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Abstract

Bitter taste perception likely evolved as a protective mechanism against the ingestion of harmful compounds in food. The

evolution of the taste receptor type 2 (TAS2R) gene family, which encodes the chemoreceptors that are directly responsible

for the detection of bitter compounds, has therefore been of considerable interest. Though TAS2R repertoires have been
characterized for a number of species, to date the complement of TAS2Rs from just one bird, the chicken, which had

a notably small number of TAS2Rs, has been established. Here, we used targeted mapping and genomic sequencing in the

white-throated sparrow (Zonotrichia albicollis) and sample sequencing in other closely related birds to reconstruct the history

of a TAS2R gene cluster physically linked to the break points of an evolutionary chromosomal rearrangement. In the white-

throated sparrow, this TAS2R cluster encodes up to 18 functional bitter taste receptors and likely underwent a large

expansion that predates and/or coincides with the radiation of the Emberizinae subfamily into the New World. In addition to

signatures of gene birth-and-death evolution within this cluster, estimates of Ka/Ks for the songbird TAS2Rs were similar to

those previously observed in mammals, including humans. Finally, comparison of the complete genomic sequence of the
cluster from two common haplotypes in the white-throated sparrow revealed a number of nonsynonymous variants and

differences in functional gene content within this species. These results suggest that interspecies and intraspecies genetic

variability does exist in avian TAS2Rs and that these differences could contribute to variation in bitter taste perception in

birds.
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Introduction

Taste perception is necessary to identify nutritious and po-
tentially harmful substances in food (Bachmanov and

Beauchamp 2007). The perception of bitter taste is thought

to have evolved as a protective mechanism for the avoid-

ance of toxic substances, especially those produced by

plants (Glendinning 1994). Bitter taste perception is medi-

ated through bitter taste receptors (TAS2R), which are G

protein–coupled receptors expressed on the microvilli of

taste receptor cells located in the taste buds on the tongue

(Lindemann 2001). Although compounds that activate spe-

cific bitter taste receptors have been identified for some ro-

dent and human TAS2Rs (Chandrashekar et al. 2000; Bufe

et al. 2002, 2005; Behrens et al. 2004, 2009; Pronin et al.

2004; Maehashi et al. 2008; Meyerhof et al. 2010), little

is known about their natural ligands (Hofmann 2009).
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Nonetheless, genetic variation within some mouse, human,
and chimpanzee TAS2Rs have been linked to differences in

sensitivity to bitter compounds (Chandrashekar et al. 2000;

Kim et al. 2003; Sandell and Breslin 2006; Wooding et al.

2006). Therefore, differences in bitter taste perception be-

tween individuals and between species can be attributed to

genetic variation and the interspecies divergence of TAS2Rs.

TAS2Rs are expressed in discrete locations outside of taste

buds as well, suggesting that they function as defensive che-
moreceptors in contexts other than bitter taste perception in

the oral cavity (Finger et al. 2003). Specifically, in mice and

rats, TAS2Rs expressed in the nasal epithelium on solitary

chemosensory cells can detect airborne irritants and trigger

a protective respiratory response (Finger et al. 2003). TAS2Rs

are also expressed on the motile cilia of human airway ep-

ithelial cells and, when activated by bitter compounds in vi-

tro, increase the ciliary beat frequency, thereby potentially
providing a defensive response that aids in the elimination

of inhaled noxious compounds (Shah et al. 2009). Finally,

signaling through TAS2Rs expressed in the gut enteroendo-

crine cells is hypothesized to participate in the molecular

pathway that invokes protective responses, such as vomit-

ing, after ingesting harmful compounds (Sternini et al.

2008). Thus, intraspecific variation and interspecific diver-

gence in the TAS2Rs is likely to have significant functional
consequences beyond bitter taste perception.

Because the ability to perceive harmful airborne or food-

borne compounds can directly affect an individual’s survival,

genetic variation within the TAS2Rs is an obvious target for

natural selection. The molecular evolution of these genes

has therefore been of considerable interest and has led to

a number of studies focusing on the pattern in which

TAS2Rs evolve. For example, signatures of balancing selec-
tion, which could provide heterozygotes with a fitness

advantage by providing a broader sense of bitter taste per-

ception, and positive selection, which could result from se-

lection for individuals with increased sensitivity to harmful

toxins in new food sources, have been associated with spe-

cific human TAS2Rs (Wooding et al. 2004; Soranzo et al.

2005). Furthermore, in mammals, there is a tendency for

rapidly evolving sites in the TAS2R proteins to be enriched
in the extracellular domains, which presumably have a cen-

tral role in determining ligand-binding specificity (Shi et al.

2003; Pronin et al. 2004; Fischer et al. 2005; Go et al. 2005).

TAS2R genes are often found in clusters that have under-

gone dynamic patterns of gene gain and loss during the

course of vertebrate evolution (Go et al. 2005; Go 2006;

Dong et al. 2009). For example, in a small but diverse set

of mammals, there have been an estimated 87 independent
gains and 71 losses of TAS2Rs since the most recent com-

mon ancestor (MRCA) of those species. As a consequence,

the functional repertoire of TAS2Rs in sequenced mamma-

lian genomes varies from as few as four genes in the platy-

pus to as many as 36 in rat (Dong et al. 2009). Though the

gain and loss of TAS2Rs in different lineages may simply be
a neutral byproduct of the inherent instability of gene clus-

ters (Nei et al. 2008), the extant differences in functional

TAS2R repertoires between species are intriguing candidates

for dietary adaptations and interspecies differences in taste

perception.

The morphological variation in the size and shape of

beaks in Darwin’s finches is a classic example of adaptive

change associated with differences in diet within popula-
tions and between species (Lack 1983). However, despite

the precedent for dietary adaptations in birds, little is known

about avian bitter taste perception and the molecular evo-

lution of TAS2Rs in this vertebrate lineage. In particular, al-

though we know that birds do perceive bitter taste and

bitter taste perception can vary within- and between-species

(Kare and Mason 1986), to date there have been no com-

plementary biochemical or genetic studies characterizing
TAS2Rs in birds. Indeed, the only bird for which TAS2R se-

quences have been described is the chicken and that ge-

nome encodes just three intact TAS2Rs (Hillier et al.

2004). Here, we report the sequencing of a TAS2R cluster

linked to an evolutionary inversion break point in the

white-throated sparrow (Zonotrichia albicollis), a member

of the Emberizinae subfamily, whose .800 members (Sibley

and Monroe 1990) are the product of a radiation which be-
gan with a dispersal into North America and initial diversi-

fication ;16–20 Ma and continued with a more recent

radiation into South America (Burns 1997; Yuri and Mindell

2002; Barker et al. 2004). In addition, we report the recon-

struction of the evolutionary history and patterns of evolu-

tion for the avian TAS2R gene cluster as well as the linked

inversion.

Materials and Methods

BAC Library Construction A white-throated sparrow bac-

terial artificial chromosome (BAC) library was constructed

from frozen kidney tissue from a single white female (ID

#822) following the methods described in Osoegawa

et al. (1998). The library (CHORI-264) consists of 196,354

recombinant clones with an average insert size of 144 kb

and has been arrayed into 528 microtiter dishes (384-well)

and gridded onto eleven 22 � 22-cm nylon high-density fil-
ters for screening by probe hybridization (see http://bacpac

.chori.org/library.php?id5469). Note that the individual

from which the BAC library was constructed was verified

to be a female (ZW) by polymerase chain reaction (PCR)

(Griffiths et al. 1998) and by visual inspection of the gonads,

and confirmed to have the expected genotype for a ZAL2/2m

individual by direct sequencing of 58 loci linked to the poly-

morphism (LY Huynh and JW Thomas, unpublished data).

Physical Mapping of the Evolutionary Inversion Break
Point Intervals The white-throated sparrow BAC library
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was screened with overgo hybridization probes designed
from zebra finch sequences conserved with chicken within

the regions likely to contain the inversion break points using

the Custom option on the Uprobe Web site (Sullivan et al.

2008). Pools of overgo probes were then hybridized to the

white-throated sparrow library, and probe content and re-

striction enzyme fingerprint maps of each targeted region

were constructed using previously described methods

(Thomas et al. 2002).

BAC End Sequencing and Comparative Mapping Qual-

ity trimmed and repeat-masked BAC end sequences (BESs)

generated at the BC Cancer Agency Genome Sciences

Centre were mapped to the zebra finch genome assembly

(taeGut1, Warren et al. 2010) using MEGABlast (-t 16, -N 2,

-W 11, -e 1 � 10�30) (Zhang et al. 2000). Individual white-

throated sparrow BESs were initially classified as either map-

ping to 0, 1, or .1 location in the zebra finch genome. In
cases where both of the mate-pair reads from a single BAC

mapped to one location in the zebra finch genome, the ori-

entation and distance between the mate-pair alignments

were used to classify clones as ‘‘concordant’’ (orientation:

þ and – strand; distance: 90–200 kb) or ‘‘discordant’’ (ori-

entation:þ andþ strand or – and – strand; distance:,90 kb

or .200 kb). BESs that displayed no matches to the zebra

finch genome assembly at the initial e value cutoff were re-
analyzed and classified using a less stringent e value cutoff

(1 � 10�10 or 1 � 10�20). To define the most likely position

of BESs that mapped to more than one location in the zebra

finch genome, when applicable, the location of a uniquely

mapped mate pair was used to search the alternative geno-

mic locations for one that would meet the criteria set for

concordant clones. All BESs have been deposited in Gen-

Bank (for the mapping information and GenBank accession
numbers, see supplementary tables S1–S3, Supplementary

Material online).

Selection of Haplotype-Based Sequencing Tiling
Paths, BAC Sequencing, and Gene Annotation The

physical and BES mapping data were used to order the BACs

and estimate overlaps between adjacent clones. Single-

nucleotide polymorphisms between overlapping BESs were

used to select double-tiling paths across the region of inter-

est representing both haplotypes present in the genomic
library (i.e., ZAL2 and ZAL2m). Individual BACs were Sanger

shotgun sequenced, assembled into an ordered set of con-

tigs (Blakesley et al. 2004), and then used to generate multi-

BAC assemblies representing each haplotype (GenBank

accession numbers DP001173 and DP001174). Genes were

annotated primarily using predicted zebra finch cDNAs or

other homology search-based methods. The white-throated

sparrow and zebra finch TAS2Rs were classified as intact if
the open reading frame was predicted to encode seven

transmembrane domains with TMHMMv2.0 (Krogh et al.

2001). TAS2Rs were classified as truncated and/or potential
pseudogenes if one or more nonsense or frameshift muta-

tions disrupted the predicted full-length open reading

frame.

Amplification and Sequencing of the Inversion Break
Points in Other Songbirds PCR primers flanking the inver-

sion break points were designed to amplify either the white-

throated sparrow or zebra finch chromosomal arrange-

ments (supplementary table 4, Supplementary Material on-
line). The PCR amplicons were then directly sequenced and

compared back with the white-throated sparrow assemblies

and zebra finch genome to confirm that the orthologous

locus had been amplified. The sequences from the break

point amplicons have been deposited in GenBank (GenBank

accession numbers GU815874–GU815877, GU815894,

GU815906–GU815910, and GU815921–GU815925).

Identification of TAS2R Genes in Other Songbirds BLAT

(Kent 2002) and BlastP (Altschul et al. 1990) searches using
the published chicken TAS2R proteins and four zebra finch

TAS2R proteins that mapped to the cluster of interest were

used to identify additional TAS2Rs in the zebra finch ge-

nome, and the sequences of those genes are included in

the Supplementary Material. A series of PCR primers de-

signed based on individual white-throated sparrow TAS2Rs

as well as a pair of degenerate primers designed using HY-

DEN (Linhart and Shamir 2002) were used to amplify and
either directly sequence or clone and sequence related

TAS2Rs from other songbirds. A complete list of the primers

is provided in supplementary table 5 (Supplementary Mate-

rial online). The resulting sequences from each species were

then clustered and classified to generate a minimal set of

sequences representing each sampled gene. In particular,

sequences with ,2% divergence were presumed to be po-

tential alternative alleles of the same gene and clustered to-
gether. A single sequence from each cluster was then used

in the phylogenetic analyses. Note high-fidelity Taq (Plati-

num Taq Polymerase High Fidelity, Invitrogen) was used in

the reactions to generate amplicons that were cloned before

being sequenced, and the representative sequences from

each cluster have been deposited in GenBank (GenBank ac-

cession numbers GU815878–GU815893, GU815895–

GU815905, and GU815911–GU815920).

Phylogenetic and Sequence Evolution Analyses A
quartet-based maximum-likelihood method (10,000 puz-

zling steps, VT substitution model) (Schmidt et al. 2002)

was used to construct a phylogeny based on amino acid

sequences of the TAS2R proteins. A minimum evolution

method (1,000 bootstraps, Tamura-Nei 93 substitution

model with rate variation among sites) as implemented in

MEGA (Kumar et al. 2004) was used to construct a phylog-

eny based on DNA sequences of the TAS2R genes. In the
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360 Genome Biol. Evol. 2:358–370. doi:10.1093/gbe/evq027 Advance Access publication May 21, 2010

supplementary tables S1
S5
supplementary table 5
supplementary table 5


case of the protein phylogeny, the stickleback T2R1 protein,
which represents a distinct clade of TAS2Rs specific to fish,

was used as the outgroup (Dong et al. 2009). The naming

convention for the chicken TAS2Rs follows the one used in

Dong et al. (2009). Pairwise divergence (including standard

error) was calculated considering synonymous sites using

the method described in Yang and Nielsen (2000). The ratio

of nonsynonymous (Ka) to synonymous (Ks) substitutions

(x) was estimated under various models using PAML (Yang
1997), and likelihood ratio tests (Yang 1998) were used to

test for significant differences between the models (Yang

et al. 2000, 2005).

DNA Samples Genomic DNA was extracted from tissue

samples provided by the Burke Museum of Natural History

and Culture for the house sparrow (Passer domesticus,
UWBM #79787), yellow wagtail (Motacilla flava, UWBM

#78657), pine siskin (Carduelis pinus, UWBM #72966), he-
patic tanager (Piranga flava, UWBM #77743), northern car-

dinal (Cardinalis cardinalis, UWBM #77974), Bullock’s oriole

(Icterus bullockii, UWBM #55978), ovenbird (Seiurus auro-
capillus, UWBM #78563), Cassin’s sparrow (Aimophila
cassinii, UWBM #77699), lark bunting (Calamospiza mela-
nocorys, UWBM #77753), white-crowned sparrow (Zonotri-
chia leucophrys, UWBM #73050), and Harris’s sparrow

(Zonotrichia querula, UWBM #69719). The DNA from
a dark-eyed junco (Junco hyemalis) was obtained from

blood taken from a locally captured individual.

Results

Mapping and Sequencing of a TAS2R Gene Cluster in
the White-Throated Sparrow Linked to the Break
Points of an Evolutionary Chromosomal Rearrange-
ment As part of an ongoing genomic effort to characterize

the ZAL2/2m chromosomal polymorphism in the white-

throated sparrow, cytogenetic mapping of the polymor-

phism identified two intervals corresponding to ;69.8–

79.6 Mb and ;106.9–108.8 Mb on zebra finch chromo-

some 2 (chromosome 3 in the taeGut1 assembly, Warren

et al. 2010) predicted to contain the break points of an evo-
lutionary inversion that occurred since the MRCA of the ze-

bra finch and white-throated sparrow 20–45 Ma (Barker

et al. 2004). To further localize and ultimately sequence

the inversion break points in the white-throated sparrow,

we constructed a BAC-based physical map across these re-

gions by screening a ;25X BAC library we developed for

this species (see Materials and Methods). Comparative map-

ping of the isolated white-throated sparrow BESs to the ze-
bra finch genome allowed us to further refine the position of

the break points (see supplementary fig. 1, Supplementary

Material online), which were confirmed to map to the p- and

q-arms of both the ZAL2 and ZAL2m chromosomes by fluo-

rescence in situ hybridization (supplementary fig. 2, Supple-

mentary Material online). BAC-based genomic sequence
assemblies were then generated across the inversion break

points and annotated with respect to their gene content

(fig. 1).

Using gene annotation and genomic sequence align-

ments between the white-throated sparrow and zebra

finch, we were able to precisely localize the position of

one of the inversion break points with respect to the zebra

finch genome assembly to an ancestral CR1-J2 transposable
element between BEND3 and the ortholog of the human

C6orf203 (fig. 1). The exact position of the other inversion

break point could not be resolved because it mapped within

a cluster of TAS2Rs between MEP1A and IMP3 (fig. 1), con-

founding our efforts to generate a simple alignment of the

orthologous zebra finch and white-throated sparrow se-

quence across the region. In particular, four TAS2Rs mapped

to this break point region in the zebra finch, whereas in the
white-throated sparrow, 16 intact, one truncated, and two

71-bp TAS2R gene fragments mapped to the q-arm break

point region, and two intact TAS2Rs mapped to the p-arm

break point region (fig. 1). Thus, the break points of this evo-

lutionary chromosomal rearrangement physically colocalize

with a TAS2R cluster.

Reconstructing the History of the Evolutionary Chro-
mosomal Rearrangement To determine in which ancestral

lineage and the time frame in which the inversion between

the zebra finch and white-throated sparrow occurred, we

first compared the local gene order of the break point re-

gions with the orthologous chromosomal segments in

a set of other representative tetrapods for which genome

assemblies are available (i.e., chicken, Anolis lizard, human,

platypus, opossum, and Xenopus tropicalis). The local gene
order observed in the other species was the same as in the

zebra finch (data not shown), indicating the most parsimo-

nious explanation for the structural differences between the

two songbird genomes is that the inversion occurred in the

white-throated sparrow lineage since the MRCA with zebra

finch.

To further refine the time frame in which the inversion

occurred, we developed a set of diagnostic PCR assays cen-
tered on the break points that amplified either the white-

throated sparrow or zebra finch chromosomal arrange-

ments (see Materials and Methods) and used these assays

to genotype a sampling of other Emberizinae and a pair

of closely related birds, the house sparrow (Passeridae),

and yellow wagtail (Motacillidae) (fig. 2). Visualization of

the PCR products by gel electrophoresis and direct sequenc-

ing of the amplicons indicated that the inverted arrange-
ment found in the white-throated sparrow is present in

all the successfully typed Emberizinae, whereas the house

sparrow and yellow wagtail shared the ancestral arrange-

ment with the zebra finch (fig. 2). Thus, the most parsimo-

nious time frame for the genesis of the inversion is prior to
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FIG. 1.—Comparison of the inversion break point regions and TAS2R gene clusters in the white-throated sparrow and zebra finch. The gene

content of the regions flanking the inversion break points is shown for the white-throated sparrow (top) and zebra finch (bottom). The position and

orientation of genes are indicated by arrows. The location of the TAS2R gene fragments identified in the white-throated sparrow, which are on the

same strand as the genes in the cluster, are indicated by *. The truncated white-throated sparrow TAS2R13 is indicated marked with a #. The slashed

lines indicate regions of the chromosome that are present but are not shown here. The location of one of the inversion break points in zebra finch maps

between BEND3 and C6orf203, where the orange and blue lines abut (chr3:70,274,175-70,274,209 [taeGut1]). In the white-throated sparrow, the

edges of that break point are indicated by jagged lines. The precise location of the other break point relative to zebra finch could only be estimated and

is indicated by a short hashed line under zebra finch TAS2R1. Note that the IMP3 locus is a retrogene found only at this genomic location in birds. Also

note that, at a minimum, two additional inversions encompassing one or both of the break point regions illustrated here are needed to account for the

relative orientations of the white-throated sparrow and zebra finch break point intervals.

FIG. 2.—Phylogenetic distribution of the inversion linked to the TAS2R cluster. A cladogram representing the evolutionary relationships of a sample

of related birds typed for the chromosomal arrangement based on Zink et al. (1991), Yuri and Mindell (2002), and Barker et al. (2004) is shown on the

left. The evidence for the chromosomal arrangement (termed ancestral or inverted) for each species is denoted by the following symbols: # assembled

genomic sequence, þ PCR amplification and sequence verification corresponding to one zebra finch-specific break point, * PCR amplification and

sequence verification corresponding to both white-throated sparrow arrangement-specific break points, and $ PCR amplification and sequence

verification corresponding to one of the white-throated sparrow arrangement break points. In the case of the pine siskin, PCR amplification of the break

points was attempted but subsequent sequence analyses indicated that we were unable to amplify the break points in that species (n.d., no data).

Subfamily or family designations are shown on the far right.

Davis et al. GBE
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the MRCA of the sampled Emberizinae but some time after
the MRCA of the Emberizinae and Motacillidae/Passeridae.

Origin and Expansion of the TAS2R Gene Cluster Du-

plication and losses of TAS2Rs are common among verte-

brates and have resulted in differences in TAS2R repertoires

between species (Go et al. 2005; Go 2006; Dong et al.

2009). As the first step toward reconstructing the differences

in gene content associated with this cluster between the

white-throated sparrow and zebra finch, we first sought to
determine the long-term history of TAS2Rs at this position

in the genome. To do so, we used existing gene annotation

and homology searches of the orthologous regions in the rep-

resentative sample of tetrapods to determine the phylogenetic

distribution of species in which at least one TAS2R mapped to

this interval. A single TAS2Rwas present betweenMEP1A and

IMP3 in the chicken genome but not in the orthologous seg-

ments of the other sampled tetrapod genomes (Anolis lizard,
opossum, platypus, human, and X. tropicalis), suggesting that

this cluster might be specific to aves.

Next, to elucidate the evolutionary relationship of the

TAS2Rs in this cluster to one another and to TAS2Rs found

elsewhere in avian genomes, we generated a phylogeny of

all intact TAS2Rs present in the chicken (n 5 3) (Hillier et al.

2004) and zebra finch (n 5 7, see Materials and Methods)

genomes as well as the 19 intact or truncated TAS2Rs that
comprise this cluster in the white-throated sparrow. The

TAS2Rs broadly clustered into two main groups. The first

group included all the white-throated sparrow TAS2Rs as

well as the zebra finch and chicken TAS2Rs, which map

to the orthologous intervals. The second group included

the zebra finch and chicken TAS2Rs, which map elsewhere

in the genome (fig. 3). The white-throated sparrow TAS2Rs

fell into four well-supported subgroups, each represented
by a single zebra finch gene and from 1 to 15 white-

throated sparrow genes (fig. 2). (Also note that all four

of the songbird subgroups were more closely related to

one another than the single chicken TAS2R7 that maps

to the orthologous interval.) Specifically, although the

white-throated sparrow cluster contains single orthologs

of zebra finch TAS2R3 and TAS2R4, there are two white-

throated sparrow para-orthologs for zebra finch TAS2R2
and 15 para-orthologs of TAS2R1 (fig. 2). (Note that the

term para-ortholog is used here to denote instances of

non-1-to-1 orthology, and paralog is used to refer to the re-

lationship between the TAS2Rs within a species.) The differ-

ence in gene number between zebra finch TAS2R2 and

TAS2R1 and their white-throated sparrow para-orthologs

could be due to either gene gain in the white-throated spar-

row lineage, gene loss in the zebra finch lineage, or both.

An Expanded Set of TAS2R Clusters Is a Common
Feature of Emberizinae, Fringillidae, and Motacillidae
Genomes To better estimate when the duplications giving

rise to the TAS2R gene set in the white-throated sparrow
occurred, we calculated the intraspecies synonymous diver-

gence per site (dS) within the two groups of white-throated

sparrow TAS2Rs that may have expanded recently by dupli-

cation (i.e., the two para-orthologs of the zebra finch

TAS2R2 and 15 para-orthologs of zebra finch TAS2R1).

Compared with the interspecies dS values of the zebra finch

and white-throated sparrow orthologs/para-orthologs,

which ranged from 0.11 ± 0.02 to 0.19 ± 0.03, the dS val-
ues within the two groups of white-throated sparrow

TAS2Rs were distributed across a range from 0.01 ± 0.01

to as high as 0.20 ± 0.03, with the divergence between

the genes in different subgroups varying from 0.07 ±

0.02 to 0.20 ± 0.03 (table 1). Though these dS values

may not accurately represent the true time since a duplica-

tion occurred due to factors such as gene conversion (Graur

and Li 2000), because most of the dS values between white-
throated sparrow paralogs exceeded the interspecies diver-

gence between the white-throated sparrow and other birds

in the genus, that is, .0.05 substitutions/site, (Zink et al.

1991; Thomas et al. 2008), these results suggested that

most of the duplications were unlikely to be species specific.

Thus, we predicted that an expanded TAS2R cluster similar

to that seen in the white-throated sparrow would be present

in other species in the Emberizinae subfamily and songbirds
in other closely related families.

To test that hypothesis, we designed gene-specific and

degenerate PCR primers based on the white-throated spar-

row TAS2Rs and used them to amplify and sequence TAS2Rs

in a relatively divergent Emberizinae (northern cardinal),

a representative of the Fringillidae subfamily (pine siskin)

and a representative from another closely related family,

Motacillidae (yellow wagtail). These efforts yielded partial
sequences of 13 intact and 3 truncated TAS2Rs from the

northern cardinal, 10 intact and 1 truncated TAS2R from

the pine siskin, and 10 intact TAS2Rs from the yellow wag-

tail. Due to potential PCR biases or failures related to the

underlying divergence between the target species and

the primers and nonexhaustive sampling of the amplicons,

we do not believe this collection represents a complete set

of the TAS2Rs present in this cluster in these three species.
With that limitation in mind, we nonetheless generated

a phylogeny that included those sequences along with all

the other chicken, zebra finch, and white-throated sparrow

TAS2Rs to further elucidate the timing and patterns of gene

duplications and losses in this TAS2R gene cluster (fig. 4).

As observed in the phylogeny presented in figure 3, the

songbird TAS2Rs fell into four groups, each represented by

one of the zebra finch TAS2R1–4 genes (fig. 4). The tree to-
pology for the genes clustering with zebra finch TAS2R3 and

TAS2R4 was either similar to, or fully recapitulated, the spe-

cies phylogeny and showed no evidence of duplications or

losses in any of the sampled species (fig. 4). On the other

hand, the topologies associated with newly expanded sets
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of duplicated white-throated sparrow genes (the para-or-
thologs of zebra finch TAS2R1 and TAS2R2) were not a sim-

ple reflection of the species phylogeny, with the genes

tending to form species-specific groups (fig. 4). In particular,

with some exceptions, the TAS2Rs from the yellow wagtail,

pine siskin, and northern cardinal formed species-specific

monophyletic groups of 2 to 5 genes within the larger gene

clusters defined by the presence of zebra finch TAS2R1 and

TAS2R2 (fig. 4). Thus, although an expanded repertoire of
TAS2Rs in this cluster compared with zebra finch is a com-

mon feature among songbirds closely related to the white-

throated sparrow, the tendency is for the genes to form spe-

cies-specific clusters within the groups defined by zebra

finch TAS2R1 and TAS2R2 rather than recapitulate the spe-

cies phylogeny, suggesting a complex history that likely in-

volves common ancestral and lineage-specific gene gains

and losses and/or concerted evolution.

Genetic Variation and Patterns of Evolution in the
White-Throated Sparrow TAS2Rs Genetic variation

within populations in the TAS2Rs has been linked to varia-

tion in taste perception in humans and other mammals

(Chandrashekar et al. 2000; Kim et al. 2003; Sandell and

Breslin 2006; Wooding et al. 2006). We were therefore in-

terested in determining whether there was any genetic ev-

idence for potential functional variants in the TAS2Rs
segregating in the white-throated sparrow population. To

address that question, we compared the coding regions

of the TAS2Rs between our haplotype-specific BAC-based

assemblies that included the alternative TAS2R alleles pres-

ent in the individual from which the genomic library was

constructed (see Materials and Methods). Eleven of the

genes (TAS2R1–10 and TAS2R14) encoded the identical pro-

teins on both haplotypes, and the alleles of TAS2R11-12 and
TAS2R15 differed by just one or two amino acid replace-

ments. More significant divergence was observed between

the alternative alleles of TAS2R18 and TAS2R19, which dif-

fered by 6 and 10 amino acid replacements, respectively. Fi-

nally, on one of the sequenced haplotypes, frameshift

mutations that we predicted would be gene-inactivating

mutations were found in TAS2R16 (c.del150_151) and

TAS2R17 (c.605del). Hence, there is potential functional ge-
netic variation, including differences in gene dosage, asso-

ciated with this TAS2R cluster in the white-throated

sparrow.

To compare the patterns of molecular evolution of the

TAS2Rs in this cluster with those reported for the mamma-

lian TAS2Rs, we carried out a series of analyses estimating

FIG. 3.—Phylogeny of the white-throated sparrow TAS2Rs. The

predicted TAS2R protein sequences from the white-throated sparrow

(Zal), chicken (Gga), and zebra finch (Tgu) were used to construct

a phylogenetic tree. The branch lengths are scaled according to the

calculated evolutionary distances (amino acid substitutions/site, VT

substitution model). * and ** indicate nodes with 0.5–0.75 and .0.75

bootstrap support. Note that the fish TAS2R protein used to root the

tree (see Materials and Methods) is not shown.
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the ratio of nonsynonymous (Ka) to synonymous (Ks) sub-

stitutions, referred to as x, across a tree including all the in-

tact white-throated sparrow and zebra finch TAS2Rs in this

cluster (see Materials and Methods). First, we used the sim-

plest model (M0) to estimate ax for the entire tree and com-
pared this with a model that allows the rate to vary on every

branch (M1). The M0 model estimated x across the entire

tree to be 0.95, and this single estimate of x was not sig-

nificantly different from the model in which x was free to

vary (M0 vs. M1; 2Dl 5 39.067, degrees of freedom [df] 5

34, P5 0.25), suggesting that all the genes have been evolv-

ing at a relatively uniform level of functional constraint. Be-

cause the estimated x of 0.95 was very close to the value of
1 expected for protein-coding sequence that is evolving

neutrally, we tested to see whether this observed value

was different from 1 by comparing the model estimating

the single x (M0) with a model in which x was fixed at 1

(M0: x fixed at 1). The comparison of those models indi-

cated that the estimated x of 0.95 for the white-throated

sparrow and zebra finch genes did not differ significantly

from 1 (2Dl 5 0.678, df 5 1, P 5 0.41).
In previous studies, human and ape TAS2Rs were also

found to be evolving at an overall rate near 1 (Wang

et al. 2004; Fischer et al. 2005), which was attributed to

a composite of heterogeneous rates of evolution across

the protein and not necessarily due to uniform lack of func-

tional constraint across the entire protein. To determine

whether the zebra finch and white-throated sparrow

TAS2Rs in this cluster exhibited a similar pattern of evolu-
tion, we compared a model in which a single x was esti-

mated for all codons (M0) to a model in which codons

were partitioned into three groups, each of which is asso-

ciated with a discrete estimate of x (M3). The model in

which three discrete x values were estimated fit the data

significantly better than the single-rate model (M0 vs.

M3: 2Dl 5 487.4, df 5 4, P 5 9.50 � 10�11, p0 5 0.36,

p1 5 0.43, p2 5 0.20, x0 5 0.14, x1 5 0.98, x2 5

3.19), and comparisons between additional models were

also consistent with a subset of the codons evolving at

an x . 1 (M1a vs. M2a: 2Dl 5 154.9, df 5 2, P 5

5.9 � 10�11 and M7 vs. M8: 2Dl 5 175.1, df 5 2, P 5

8.9 � 10�11). In addition, as was observed previously in

mammals (Shi et al. 2003; Fischer et al. 2005; Go et al.

2005), the codons falling in the high x group were overrep-

resented in the extracellular domains, which are presumably
involved in ligand binding and underrepresented in the in-

tracellular portions of the protein (v2 test, P 5 9.27 � 10�5

for the subset of codons estimated to have an x . 1 with

a Bayesian posterior probability .0.95 by all three models,

M3, M2a, and M8, see fig. 5). Thus, although it is not sur-

prising that functional constraint as reflected in x would

vary across a protein, the signatures of molecular evolution

observed for the songbird TAS2Rs were reminiscent of what
had been seen before in humans and other mammals.

Discussion

TAS2R Repertoires Differ among Birds Lineage-specific

expansions and contractions of the TAS2R gene family have
occurred repeatedly in tetrapods, and as a consequence, the

number of TAS2R genes and pseudogenes identified in se-

quenced genomes varies from as few as three to as many as

66 (Dong et al. 2009). Compared with the other sampled

tetrapods, the number of TAS2Rs identified in the chicken

genome stood out for two reasons. First, with the exception

of the platypus genome, which encodes just four intact

TAS2Rs, all the other sampled tetrapod genomes encode
at least 15 intact TAS2Rs. Although it has been hypothesized

that the low number of TAS2Rs identified in the platypus

genome is related to its minimal exposure to bitter com-

pounds in its semiaquatic diet (Dong et al. 2009), there is

no apparent dietary explanation for the low number of

TAS2Rs observed in the chicken, and it was proposed that

other genes in the chicken genome may have acquired the

ability to function as TAS2Rs, thereby precluding the need
for a TAS2R repertoire similar to other tetrapods (Hillier et al.

2004). Second, the chicken genome was the only sampled

tetrapod that had no partial TAS2R sequences or pseudo-

genes (Dong et al. 2009). To account for both the low num-

ber of TAS2Rs and lack of pseudogenes in the chicken,

Table 1

Divergence among the Recently Duplicated White-Throated Sparrow TAS2Rs

Gene Group dS Range Within Group dS Range between Groups

TAS2R3, 4 0.07 ± 0.02 NA

TAS2R18, 19 0.01 ± 0.01 0.12 ± 0.2 to 0.19 ± 0.03

TAS2R6, 9, 12, 14 0.04 ± 0.01 to 0.16 ± 0.03 0.12 ± 0.02 to 0.20 ± 0.03

TAS2R7, 10 0.06 ± 0.02 0.12 ± 0.02 to 0.19 ± 0.03

TAS2R8, 16 0.08 ± 0.02 0.12 ± 0.02 to 0.20 ± 0.03

TAS2R5, 17 0.10 ± 0.02 0.07 ± 0.02 to 0.19 ± 0.03

TAS2R11, 15 0.14 ± 0.03 0.07 ± 0.02 to 0.17 ± 0.03

NOTE.—dS values were calculated for the recently duplicated and intact TAS2Rs based on pairwise alignments of ;245 synonymous sites and grouped according the phylogeny

presented in figure 3. The dS range within the group refers to minimum and maximum dS values observed within that cluster of genes and the dS range between groups refers to the

minimum and maximum divergence between genes that fell into distinct clusters but were para-orthologs of zebra finch TAS2R1. NA, not applicable.
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a hypothesis was put forward that the limited number of
chicken TAS2Rs and absence of TAS2R pseudogenes could

be a consequence of the genome size reduction in the avian

lineage and subsequent lack of expansion of this gene fam-

ily, perhaps due to a limited potential for gene duplication in

avian genomes (Go 2006).

Our results demonstrate that, although the low number

of TAS2Rs in the chicken genome is remarkable, it is not an

accurate reflection of all avian genomes. In particular, the
results of our study on this specific TAS2R cluster in the

white-throated sparrow are consistent with it having origi-

nated from an expansion from 1 to 4 genes in the Passerine

lineage since the MRCA with chicken (Galliformes) ;100

Ma (van Tuinen and Hedges 2001), followed by a subse-

quent expansion to 19 genes in the lineage leading to

the white-throated sparrow since its MRCA with the zebra

finch. Consequently, the number of intact TAS2Rs in this sin-
gle gene cluster in the white-throated sparrow is within the

range found in the entire genome of most other tetrapods

(i.e., 15–49) (Dong et al. 2009). Moreover, we also identified

a truncated TAS2R, two very short TAS2R gene fragments

and null alleles for two of the TAS2Rs in the white-throated

sparrow. Thus, although the avian TAS2R repertoire might

have been reduced as a consequence of an ancestral ge-

nome size reduction and might have retained in that re-
duced state in the Galliformes lineage, it is clear that an

expansion of this gene family did occur in the Passerine lin-

eage. This inferred gene expansion and other similar exam-

ples does not support the hypothesis that avian genomes are

universally limited in their duplicability (Go 2006). Although

we have no direct evidence to rule out the possibility that

other genes may function as bitter taste receptors in chick-

ens or other birds, we would argue that the low number of
TAS2Rs in the chicken genome is not due to a novel acqui-

sition of bitter taste perception by other genes but is instead

due to the evolutionary history of expansion and contraction

in this gene family.

It should also be noted that though other specific hypoth-

eses can explain the differences in TAS2R gene content we

observed between the chicken, zebra finch, and white-

throated sparrow, all of them would have to include signif-
icant gene gains, gene losses, or a combination of both,

which is similar to the pattern of evolution of this gene fam-

ily observed in other vertebrates (Nei et al. 2008). In partic-

ular, the interspecies differences in gene content and the

presence of pseudogenes in this avian TAS2R cluster are

consistent with the gene birth-and-death mode of evolution

that describes the evolution of many gene families (Nei and

FIG. 4.—Phylogeny of additional songbird TAS2Rs. The DNA

sequences of the white-throated sparrow (Zal), chicken (Gga), and

zebra finch (Tgu) TAS2Rs that map to this cluster, along with homologs

amplified from the yellow wagtail (Mfl), pine siskin (Cpi), and cardinal

(Cca), were used to construct a phylogenetic tree (minimum evolution,

1,000 bootstrap replicates). The branch lengths are scaled according to

the calculated evolutionary distances (TN93). * and ** indicate nodes

with 0.5–0.75 and .0.75 bootstrap support, respectively. Genes with

truncating mutations are marked with a #.
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Rooney 2005). Additionally, our partial surveys of the TAS2R
content of this cluster in other species closely related to the

white-throated sparrow indicated that concerted evolution

mediated by gene conversion could be another potential

evolutionary process common to other gene families (Nei
and Rooney 2005) that has occurred in the recent past

within this cluster, though additional studies will be needed

to determine if this indeed true. Therefore, although our

study was limited to a single gene cluster, we argue that

our data support the hypothesis that, as with mammalian

genomes, gene birth-and-death is a fundamental mecha-

nism by which the functional TAS2R repertoires in birds have

evolved.

Physical Linkage of the TAS2R Cluster With Inversion
Break Points Changes in gene copy number linked to chro-

mosomal rearrangement break points have been hypothe-

sized to be a contributing factor that leads to the selection

for and eventual fixation of some new chromosomal ar-

rangements (Larkin et al. 2009). In addition, the repair of

double-strand breaks that mediate an inversion can some-
times result in the formation of duplications at inversion

break points (Kehrer-Sawatzki et al. 2005; Ranz et al.

2007). Our reconstruction of the history of the inversion

linked to the TAS2R gene cluster placed the origin of this

chromosomal rearrangement after the MCRA of the Ember-

izinae and the Motacillidae/Passer but before the radiation

of the Emberizinae. Because this time frame overlaps the

period in which the Emberizinae began their initial migration

and radiation into the New World 16–20 Ma (Barker et al.

2004), the linkage of the expanded set of TAS2Rs at the in-
version break points left open the possibility of an adaptive

expansion of this cluster linked directly to the emergence of

the inversion at a key moment in the history of these birds.

However, although some of the divergence estimates gen-

erated from comparisons of the recently duplicated TAS2Rs

in the white-throated sparrow overlap the time frame in

which the inversion originated, the range of divergence ob-

served between the white-throated sparrow paralogs do
not support a hypothesis in which a burst of duplications

accompanied the genesis of the inversion. Furthermore,

given the relative antiquity of the inversion, even with

greater sampling of species to refine the time frame in which

this rearrangement originated, the complicated evolution-

ary history of the TAS2R cluster will likely preclude an accu-

rate reconstruction of the timing of the inversion relative

to the TAS2R duplications. Nevertheless, it would still be
interesting to determine the inversion status and full com-

plement of TAS2Rs from this cluster in a greater sampling

of closely related birds to assess the potential influence

the inversion had on patterns of evolution in the TAS2R
cluster.

FIG. 5.—Distribution of rapidly evolving codons in the songbird TAS2Rs. The protein domains of all the white-throated sparrow TAS2Rs were

predicted using TMHMMv2.0 (Krogh et al. 2001), and the location of the domains in representative TAS2R, TAS2R1 is illustrated here (e 5 extracellular,

m 5 transmembrane, and i 5 intracellular). Amino acids corresponding to codons associated with an x. 1 with a Bayesian posterior probability .0.95

in all models (M3, M2a, and M8) are indicated by ^. Amino acids corresponding to codons that were excluded from the estimates of x are marked by

an x.
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Genetic Evidence for Variation in Bitter Taste Percep-
tion in the White-Throated Sparrow Taste tests compar-

ing bitter taste perception between humans with different

TAS2R38 genotypes combined with biochemical studies

have shown that one or more amino acid replacements

can alter the ligand-binding sensitivity of TAS2Rs (Bufe

et al. 2005). In the case of the classic taster/nontaster alleles,

the three possible genotypes at this locus can lead to low

(nontaster/nontaster), intermediate (taster/nontaster), and
high (taster/taster) perception of certain bitter compounds

(Kim et al. 2003; Bufe et al. 2005; Sandell and Breslin 2006).

Although our current study did not include any direct meas-

urements and comparisons of bitter taste perception in

the white-throated sparrow nor any allele-specific ligand-

binding assays, we did identify nonsynonymous variants

in five of the intact white-throated sparrow TAS2Rs, sug-

gesting that there is the potential for variation in bitter taste
perception in the white-throated sparrow population. Fur-

thermore, we also identified null alleles for two of the genes

that would be obvious candidates for altering the bitter taste

perception between individuals with 0, 1, or 2 functional

copies of those genes.

Our study did not include an estimate of the population

frequency of the nonsynonymous variants we detected in

a single white-throated sparrow but there is one aspect
of the allelic diversity within the TAS2Rs that is worthy of

further discussion. As mentioned in the Results section,

the white-throated sparrow TAS2Rs are physically located

on chromosome 2, which in this species is associated with

a common chromosomal polymorphism linked to variation

in a spectrum of traits, including plumage, social behavior,

and mate choice (Thorneycroft 1966; Tuttle 2003). Gene

flow between the alternative chromosome arrangements,
designated ZAL2 and ZAL2m, which differ by a minimum

of two inversions, is restricted to a small segment of the

chromosome near the tip of the p-arm (Thorneycroft

1975; Thomas et al. 2008). Consequently, inside the rear-

rangement there is a high level of divergence between

the chromosome types, with the majority of differences rep-

resenting fixed differences between ZAL2 and ZAL2m

(Thomas et al. 2008). Based on our current cytogenetic
and genetic mapping studies, we are able to place

TAS2R1–17, which maps to the p-arm, outside the inverted

segments and thus in the region where alleles are shared

between ZAL2 and ZAL2m. In contrast, TAS2R18 and

TAS2R19, which map to the q-arm, fall within the inverted

segments. Thus, one or more of the nonsynonymous var-

iants detected here between the ZAL2 and ZAL2m alleles

of those two genes are likely to represent fixed differences
between the chromosome arrangements and as a result

could be at allele frequencies similar to the chromosomal

polymorphism, which has a minor allele frequency of

;25% (Thorneycroft 1975). Because ZAL2/ZAL2m heterozy-

gotes and ZAL2 homozygotes are present at approximately

equal frequencies in the population (Thorneycroft 1975),
the nonsynonymous variants we detected between the

TAS2R alleles located inside the inversion, if functional,

could be a major contributor to variation in bitter taste per-

ception in this species and might factor into the variation in

male habitat occupancy that has also been linked to the

chromosomal polymorphism (Knapton and Falls 1982). Fu-

ture genetic, biochemical, and ecological studies will help us

evaluate these hypotheses.

Implications for Bitter Taste Perception in Birds Bitter

taste perception in birds has been understudied compared

with mammals, particularly humans. Indeed, bitter taste per-

ception in birds has been described as ‘‘enigmatic’’ (Mason

and Clark 2000) and ‘‘poorly understood’’ (Matson et al.

2004). Although studies of bitter taste perception in birds

are limited, it is still clear that birds do in fact taste bitter

compounds (Kare and Mason 1986) and can use bitter taste
as a signal to avoid toxic food sources (Skelhorn and Rowe

2010). Moreover, cockatiels (Nymphicus hollandicus) are

found to have a sensitivity to the bitter compound quinine

that is comparable with humans and is even higher than in

some mammals (Matson et al. 2004). Thus, although the

tens to hundreds of taste buds birds have pale in comparison

to the hundreds to thousands of taste buds found in mam-

mals (Kare and Mason 1986), this relative deficit does not
preclude birds from perceiving bitter compounds as effec-

tively as those species with more taste buds.

It is also worth noting that the relationship between the

number of functional TAS2Rs encoded in the genome and

an organism’s relative sensitivity to bitter compounds as well

as the number of bitter compounds an organism can detect

is likely quite complex. In particular, some TAS2Rs can detect

a host of seemingly structurally distinct bitter compounds,
whereas the ligand binding of other TAS2Rs may be much

more specific (Meyerhof et al. 2010). This observation led to

the idea that expansions of a TAS2R repertoire can partition

the generalist function of one or a few TAS2Rs among any

number of new duplicate copies of the ancestral receptors

(Meyerhof et al. 2010), thereby facilitating changes in sen-

sitivity to specific bitter compounds that are fine-tuned to

the current environment (Behrens et al. 2009; Meyerhof
et al. 2010). In the context of the results of this study, this

would imply that white-throated sparrows, with many more

functional TAS2Rs in this particular cluster than either the

chicken or zebra finch, are likely to be more finely tuned

in their perception of bitter compounds that are ligands

for the receptors in this cluster compared with the other

two species. However, the interspecies difference in TAS2R
gene content is not proof that white-throated sparrows are
simply better at tasting particular bitter compounds than

either chickens or zebra finch. To clarify these issues and

generally enhance our understanding of bitter taste percep-

tion in birds, future biochemical studies geared toward
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identifying the natural ligands for the avian TAS2Rs and ge-
netic studies correlating intra- and interspecies genetic dif-

ferences in these genes with variation in bitter taste

perception will be needed.

Supplementary Material

Supplementary figures S1–S2, and tables S1–S5 are avail-

able at Genome Biology and Evolution online (http://
www.oxfordjournals.org/our_journals/gbe/).
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