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Abstract

Taste receptors function as one of the interfaces between internal and external milieus. Taste
receptors for sweet and umami (T1R [taste receptor, type 1]), bitter (T2R [taste receptor, type 2]),
and salty (ENaC [epithelial sodium channel]) have been discovered in the recent years, but
transduction mechanisms of sour taste and ENaC-independent salt taste are still poorly
understood. In addition to these five main taste qualities, the taste system detects such
noncanonical “tastes” as water, fat, and complex carbohydrates, but their reception mechanisms
require further research. Variations in taste receptor genes between and within vertebrate species
contribute to individual and species differences in taste-related behaviors. These variations are
shaped by evolutionary forces and reflect species adaptations to their chemical environments and
feeding ecology. Principles of drug discovery can be applied to taste receptors as targets in order
to develop novel taste compounds to satisfy demand in better artificial sweeteners, enhancers of
sugar and sodium taste, and blockers of bitterness of food ingredients and oral medications.
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INTRODUCTION

This review focuses on genetics of taste receptors in vertebrate animals, specifically, how
gene structure and variation influence expression and function of taste receptors, and how
this affects taste function. We describe the different taste qualities and discuss two main
types of genetic variation: variation among orthologous genes in different vertebrate species,
and variation of alleles within species. Although environment can also affect expression of
taste receptor genes through physiological and epigenetic mechanisms, this is outside the
scope of this review. For information on invertebrate taste receptors, see, e.g., [1, 2]; for
other aspects of taste genetics, including genetics of taste perception, see, e.g., [3-7]).
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Taste System and Taste Receptors

In mammals, the gustatory system comprises taste cells, afferent gustatory nerves, and brain
structures involved in central processing of taste. The taste cascade begins with taste
receptor cells organized in taste buds, most of which are located within gustatory papillae in
the tongue. Taste bud cells come in four types: type I, 11, and I11 cells and basal cells. Types
I-111 are mature taste receptor cells exposed to the oral cavity to interact with taste stimuli
via taste receptor proteins. This interaction results in excitation that is transmitted via
afferent gustatory nerves to the brain to evoke taste perception. Taste perception has several
aspects: intensity, hedonics (pleasantness or unpleasantness), and quality. Five taste qualities
are known to be perceived by humans and many nonhuman mammals: sweet, umami, bitter,
salty, and sour. The existence of distinct taste qualities implies that each has a specific
coding mechanism mediated by specialized taste receptors. Discovery of receptors for bitter,
sweet, umami, and salty taste (Fig. 1) has supported this notion.

Although several proteins have been suggested to function as taste receptors, not all of them
have been unanimously accepted as such. Several requirements need to be met to affirm that
a molecule functions as a taste receptor: (1) known molecular identity (DNA, RNA, and
protein sequences); (2) expression in taste receptor cells; (3) interaction with appropriate
ligands; and (4) changes in taste responsiveness as a result of experimentally altered
receptors. All these criteria have been met for taste receptors for sweet and umami (T1R
[taste receptor, type 1]), bitter (T2R [taste receptor, type 2]), and salty (ENaC [epithelial
sodium channel]) taste (Fig. 1), but sour taste receptors are still unknown (although several
candidates have been proposed).

Between-species Variation and Evolution of Taste Receptors

T1Rs, T2Rs, and ENaCs are conserved among vertebrates. Their respective genes and
proteins are considered orthologs, because their sequence similarity suggests that they
originated from common ancestral genes. The order of chromosomal location of orthologous
taste receptor genes is also conserved among different species (providing an example of
conserved synteny). Despite this conservation, vertebrate species differ in both sequence and
numbers of receptor genes. Gene duplications, deletions, and pseudogenization contribute to
species variation in gene number.

This interspecies variation has been shaped by evolutionary forces, likely reflecting
adaptation to differences in their diets. The survival of all animals depends on consumption
of nutrients, and taste guides animals in choosing food that is safe to consume and
appropriate for bodily needs. Many of the same nutrients (e.g., sugars, amino acids, salts)
are consumed by different species, yet many species have very different diets (e.g.,
herbivores and carnivores). Sources of nutrients may contain toxic substances, and each
species may be exposed to different sets of toxins in their diets. Covariation between taste
receptors and diet suggests that during the evolution the taste system adjusted to support the
dietary needs of individual species.
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Within-species Variation of Taste Receptors

Allelic variation of taste receptor genes is most documented in humans and mice. Naturally
occurring polymorphisms contribute to individual variation in taste responses in both
species. Such allelic variation can affect food perception, choice, and consumption and thus
can influence nutrition and predispose to certain diseases. In mice, in addition to naturally
occurring polymorphisms, mutant alleles of taste receptor genes have been produced by
targeted mutagenesis. Associations of taste receptor variants with changes in responsiveness
to taste stimuli provide a tool to study receptor-ligand interactions [8].

Pharmaceutical Design and Taste Receptors

There is a growing interest in developing novel taste stimuli and taste modifiers for humans
and other animals. For humans, areas of interest include making foods and drinks healthier
without sacrificing their palatability, and making oral medications more acceptable to
patients. There is a demand for artificial sweet and umami compounds; enhancers of salty,
sweet, and umami taste; blockers of bitter taste; and pharmaceutical compounds with
improved sensory properties. There is also a demand for improving palatability of food for
companion and farm animals and for developing nonlethal repellents of wild animals (e.g.,
nontoxic chemicals with aversive taste). Development of such products has been hampered
by lack of knowledge of molecular identity of the taste receptors.

Discovery of most of the mammalian taste receptors in the last decade allowed scientists to
apply principles of drug discovery and to use taste receptors as targets to develop novel taste
stimuli, enhancers, and blockers (see, e.g., [9-11]). Growing knowledge about within- and
between-species variation in taste receptors will help to tailor these products to target
consumers. Recent findings of expression of taste receptors in internal organs (e.g., airway
epithelia, gut, pancreas, and testes) and accumulating data that they play a role in internal
chemoreception (e.g., [12-15]) also open possibilities for using taste receptors to develop
drugs for treating diseases associated with these organs.

SWEET AND UMAMI TASTE

Sugars are the most common natural taste stimuli that humans describe as sweet and are
innately attractive to many animals [16—18]. A wide range of other chemicals taste sweet to
humans (e.g., some sugar alcohols, glycosides, amino acids, and proteins [19, 20]). Many of
these compounds also evoke sucrose-like qualitative taste sensation and appetitive
consummatory behavior in nonhuman mammals. In contrast to sweet taste, which humans
universally appreciate, umami is lesser known. Most languages have only four words for
basic taste qualities: sweet, salty, sour, and bitter. The word umami was first used around
1908 by a Japanese chemist, Dr. Kikunae lkeda [21]. He discovered that glutamic acid and
its salts evoke a taste sensation distinct from the four known taste qualities. To describe this
additional basic taste quality, he combined Japanese words umai ( §v; “delicious” or
“savory”) and mi ( =; “taste”) to derive a new word, umami ( 5% in kanji, or %% in a mixed
hiragana-kanji spelling). In English, umami taste sometimes is described as “savory taste” or
“glutamate taste” [22].
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Umami-tasting compounds include some L-amino acids (e.g., glutamate and aspartate),
purine 5’-ribonucleotides, theogallin, theanine, ibotenic, tricholomic, succinic, and gallic
acids, and several peptides. The 5’-ribonucleotides potentiate taste of L-glutamate. Many of
these compounds have other chemosensory components, in addition to umami taste. For
example, in monosodium glutamate (MSG), the anion (L-glutamate) generates an umami
taste, and the cation (Na*) contributes a salty taste. A good way to experience umami is to
compare tastes of equimolar solutions of MSG and NaCl. Both solutions have saltiness,
which is attributed to sodium, but MSG also has another taste component not present in
NaCl solutions—umami. There is also strong evidence that umami taste stimuli evoke a
unique (glutamate-like) taste in nonhuman animals [23-25].

Sweet and Umami Taste Receptors

G protein-coupled receptor (GPCR) proteins from the T1R family (Fig. 1a) play a central
role in reception of sweet and umami taste in humans (and sucrose- and glutamate-like taste
in nonhuman animals). A T1R2+3 heterodimer functions as a sweet taste receptor [26, 27]
responding to a broad variety of ligands in both humans and rodents. T1R3 alone may
function as a receptor for high sucrose concentrations [28]. A T1R1+3 heterodimer functions
as an umami taste receptor in humans [27] and is a more broadly tuned L-amino acid taste
receptor in mice and fish [29, 262], although multiple combinations of T1R2 with T1R3 also
function as L-amino acid receptors in fish [262].

Depending on GPCR classification system, T1Rs belong to class C (metabotropic glutamate/
pheromone) family [30-32] or the glutamate family [33]. In humans and many mammalian
species, this family includes three proteins: T1IR1, T1R2 and T1R3. Their corresponding
gene names are taste receptor, type 1, members 1, 2, and 3, respectively, with gene symbols
TASIR1, TASIR2, and TASLIR3 in humans and Taslr1, Taslr2, and Taslr3 in other species.
Numbers of T1R genes vary in some species (described below). The three human TASIR
genes are located in the short arm of human chromosome 1 (1p36) in the order TASIR2—
TASIR1—TASLR3. Their mouse orthologs reside in a region of conserved synteny in distal
chromosome 4 in the same order: Taslr2—Taslr1—Taslr3. The mouse Taslr genes
contain six coding exons that are translated into proteins of 842—-858 amino acids. The T1R
proteins have a predicted secondary structure that includes seven transmembrane helices
forming a heptahelical domain, and a large extracellular N-terminus composed of a Venus
flytrap module and a cysteine-rich domain connected to the heptahelical domain (see Fig.
1a).

T1Rs are expressed in type 11 taste bud cells. T1R3 is co-expressed in the same taste cells
with either TIR1 or T1R2 [26, 34, 35, 63], but some taste cells express only T1R3 in
mammal [26] and only T1R2s in fish [63]. This co-expression of T1Rs is consistent with
their function as heterodimers (T1R1+3 and T1R2+3). Mice with targeted mutations of the
T1R genes have diminished taste responses to sweet and/or umami taste stimuli [28, 36].

Data on T1R ligand specificity in mammals suggest that TLIR1+3 and T1R2+3 are the main
umami and sweet receptors, respectively, although T1R1 was recently demonstrated to be
involved in sweet reception [263]. However, there is evidence for additional reception
mechanisms for sweet or umami taste. They include glucose transporters and metabolic
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sensors, which may be involved in sugar tasting [37], and the ability of some sweeteners to
penetrate the membrane of the taste bud cells and interact with in-tracellular targets [38—40].
Splice variants of metabotropic glutamate receptors mGluR4 and mGIuR1 and the N-
methyl-D-aspartate (NMDA)-type glutamate ion channel receptor (all of which are involved
in glutamatergic synaptic transmission in the brain) have been proposed as candidate
mammalian taste receptors for umami or glutamate taste [41-48]. Purine 5’-nucleotides may
activate different taste receptors than glutamate in rats [49]. Catfish (Ictalurus punctatus)
taste receptors for some L-amino acids behave as ligand-gated ion channel receptors [50—
53], and combinations of T1R2+3 function as L-amino acid receptors in medaka fish
(Olyzias latipes) and zebrafish (Danio rerio) [262].

Between-Species Variation of Sweet and Umami Taste Receptors

Two main processes have shaped repertoires of T1Rs in different species and their
responsiveness to sweet and umami taste stimuli. First, pseudogenization and duplication
changed numbers of T1R family members; pseudogenization is responsible for sweet or
umami taste “blindness” in some species. Second, sequence variants within functional T1Rs
resulted in species-specific differences in receptor-ligand interactions. Although ligands for
the T1R receptors have been experimentally confirmed for only a few species (mostly
humans and rodents, but fish T1Rs were shown to function as amino acid receptors [262]), it
is likely that their orthologs in other species have similar ligand specificities. Therefore,
species differences in sweet and umami taste preferences [54—62] are expected to be due to
variation in the T1R genes.

Although many mammals have three T1R genes coding T1R1, T1R2, and T1R3, as
described above, numbers of functional T1R genes in other vertebrate species range from
complete absence in the western clawed frog, vampire bats, sea lion, and bottlenose dolphin
to five in some species of fish (Table 1). Several fish species have two or three T1R2 genes,
suggesting that T1R expansion in fish is probably due to duplication of Taslr2 [63, 64].

Several species have one or more pseudogenized T1R genes. Taslrl, which codes part of
the umami heterodimer, is a pseudogene in the giant panda [65-67] and six pinnipeds
(suborder Caniformia): spotted seal, harbor seal, Caspian seal, northern elephant seal,
Australian sea lion, and South American sea lion [67]. Taslr1 is absent, unamplifiable, or
pseudogenized in all 31 species of bats examined [68]. These mutations deem the umami/
amino acid taste receptor dimer T1R1+3 nonfunctional in these species. Most species of the
order Carnivora have intact Taslrl and have either carnivorous or omnivorous feeding
strategies. While the giant panda is also a carnivoran, unlike the other species of this order
its diet is almost exclusively vegetarian (bamboo). The Taslr1 pseudogenization was likely
associated with evolution of feeding behavior in the giant panda because the estimated date
of its dietary switch to bamboo coincides with the date of its Taslr1 pseudogenization [65].
The six pinniped species examined are strictly carnivorous [67], and bats examined include
fruit, insect, and blood feeders [68], so widespread Taslrl pseudogenization in these clades
is puzzling.

The Taslr2 gene, which codes part of the sweet heterodimer, is absent in the genomes of the
chicken [64, 69, 70], zebra finch [70], and horse [70] (but see [71]). Taslr2 is a pseudogene
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in four Felidae species (domestic cat, tiger, cheetah, and Asiatic lion [59, 72]) and six
nonfeline species from suborders Feliformia (spotted hyena, fossa, and banded linsang) and
Caniformia (southern fur seal, Pacific harbor seal, and Asian small-clawed otter) [73]. These
mutations result in a nonfunctional T1R2+3 heterodimeric sweet taste receptor and explain
the lack of attraction to sugars and other sweeteners documented at least in some of these
species [54-59, 73]. All these animals are either obligate carnivores or, in case of the
chicken, granivores and do not seek sugars in their food. Thus, loss of the Taslr2 gene and
lack of sweet taste responsiveness in these animals may be a consequence of their feeding
behavior, which does not require a sweet taste receptor for proper food choice, leading to a
lack of selective advantage of having a functional sweet taste receptor that recognizes
sugars. Many other species of the order of Carnivora have a functional Taslr2 structure [59,
64, 72, 73] and are attracted to sugars [59, 73-75], including dogs, lesser panda, domestic
ferret, Haussa genet, meerkat, yellow mongoose, aardwolf, Canadian otter, spectacled bear,
raccoon, and red wolf. Some birds also recognize sugar taste [76—78], suggesting that they
may have a functional T1R2, although this has not been confirmed experimentally.

All three T1R genes are lost in the tongueless western clawed frog [64], sea lion, bottlenose
dolphin [73], and vampire bats [68, 70]. Consistent with this, common vampire bats
(Desmodus rotundus) are indifferent to sweet stimuli but avoid salty, sour, and bitter tastes
(umami taste was not evaluated) [79]. Taste function has not been evaluated in the other
species, but lack of taste receptors may be related to their feeding behavior, which involves
swallowing food whole without chewing (e.g., sea lion, dolphin) [73] or feeding exclusively
on blood (vampire bats) [68]. Thus, pseudogenization and duplication of T1R genes
occurred independently multiple times in different vertebrate lineages during evolution.

In addition to changes in number of T1R genes, their sequence variants are also responsible
for species differences in sweet and umami taste. For example, several sweeteners
(aspartame, cyclamate, neohesperidin dihydrochalcone, neotame, and sweet proteins) are
perceived as sweet by humans but not by rodents (e.g., [80-82]). Correspondingly, human
but not rodent T1R2+3 responds to these sweeteners. Heterologously expressed TIR1+3
functions as a broadly tuned L-amino acid receptor in mice and as a more narrowly tuned
umami receptor in humans. The role that sequence variation between T1R orthologs plays in
species differences in sweet and umami taste has been shown in studies using heterologously
expressed interspecies T1R chimeras or receptors with species-specific site-directed
mutations, and in genetically engineered mice expressing human receptors [26—29, 83-89].
One well-studied example of species differences in sweet taste is sensitivity to aspartame.
Humans, apes, and old-world monkeys perceive aspartame as sweet, but other primate
species and most nonprimate species do not [60]. Recent studies identified sequence variants
of T1IR2 and T1R3 that are associated with ability to taste aspartame and are predicted to
influence aspartame binding to the T1R2+3 receptor [90, 91]. Results of all these studies
suggest that evolutionary changes of T1R receptors can affect their ligand-binding
properties.
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Within-Species Variation of Sweet and Umami Taste Receptors

Within-species polymorphisms of the T1R genes were found in humans [92], rats [93], and
mice [94], but only in humans and mice have they been found to be associated with sweet or
umami taste responsiveness.

Humans differ in perception of sweet (reviewed in [95-100]) and umami [101] tastes. Non-
amino acid-coding single-nucleotide polymorphisms (SNPs) in the TASLR3 promoter were
found to be associated with taste sensitivity to sucrose in humans and to influence TASIR3
promoter activity in vitro [102]. Another study found association of a missense variant in
TASIR2 with habitual consumption of sugars [103]. Polymorphisms in TASIR1 and
TASIRS3, as well as a candidate umami receptor gene, mGIuR1, partially explain variation in
umami taste [104-106]

In mice, variation in sweetener preference is associated with the Sac (saccharin preference)
locus [107-110]. Chromosomal mapping and positional cloning of the Sac locus have
identified it as the Taslr3 gene [94, 111, 112], which was instrumental in discovery of the
T1R taste receptors. Analyses of the Taslr3 sequence variants across multiple inbred strains
identified a missense polymorphism (160T) in the extracellular N-terminus of the T1R3
protein as a candidate causative variant for ligand binding and phenotypical variation in
sweet taste [94]. The effect of this polymorphism on T1R3 ligand binding was confirmed in
vitro [113]. Taslr3 polymorphisms affect behavioral and neural taste responses to many
different sweeteners [114, 115], indicating that these sweeteners activate a taste receptor
involving T1R3. However, Taslr3 genotype did not affect taste responses to several sweet-
tasting amino acids (L-glutamine, L-threonine, L-alanine, glycine), glucose polymers
(Polycose, maltooligosaccharide), or umami, salty, sour, or bitter taste stimuli [114, 115].
The T1R3 protein is involved in transduction of both sweet and umami tastes, and disruption
of the Taslr3 gene diminishes behavioral and neural responses to both sweet and umami
taste stimuli [28, 36]. Therefore, lack of effect of Taslr3 polymorphisms on taste responses
to sweet amino acids and umami taste stimuli suggests that they bind to a different site than
do sweeteners, responses to which are affected by the 160T polymorphism in Taslr3. Taste
responses to glucose polymers were not affected by natural Taslr3 polymorphisms or
Taslr3 gene knockout [116, 117], which suggests that taste of complex carbohydrates [118]
is mediated by a receptor other than T1R3 (see below). Although T1R2 is a part of the sweet
taste receptor and T1R1 is a part of umami/amino acid taste receptor, there is no evidence
that Taslr2 or Taslr1 polymorphisms are associated with mouse strain differences in
responses to sweet or umami taste stimuli.

BITTER TASTE

Bitter taste quality likely evolved as a mechanism for avoiding toxic foods. Bitter
compounds evoke innate aversive behavior in many animal species. A large number of
chemically diverse compounds elicit bitter taste in humans and taste aversion in nonhuman
animals [119]. Toxins contained in plants and produced by micro-organisms are probably
the stimuli that shaped species-specific repertoires of bitter taste receptors. Many oral
medications have bitter taste, which may interfere with treatment compliance in human and
veterinary medicine.
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Bitter Taste Receptors

GPCRs from the T2R family function as mammalian bitter taste receptors (Fig. 1b) [120-
122]. Depending on the GPCR classification system, T2Rs are described as distantly related
to class A (rhodopsin-like) GPCRs [120], as belonging to a separate putative family [30-32],
or as forming a distinct cluster within the frizzled/taste2 family [33].

Most vertebrate species have multiple T2R genes, and their numbers differ widely among
species (Table 2). Many species have pseudogenes in addition to functional T2R genes.
Symbols for genes encoding T2R proteins begin with TAS?R (in humans) or Tas2r (in other
species), with the genes named taste receptor, type 2, member n. Besides differences in
symbol letters (upper- or lowercase), human and mouse T2R genes can also be distinguished
by member numbers: less than 100 for human genes (e.g., TAS2R1-TAS2R65), versus higher
than 100 for mouse genes (e.g., Tas2r102-Tas2r146). Genes and proteins of other species
can be distinguished by adding a lowercase letter indicating species, for example, rT2R9 for
rat. In many species, T2R genes cluster in a few chromosomal locations. For example,
human T2R genes map to chromosomes 5, 7, and 12, and mouse T2R genes map to
chromosomes 2, 6, and 15. The T2R genes are intronless, at least in their coding region, and
encode GPCR proteins that consist of ~300-330 amino acids and have a short extracellular
N-terminus (Fig. 1b).

T2Rs are expressed in type 11 taste bud cells, and their expression does not overlap with
T1Rs (with the exception of zebrafish, in which a small number of taste cells co-expresses
T2Rs with T1Rs [264]). It was suggested that multiple T2Rs are co-expressed in the same
taste bud cells, and possibly nearly all T2Rs are expressed in each T2R-positive cell [120,
123, 124]. However, other studies suggest that different taste bud cells may express different
sets of T2Rs [122, 125]. Both possibilities find support in behavioral and neurophysiological
studies, some of which suggest that different bitter compounds have identical taste quality
[126-129], while others suggest that the taste system can discriminate among different bitter
taste stimuli [130-132].

Most human T2Rs have been de-orphanized, mainly through the use of heterologous cell
assays, and in all cases ligands were bitter-tasting compounds [133]. The number of
compounds perceived by humans as bitter [119] is much larger than the number of human
TAS2R genes, implying that each human T2R responds to more than one bitter ligand [134].
Consistent with this, several T2Rs are broadly tuned to detect stimuli of different chemical
classes, while others appear to be more specific, activated by one or a few agonists [133]. It
has been suggested that different T2R alleles may have different profiles of ligand
specificity [99, 135-137]. Thus, the repertoire of bitter taste receptors may be not limited by
the number of the TAS2R genes but instead may involve as many receptors as there are
TASZ2R alleles [137]. Compared with data in humans, few ligands for the T2R receptors have
been experimentally confirmed for other species (reviewed in [148]). One non-human T2R
that has been de-orphanized is the mouse receptor encoded by the Tas2r105 gene, which
responds to cycloheximide in vitro [121]. Consistent with this, Tas2r105-knockout mice
have selective impairment in taste responses to cycloheximide but not to other bitter or
nonbitter taste stimuli [123].
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In addition to activating T2R receptor proteins, some bitter compounds can interact with ion
channels in the cell membrane or with intracellular targets [38—40, 138-141], which thus
also function as receptors of these compounds.

Between-Species Variation of Bitter Taste Receptors

Bitter taste functions to prevent consumption of toxins with food. Because animal species
differ in their diets, it is reasonable to expect that different species have unique repertoires of
bitter taste receptors, shaped by natural selection.

Because many plants are bitter to humans, it has been proposed that high tolerance for
bitterness would be adaptive for herbivores, which was supported by observations of lower
taste sensitivity to some bitter compounds in some herbivorous species compared with
omnivores or carnivores [142-144]. However, recent studies have shown that this
relationship is more complex. For example, some bitter compounds (salicin and protein
hydrolysates) evoked stronger avoidance in herbivores than in omnivores [145, 146]. Thus,
bitter taste avoidance is species and stimulus dependent, and the premise that herbivores
have a generalized reduced bitter sensitivity is not accurate.

Other examples of species differences in bitter taste include phenylthiocarbamide (PTC) and
phenyl-p-D-glucopyranoside, which taste bitter to humans but are not aversive to mice [123,
147]. Compared with humans, mice are more sensitive to cycloheximide and less sensitive
to denatonium (A. Bachmanov, unpublished data).

Although ligands for the T2R receptors have been experimentally confirmed for only a few
species (reviewed in [148]), it is likely that T2Rs function as bitter taste receptors across
vertebrates. For example, fish T2Rs are involved in the taste-evoked aversive behavior
[262]. Available data for a few orthologous pairs of T2Rs suggest that receptor sequence
similarity is predictive of the receptor ligand specificity. Rat and mouse Tas2r105 orthologs
respond to cycloheximide [121, 149]. Orthologous human TAS2R4 and mouse Tas2r108
respond to denatonium and 6-n-propyl-2-thiouracil (PROP) [121]. Sensitive alleles of
human TAS2R38 and chimpanzee Tas2r38 orthologs respond to PTC [150, 151]. On the
other hand, non-orthologous T2Rs in different species may be activated by the same
agonists. For example, some fish T2Rs are activated by denatonium, but they are not
orthologs of the mammalian denatonium receptors [262].

As mentioned above, numbers of T2R genes in vertebrate species differ widely (Table 2).
Many species have T2R pseudogenes in addition to functional T2R genes, although birds
and fishes seem to lack or have small numbers of pseudogenes compared with mammals,
reptiles, and amphibians. The largest number of functional or putatively functional T2Rs
was predicted in the western clawed frog (n=52), while the bottlenose dolphin appears to
completely lack functional T2Rs. Numbers of functional or putatively functional T2Rs also
differ widely within each characterized class of animals: from 0 to 37 in mammals, from 3 to
19 in birds, and from 0 to 6 in fish.

Analyses of relatedness of the T2R genes in different species suggest a complex evolution of
this gene family. Local and inter-chromosomal duplications, deletions, pseudogenization,

Curr Pharm Des. Author manuscript; available in PMC 2016 February 23.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Bachmanov et al. Page 10

and positive selection drove expansions and contractions of T2R repertoires in different
lineages [64, 152-155]. However, little is known about how this variation in T2R repertoires
affects species differences in bitter taste.

Within-Species Variation of Bitter Taste Receptors

Humans—Human TAS2R genes have substantial diversity of coding sequence, including
segregating pseudogenes [136, 137, 156, 157]. This suggests that TAS?2R polymorphisms
may be responsible for individual differences in bitter taste (reviewed in [98-100, 158]).
However, this relationship has been demonstrated for only a few genes.

TAS2R38 was identified in a positional cloning study [159] as a gene identical to a human
PTC bitter taste sensitivity locus on chromosome 7q [160]. Allelic variants of TAS2R38 are
associated with human perception of PTC and PROP bitterness [150, 159, 161-163]. PTC
and PROP responses of cells heterologously expressing different alleles of TAS2R38
correlate with psychophysical responses of individuals carrying these alleles [150]. While
wild-type mice do not show strong aversion of PTC in brief-access tests [147], mice with a
taster allele of human TAS2R38 transgenically expressed in bitter-sensing cells under the
control of a mouse Tas2r promoter show strong aversion to PTC [123].

Sensitive alleles of T2R38 respond to PTC, PROP, and related compounds that contain a
thiourea (N-C=S) moiety. Some plants consumed by humans contain glucosinolates, which
also contain the thiourea moiety, and TAS2R38 genotype can affect perception of bitterness
of these plants, such as broccoli, turnips, and horseradish [164].

Although a PTC “nontaster” allele of TAS2R38 is expressed in taste buds, it does not
respond to taste stimuli in vitro [150]. Because taster and nontaster alleles of TAS2R38 are
maintained by balanced selection [165], it has been suggested that the “nontaster” allele may
serve as a functional receptor for toxic bitter substances other than PTC that have not yet
been identified [99, 135, 136, 165].

Signs of positive selection were also found for TAS2R16 encoding a receptor for -
glucopyranosides. Its ancestral allele associated with lower sensitivity to B-glucopyranosides
is under positive selection only in central Africa, while the evolutionarily derived allele
associated with an increased sensitivity is under positive selection in the rest of the world. It
is suggested that the global pattern of allelic variation of the TAS2R16 gene depends on
selective pressures of protection against malaria in Africa and protection against toxins in
malaria-free zones [166].

T2R31 is a receptor for bitterness of artificial sweeteners, saccharin, and acesulfame K.
Polymorphisms in the TAS?R31 gene were associated with perception of bitterness of these
sweeteners in both human subjects and in vitro assays [167]. Taste perception of quinine
was associated with a cluster of T2R and salivary proline-rich protein genes on chromosome
12, but tight linkage among these genes precluded the identification of a single causal
genetic variant [168].
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Chimpanzee—Allelic variants of chimpanzee Tas2r38, an ortholog of human TAS2R38,
are also associated with taste sensitivity to PTC in individual animals. A taster allele of
chimpanzee Tas2r38 responds to PTC in vitro [151]. However, variation in PTC taste
sensitivity in chimpanzees depends on Tas2r38 alleles different from those in humans.
While taster and nontaster alleles of the human TAS2R38 gene are defined by missense
SNPs [159, 165], the PTC-insensitive allele of chimpanzee Tas2r38 encodes a truncated
receptor variant [151]. Thus, nontaster Tas2r38 alleles have been independently derived in
humans and chimpanzees [151].

Mice—Mouse strains differ in taste responses to bitter taste stimuli. Several genetic loci are
responsible for variation in aversion to bitter-tasting quinine (Qui), cycloheximide (Cyx),
copper glycinate (Glb), and the acetylated sugars sucrose octaacetate and raffinose
undecaacetate (Soa/Rua), all of which map to the mouse chromosome 6, in a T2R gene
cluster region (reviewed in [5, 7]). There is also considerable strain variation in sequences of
the mouse T2R genes [121, 147, 169], suggesting that the genetic variation in bitter taste is
due to polymorphisms of the T2R genes, as predicted by Lush [109]. However, this
relationship has been demonstrated for only the Tas2r105 gene corresponding to the Cyx
locus [121, 123, 147], although with some inconsistencies (see [3, 170]).

SALTY TASTE

Hedonic responses (attraction or avoidance) to salty taste depend on species, genotype,
stimulus concentration, and physiological state of individuals. At lower concentrations, salty
taste is often attractive, but at high concentrations it is typically aversive. Sodium balance of
the body strongly influences hedonics of salty taste, with sodium depletion known to induce
salt appetite in many species [171, 172].

A prototypical salty taste stimulus is sodium chloride (NaCl). LiCl also has predominantly
salty taste. Many other sodium and nonsodium salts taste salty, but their saltiness is usually
accompanied by additional taste quality components, most frequently described as bitterness
[173].

Salty Taste Receptors

Earlier studies suggested that there are at least two transduction pathways for salty taste.
This hypothesis was based on findings that amiloride, a potassium-sparing diuretic, partially
suppresses taste responses to sodium and lithium salts [174-176]. Because amiloride blocks
the epithelial sodium channel (ENaC), the portion of taste responses suppressed by
amiloride (amiloride sensitive) is proposed to be mediated by ENaC. The portion of taste
response that is not inhibited by amiloride is considered amiloride insensitive. Amiloride-
sensitive and -insensitive transduction pathways of salty taste have distinct properties. The
amiloride-sensitive mechanism is cation (Na* and Li*) selective; the amiloride-insensitive
mechanism is cation nonselective and can be activated by both sodium and nonsodium salts,
such as KCl and NH4CI.

ENaC is a member of the degenerin/ENaC superfamily of ion channels. The ENaC channel
is a heteromer consisting of several different subunits: a, B, v, and/or 8. Each ENaC subunit
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has two transmembrane domains and is encoded by a separate gene (Fig. 1¢). Humans have
four ENaC channel subunits, a, 8, v, and 8, encoded by the non-voltage-gated sodium
channel 1 genes SCNN1A, SCNN1B, SCNN1G, and SCNN1D, respectively. Mice and rats
lack the ENaC3 subunit [177] and therefore have only three ENaC subunits encoded by
Scnnla, Scnnlb, and Scnnlg. The genes for ENaC  and y subunits are closely linked and
located in humans on chromosome 16 and in mice in a region of conserved synteny on
chromosome 7. The ENaCa gene is on human chromosome 12, and in the mouse it is on
chromosome 6. Human ENaCs is on chromosome 1, and in the mouse it is a pseudogene
located on chromosome 4 [178].

ENaC is involved in transepithelial ion transport in many tissues (e.g., kidney, lung).
Correspondingly, ENaC subunits are expressed in many epithelial tissues, including taste
and nontaste lingual epithelial cells [179-182]. Based on suppression of taste responses to
sodium by amiloride in some species, and based on ENaC expression in taste tissues, ENaC
was proposed as a candidate component of salty taste transduction system (reviewed in
[183-185]). Recent work with mice genetically engineered to lack ENaC in taste cells [186,
187] has conclusively established the importance of this channel in mediating sodium taste
in mice. However, it is still not clear what other components are involved in the amiloride-
sensitive salt taste transduction pathway or how they interact with ENaC.

Mechanisms for transduction of amiloride-insensitive cation-nonselective salt taste are even
less understood. Earlier studies suggested that amiloride-insensitive salty taste can be
explained by diffusion of sodium through tight junctions that are impermeable to amiloride;
as a result, Na* would stimulate taste bud cells through basolateral ENaC channels, which
are not accessible to, and therefore are not blocked by, amiloride [139, 188, 189]. However,
this paracellular pathway hypothesis is not consistent with existence of taste bud cells, in
which responses to apical application of NaCl are not inhibited by amiloride [190]. The CI~
anion was also proposed to be responsible for amiloride-insensitive NaCl taste [191], but
experiments with known mechanisms of transmembrane transport of CI~ did not confirm
their involvement in salty taste [192, 193]. A recent study showed that concentrated
solutions of sodium and nonsodium salts activate two populations of taste bud cells: type 1l
cells expressing T2R receptors, which are also activated by bitter compounds, and type 111
cells, some of which are also activated by acids. Activation of these cells by salts triggers
aversive behavioral response [194]. However, the biological molecules mediating amiloride-
insensitive salt taste response have not yet been conclusively identified, although candidates
have been proposed.

One candidate is TRPV1 (transient receptor potential cation channel, subfamily V, member
1; formerly named vanilloid receptor subtype 1, or capsaicin receptor). TRPV1 is a
transducer of painful thermal stimuli and is also activated by capsaicin, a pungent ingredient
in “hot” chili peppers [195]. Based on taste nerve recording experiments using TRPV1
agonists and antagonists and Trpvl-knockout mice, a TRPV1 variant was proposed to
function as an amiloride-insensitive salt taste receptor in rodents [196]. However, Trpvl-
knockout mice do not have deficiencies in behavioral taste responses to salt [197 198].
Moreover, recent studies did not confirm initial findings of effects of TRPV1 antagonists
and Trpvl gene knockout on taste nerve responses [199, 200]. In addition, data on
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expression of TRPV1 in the lingual tissue are also inconsistent with its role in salt taste
reception. Some immunohistochemical studies detected its expression in rat trigeminal
afferent neurons innervating the oral cavity but not in taste bud cells [201, 202]. In another
study, TRPV1 immunoreactivity has been detected in rat taste bud cells expressing T1R and
T2R receptors [203]. If TRPV1 functions as a salt taste receptor, then co-expression of
TRPV1 with T1Rs would suggest that salts should activate T1R-expressing cells, which
contradicts some findings [194]. It is likely that TRPV1 contributes to oral chemosensory
responses to salts through its expression in trigeminal (somatosensory) nerve endings [200,
204], but not in taste bud cells.

A second candidate for amiloride-insensitive salt taste receptor is TRPML3 (MCOLNS3,
mucolipin 3), which, like TRPV1, belongs to the transient receptor potential (TRP) family of
cation channels [205]. However, mouse taste receptor cells do not appear to express
physiologically relevant levels of TRPML3 [206].

Between-Species Variation of Salty Taste Receptors

Animal species differ in their avidity for salt. For example, licking crystallized salt is
common among wild animals, particularly herbivores, whose food contains little sodium. On
the other hand, meat, the diet of strict carnivores, has sufficient sodium to satisfy their
bodily needs [172, 173]. Species differences in need-induced salt appetite may have central
rather than peripheral origin. Nevertheless, species differences in peripheral taste
mechanisms may also exist.

The best-known example of possible species differences in salty taste reception is sensitivity
to amiloride. Neural and/or behavioral taste responses to NaCl are attenuated by amiloride in
the mouse, rat, gerbil, hamster, dog, rhesus monkey, and frog [184]. However, amiloride
generally does not change perception of saltiness in humans but reduces total intensity and
sourness of NaCl and LiCl [184 207]. These species differences may be attributed to
presence of the ENaC8 subunit in humans but not rodents. Because ENaC3 is expressed in
human taste bud cells [208, 209], it was proposed that the substitution of ENaCa with
ENaC3 in the human salty taste receptor deems it less amiloride sensitive [210], consistent
with known substantially reduced amiloride sensitivity of 53y ENaC channel compared with
afy ENaC [211]. It was proposed that the amiloride-sensitive gustatory mechanisms may be
of minor importance for human taste [184]. However, this does not mean that ENaC is not
involved in human salty taste, because differences in subunit composition of the ENaC
channel may be responsible for species differences in amiloride sensitivity of salty taste.

If ENaC8 explains reduced amiloride sensitivity of salty taste in humans, other species with
an intact ENaC3 gene should also have diminished amiloride sensitivity of salty taste.
ENaC3 is annotated in genomes of several species. In addition to several primate species, it
is present in the dog, cat, cow, sheep, horse, guinea pig, Tasmanian devil, and chicken
([212] and http://www.nchi.nlm.nih.gov). (The gene annotated as Scnnld in the African
clawed frog, Xenopus laevis, encodes the ENaCe subunit [212]). Amiloride-sensitive NaCl
taste responses have been described in dogs and some primates, species with intact ENaC8
[184, 213, 214]. This brings into question whether presence or absence of ENaC§ can
explain amiloride sensitivity or insensitivity across all animal species. However, it is not
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known whether ENaCs is expressed in taste bud cells of these animals, as it is in humans.
Furthermore, amiloride sensitivity in these animals was characterized using taste nerve
recordings, but such data are not available for humans. In mice, amiloride sensitivity to
NaCl does not always correlate well between behavioral and neural responses (e.g., [215]).
Similarly, the contribution of ENaC& may be different for amiloride sensitivity of behavioral
and neural responses to NaCl.

It is interesting that salt taste responses in Drosophila involve degenerin/ENaC channels
PPK11 and PPK19 [216], suggesting that salt-sensing mechanisms by degenerin/ENaC
channels may have evolved in a common ancestor of vertebrate and invertebrate animals.

Within-Species Variation of Salty Taste Receptors

Previous studies reported individual variation in human salty taste perception and
differences among mouse and rat strains in salt preferences and amiloride sensitivity of
chorda tympani responses to NaCl (reviewed in [5-7]). Inbred mouse strains also differ in
NaCl taste thresholds [217]. Polymorphisms of ENaC subunit genes have been associated
with amiloride sensitivity of NaCl taste responses in mice [218] and humans [219].

SOUR TASTE

Sour taste is evoked by acids. Protons are the critical stimulus, although sourness can be
affected by the anion. For example, sourness of organic acids is stronger than sourness of
inorganic acids at the same pH. Acids can stimulate not only gustatory but also oral
somatosensory chemoreceptors. However, gustatory and somato-sensory responses to acids
can be distinguished based on acid concentrations. Typically, responses to dilute acid
solutions are predominantly gustatory, and a somatosensory component requires higher acid
concentrations (discussed in [220]).

Sour Taste Receptors

A sour taste receptor is presumably an ion channel. Several candidate sour (acid) taste
receptors have been proposed, but none has been definitely proven (reviewed in [3]). Recent
studies suggested that ion channels encoded by the genes Pkd1l3 and Pkd2l1 (polycystic
kidney disease-1- and -2-like) function as sour taste receptors [221-223]. However, targeted
mutations in these genes have no or only modest effect on taste responses to acids [220,
224].

Between-Species Variation in Sour Taste

Animals of many species detect, and typically avoid, sour taste. We are not aware of any
published data on species differences in sour taste. It is possible that all species have similar
needs for orosensory detection of acids, and thus sour taste may be conserved across species.

Within-Species Variation in Sour Taste

Genetics likely contributes to within-species differences in sour taste: heritable differences
in sour taste were reported in human twins [225] and among inbred mouse strains [226].
These genetic studies may assist with identification of the still elusive sour taste receptor
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through the positional cloning approach, which facilitated identification of T1R and T2R
receptors (e.g., [159, 178]).

TASTE RECEPTORS FOR NONCANONICAL AND COMPLEX TASTE

STIMULI

Water

Ethanol

Water consumption is crucial for animals’ survival and is regulated by thirst, a specialized
water appetite [171]. Therefore, animals must be able to detect water or hypo-osmotic fluids
through oral chemosensation. Consistent with this, water can evoke taste responses
(reviewed in [139, 227]). Aquaporins are expressed in taste receptor cells and were proposed
as sensors for hypo-osmotic stimuli [227, 228].

Taste perception of water by humans depends on preceding adaptation of the oral cavity to
different taste solutions (and probably to saliva) [229-232]. Water elicits a strong sweet
taste when it is applied to the oral cavity after exposure to sweet taste blockers. This
phenomenon has been labeled “sweet water aftertaste” [233]. This adaptation-dependent
perception of water taste is mediated by the TIR2+3 sweet taste receptor: washing out a
sweet taste inhibitor with water shifts the receptor from an inactive to an active state, which
initiates transduction events evoking perception of sweetness [234].

Ethanol evokes sweet and bitter taste (reviewed in [235]). Consistent with this, alcohol
consumption is associated with allelic variants of the Taslr3 sweet taste receptor gene in
mice and TAS2R bitter taste receptor genes in humans. A more sensitive Taslr3 allele makes
the pleasant sweet taste component of ethanol stronger and facilitates consumption of
ethanol by mice [236]. More sensitive alleles of the TAS2R genes make the unpleasant bitter
taste component of ethanol stronger and suppress alcohol consumption in humans [163,
237].

Kokumi and Calcium

Kokumi is derived from the Japanese word koku ( =<; “body”) in the same way as umami is
derived from the word umai. Kokumi describes oral sensations of continuity, mouthfulness
and thickness, and enhancement of basic taste sensations. Examples of kokumi substances
are glutathione and some other y-glutamyl peptides contained in foodstuffs [238, 239].
Kokumi compounds activate the extracellular calcium-sensing receptor (CaSR) [240] that is
expressed in taste bud cells [241]. Activation of CaSR-expressing taste bud cells [242] by
kokumi substances suggests that kokumi can be categorized as a taste sensation, although
the definition of kokumi as a taste quality remains debatable.

Calcium salts stimulate taste [243], which can be mediated by the T1R3 receptor [244, 245]
in addition to the CaSR.
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The fatty acid transporter CD36 and GPCRs GPR40 and GPR120 are expressed in taste bud
cells and have been proposed to be involved in oral detection of fatty acids [246-254].
Polymorphisms of the human CD36 gene have been associated with oral fat perception [255,
256].

Complex Carbohydrates

Rats and some other species perceive taste of polysaccharides as qualitatively distinct from
taste of sugars [118]. However, a molecular mechanism for perception of complex
carbohydrates is unknown.

CONCLUSION

This review demonstrates how gene structure and variation influence expression and
function of taste receptors, which affects how the taste system functions. The two main
types of gene variation, orthologous genes in different species and alleles within species,
account for variations in behaviors toward tastes between and within species. Although taste
receptors for sweet and umami (T1R), bitter (T2R), and salty (ENaC) are known, we know
little about their across-species variations, and sour taste and ENaC-independent salt taste
are still poorly understood. Other, noncanonical taste receptors have been proposed,
including those that detect water, fat, and complex carbohydrates, though much research
remains to confirm them and uncover their mechanisms. These and other as yet discovered
taste receptors can be targets for screening novel taste compounds. Thus, further research in
these areas holds the promise of improved nutrition, health, and well-being.
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ABBREVIATIONS
CaSR Calcium-sensing receptor
ENaC Epithelial sodium channel
GPCR G protein-coupled receptor
MGIuR Metabotropic glutamate receptor
M SG Monosodium glutamate
PROP 6-n-propyl-2-thiouracil
PTC Phenylthiocarbamide
SNP Single-nucleotide polymorphism
T1R Taste receptor, type 1
T2R Taste receptor, type 2
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Fig. (1).

Known taste receptors. The T1R (a; sweet and umami) and T2R (b; bitter) proteins are G
protein-coupled receptors, while ENaC (c; salty) is an ion channel. Reproduced from [6] by
permission of John Wiley & Sons, Ltd.
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Table 1
Numbers of T1R genes in vertebrates.

Species TiR1 | TIR2 | T1IR3
Mammals

Human (Homo sapiens) 1 1 1

Mouse (Mus musculus) 1 1 1

Rat (Rattus norvegicus) 1 1 1

Dog (Canis familiaris) 1 1 1

Opossum (Monodel phis domestica) 1 1 1

Pig (Sus scrofa) 1 1

Horse (Equus caballus) 0

Giant panda (Ailuropoda melanoleuca) 0(1)

Bats” 0(Q1) 1 1

Vampire bats™ 0(1) | 0(1) | 0(1)

Spotted seal (Phoca largha) 0(1)

Harbor seal (Phoca vitulina) 0(1)

Caspian seal (Pusa caspica) 0(1)

Northern elephant seal (Mirounga angustirostris) 0(1)

Awustralian sea lion (Neophoca cinerea) 0(1)

South American sea lion (Otaria byronia) 0(1)

Domestic cat (Felis silvestris catus) 1 0(1) 1

Tiger (Panthera tigris) 0

Cheetah (Acinonyx jubatus) 0(1)

Asiatic lion (Panthera leo persica) 0(1)

Southern fur seal (Arctocephalus forsteri) 0(1)

Pacific harbor seal (Phoca vitulina richardii) 0(1)

Asian small-clawed otter (Amblonyx cinereus) 0(1)

Spotted hyena (Crocuta crocuta) 0(1)

Fossa (Cryptoprocta ferox) 0(1)

Banded linsang (Prionodon linsang) 0(1)

Bottlenose dolphin (Tursiops truncates) 0(1) 0(1) 0(1)

California sea lion (Zalophus californianus californianus) | 0 (1) 0(1) 0(1)
Birds

Zebra finch (Taeniopygia guttata) 0

Chicken (Gallus gallus) 1 0 1
Amphibian

Western clawed frog (Xenopus tropicalis) 0 0 0
Fish

Fugu (Takifugu rubripes) 1 2 1
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Species TiR1 | TIR2 | T1R3
Pufferfish (Tetraodon nigroviridis) 1 3 1
Zebrafish (Danio rerio) 1 2 1
Medaka (Oryzias latipes) 1 3 1

Data are from [5, 62, 68, 70, 73, 257, 258].
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Numbers reflect functional and putatively functional genes (pseudogenes). Partial genes are considered putatively functional. When different

sources indicate different numbers of genes, the highest estimate is shown. Empty cells indicate lack of data.

*
Multiple (n=28) species, excluding vampire bats [68].

*%

Three species of vampire bats [68].
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Numbers of T2R genes in vertebrates

Table 2

Species Functional and putatively functional genes | Pseudogenes
Mammals

Human (Homo sapiens) 28 16

Macaque (Macaca mulatta) 27 11

Mouse (Mus musculus) 36 7

Rat (Rattus norvegicus) 37 7

Cow (Bos taurus) 19 15

Horse (Equus caballus) 19 36

Dog (Canis familiaris) 16 5

Little brown bat (Myotis lucifugus) 17 9

Bottlenose dolphin (Tursiops truncates) 0 10

Opossum (Monodel phis domestica) 29 7

Platypus (Ornithorhynchus anatinus) 5 1
Birds

White-throated sparrow (Zonotrichia albicollis) 19 1

Zebra finch (Taeniopygia guttata) 7

Chicken (Gallus gallus) 3 0
Reptile

Lizard (Anolis carolinensis) 39 10
Amphibian

Western clawed frog (Xenopus tropicals) 52 14
Fish

Fugu (Takifugu rubripes) 4 0

Pufferfish (Tetraodon nigroviridis) 6 0

Zebrafish (Danio rerio) 5 0

Medaka (Oryzias latipes) 1 0

Stickleback (Gasterosteus aculeatus) 3 0
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Data from [5, 73, 258-262]. When different sources indicate different numbers of genes, the highest estimate is shown. The empty cell for zebra

finch indicates lack of data.
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