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Vertebrate Tas2r taste receptors detect bitter compounds that are potentially poisonous. 
Previous studies found substantial variation in the number of Tas2r genes across verte-
brates, with some frog species carrying the largest number. Peculiar among vertebrates, 
frogs undergo metamorphosis, often associated with a dietary shift between tadpoles 
and adults. A possible explanation for the large size of frog Tas2r families could be that 
distinct sets of Tas2r genes are required for tadpoles and adults, suggesting differential 
expression of Tas2r genes between tadpoles and adults. To test this hypothesis, we first 
examined 20 amphibian genomes and found that amphibians generally possess more 
Tas2r genes than do other vertebrate clades. We next focused on the American bullfrog 
(Lithobates catesbeianus) to examine the expression of its Tas2r genes in herbivorous 
tadpoles and insectivorous adult frogs. We report that close to one fifth of its 180 Tas2r 
genes are differentially expressed (22 genes enriched in adults and 11 in tadpoles). 
Tuning properties were determined for a subset of differentially expressed genes by a 
cell-based functional assay, with the adult-enriched Tas2r gene set covering a larger range 
of ligands compared to the tadpole-enriched subset. These results suggest a role of Tas2r 
genes in the ontogenetic dietary shift of frogs and potentially initiate a new avenue of 
ontogenetic analysis of diet-related genes in the animal kingdom.

taste | diet | ontogeny | bitter | Tas2r

Diet is a key force driving the evolution of animal diversity. All basic sensory modalities 
of animals may be involved in food selection, including the sense of taste. Among the five 
basic taste modalities in vertebrates, the bitter taste is specialized to sense bitter-tasting 
compounds that are potentially poisonous in foods. Vertebrate bitter taste receptors are 
encoded by Tas2r genes, which vary substantially in number across vertebrate species but 
remain positively correlated with the amount of plant tissues in diets (1); however, see ref. 2. 
Among all vertebrates examined thus far, some frog species appear to possess the most 
Tas2r genes, which cannot be fully explained by their diets (1, 3, 4). However, these studies 
did not consider ontogenetic dietary shift—the change in diet during multiple life stages 
of an individual—which may impede a deeper understanding of the relationship between 
vertebrate bitter taste and diet.

Unlike other tetrapod vertebrates, most amphibians such as anurans undergo ontoge-
netic dietary shifts from herbivores to insectivores following metamorphosis, usually 
accompanied by habitat shifts from aquatic to terrestrial environments (5). These shifts 
may have resulted in exposure to distinct chemical environments, leading to the hypothesis 
that adult frogs inhabiting both aquatic and terrestrial environments encounter a greater 
diversity of bitter compounds in their diets than tadpoles existing exclusively in aquatic 
environments (4). To test whether bitter taste receptor (Tas2r) genes play a role in multiple 
life stages of amphibians associated with ontogenetic dietary shifts, we first examined 20 
amphibian genomes to determine whether amphibians generally possess more Tas2r genes 
than other clades of vertebrates. Next, we focused on one frog species, the American 
bullfrog (Lithobates catesbeianus), to examine expression and functional differences of its 
Tas2r genes between tadpole and adult stages, aiming to test whether differences in Tas2r 
expression and function are associated with ontogenetic dietary shifts.

Results

By examining publicly available high-quality genomes of 20 amphibian species, and pub-
lished data from two additional species (6), we found that the number of intact Tas2r 
genes with an intact open reading frame and a full-length coding region ranges from 22 
(Surinam toad) to 186 (Puerto Rican coqui) (mean 93.8; Fig. 1 and Datasets S1 and S2). 
A comparison with published data of other clades of vertebrates (cartilaginous fish, ray-
finned fish, lobe-finned fish, reptiles, birds, and mammals) revealed that amphibians 
possess the most Tas2r genes (Fig. 1 and Dataset S1).
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We next focused on the American bullfrog as an exemplar of 
amphibians to examine expression changes of its Tas2r genes 
between tadpole and adult stages because it switches its diet upon 
metamorphosis (from herbivorous tadpoles to insectivorous adults) 
(7, 8), and it may have one of the largest Tas2r repertoires (1, 4). 

Using RNA sequencing technology, we estimated expression levels 
of Tas2r genes by characterizing the transcriptomes of taste tissues 
from six tadpoles and six adult frogs. Of note, we detected sequenc-
ing reads for taste signaling elements such as genes encoding α 
subunit of gustducin (α-gustducin), Transient receptor potential 

Fig. 1. Number of intact Tas2r genes in vertebrates. Numbers on each branch are previously reported species numbers, including 20 amphibian species 
that were newly examined in this study. The box indicates the interquartile range of the number of intact Tas2rs; whiskers indicate minimum and maximum 
numbers; the red line indicates the mean. Minimum, mean, and maximum values are also shown in brackets on the right. Only one species of lobe-finned 
fish (Latimeria chalumnae) and one species of cartilaginous fish (Callorhinchus milii) have a reported Tas2r number. Silhouettes of vertebrates were taken from 
PhyloPic (phylopic.org).

Fig. 2. Expression and functional differences of Tas2r genes between tadpole and adult stages of the American bullfrog. (A) Thirty-three Tas2rs differentially 
expressed in tadpoles and adults. Tas2rs examined in functional assays are highlighted in purple. (B) Responses of bitter taste receptors to natural bitter 
compounds. (C) Response profiles of all examined receptors. Tadpole and adult receptors are indicated by blue and red, respectively.D
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cation channel subfamily M member 5 (Trpm5), Phospholipase 
C beta 2 (PLCβ2), and G protein γ subunit 13 (Gγ13), suggesting 
that the taste tissues collected from both tadpoles and adults con-
tain taste papillae and taste discs (9). The American bullfrog 
genome contains 180 intact Tas2r genes (Dataset S1), of which 
140 were expressed in at least one individual examined (Dataset S3). 
Of these, 33 were significantly differentially expressed between 
tadpoles and adults (Fig. 2A), which is significantly greater than 
that expected by chance (P < 0.0001, unpaired t test); Among 
them, 11 were preferentially expressed in tadpoles, while 22 were 
preferentially expressed in adults (Fig. 2A).

After building a phylogenetic tree of all 180 Tas2r genes iden-
tified from the bullfrog genome, we selected six and five differen-
tially expressed genes, representing major phylogenetic positions, 
in tadpoles and adults, respectively (Datasets S4 and S5), for 
functional characterization. Using a cell-based functional assay 
(SI Appendix), we examined responsiveness of these 11 Tas2r genes 
in vitro toward 10 naturally occurring bitter compounds 
(Dataset S6) previously shown to activate human bitter receptors 
(10). We obtained functional responses for two of the six selected 
genes in tadpoles and three of the five selected genes in adults 
(Fig. 2 B and C). Tuning properties were different for each gene, 
whereas the width of tuning was similar between the genes pref-
erentially expressed in tadpoles and adults (Fig. 2 B and C).

Discussion

Why do amphibians need so many Tas2r genes? One possibility 
is that the expansion of Tas2rs would increase their survival rate 
by preventing the ingestion of more bitter-tasting toxins in their 
diets, which could have facilitated their adaptations to diverse 
environments (11). It is well known that many insects sequester 
bitter-tasting secondary compounds from plants in their diets for 
use in their own defense systems (12); thus, insectivorous adult 
frogs, inhabiting both aquatic and terrestrial environments, would 
encounter many bitter-tasting compounds in their daily life. This 
wide environmental variation in amphibians may expose them to 
a larger number of bitter-tasting compounds in their diets com-
pared to other vertebrates inhabiting solely aquatic or terrestrial 
environments. Additionally, it is plausible that they may use dis-
tinct sets of Tas2rs to evaluate potential foods in different life 
stages associated with ontogenetic dietary shifts. Indeed, our 

transcriptome analysis identified that tadpoles and adult bullfrogs 
express distinct sets of Tas2rs in taste tissues; our functional assays 
demonstrated that some of those distinctly expressed receptors 
have different tuning properties. These results are consistent with 
the hypothesis that tadpoles and adults of amphibians may require 
divergent functional profiles of Tas2rs to fulfill their needs in 
different life stages, potentially associated with ontogenetic dietary 
shifts. However, it is worth noting that the large majority of Tas2r 
genes do not show differential expression between tadpoles and 
adult frogs, suggesting that in addition to ontogenetic dietary 
shift, there must be other factors contributing to the expansion 
of Tas2r genes in frogs.

Previous studies on the evolution of diet-related genes typically 
attempted to link gene evolution and diets of adult forms; hence, 
the contribution of diet-related genes to ontogenetic dietary shifts 
has not been tested. Our study demonstrates a potential role of 
bitter receptor genes in ontogenetic dietary shifts of the bullfrog 
and suggests that ontogeny is more important than previously 
appreciated in studies of taste genes (1, 3, 4). Since ontogenetic 
dietary shifts are widespread in animals, as best seen in insects, 
amphibians, and fishes (13), our work potentially initiates a new 
avenue of evolutionary analysis of diet-related genes with consid-
eration of ontogeny.

Materials and Methods

Identification of Tas2r genes and reconstruction of phylogenetic trees are 
described elsewhere (1). Expression differences of six tadpoles and six adult 
American bullfrogs were examined using RNA sequencing. Transcriptome anal-
ysis was performed as described previously (14). Cell-based functional assays of 
11 representative Tas2rs were conducted following a previous study (11). See 
also SI Appendix for details.

Data, Materials, and Software Availability. The raw RNA-sequencing (RNA-seq) 
data were deposited in the National Center for Biotechnology Information (NCBI) 
Sequence Read Archive under the accession number PRJNA863339 at https://
www.ncbi.nlm.nih.gov/bioproject/PRJNA863339 (15); other data in this study 
are included in the article and/or SI Appendix.
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