

Our results also suggest differences in the ligand rec-
ognition profiles between human and A. mexicanus T2Rs. 
For example, the A. mexicanus T2R4 showed a response 
to DXM (EC50 1.43 mM), which does not activate the 
hT2R4.33 Interestingly, A. mexicanus T2R1 was also acti-
vated by quinine, which does not activate hT2R1.33 Our 
results confirm A. mexicanus T2R1 specificity for quinine, 
as the peptide blocker inhibited quinine activated T2R1 
(Figure 4). The observed differential functional responses 
between human and A. mexicanus T2Rs could be partially 
related to the small sequence homology between human 
and A. mexicanus T2Rs.

Live or frozen brine shrimp and bloodworm are com-
monly used food for A. mexicanus (https://diszh al.info/
engli sh/chara cins/en_Astya nax_mexic anus.php, accessed 
on December 27, 2021). Interestingly, we observed that 

F I G U R E  4  Competition calcium mobilization assay of quinine- dependent T2R1 activation with peptide AGDDAPRAVF. 
(A) A. mexicanus T2R1 stably expressed in HEK293T cell lines were co- treated with quinine (1 mM) and a known T2R blocker, the peptide 
AGDDAPRAVF (1 mM). One- way analysis of variance was performed followed by Tukey's multiple comparison post hoc tests to check the 
significance. (B) To obtain the inhibitory concentrations (IC50), peptide AGDDAPRAVF, at a concentration ranging from 0.03 mM to 1 mM, 
was co- incubated with quinine (1 mM). Calcium mobilization assay was performed using Fluo- 4NW dye and baseline subtraction was 
carried out with HEK293T control cells and plotted as ΔRFU or Relative Fluorescence Units. The IC50 values were calculated using Graph 
Pad Prism 6.0. Data were collected from at least three independent experiments performed in triplicate. ***p < 0.001

https://diszhal.info/english/characins/en_Astyanax_mexicanus.php
https://diszhal.info/english/characins/en_Astyanax_mexicanus.php
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even though the brine shrimp is a heterogeneous mix, up 
to 86% of the calcium response elicited by brine shrimp 
was blocked by T2R signaling inhibitors, suggesting that 
fish food can activate the canonical bitter signal transduc-
tion pathway. Future studies targeting the behavioral anal-
ysis of A. mexicanus can be performed to confirm the fish's 
preferences for bitter agonists. Additional assessment of 
the fish food, brine shrimp, and bloodworm, can also be 
performed to identify which specific constituents activate 
T2Rs. These studies can assist with modulating the com-
position of fish food to enhance its acceptance by cultured 
fish or as an aquarium fish food.

5  |  CONCLUSION

Our findings suggest that A. mexicanus has functional 
T2Rs that are expressed in many extraoral tissues and 
might be involved in food detection. In humans, T2Rs elicit 
distinctive effects in different tissues.2,48,49 Therefore, it is 
highly likely that fish T2Rs may also be involved in many 
other physiological responses. Future studies are required 
to clarify the physiological effects mediated by the T2Rs in 
A. mexicanus and other fish species.
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