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Abstract: Bitter taste reception is presumably associated with dietary selection, preventing animals from ingesting potentially 
harmful compounds. Accordingly, carnivores, who encounter these toxic substances less often, should have fewer genes associated 
with bitter taste reception compared with herbivores and omnivores. To investigate the genetic basis of bitter taste reception, we 
confirmed bitter taste receptor (T2R) genes previously found in the genome sequences of two herbivores (cow and horse), two 
omnivores (mouse and rat) and one carnivore (dog). We also identified, for the first time, the T2R repertoire from the genome of 
other four carnivore species (ferret, giant panda, polar bear and cat) and detected 17−20 bitter receptor genes from the five carnivore 
genomes, including 12−16 intact genes, 0−1 partial but putatively functional genes, and 3−8 pseudogenes. Both the intact T2R genes 
and the total T2R gene number among carnivores were the smallest among the tested species, supporting earlier speculations that 
carnivores have fewer T2R genes, herbivores an intermediate number, and omnivores the largest T2R gene repertoire. To further 
explain the genetic basis for this disparity, we constructed a phylogenetic tree, which showed most of the T2R genes from the five 
carnivores were one-to-one orthologs across the tree, suggesting that carnivore T2Rs were conserved among mammals. Similarly, the 
small carnivore T2R family size was likely due to rare duplication events. Collectively, these results strengthen arguments for the 
connection between T2R gene family size, diet and habit. 
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Bitter taste perception is important for the survival 
of animals in the wild. In nature, a variety of toxic 
substances have a bitter taste. Given that bitter 
perception has been shown to induce animals to display 
aversion behavior (Garcia & Hankins, 1975; Glendinning, 
1994), perception of this taste has potentially evolved as 
a defense mechanism against ingesting toxic compounds. 
A decade ago, two groups independently identified a 
novel family of seven-transmembrane G protein-coupled 
receptors (GPCRs) as candidate bitter taste receptors 
(T2Rs) responsible for detection of bitter tastes (Adler et 
al, 2000; Chandrashekar et al, 2000). The coding regions 
of T2R genes are ~900 bp long and intronless. 
Subsequent studies expanded these findings and showed 
that bitter tastants bind to T2Rs and trigger the bitter 
taste perception signal transduction pathway (Behrens et 
al, 2007; Behrens & Meyerhof, 2006, 2009; 
Chandrashekar et al, 2006; Mueller et al, 2005). 

The macroevolution of T2Rs has been well 
elaborated among several vertebrates, featured by the 
dynamic change of gene birth and death (Dong et al, 

2009; Go, 2006; Go et al, 2005; Shi & Zhang, 2006; Shi 
et al, 2003). Interestingly, there are ~20 T2R genes in the 
carnivorous dog (Canis familiaris), which is the smallest 
known T2R gene family in terrestrial mammals 
discovered to date, with the exception of the dolphin 
(Jiang et al, 2012). It has been hypothesized that T2R 
family size in carnivores is smallest, while herbivores 
possess an intermediate size and omnivores possess the 
largest, with gene family size related to the amount of 
bitter toxic compounds they encounter (Shi & Zhang, 
2006). To test the accuracy of this hypothesis, we 
analyzed several carnivore species to accurately 
investigate the evolutionary pattern of the T2R gene 
family among the carnivore lineage. 1 
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The mammalian order Carnivora includes ten 
families divided into two monophyletic super-families, 
Caniformia and Feliformia (Yu et al, 2004), which each 
consist of five families. In the present study, we included 
five carnivore species from both super-families: the 
domestic dog, giant panda, domestic ferret, polar bear 
and domestic cat. Domestic dogs are primarily 
omnivorous, including both animal and plant foods in 
their diet (Bhagat, 2002). Giant pandas (Ailuropoda 
melanoleuca) are primarily herbivores, but also include 
animal foods in their diets (Bies, 2002). The domestic 
ferret (Mustela putorius furo), polar bear (Ursus 
maritimus), and domestic cat (Felis catus) are all 
carnivores with primary diets consisting of terrestrial 
vertebrates (Anna Toenjes, 2011; Duda, 2003; 
Gunderson, 2009). The easy availability of the giant 
panda, domestic ferret, domestic cat, and polar bear 
genome sequences provides an opportunity to identify 
the intact carnivorous T2R repertoire, shedding light on 
the evolutionary mechanism of bitter tastes and the 
evolutionary adaptations necessary for carnivore survival. 
To this end, we first identified the T2R genes from these 
five carnivores and then chose another five mammalian 
herbivores and omnivores—cow, horse, mouse, rat and 
human—with different dietary preferences, to compare 
their T2R genes with those of carnivores in a 
phylogenetic analysis. 

MATERIALS AND METHODS 
Data 

The genome version for each species was as follows: 
domestic cat (Felis-catus-6.2, Sep 2011), domestic dog 
(CanFam 3.1, Sep 2011), giant panda (ailMel1, Jul 2009), 
domestic ferret (MusPutFur 1.0, Jun 2011), polar bear 
(BGI-Shenzhen, 2010), cow (UMD 3.1, Nov 2009), 
horse (EquCab2, Sep 2007), mouse (NCBI 37, April 
2007) and rat (RGSC 3.4, Dec 2004). 

 
Detection of T2R genes 

Beginning with the human T2R protein sequences 
reported in our previous paper (Shi & Zhang, 2006), 
TblastN (Altschul et al, 1997) was used to obtain 
corresponding T2R sequences from each candidate 
genome using an E-value less than le-5. All obtained 
sequences were used to blast the NR database, with the 
sequence discarded when the best hit was not T2R. To 
further confirm the results, a tree for all T2R sequences 
was constructed via the neighbor-joining method, using 
V1R sequences as the out group. When the T2R 
sequence was not clustered with candidate T2R genes but 
was clustered outside of the out-group V1R sequences, 
the sequence was discarded. We predicted the ORFs for 
the remaining sequences, and when an ORF was found 
longer than 800 bp, we assumed it to be an intact T2R 

gene. If there was a stop codon, we then defined it as a 
pseudogene. When an ORF was found to be less than 
800 bp in length, we assumed it to be a partial gene. 

 
Phylogenetic tree analysis 

The translated amino acid sequences of T2R genes 
in human, mouse, rat, cow, horse, dog, ferret, giant panda, 
polar bear and cat were aligned using ClustalW 
(Thompson et al, 1994) with default parameters. The 
phylogenetic tree was constructed in Mega5 (Tamura et 
al, 2011) using the neighbor-joining method (Saitou & 
Nei, 1987) with protein Poisson correction distances 
(Masatoshi & Sudhir, 2000). The bootstrap values of the 
tree were evaluated with 1,000 replications (Felsenstein, 
1985). The nucleotide sequences of eight dog and polar 
bear non-functional T2R genes along with eight intact 
T2R genes were aligned by ClustalW with default 
parameters. The phylogenetic tree was constructed with 
Mega5 using the neighbor-joining method with p-
distances. Two cow V1R genes were used as an out 
group. 

RESULTS AND DISCUSSION 
Carnivore T2R gene repertoires 

To characterize the T2R gene repertoire in 
carnivores, we searched genome sequences from the five 
selected carnivore species—dog, ferret, giant panda, 
polar bear and cat—with previously reported human T2R 
genes as queries. There were three kinds of newly 
identified genes: intact genes (full-length ORF); putative 
genes (partial sequences with undisruptive ORF due to 
incomplete genome sequences); and pseudogenes 
(sequences with premature stop codons). We ultimately 
detected the T2R repertoires of the five carnivores, 
consisting of 12−16 intact genes, 0−1 partial genes, and 
3−8 pseudogenes in each species (Table 1). The average 
fraction of pseudogenes in the five carnivore genome 
sequences was 27%. All amino acid sequences of intact 
T2R genes from dog, ferret, giant panda, polar bear, and 
cat are available in the supplementary data set. The 
average number of T2R genes among carnivores was 
19.4, including 14 intact T2R genes (Table 1). 

We chose five other mammals with different dietary 
preferences to compare their T2R genes with those of the 
carnivores. The analysis of human, mouse, rat, and cow 
were performed previously by Shi & Zhang (2006) and 
Dong et al (2009), but were updated in the present study 
with high-coverage genomes, with 42, 41, 29 and 45 
total T2R genes identified among mouse, rat, cow and 
horse genomes, respectively (Table 1). Our results were 
almost identical to those previously reported, with the 
slight differences likely attributable to different 
calculation methods. The average numbers of T2R genes 
detected in genomes of herbivores and omnivores were  
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Table 1  Number of genes and pseudogenes in  
vertebrate T2R gene family 

Number of Genes 
Species 

Functional Putatively 
Functional 

Pseudo-
genes Total 

Proportion of 
Pseudogenes 

(%) 

Human1 25 1 10 36 28 

Mouse1 36 0 6 42 14 

Rat1 36 0 5 41 12 

Cow2 22 0 6 29 21 

Horse2 22 1 22 45 49 

Dog3 16 1 3 20 15 

Giant Panda3 16 0 4 20 20 

Polar Bear3 14 0 6 20 30 

Ferret3 12 0 5 17 29 

Cat3 12 0 8 20 40 

Omnivores-3-Ave4 32.3 0.3 7.0 39.7 18 

Herbivores-2-Ave 22.0 0.5 14.0 37.0 35 

Carnivores-5-Ave 14 0.2 5.2 19.4 27 

1:Omnivore; 2:Herbivore; 3:Carnivore; 4:Ave: average 

 
37.0 and 39.7, respectively, (Table 1) and both were 
higher than that of carnivores. A similar pattern was 
found in the average number of intact T2R genes. 

Bitter compounds are more common in plant than in 
animal tissue, and as such herbivores are expected to 
encounter more bitter substances than carnivores 
(Glendinning, 1994). As expected, the average number of 
total T2R among the five carnivores (19.4) was smaller 
than that present in both the herbivores and omnivores 
(Table 1). This was consistent with our hypothesis that 
carnivore species (including dogs) should have smaller 
T2R gene repertoires, on average, compared with 
herbivores or omnivores. This assumption was further 
supported by the lower average number of intact T2Rs 
found in carnivores (14) than in the two herbivore (22) 
and three omnivore (32.3) species. The smaller number 
of intact carnivore T2Rs was unsurprising, given their 
dietary habit adaptations that tend to involve fewer foods 
with bitter tastants compared with the diets of herbivores 
and omnivores. Subsequently, as omnivores encounter 
more bitter tastants than do herbivores (Shi & Zhang, 
2006), omnivores should—as we observed—have more 
intact T2Rs and a larger entire T2R gene family than 
herbivores. 

However, mismatches do exist between feeding 
ecology and taste receptor evolution (Zhao & Zhang, 
2012). For example, the loss of T1R2 in vampire bats 
may be related to the narrowness of their diet rather than 
specific diet. Bats with different feeding habits also have 
pseudogenization or loss of T1R1. However, we are not 

able to extend this rule in vertebrates. For example, 
chickens only harbor three T2Rs (Shi & Zhang, 2006) 
although it is a herbivore and insectivore (Gautier, 2002). 

 
Independent loss of carnivore one-to-one T2R genes 

We conducted a phylogenetic analysis based on the 
alignment of nine intact genes from the five carnivores 
and the corresponding functional genes from human, 
mouse, rat, cow and horse. Pseudogene sequences were 
excluded from analysis. The resulting phylogenetic tree 
illustrated how the T2R genes of the five carnivores were 
grouped into one-to-one orthologs and multiple-to-
multiple orthologs, consistent with our previous 
conclusion that T2R genes among humans and mice were 
grouped into one-to-one and multiple-to-multiple 
orthologs (Shi et al, 2003). 

Among carnivore T2R intact genes, we detected 
five strict one-to-one orthologs due to frequent gene 
birth/death in the five carnivores, a main feature of T2R 
genes among vertebrates (Dong et al, 2009; Go et al, 
2005; Shi & Zhang, 2006; Shi et al, 2003). These five 
strict one-to-one orthologs were separated with the 
criteria that each gene had one ortholog sequence in each 
of the five carnivores. For example, the one-to-one 
ortholog gene tree for the dogT2R1-ortholog cluster 
(Figure 1) was consistent with the species tree. The other 
four strict one-to-one orthologs are shown in Figure S1. 
The strict one-to-one ortholog T2R genes were the most 
conserved T2R genes among all tested carnivore animals, 
compared with other T2R orthologs, suggesting that 
these were crucial for the survival of carnivores, perhaps 
even for mammals in general (Go et al, 2005; Shi et al, 
2003).  

Except for the strict one-to-one orthologs present in 
all five carnivores, there were nine one-to-one orthologs  

 

Figure 1  Sub-tree of one strict one-to-one T2R orthologs 
among ten mammal species 

The tree was reconstructed using the neighbour-joining method with protein 
Poisson distance. Bootstrap values greater than 50% are shown on interior 
branches. Two V1R genes were used as the out group (not shown). 
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lost in one or more of the carnivore species. To exclude 
low quality genome sequences, we used the intact genes 
as queries to blast each carnivore genome sequences that 
had lost the ortholog T2R gene and found the 
corresponding lost T2R pseudogene. We then used the 
pseudogene to re-blast the query T2R genome to ensure 
the best hit was the queried T2R. If a species lost one 
intact T2R gene, we found the lost pseudogene in that 
genome sequence due to the small evolutionary scale 
among carnivores. As expected, we searched the 
candidate genome sequences for the lost intact T2R gene 
and found each lost pseudo T2R gene for each carnivore, 
with the exception of the ferret due to low coverage 
genome quality. For example, for the dogT2R3-ortholog 
cluster (Figure 2), only one carnivore (polar bear) among 
the ten species lost this gene. For the dogT2R13-ortholog 
cluster, three carnivores (cat, ferret and polar bear) lost 
these genes, along with the horse.  

 
Figure 2  Sub-tree of one-to-one T2R orthologs for the ten 

species 
The tree was reconstructed by the neighbour-joining method with protein 
Poisson distance. Bootstrap values higher than 50% are shown on interior 
branches. Two V1R genes were used as the out group (not shown). 

 
Overall, nine one-to-one ortholog genes were lost in 

different combinations among the different carnivore 
species. Interestingly, the loss of these particular T2R 
genes did not occur in the ancestor of the carnivore 
super-families, Caniformia and Feliformia. This loss of 
one-to-one ortholog was not lineage-specific, suggesting 
that the loss of the T2R intact genes among carnivores 
was species-independent. These incomplete one-to-one 
ortholog genes showed that these genes were lost 
randomly in different carnivore species, indicating that 
the functional T2R genes were important for some 
species but relaxed in others, likely due to the specific 
environment in which each species evolved to inhabit. 

 
Rare duplication events among carnivore T2R genes 

There were three gene clusters with only one 
ortholog gene in carnivores, which were duplicated in 
some non-carnivore species. This kind of T2R genes did 

not expand in any carnivores and demonstrated a high 
degree of conservation among these species. For 
example, in the dogT2R10-ortholog cluster, carnivores 
had only one copy while mice and rats had five copies. 
Such an expansion is part of the reason carnivores have 
such a small T2R family. Conservation of this kind of 
carnivore T2R gene is likely to maintain the important 
role they play in the life of carnivores and the increased 
T2R orthologs among non-carnivore species associated 
with bitter tastants emerging in their foods compared 
with carnivore foods. The only exception to this trend 
was a gene duplicated in cats, giant pandas and ferrets, as 
well as in all five of the non-carnivore species we 
investigated. Even for these three carnivores, there were 
only two copies of the duplicated gene, but in horses and 
cows there were three and in humans up to eight, which 
may be responsible for the detection of human-specific 
tastants (Shi et al, 2003). This similar lack of expansion 
further explained why carnivores harbored a small T2R 
family. We considered that after the initial duplication 
event of T2Rs among carnivores, it did not continue 
further; but the duplication event continued in non-
carnivores after its initial occurrence. 

Our results suggested that gene duplication events 
were virtually non-existent in carnivores.  Even though 
duplication occurred in ferrets, cats and pandas, it did not 
occur in either dogs or polar bears due to the detection of 
only one copy of this gene in these two species. The most 
likely explanation was that one copy was lost 
independently in both species. To test this possibility, we 
used all dog and polar bear non-intact T2Rs and all 
ortholog genes in this duplicated cluster to reconstruct 
the gene tree in MEGA 5.0. The lost copy of the 
duplicated cluster in dogs and polar bears was dogps4 
and polar bear pseudo3 (Figure 3). This result verified 
our assumption that both the dog and polar bear each lost 
one copy of the duplicated gene independently. The 
pseudogenization of the lost copy of this cluster in dogs 
and polar bears suggested that the function of this gene 
was no longer needed or was replaced by other T2R 
genes as a result of diet and habit adaptation. Further 
research and comparisons may yield a more complete 
answer to these types of specific genetic adaptations to 
dietary needs and to the environment.  

The remaining T2R gene clusters were species-
specific duplicated genes, most of which were rodents 
and human specific duplicated genes (Conte et al, 2003; 
Shi et al, 2003). For this kind of T2R genes, carnivores 
did not possess any orthologs, though some non-
carnivores gained some T2R genes. For example, for this 
kind of T2R genes, mice and rats gained 16 and 17 T2R 
genes, respectively (Figure 4), which increased the total 
number of intact T2R family sizes for those species. For 
the other three non-carnivores, each gained 3 T2R genes 
in a similar manner. This increase was further reason for  
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Figure 3  Sub-tree of T2R duplication orthologs for the ten 
species (3a) and five carnivores (3b) 

The tree was reconstructed by the neighbour-joining method with protein 

Poisson distance (3a) and p-distance (3b). Bootstrap values higher than 50% 

are shown on interior branches. Two V1R genes were used as the out    

group. 

 
Figure 4  Evolutionary changes in number of intact T2R genes 

among mammals 
Red, green and blue characters stand for omnivore, herbivore and carnivore, 
respectively. Numbers in rectangle represent the numbers of functional T2R 
genes in the extant or ancestral species. Numbers with minus and plus signs 
indicate the numbers of gene losses and gains, respectively, for each branch. 
Numbers before the slash indicate numbers of carnivore-ortholog gene gains, 
while those numbers after the slash indicate numbers of non-carnivore-
ortholog gene gains. 

 
the relatively small size of the T2R family among 
carnivores, as carnivores simply did not have orthologs 
for the genes among non-carnivores. As they do not 
encounter as many bitter and potentially toxic substances 
as omnivores or herbivores, carnivores simply do not 
need to develop sensitivities to such substances. In this 
scenario, T2R genes likely correspond to species-specific 
food habits and could be regarded as a molecular 
adaptation marker to the environment and diet of a 
specific species. 

In short, our findings confirmed that carnivorous 
mammals, in general, had the smallest T2R family 
among the three kinds of mammals (carnivores, 
herbivores and omnivores), which was likely a result of 
adaptation to the environment. This difference in size 
was attributable to the fact that a vast majority of 
carnivore T2Rs were one-to-one orthologs. Even for 
these conserved T2R genes, some carnivores lost a gene. 
Overall, carnivores lost 3-7 intact T2R genes (Figure 4), 
while non-carnivores lost 3-6 intact T2R genes (Figure 4). 
Both carnivores and non-carnivores lost a similar number 
of one-to-one T2R ortholog genes. Nevertheless, 
duplication events occurred only once for one gene 
cluster in carnivores, while duplication events occurred 
more than once among non-carnivores. For this category 
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of T2R genes, which had orthologs in some carnivores, 
non-carnivores gained 3-6 intact T2R genes (Figure 4). 
The expanded T2R genes were species-specific gene 
duplicated genes, especially those in mice and rats, 
which did not have ortholog genes in any of the five 
carnivores. The non-carnivore species gained 3-17 intact 
T2R genes (Figure 4) through this kind of gene 

duplication. In fact, the five carnivores gained no intact 
T2R genes, while non-carnivores did. Overall, the small 
size of the carnivore T2R gene family was due to the 
relative rarity of gene duplication events in carnivores, 
while for non-carnivores gene duplication events were 
the main route for the expanded T2R gene family size. 
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