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a  b  s  t  r  a  c  t

Tastes  are  senses  resulting  from  the  activation  of  taste  cells  distributed  in  oral  epithelia.  Sweet,  umami,
bitter,  sour,  and salty  tastes  are  called  the  five  “basic”  tastes,  but why  five,  and  why  these  five?  In
this  review,  we dissect  the peripheral  gustatory  system  in  vertebrates  from  molecular  and  cellular  per-
eywords:
aste cells
aste receptors
LC-�2

 proteins
ranscription factors

spectives.  Recent  behavioral  and  molecular  genetic  studies  have  revealed  the  nature  of  functional  taste
receptors  and  cells  and  show  that  different  taste  qualities  are  accounted  for  by  the activation  of  different
subsets  of  taste  cells.  Based  on  this  concept,  the  diversity  of basic  tastes  should  be  defined  by  the  diversity
of  taste  cells  in taste  buds,  which  varies  among  species.

© 2012 Published by Elsevier Ltd.
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. Introduction

We  often use the phrase “five basic tastes” to express represen-
ative taste qualities. But, why are there five and not four or six?

fifth taste quality. This historical fact implies that there may  be yet 

other taste qualities that we  simply do not yet know how to express. 

“Tastes” are senses evoked by chemicals detected by taste cells 
Please cite this article in press as: Matsumoto I, et al. Functional diver
http://dx.doi.org/10.1016/j.semcdb.2012.10.004

nterestingly, we knew only four taste qualities more than 100 years
go [1].  The concept of the fifth taste, “umami,” from Japanese umai
r “savory,” was introduced to Western culture only recently—until
hat point we could “taste” savory but had no word to express this

Abbreviations: GPCR, G protein-coupled receptor; PLC-�2, phospholipase C-�2;
RPM5, transient receptor potential M5;  ENaC, epithelial sodium channel.
∗ Corresponding author. Tel.: +1 267 519 4778.
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in taste buds, which are distributed in the epithelia of the anterior 

digestive tract, such as the oral cavity and pharynx. Each taste bud 

contains various taste cells that differ in terms of morphology, func- 

tion, and molecular characteristics. Based on their morphological 

and electrophysiological features, most taste cells are classified into 

three groups: type I (or type C in electrophysiological classification), 

type II (or type A), and type III (or type B) [2–4]. Gene expression 

patterns have provided further detailed classification of taste cells, 
sification of taste cells in vertebrates. Semin Cell Dev Biol (2012),

especially for differences among type II (A) cells. Accompanied by 52

the discoveries of molecules necessary for taste cell functions, we 53

can now identify many taste cells from their function. Here we 54

dx.doi.org/10.1016/j.semcdb.2012.10.004
dx.doi.org/10.1016/j.semcdb.2012.10.004
http://www.sciencedirect.com/science/journal/10849521
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eview a diversity of taste cells, which brings into question the
eaning of “basic” taste.

. GPCRs in taste cells

Many researchers have assumed that, by analogy with other
ensory systems such as vision and olfaction, G protein-coupled
eceptors (GPCRs) are involved in taste reception. Two  families of
PCRs have been identified as taste receptors, the Tas1r [5–11]
nd Tas2r [12–14] families, which combine in different ways
o generate sweet, umami, and bitter taste reception. Based on
iochemical characterization combined with molecular genetic
nalyses, we now know that the Tas1R1/Tas1R3 heterooligomer
orms the umami  receptor, the Tas1R2/Tas1R3 heterooligomer
orms the sweet receptor, and the respective Tas2Rs form various
itter receptors [10,15–19].

.1. Tas1r-expressing taste cells and taste attraction

The Tas1r (also known as T1R) gene family comprises three
enes: Tas1r1,  2, and 3. In rodents, Tas1r-expressing cells fall
nto three classes: Tas1r1/Tas1r3-expressing umami  taste cells,
as1r2/Tas1r3-expressing sweet taste cells, and Tas1r3-expressing
ells (Fig. 1) [10], which presumably respond to sweet taste.
odents prefer taste substances that humans perceive as sweet and
mami. Fish species have single Tas1r1 and Tas1r3 gene orthologs
nd several types of Tas1r2 genes in their genome [20,21].  Due to
he expansion of Tas1r2 genes, the expression patterns of Tas1r pro-
eins in fish taste buds are diverse compared to those in rodents
20]. However, their facial nerves containing gustatory neurons
id not respond to any taste substances that humans perceive as
weet [22]. Consistently, cultured cells expressing any combina-
ion of Tas1r proteins from zebrafish and medaka do not respond
o “sweet” substances but are activated by l-amino acids in the
ame way as mammalian Tas1r1/Tas1r3-expressing umami  taste
ells [22]. And the zebrafish prefers l-amino acid-conjugated foods
o placebo [22].

Interestingly, the Tas1r2 gene in feline species that do not pre-
er sugars is a pseudogene in their genome [23], and the chicken
enome lacks the Tas1r2 gene entirely [21]. Together with the fact
hat fish have multiple Tas1r2 genes, it is intriguingly evident that
as1r2 genes are far more divergent than are Tas1r1 and Tas1r3
enes. Tas1r-mediated taste-attraction behaviors may  be due orig-
nally to l-amino acids, and sweet taste may  be a newly acquired
aste in some mammalian species through the evolution of Tas1r2
ene.

.2. Tas2r-expressing taste cells and avoidance

Tas2r (also known as T2R and TRB) gene products expressed
n taste cells receive chemicals that humans perceive as bitter.
he number of Tas2r genes varies depending on the species: 41
including 6 pseudogenes) in mouse, 36 (11) in human, 7 (0) in
ebrafish, 4 (0) in fugu fish, 8 (2) in puffer fish, and 3 (0) in chicken,
lthough genome sequences in some species remain incomplete
21,24,25].  Orthologous Tas2r genes have been found between

ouse and human, and species-specific expansion and loss have
lso been observed in Tas2r genes of mouse and human [26]. zfT2R5
f zebrafish and mfT2R1 of medaka fish seem to be orthologs of
ach other, and both products of both genes detect denatonium,

 bitter substance [22]. Intriguingly, Tas2r genes in teleost fish are
hylogenetically different from tetrapod Tas2r genes, and the fish
Please cite this article in press as: Matsumoto I, et al. Functional diver
http://dx.doi.org/10.1016/j.semcdb.2012.10.004

enatonium receptors zfT2R5 and mfT2R1 are not orthologs of
he mouse denatonium receptor mTas2r108 (former mouse T2R8)
27]. However, zebrafish avoid eating a diet that contains dena-
onium [22], suggesting that Tas2rs of some type are involved in
 PRESS
lopmental Biology xxx (2012) xxx– xxx

avoidance feeding behaviors in fish as well as in mammals. Activa- 

tion of Tas2r-expressing chemosensory cells in respiratory epithelia 

in mice leads to self-defensive responses by activating trigeminal 

and vagal neurons [28,29]. These Tas2r-expressing cells function as 

detectors of harmful chemicals and trigger self-defensive responses 

such as avoidance. 

Frequencies and intensities of expression vary among human 

Tas2r genes [30]. However, it is possible that all Tas2r cells express 

all receptors, but at different levels. In one study, mice were genet- 

ically bred not to produce phospholipase C-�2  (PLC-�2). Because 

PLC-�2 is necessary for mediating sweet, umami, and bitter tastes 

in mammals, these mice are blind to these tastes [31]. Exogenous 

PLC-�2 induced by three different Tas2r gene promoters/enhancers 

restored aversive behavior to diverse “bitter” substances [17], 

which strongly suggests that Tas2r-expressing taste cells express all 

Tas2r genes [12], presumably with different expression levels. How-
ever, we  cannot preclude the possibility that the three Tas2r genes
used to rescue PLC-�2 function in this study are far more widely 

expressed than are other Tas2r genes with limited expression in a 

subset of Tas2r-expressing cells. In comparison, fish have two  to
four kinds of Tas2r-expressing taste cells [24], so which “bitter” 

chemicals can be distinguished may  depend on the species. 

2.3. Enigmatic taste cells coexpressing Tas1rs and Tas2rs 

In zebrafish taste buds, a minor but significant population of 

taste cells expresses both Tas1rs and Tas2rs [32]. Considering that 

zebrafish prefers amino acids that are received by various Tas1r 

heterooligomers [22], the activation of taste cells coexpressing 

Tas1rs and Tas2rs should result in attraction behaviors. It is unclear 

whether zebrafish would like or dislike the substances that are 

detected by zfT2Rs other than zfT2R5. Interestingly, the expres- 

sion of zfT2R5 is completely segregated from that of Tas1rs [22], so 

the cells expressing zfT2R5,  causing averse responses, are distinct 

from those causing attraction responses, even in zebrafish (Fig. 1). 

Unfortunately, we have no rational explanation for how zebrafish 

taste cells coexpressing Tas1rs and Tas2rs contribute to taste sen- 

sations. However, these cells derive from the same precursors in 

mammals [33]. These cells may  be immature (i.e.,  at the beginning 

of terminal differentiation); if so, it is possible that their activation, 

if it should occur, would not lead to any behavior. 

2.4. Unidentified GPCRs 

GPCRs contain seven transmembrane domains, and in many 

cases GPCRs can be recognized based on their structure. Insect 

olfactory and gustatory receptors are GPCRs [34–37];  however, 

unlike mammalian GPCRs, they function not as metabotrophic 

receptors, which use G proteins as signals, but instead function as 

ionotropic receptor channels, which do not need G proteins to acti- 

vate olfactory and gustatory neurons [38–40].  Conversely, GPCR(s) 

are likely expressed in vertebrate cells that express G proteins, so 

studying G protein expression may help identify new categories of 

taste cells that express unknown GPCRs as taste receptors. 

PLC-�2 and TRPM5 (transient receptor potential M5) are indis- 

pensable for mediating sweet, umami, and bitter tastes in mammals 

[31]. The cells expressing PLC-ˇ2 and TRPM5 can be classified into 

two groups: Tas1r- and Tas2r-expressing cells [31]. In zebrafish, 

PLC-ˇ2 and TRPM5 genes are also coexpressed in a subset of taste 

cells [41], but the total population of Tas1r- and Tas2r-expressing 

taste cells is only a small subset of PLC-ˇ2/TRPM5-expressing taste 

cells [20]. All known zebrafish PLC-ˇ2/TRPM5-expressing taste cells
sification of taste cells in vertebrates. Semin Cell Dev Biol (2012),

express either Gnaia or Gna14,  both G protein �-subunit genes; 173

known expression of Tas1rs and Tas2rs is confined to a subset 174

of Gnaia-expressing taste cells [32]. This suggests that zebrafish 175

Gna14-expressing taste cells express GPCRs other than Tas1rs 176

dx.doi.org/10.1016/j.semcdb.2012.10.004
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Fig. 1. Diverse array of taste cells in mouse and zebrafish. Types of taste cells are illustrated with specific molecular features such as taste receptors and (in)dispensable
markers. Their ligands identified thus far are indicated. Unidentified receptors and ligands are shown by question marks. The unidentified receptors in PLC-�2/TRPM5-
expressing taste cells are presumably GPCRs [32]. Pkd2l1 is not a sour receptor channel, because its knockout had little effect to sour response in gustatory neurons [70].
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NaC  is indispensable for NaCl attraction [48], but it remains unclear whether it is t
xist  in zebrafish, depending on the expression pattern of receptor genes. Taste bu
nown  for their molecular features.

nd Tas2rs as taste receptors. Presumably, so does a subset of
naia-expressing taste cells that lack Tas1r and Tas2r expression.

dentification of GPCRs expressed in fish taste cells and their lig-
nds will provide new insight into the similarities and differences
f taste systems in vertebrates.

. Pkd2l1-expressing cells and sour taste

A subset of taste bud cells have neuron-like features, repre-
ented by synaptic structures [2].  In mammals these cells, which
re different from Tas1r- and Tas2r-expressing cells, express the
kd2l1 gene and detect decreases in pH in the extracellular envi-
onment [42–44].  Transgenic mice lacking Pkd2l1-expressing cells
how no gustatory nerve responses to sour stimuli [42], suggest-
ng that these cells are sour taste cells. They are also responsible
or the “taste” of carbonation that is mediated by the Car4 [45].
he gene and protein expression profile of Pkd2l1-expressing sour
ells is quite different from that of Tas1r- and Tas2r-expressing cells
33,46]. It is still unclear whether sour cells exist in other species
uch as fish.

. Entpd2-expressing cells and sodium attraction

Entpd2-expressing cells are a distinct subset of Tas1r-, Tas2r-,
Please cite this article in press as: Matsumoto I, et al. Functional diver
http://dx.doi.org/10.1016/j.semcdb.2012.10.004

nd Pkd2l1-expressing cells [47]. Like that of the Pkd2l1 gene, the
xpression of the Entpd2 gene in fish and other tetrapod species
s unclear. In mice, Entpd2-expressing cells comprise almost half
f all taste bud cells, possibly more [33,47]. Although the function
cific receptor. Many types of T1R(s)-expressing and T1R(s)/T2R(s)-expressing cells
zebrafish have many cells that do not express PLC-�2 or TRPM5, although little is

of many of Entpd2-expressing cells remains unidentified, a sub- 

set of these cells has been found in anterior taste buds that detect 

sodium ion using ENaC (epithelial sodium channel) [48]. Molecules 

and cells involved in salt reception other than sodium chloride have 

not been identified. Despite the fact that Entpd2-expressing cells 

comprise the largest cell population in taste buds, few data are 

available for the genes and proteins they express. Extensive effort 

to reveal molecular features of Entpd2-expressing cells is needed 

to characterize their physiological function(s). 

5. Taste cell lineages

Taste cells belong to the epithelial cell lineage and are turned 

over continuously throughout an animal’s life [49,50].  Therefore, 

in taste buds, some cells are fully differentiated and mature, 

and others are immature. Genetic ablations of specific cell sub- 

sets responsible for sour and sweet taste reception has revealed 

that Pkd2l1-expressing and Tas1r2-expressing cells are devoted to 

sour and sweet tastes, respectively [42]. It has also revealed that 

Pkd2l1-expressing and Tas1r2-expressing cells are terminally dif- 

ferentiated. It is presumed that other taste cells would be also 

terminally differentiated. 

5.1. Taste stem cell 
sification of taste cells in vertebrates. Semin Cell Dev Biol (2012),

Cells expressing the Shh gene, which are located at the base of 222

taste buds [51], give rise to all the types of cells described above 223

[52]. Since Shh-expressing cells are postmitotic, they are thought 224

dx.doi.org/10.1016/j.semcdb.2012.10.004


 ING Model

Y

4  Deve

t225

t226

227

t228

f229

o230

h231

d232

[233

[234

t235

p236

o237

5238

239

t240

m241

e242

(243

H244

l245

[246

t247

e248

i249

a250

t251

b252

t253

254

e255

I256

e257

r258

c259

t260

t261

e262

t263

t264

i265

p266

a267

a268

c269

270

o271

a272

k273

f274

c275

276

d277

t278

[279

t280

l281

p282

ˇ283

t284

e285

a286

e287

w288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

[ 338

339

[ 340

341

342

[ 343

344

[ 345

346

347

[ 348

349

[ 350

351

[ 352

353
ARTICLESCDB 1390 1–5

I. Matsumoto et al. / Seminars in Cell &

o be precursors of functional taste cells. However, details of how
he diverse taste cells are generated are unknown.

The cells in intestinal and olfactory epithelia are also maintained
hrough continuous turnover, although their periods are quite dif-
erent (3–4 days for epithelial cells in intestine, 30 days or longer for
lfactory sensory neurons) [53–55].  The turnover rate of taste cells
as long been thought to be around 10 days [49], but recent evi-
ence suggests that it may  be longer, depending on the type of cell
56]. Stem cells of intestinal epithelial cells are located at the crypts
57,58],  and those of olfactory sensory neurons are distributed at
he base of olfactory epithelia [59]. Therefore, it is reasonable to
redict that taste stem cells are also distributed at the basal region
f oral epithelia, but they have not yet been identified.

.2. Candidate selector genes

As is often the case with the nervous system, transcription fac-
ors govern the development and differentiation of neurons. In

ammalian taste buds, seven transcription factors are known to be
xpressed: Prox1 and Nkx2-2,  which are homeobox genes; Pou2f3
also known as Skn-1a), a Pou homeodomain protein gene; Hes1,
es6, and Ascl1 (also known as Mash1), which are basic helix-

oop-helix transcription factor genes; and Sox2, an SRY box gene
33,51,60–63]. Among them, Sox2 expression is not confined to the
aste bud: it is also expressed in the tongue epithelium, to a lesser
xtent [61]. Although genetic analyses have revealed that Sox2 is
nvolved in the differentiation of taste cells [61], it is difficult to
ttribute phenotype to Sox2 function either in epithelial cells or in
aste cells. Identification of types of Sox2-expressing cells in taste
uds and conditional genetic analyses would clarify the contribu-
ion of Sox2 to taste cell differentiation.

Although direct demonstration is needed, Ascl1 seems to be
xpressed in sour taste cells that can be regarded as so-called type
II cells [64]. Ascl1 expression partially overlaps both Shh and Prox1
xpression [65]. We  could hypothesize that Prox1 and Ascl1 may
egulate the differentiation of Shh-expressing cells to sour taste
ells. However, Ascl1 at most contributes to sour cell differentia-
ion partially by regulating Ddc [66], which is expressed in sour
aste cells [67], and the absence of Ascl1 does not eliminate the
xpression of other sour cell genes such as Snap25 and Ncam in
aste buds [66]. Nkx2-2 expression overlaps with Ascl1 in mouse
aste buds [51]. However, we have not observed Nkx2-2 expression
n our microarray data of isolated taste buds from rat circumvallate
apillae. We  also have not detected its signal in in situ hybridization
nalysis (unpublished data). It is doubtful that Nkx2-2 functions as

 major factor to regulate sour taste cell differentiation, but we
annot completely rule out the possibility.

Expression of Hes6 is confined to the basal cells [63], like that
f Shh, but it is clearly distinct from Ascl1 expression. As described
bove, basal cells are suspected to be taste stem cells. Since Hes6-
nockout mice seem to be viable [68], this genetic strain is available
or experimentation, so the function of Hes6 and Hes6-expressing
ells will be elucidated soon.

Hes1 functions as a transcription repressor upstream of Ascl1
uring neurogenesis [69]. However, in taste buds, Hes1 appears
o suppress the differentiation of PLC-ˇ2-expressing taste cells
62]. In addition to Hes1, the differentiation to PLC-ˇ2-expressing
aste cells is regulated by Pou2f3 [33]. The fact that Pou2f3
oss-of-function yielded the expansion of the sour taste cell
opulation suggests that Pou2f3 directs the differentiation to PLC-
2-expressing taste cells, and that PLC-ˇ2-expressing and sour

aste cell lineages derive from the same precursors [33]. How-
Please cite this article in press as: Matsumoto I, et al. Functional diver
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ver, many issues regarding taste cell lineages remain elusive, such
s which signal activates the expression of Pou2f3,  how Pou2f3-
xpressing cells generate sweet, umami, and bitter taste cells, and
hether terminal selectors toward these taste cells exist.

[
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6. Conclusion 

From molecular genetic analyses of taste receptor and taste- 

related genes, almost half of taste cells in mice have been 

functionally identified. In addition, genetic ablation of sour and 

sweet taste cells has demonstrated that each taste cell is terminally 

differentiated or on the way  to terminal differentiation. These data 

indicate that so-called “basic” tastes are evoked by activating dis- 

tinct subsets of terminally differentiated taste cells. We  still await 

genetic analyses to know whether single Tas1r3 receptors that are 

present in Tas1r1/Tas1r3-expressing “umami” taste cells receive 

sucrose. At present, however, a “basic” taste can be defined as a 

taste evoked by the chemicals that are received by independent dif- 

ferentiated taste cells. But then, why do we say “five” basic tastes? It 

seems obvious that mice can perceive and discriminate more than 

five basic tastes, because mouse taste cells can be classified into
at least six: sweet, umami, bitter, sour, NaCl salty, and function-
ally unidentified taste cells. Dissecting the respective populations
of taste cells in human taste buds will tell why we  have five basic 

tastes, or possibly point to new “basic” tastes. Fish may  have taste
cells that mammals do not have and may  distinguish taste different 

qualities evoked by the activation of Tas2r-expressing taste cells. 

It seems apparent that each vertebrate species has its own  “basic” 

tastes that differ in both number and quality. 

Acknowledgements

This work was  supported by NIH grant (DC011143 to I.M.). M.O.
is a JSPS fellow. 

References 

[1] Lindemann B, Ogiwara Y, Ninomiya Y. The discovery of umami. Chemical Senses 

2002;27:843–4. 

[2] Chaudhari N, Roper SD. The cell biology of taste. Journal of Cell Biology 

2010;190:285–96. 

[3] Romanov RA, Kolesnikov SS. Electrophysiologically identified subpopulations 

of taste bud cells. Neuroscience Letters 2006;395:249–54. 

[4] Romanov RA, Rogachevskaja OA, Bystrova MF,  Jiang P, Margolskee RF, 

Kolesnikov SS. Afferent neurotransmission mediated by hemichannels in mam- 

malian taste cells. EMBO Journal 2007;26:657–67. 

[5] Bachmanov AA, Li X, Reed DR, Ohmen JD, Li S, Chen Z, et al. Positional cloning of 

the mouse saccharin preference (Sac) locus. Chemical Senses 2001;26:925–33. 

[6] Hoon MA,  Adler E, Lindemeier J, Battey JF, Ryba NJ, Zuker CS. Putative mam- 

malian taste receptors: a class of taste-specific GPCRs with distinct topographic 

selectivity. Cell 1999;96:541–51. 

[7] Kitagawa M,  Kusakabe Y, Miura H, Ninomiya Y, Hino A. Molecular genetic 

identification of a candidate receptor gene for sweet taste. Biochemical and 

Biophysical Research Communications 2001;283:236–42. 

[8] Max  M,  Shanker YG, Huang L, Rong M, Liu Z, Campagne F, et al. Tas1r3, encoding 

a new candidate taste receptor, is allelic to the sweet responsiveness locus Sac. 

Nature Genetics 2001;28:58–63. 

[9] Montmayeur JP, Liberles SD, Matsunami H, Buck LB. A candidate taste receptor 

gene near a sweet taste locus. Nature Neuroscience 2001;4:492–8. 

10] Nelson G, Hoon MA,  Chandrashekar J, Zhang Y, Ryba NJP, Zuker CS. Mammalian 

sweet taste receptors. Cell 2001;106:381–90. 

11] Sainz E, Korley JN, Battey JF, Sullivan SL. Identification of a novel mem- 

ber of the T1R family of putative taste receptors. Journal of Neurochemistry 

2001;77:896–903. 

12] Adler E, Hoon MA,  Mueller KL, Chandrashekar J, Ryba NJ, Zuker CS. A novel 

family of mammalian taste receptors. Cell 2000;100:693–702. 

13] Kim UK, Jorgenson E, Coon H, Leppert M, Risch N, Drayna D. Positional cloning 

of the human quantitative trait locus underlying taste sensitivity to phenyl- 

thiocarbamide. Science 2003;299:1221–5. 

14] Matsunami H, Montmayeur JP, Buck LB. A family of candidate taste receptors 

in human and mouse. Nature 2000;404:601–4. 

15] Chandrashekar J, Mueller KL, Hoon MA, Adler E, Feng L, Guo W,  et al. T2Rs 

function as bitter taste receptors. Cell 2000;100:703–11. 

16] Li X, Staszewski L, Xu H, Durick K, Zoller M,  Adler E. Human receptors for sweet 

and umami  taste. Proceedings of the National Academy of Sciences of the United 
sification of taste cells in vertebrates. Semin Cell Dev Biol (2012),

States of America 2002;99:4692–6. 354

17] Mueller KL, Hoon MA,  Erlenbach I, Chandrashekar J, Zuker CS, Ryba NJP. The 355

receptors and coding logic for bitter taste. Nature 2005;434:225–9. 356

18] Nelson G, Chandrashekar J, Hoon MA,  Feng L, Zhao G, Ryba NJP, et al. An amino- 357

acid taste receptor. Nature 2002;416:199–202. 358

dx.doi.org/10.1016/j.semcdb.2012.10.004


 ING Model

Y

 Deve

[359

360

[361

362

363

[364

365

366

[367

368

369

[370

371

372

[373

374

375

376

[377

378

379

[380

381

382

[383

384

385

[386

387

388

389

[390

391

392

393

[394

395

396

397

[398

399

400

[401

402

403

[404

405

[406

407

[408

409

410

[411

412

413

[414

415

[416

417

418

[419

420

[421

422

423

[424

425

426

[427

428

[429

430

431

432

[433

434

[ 435

436

[ 437

438

439

[ 440

441

442

[ 443

444

445

[ 446

447

[ 448

449

450

[ 451

452

453

[ 454

455

456

[ 457

458

459

460

[ 461

462

463

464

[ 465

466

467

[ 468

469

470

[ 471

472

473

[ 474

475

[ 476

477

[ 478

479

480

481

[ 482

483

[ 484

485

486

[ 487

488

489

[ 490

491

492

493

[ 494

495

[ 496

497

498

[ 499

500

501

502

[ 503

504

505

[ 506
ARTICLESCDB 1390 1–5

I. Matsumoto et al. / Seminars in Cell &

19]  Zhao GQ, Zhang Y, Hoon MA,  Chandrashekar J, Erlenbach I, Ryba NJP, et al. The
receptors for mammalian sweet and umami  taste. Cell 2003;115:255–66.

20] Ishimaru Y, Okada S, Naito H, Nagai T, Yasuoka A, Matsumoto I, et al. Two
families of candidate taste receptors in fishes. Mechanisms of Development
2005;122:1310–21.

21] Shi P, Zhang J. Contrasting modes of evolution between vertebrates
sweet/umami receptor genes and bitter receptor genes. Molecular Biology and
Evolution 2005;23:292–300.

22] Oike H, Nagai T, Furuyama A, Okada S, Aihara Y, Ishimaru Y, et al. Char-
acterization of ligands for fish taste receptors. Journal of Neuroscience
2007;27:5584–92.

23] Li X, Li W,  Wang H, Cao J, Maehashi K, Huang L, et al. Pseudogenization of a
sweet-receptor gene accounts for cats’ indifference toward sugar. PLoS Genet-
ics 2005;1:27–35.

24] Okada S, Nakamura S, Nagai T, Ishimaru Y, Matsumoto I, Ieki T, et al. Segregated
populations of fish taste bud cells express F T2R bitter taste receptor genes
in a genomic cluster-dependent manner. St. Petersberg, FL, USA: American
Chemoreception Society; 2010.

25] Shi P, Zhang J, Yang H, Zhang YP. Adaptive diversification of bitter taste
receptor genes in mammalian evolution. Molecular Biology and Evolution
2003;20:805–14.

26] Conte C, Ebeling M,  Marcuz A, Nef P, Andres-Barquin PJ. Evolutionary relation-
ships of the Tas2r receptor gene families in mouse and human. Physiological
Genomics 2003;14:73–82.

27] Go Y. Lineage-specific expansions and contractions of the bitter taste
receptor gene repertoire in vertebrates. Molecular Biology and Evolution
2006;23:964–72.

28] Finger TE, Böttger B, Hansen A, Anderson KT, Alimohammadi H, Silver WL.  Soli-
tary chemoreceptor cells in the nasal cavity serve as sentinels of respiration.
Proceedings of the National Academy of Sciences of the United States of America
2003;100:8981–6.

29] Krasteva G, Canning BJ, Hartmann P, Veres TZ, Papadakis T, Muhlfeld C, et al.
Cholinergic chemosensory cells in the trachea regulate breathing. Proceed-
ings of the National Academy of Sciences of the United States of America
2011;108:9478–83.

30] Behrens M, Foerster S, Staehler F, Raguse J-D, Meyerhof W.  Gustatory expres-
sion pattern of the human TAS2R bitter receptor gene family reveals a
heterogenous population of bitter responsive taste receptor cells. Journal of
Neuroscience 2007;27:12630–40.

31] Zhang Y, Hoon MA,  Chandrashekar J, Mueller KL, Cook B, Wu D, et al. Cod-
ing of sweet, bitter, and umami  tastes: different receptor cells sharing similar
signaling pathways. Cell 2003;112:293–301.

32] Ohmoto M,  Okada S, Nakamura S, Abe K, Matsumoto I. Mutually exclusive
expression of Galphaia and Galpha14 reveals diversification of taste receptor
cells in zebrafish. Journal of Comparative Neurology 2011;519:1616–29.

33] Matsumoto I, Ohmoto M,  Narukawa M,  Yoshihara Y, Abe K. Skn-1a (Pou2f3)
specifies taste receptor cell lineage. Nature Neuroscience 2011;14:685–7.

34] Clyne PJ, Warr CG, Carlson JR. Candidate taste receptors in Drosophila. Science
2000;287:1830–4.

35] Clyne PJ, Warr CG, Freeman MR,  Lessing D, Kim J, Carlson JR. A novel family
of divergent seven-transmembrane proteins: candidate odorant receptors in
Drosophila. Neuron 1999;22:327–38.

36] Scott K, Brady Jr R, Cravchik A, Morozov P, Rzhetsky A, Zuker C, et al. A
chemosensory gene family encoding candidate gustatory and olfactory recep-
tors in Drosophila. Cell 2001;104:661–73.

37] Vosshall LB, Amrein H, Morozov PS, Rzhetsky A, Axel R. A spatial map  of olfac-
tory receptor expression in the Drosophila antenna. Cell 1999;96:725–36.

38] Nakagawa T, Pellegrino M,  Sato K, Vosshall LB, Touhara K. Amino acid residues
contributing to function of the heteromeric insect olfactory receptor complex.
PLoS ONE 2012;7:e32372.

39] Sato K, Pellegrino M, Nakagawa T, Vosshall LB, Touhara K. Insect olfactory recep-
tors are heteromeric ligand-gated ion channels. Nature 2008;452:1002–6.

40] Sato K, Tanaka K, Touhara K. Sugar-regulated cation channel formed by an insect
gustatory receptor. Proceedings of the National Academy of Sciences of the
United States of America 2011;108:11680–5.

41] Yoshida Y, Saitoh K, Aihara Y, Okada S, Misaka T, Abe K. Transient receptor
potential channel M5  and phospholipase C-beta2 colocalizing in zebrafish taste
receptor cells. Neuroreport 2007;18:1517–20.

42] Huang AL, Chen X, Hoon MA,  Chandrashekar J, Guo W,  Tränkner D, et al. The
cells and logic for mammalian sour taste detection. Nature 2006;442:934–8.

43] Ishimaru Y, Inada H, Kubota M,  Zhuang H, Tominaga M, Matsunami H. Transient
receptor potential family members PKD1L3 and PKD2L1 form a candidate sour
Please cite this article in press as: Matsumoto I, et al. Functional diver
http://dx.doi.org/10.1016/j.semcdb.2012.10.004

taste receptor. Proceedings of the National Academy of Sciences of the United
States of America 2006;103:12569–74.

44] Kataoka S, Yang R, Ishimaru Y, Matsunami H, Sevigny J, Kinnamon JC, et al. The
candidate sour taste receptor, PKD2L1, is expressed by type III taste cells in the
mouse. Chemical Senses 2008;33:243–54.

[

 PRESS
lopmental Biology xxx (2012) xxx– xxx 5

45] Chandrashekar J, Yarmolinsky D, von Buchholtz L, Oka Y, Sly W,  Ryba NJ, et al. 

The taste of carbonation. Science 2009;326:443–5. 

46] DeFazio RA, Dvoryanchikov G, Maruyama Y, Kim JW,  Pereira E, Roper SD, et al. 

Separate populations of receptor cells and presynaptic cells in mouse taste 

buds. Journal of Neuroscience 2006;26:3971–80. 

47] Bartel DL, Sullivan SL, Lavoie EG, Sevigny J, Finger TE. Nucleoside triphosphate 

diphosphohydrolase-2 is the ecto-ATPase of type I cells in taste buds. Journal 

of Comparative Neurology 2006;497:1–12. 

48] Chandrashekar J, Kuhn C, Oka Y, Yarmolinsky DA, Hummler E, Ryba NJ, et al. 

The cells and peripheral representation of sodium taste in mice. Nature
2010;464:297–301. 

49] Beidler LM,  Smallman RL. Renewal of cells within taste buds. Journal of Cell 

Biology 1965;27:263–72. 

50] Stone LM,  Finger TE, Tam PPL, Tan S-S. Taste receptor cells arise from local 

epithelium, not neurogenic ectoderm. Proceedings of the National Academy of 

Sciences of the United States of America 1995;92:1916–20. 

51] Miura H, Kusakabe Y, Kato H, Miura-Ohnuma J, Tagami M, Ninomiya Y, et al. 

Co-expression pattern of Shh with Prox1 and that of Nkx2.2 with Mash1 in
mouse taste bud. Gene Expression Patterns 2003;3:427–30. 

52] Thirumangalathu S, Harlow DE, Driskell AL, Krimm RF, Barlow LA. Fate 

mapping of mammalian embryonic taste bud progenitors. Development
2009;136:1519–28. 

53] Cheng H, Leblond CP. Origin, differentiation and renewal of the four main 

epithelial cell types in the mouse small intestine. V. Unitarian Theory of 

the origin of the four epithelial cell types. American Journal of Anatomy 

1974;141:537–61. 

54] Graziadei PP, Graziadei GA. Neurogenesis and neuron regeneration in the 

olfactory system of mammals. I. Morphological aspects of differentiation and 

structural organization of the olfactory sensory neurons. Journal of Neurocy- 

tology 1979;8:1–18. 

55] Hinds JW,  Hinds PL, McNelly NA. An autoradiographic study of the mouse 

olfactory epithelium: evidence for long-lived receptors. Anatomical Record 

1984;210:375–83. 

56] Perea-Martinez I, Nagai T, Roper SD, Chaudhari N. Distinct longevities of the cell 

types in adult taste buds. St. Petersberg, FL, USA: American Chemoreception
Society; 2011. 

57] Barker N, van Es JH, Kuipers J, Kujala P, van den Born M,  Cozijnsen M, et al. 

Identification of stem cells in small intestine and colon by marker gene Lgr5. 

Nature 2007;449:1003–7. 

58] Sangiorgi E, Capecchi MR.  Bmi1 is expressed in vivo in intestinal stem cells. 

Nature Genetics 2008;40:915–20. 

59] Leung CT, Coulombe PA, Reed RR. Contribution of olfactory neural stem cells to 

tissue maintenance and regeneration. Nature Neuroscience 2007;10:720–6. 

60] Kusakabe Y, Miura H, Hashimoto R, Sugiyama C, Ninomiya Y, Hino A. The neural 

differentiation gene Mash-1 has a distinct pattern of expression from the taste 

reception-related genes gustducin and T1R2 in the taste buds. Chemical Senses 

2002;27:445–51. 

61] Okubo T, Pevny LH, Hogan BL. Sox2 is required for development of taste bud 

sensory cells. Genes and Development 2006;20:2654–9. 

62] Ota MS,  Kaneko Y, Kondo K, Ogishima S, Tanaka H, Eto K, et al. Combined in 

silico and in vivo analyses reveal role of Hes1 in taste cell differentiation. PLoS
Genet 2009;5:e1000443. 

63] Seta Y, Seta C, Barlow LA. Notch-associated gene expression in embryonic and 

adult taste papillae and taste buds suggests a role in taste cell lineage decisions. 

Journal of Comparative Neurology 2003;464:49–61. 

64] Seta Y, Stoick-Cooper CL, Toyono T, Kataoka S, Toyoshima K, Barlow LA. The 

bHLH transcription factors, Hes6 and Mash1, are expressed in distinct sub- 

sets of cells within adult mouse taste buds. Archives of Histology and Cytology 

2006;69:189–98. 

65] Miura H, Kusakabe Y, Harada S. Cell lineage and differentiation in taste buds. 

Archives of Histology and Cytology 2006;69:209–25. 

66] Seta Y, Oda M,  Kataoka S, Toyono T, Toyoshima K. Mash1 is required for the dif- 

ferentiation of AADC-positive type III cells in mouse taste buds. Developmental 

Dynamics 2011;240:775–84. 

67] Ohmoto M,  Matsumoto I, Yasuoka A, Yoshihara Y, Abe K. Genetic tracing of the 

gustatory and trigeminal neural pathways originating from T1R3-expressing 

taste receptor cells and solitary chemoreceptor cells. Molecular and Cellular
Neurosciences 2008;38:505–17. 

68] Koyano-Nakagawa N, Kim J, Anderson D, Kintner C. Hes6 acts in a posi- 

tive feedback loop with the neurogenins to promote neuronal differentiation. 

Development 2000;127:4203–16. 

69] Ishibashi M,  Ang SL, Shiota K, Nakanishi S, Kageyama R, Guillemot F. Targeted 
sification of taste cells in vertebrates. Semin Cell Dev Biol (2012),

disruption of mammalian hairy and Enhancer of split homolog-1 (HES-1) leads 507

to up-regulation of neural helix-loop-helix factors, premature neurogenesis, 508

and severe neural tube defects. Genes and Development 1995;9:3136–48. 509

70] Horio N, Yoshida R, Yasumatsu K, Yanagawa Y, Ishimaru Y, Matsunami H, et al. 510

Sour taste responses in mice lacking PKD channels. PLoS ONE 2011;6:e20007. 511

dx.doi.org/10.1016/j.semcdb.2012.10.004

	Functional diversification of taste cells in vertebrates
	1 Introduction
	2 GPCRs in taste cells
	2.1 Tas1r-expressing taste cells and taste attraction
	2.2 Tas2r-expressing taste cells and avoidance
	2.3 Enigmatic taste cells coexpressing Tas1rs and Tas2rs
	2.4 Unidentified GPCRs

	3 Pkd2l1-expressing cells and sour taste
	4 Entpd2-expressing cells and sodium attraction
	5 Taste cell lineages
	5.1 Taste stem cell
	5.2 Candidate selector genes

	6 Conclusion
	Acknowledgements
	References


