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REVIEW

Evolution of the structure and function of the
vertebrate tongue
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Abstract

Studies of the comparative morphology of the tongues of living vertebrates have revealed how variations in the
morphology and function of the organ might be related to evolutional events. The tongue, which plays a very
important role in food intake by vertebrates, exhibits significant morphological variations that appear to represent
adaptation to the current environmental conditions of each respective habitat. This review examines the funda-
mental importance of morphology in the evolution of the vertebrate tongue, focusing on the origin of the tongue
and on the relationship between morphology and environmental conditions. Tongues of various extant verte-
brates, including those of amphibians, reptiles, birds and mammals, were analysed in terms of gross anatomy and
microanatomy by light microscopy and by scanning and transmission electron microscopy. Comparisons of tongue
morphology revealed a relationship between changes in the appearance of the tongue and changes in habitat,
from a freshwater environment to a terrestrial environment, as well as a relationship between the extent of
keratinization of the lingual epithelium and the transition from a moist or wet environment to a dry environment.
The lingual epithelium of amphibians is devoid of keratinization while that of reptilians is keratinized to different
extents. Reptiles live in a variety of habitats, from seawater to regions of high temperature and very high or
very low humidity. Keratinization of the lingual epithelium is considered to have been acquired concomitantly
with the evolution of amniotes. The variations in the extent of keratinization of the lingual epithelium, which is
observed between various amniotes, appear to be secondary, reflecting the environmental conditions of different
species.
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tetrapods. Fish have a slight elevation of the mucosa
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troductio on the floor of the mouth but this structure does not

The feeding mechanism is clearly an important factor
that determines the success of adaptation of verte-
brates to their environment and of their persistence
through procreation (Roth & Wake, 1989). In feeding,
the tongue plays a principal role, together with other
organs within and near the oral cavity, in particular in
tetrapods. The tongue has a characteristic form in
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contain any voluntary muscles, unlike the tongues of
land vertebrates (Kent, 1978), one exception being
the African clawed toad Xenopus laevis (Toyoshima
& Shimamura, 1982). Most adult amphibians have a
tongue (Helff, 1929), as do all known reptiles, birds and
mammals. Thus it is likely that the tongue appeared with
the establishment of tetrapods and this structure seems
to be related, to some extent, to the terrestrial lifestyle
(Helff, 1929). We can infer that the main role of the
tongue is to facilitate eating on land, in co-operation
with other organs within and near the oral cavity. It is
proposed that, during adaptation from a wet to a dry
habitat in the evolution of vertebrates, stratification
and keratinization are the most important changes in
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the lingual epithelium. In addition, in some verte-
brates, the tongue plays additional roles; these are
especially significant in reptiles, as discussed below.

The origin of the tongue

A true tongue, which has voluntary muscle and is
movable, is found in amphibian animals. As summarized
by Youson (1981), a tongue-like piston is found in the
oral opening of the adult lamprey but this organ is not
homologous to the tongues of gnathostomes. When
the lamprey grips its prey with its oral disc, the teeth on
the piston abrade and cut the host tissue. The func-
tional role of the piston is very similar to that of the
tongue of some tetrapods. Auxiliary structures for food
uptake appear to have existed in jawless fishes. They
are absent in jawed fishes but are found again in tetra-
pods. The lamprey tongue and the tongues of tetra-
pods originated independently during evolution.
Ammocoetes, the larvae of lampreys, do not have a
tongue-like piston: small particles of food are taken up
with fluid via the mouth and are delivered to the
alimentary canal after sieving from the ingested fluid
(Youson, 1981). Amphibian tadpoles also have little or
no tongue-like tissue (Helff, 1929). However, with the
exception of a few amphibia (Toyoshima & Shimamura,
1982), all amphibia after metamorphosis have a tongue
(Kent, 1978). Teeth, unlike the tongue, are not always
present. Extant turtles and also birds lack teeth.
Aquatic vertebrates, such as jawed fish and tadpoles,
can catch food just by opening their mouths and no
tongue is needed to aid in predation, mastication and
swallowing. The adult African clawed toad (Xenopus
laevis) has no tongue but its life-style is essentially
aquatic. The gustatory organs of fishes and tadpoles
are located in the epidermis of the face or the epithe-
lium of the oral cavity (Lane & Whitear, 1982; Whitear,
1986; Paulson et al., 1995). On land, effort is required
to ingest food and the tongue appears to have evolved
in parallel with the movement of vertebrates from
water to land.

The musculature of the gnathostome tongue is a
derivative of the hypobranchial apparatus, which is
present in all vertebrates. In agnathans and gnathos-
tome fishes, the hypobranchial apparatus forms muscu-
lature that is related to the gills, which are used for
respiration. The same apparatus also functions as the
musculature of the gills at embryonic and larval stages
in all amphibians. However, gills begin to disappear

during metamorphosis and, simultaneously, the hypo-
branchial apparatus reforms to yield the lingual muscu-
lature. As noted by Romer & Parsons (1977), with the
reduction in the gills in tetrapods, the gill bars and
their muscles became available for other uses, and the
mobile tongue, characteristic of most land vertebrates,
developed. Thus the tongue musculature is derived
from the hypobranchial musculature, which is anchored
to the hyoid apparatus.

The precursors to tongue muscle in amniotes have
been shown to be derived from the occipital somites.
The muscle precursors lose the features of epithelial
cells and emigrate as a condensed stream of cells,
known as the hypoglossal cord. Their path leads them
ventrally and then rostrally through the base of the
branchial arches into the mandibular arch. Innervation
occurs via the hypoglossal nerve, whose axons follow
the same path as the emigrating precursors to tongue
muscle (Kuratani et al., 1988; MacKenzie et al., 1998;
Huang et al., 1999).

Adaptation of the tongue to the environment

Amphibians usually live in and around freshwater, and
the surface of the oral cavity around the tongue is wet.
Even on land, amphibians are not generally exposed to
extremely dry conditions, and, consistently, no keratin-
ization is found in the amphibian lingual epithelium
(Graziadei & DeHan, 1971; Zylberberg, 1977; Iwasaki
& Kobayashi, 1989; lwasaki et al., 1989a, 1989b). In
addition, there is no distinct separation of the tongue
and the salivary glands. A large part of the lingual
epithelium consists of cells with secretory granules. The
material secreted by the granules probably plays the
same role as saliva. The tongues of amphibians should
help both to catch food and to moisten it (Graziadei
& DeHan, 1971; Zylberberg, 1977; lwasaki & Kobayashi,
1989; Iwasaki et al., 1989a, 1989b, 1997b). Moreover,
large gustatory papillae with taste buds are widely
and densely distributed on the dorsal surface of the
tongues of many amphibians (von During & Andres,
1976; lwasaki & Sakata, 1985; Iwasaki & Kobayashi,
1988; Iwasaki et al., 1989a, 1989b). Thus, a gustatory
function has been added to the food-eating and saliva-
Among amphibians,
adapted to a comparatively dry habitat and they can
live in areas away from ponds and rivers for extended
periods. Reflecting this capacity, the lingual epithelium
consists partly of cells without secretory granules (Frye,
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Fig. 1 Surface structure and histology of the dorsal epithelium of the tongues of amphibians. (a—c) Genus Rana. (a) Scanning
electron micrograph of the tongue of Rana catesbeiana. (b) Light micrograph of a filiform papilla of Rana rugosa rugosa.

(c) High-magnification transmission electron micrograph of the filiform papillae of Rana rugosa rugosa. (d—g) Genus Bufo
(Bufo japonicus). (d) Scanning electron micrograph. (e) Light micrograph. (f,g) Transmission electron micrographs. Both Rana and
Bufo have sensory discs that contain taste buds (arrows in a,d) and are scattered between filiform papillae (arrowheads in a) or
ridge-like papillae (arrowheads in d). In Rana and Bufo, most cells of the lingual epithelium contain secretory granules (arrows
in b,c,e,f). However, the cells at the tips of the filiform or ridge-like papillae are significantly different in Rana (b,c) and Bufo
(e—g). Arrowheads in (e) show such cells in Bufo; they contain no secretory granules. (g) A high-magnification view of the cells
in (e). Scale bars =300 um (a); 20 um (b); 1 um (c); 100 um (d); 50 um (e); 2 um (f); 5 um (g). (a, reproduced from Iwasaki & Sakata,
1985; with permission from Okajimas Folia Anatomica Japonica; b, reproduced from Iwasaki et al., 1997b; with permission from
Tissue and Cell; d, reproduced from lwasaki & Kobayashi, 1988; with permission from Zoological Science; e, reproduced from

Iwasaki et al., 1989b; with permission from Zoological Science.)

1991; Fig. 1), especially on the apical side that is
exposed to dry conditions. The separation of the
tongue from the salivary glands is more conspicuous in
terrestrial reptiles, birds and mammals.

Reptiles may live in fresh water, sea water and on
the land. On land, moreover, habitats vary significantly
although temperatures are usually relatively high.
Some reptiles live in habitats with extremely high
temperatures and high humidity; others live at very
low humidity with extreme variations in temperature;
still others live at moderate temperatures and humidity
(Winokur, 1988). The most interesting features of
the histological structures of reptilian tongues reflect
adaptations to a dry habitat or to seawater, but strati-
fication and keratinization of the lingual epithelium
are common features (Broman, 1920; Iwasaki, 1990;
lwasaki & Kumakura, 1994; Toubeau et al., 1994;
Iwasaki et al., 1996a, 1996¢, 1996€). Reptilian tongues
are characterized by morphological and functional
variations among species (Fig. 2). For example, the
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snake’s tongue does not appear to be important for the
direct intake of food but might be used exclusively for
olfaction in co-operation with Jacobson’s vomeronasal
organs (Kahmann, 1932; McDowell, 1972; Gillingham &
Clark, 1981). The flicking of a snake’s tongue is thought
to be a way of adsorbing odorants in the air (Halpern
et al., 1986). The epithelium of the anterior half of
the snake’s tongue, which is involved in such flicking,
includes numerous lipid-containing granules (Ilwasaki
et al. unpubl. obs.). The lipids in these granules are
suitable for capturing odorants and for their transfer
to Jacobson’s vomeronasal organs since the affinity of
odorants for lipids is generally high (Carmignani &
Zaccone, 1975; Nalavade & Varute, 1976; Nomura &
Kurihara, 1987a, 1987b; Bouchard et al., 1996; Zhou
et al., 1998). The bifurcated apex of the tongue is
frequently exposed to dry air and this part of the
tongue is shed together with the snake’s epidermis
(Ilwasaki et al. unpubl. obs.). By contrast, the American
chameleon’s tongue is intimately involved in feeding
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Fig. 2 Surface structure and histology of the epithelium of the tongues of squamate reptiles. (a—c) Scanning electron micrographs
of the dorsal surface of the tongue of the Japanese lizard Takydromus tachydromoides. (a) Anterior bifurcated area. (b) Lingual
body. (c) Lingual radix. Arrows in ¢ show the secretory fluid. (d—f) Transmission electron micrographs of the dorsal epithelium
of the tongues of two lizards. (d) Anterior bifurcated area of the tongue of Takydromus tachydromoides corresponding to a.
(e) Lingual body of Takydromus tachydromoides corresponding to b. (f) Lingual radix of Gekko japonicus corresponding to the
same region as c in Takydromus tachydromoides. Arrows show bipartite secretory granules with a dense central core. (g-i) The
rat snake Elaphe climacophora. (g) Scanning electron micrograph of one of the anterior bifurcated parts of the tongue. Arrows
indicate microfacets. (h) Transmission electron micrograph of the outerward face of the B-layer of the epithelium of the anterior
bifurcated parts of the tongue. Arrows indicate microfacets. (j) Light micrograph of the dorsal lingual epithelium showing a
frontal section of the lingual apex at the shedding phase. Arrows indicate positive staining with Sudan lll. Scale bars = 30 um (a);
50 um (b); 5 um (c,g); 0.5 um (d); 2 um (e,f); 1 um (h); 10 um (i). (a—c, reproduced from Iwasaki & Miyata, 1985; with permission
from Okajimas Folia Anatomica Japonica; g, reproduced from Iwasaki et al., 1996e; with permission from the Anatomical Record.)

and a large part of the lingual epithelium consists of
cells with secretory granules, many of which are mucous
granules and some of which are serous granules
(Rabinowitz & Tandler, 1986). Thus the shape and struc-
ture of the tongue differ significantly among reptiles,
reflecting the various functions of each respective

tongue. Turtles provide another interesting case of
adaptational differences in the morphology of the
lingual epithelium. In freshwater turtles, most of the
lingual epithelium is composed of non-keratinized
cells, which are filled with secretory granules (lwasaki
etal., 1992a, 1996b, 1996d; Iwasaki, 1992a; Beisser
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Fig. 3 Surface structure and histology of the dorsal epithelium of the tongues of turtles. (a—c) The soft-shell turtle Trionyx
cartilagineus, which lives in or near freshwater. (a) Scanning electron micrograph of the surface of a low, disc-like papilla located
on the dorsal side of the posterior part of the tongue. (b) Light micrograph of cells in the dorsal epithelium of the tongue. No
keratinization is evident in any of the lingual epithelium. (c) Transmission electron micrograph of cells in the dorsal epithelium
of the tongue. (d-f) A juvenile sea turtle, the Hawksbill turtle (Eretmochelys imbricata bissa). (d) Scanning electron micrograph.
Arrows show the marginal cell border. (e) Light micrograph. Arrow indicates the keratinized, squamous, stratified epithelium.
(f) Transmission electron micrograph of the keratinized layer of the epithelium. Scale bars = 100 um (a); 30 um (b); 2 um (c);

3 um (d); 10 um (e); 0.5 um (f). (a,c, reproduced from Iwasaki et al., 1996b; with permission from the Anatomical Record,

d-f, reproduced from Iwasaki et al., 1996a; with permission from the Anatomical Record.)

etal., 1995, 1998). By contrast, in terrestrial turtles
(Winokur, 1988) and sea turtles (Ilwasaki et al., 19964,
1996¢), the lingual epithelium is keratinized and there
are no cells with secretory granules (Fig. 3). These
differences are thought to reflect differences in habitat
and should affect the survival of each reptilian species
in different environments. In lizards, similar differences
with respect to the morphology and histological struc-
ture of the lingual epithelium have been reported
among species in different habitats (Schwenk, 1985,
1986, 1989; Smith, 1988; Iwasaki, 1990; Toubeau et al.,
1994). The most significant differences are found in the
degree and extent of keratinization of the lingual
epithelium. Such differences seem to depend on habitat
and especially on humidity. However, the alligator is an
aquatic reptile and its lingual epithelium is strongly
keratinized (Shimada et al., 1990). This phenomenon
might be explained by the possibility that the volume
of the tongue and the conditions required for mainten-

© Anatomical Society of Great Britain and Ireland 2002

ance of the lingual tissue might be correlated. Thus,
when the alligator is on land, the lingual epithelium
would dry out in the absence of keratinization of the
surface layer of the epithelium.

In some groups of lizards, differences among regions
of the tongue in terms of the structure of the lingual
epithelium have been recognized: epithelial cells at the
lingual apex are keratinized; those in the lingual radix
are not keratinized; and those in the intermediate
region between the lingual apex and the radix exhibit
a transition, in terms of the keratinization of the
epithelial cells, from one form to the other (lwasaki &
Miyata, 1985; Ilwasaki, 1990). Reptiles generally have
taste buds in the lingual epithelium (Schwenk, 1985,
1986; Toyoshima & Shimamura, 1987; Delheusy et al.,
1994), and taste buds are often also located in the
epithelium of the gingiva along the teeth (lwasaki
etal., 1985; Schwenk, 1985). In most snakes, the
tongue does not play an important role in feeding. In
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Fig. 4 Surface structure and histology of the dorsal epithelium of the tongue of Middendorff's bean goose, Anser fabalis
middendorffii. (a) Macroscopic dorsal view of the tongue. Arrows show lingual hairs on the lateral sides). (b) Scanning electron
micrograph of the lateral side of the tongue. Lingual papillae (arrows) are compactly distributed on the tongue, and large
cylindrical papillae (arrowhead) are scattered among them. (c) Transmission electron micrograph of cells on the extreme surface
side of the keratinized layer of the dorsal epithelium. Keratin filaments are looser than those of cells beneath this area. The
surface of the cell membrane has microridges. No other organelles are visible. (d) Higher-magnification transmission electron
micrograph of the cytoplasm of a cell in the keratinized layer of the epithelium of a strongly keratinized papilla. Scale

bars = 10 um (a); 500 um (b); 2 um (c); 0.2 um (d). (a—¢, reproduced from Iwasaki et al., 1997a; with permission from the

Anatomical Record.)

such cases, there is a direct connection between tasting
and biting. In many other squamates, the tongue of
which plays an important role in feeding (Schwenk,
1989; Kraklau, 1991), taste buds both on the tongue
and on the gingiva seem to function. In birds and
mammals, taste buds are located mainly within the
lingual epithelium. Furthermore, in terrestrial reptiles,
the salivary glands are separate from the tongue (Kent,
1978), and the relative number of cells with secretory
granules is relatively low in the lingual epithelium
(Ilwasaki & Miyata, 1985; Schwenk, 1986, 1988; lwasaki,
1990; Smith & Mackay, 1990; Iwasaki & Kumakura,
1994; Toubeau et al., 1994). This tendency continues in
mammals, where it is even more apparent.

Birds live in the air, on land, and on and around fresh
water and sea water. However, keratinization of the
lingual epithelium is a common feature (lwasaki,
1992b; Iwasaki et al., 1997a; Kobayashi et al., 1998), in
particular on the ventral side of the tongue, where
the so-called ‘lingual nail’ is prominent in all species
examined (Susi, 1969; Homberger & Brush, 1986; Carver
& Sawyer, 1989). In the ancestors of birds, the lingual
epithelium might have become adapted to dry condi-
tions. In birds, the lingual papillae also play an impor-
tant role in feeding, and birds that eat hard foods have
structures similar to teeth in their upper and lower

beaks. Moreover, hard processes at the edge of both
sides of the tongue are located next to the inside of the
beak (Ilwasaki et al., 1997a; Fig. 4). These structures act
co-operatively during feeding and mastication. The
dorsal surface of the lingual epithelium is covered by
numerous fine processes, which keep food on the
tongue’s surface (lwasaki, 1992b). The same structures
are useful for holding food, such as fish, within the
mouth (Kobayashi et al., 1998). The taste buds of birds
are distributed not only in the lingual epithelium but
also in the epithelium of other parts of the oral cavity,
as seen also in reptiles (Kutuzov & Sicher, 1951; Gentle,
1971; Ganchrow & Ganchrow, 1985). In some cases, taste
buds have been found in the deep area of the lingual
epithelium of the dorsal radix, and long ducts connect
the buds to the dorsal surface of the tongue. The open-
ings of these ducts at the dorsal surface are called taste
pores (Ganchrow & Ganchrow, 1985).

Although stratification is a common feature of all
parts of the oral epithelium of mammals, keratiniza-
tion is normally associated with the masticatory oral
mucosa that surrounds the dorsal part of the lingual
body and seems to be related to the provision of
resistance against damage, through wear, to tissue
(Stern, 1980; Avery, 1987). The labial and buccal
mucosa, which lie very close to the opening of the
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Fig. 5 Surface structure of the dorsal epithelium of the tongues of rats and mice during development, as demonstrated by
scanning electron microscopy. (a) Rat fetus on embryonic day 12. Arrows show the rudiments of fungiform papillae. Arrowhead
indicates the median sulcus. (b) Mouse fetus on embryonic day 15. Arrows indicate original rudiments of fungiform papillae. (c)
Juvenile rat just after birth. Arrow indicates a fungiform papilla. Arrowheads indicate rudiments of filiform papillae. (d) Juvenile
mouse 7 days after birth. Arrows indicate fungiform papillae. Arrowheads indicate filiform papillae. Scale bars = 100 um (a);
20 um (b, ¢); 50 um (d). (a,c, reproduced from Iwasaki et al., 1997b; with permission from the Anatomical Record; b, reproduced

from lwasaki et al., 1996f; with permission from Acta Anatomica.)

mouth, persist in being non-keratinized. Therefore, a
dry habitat is no longer a necessary element for kerat-
inization of the oral epithelium, as observed clearly
in reptiles. Nevertheless, structural differences in the
lingual epithelium between mammalian species can
be recognized, related to the habitat of each species.
With the exception of primates and some species of
Procyonidae (Carnivora), who use their hands during
feeding, most mammals use their mouths exclusively
for feeding. In all cases, the tongue plays an important
role during feeding, together with the teeth. Tongues
are also used for grooming. Fundamental and common
features of the lingual epithelium of mammals are
stratification and keratinization (Kutuzov & Sicher,
1951, 1953; Kubota & Hayama, 1964; Kubota et al.,
1966; Farbman, 1970; Baratz & Farbman, 1975; Krause
& Cutts, 1982; Steflik et al., 1983; Rentrop et al., 1986;
Iwasaki et al., 1987, 1992b; Iwasaki, 1992c, 1992d;
MacKenzie & Dabelsteen, 1987; lwasaki & Miyata,
1989; Agungpriyono et al., 1995; Toyoda et al., 1998)
and, as noted for terrestrial reptiles, this phenomenon
seems to have been part of the process of adaptation
to dry land.

Some evidence for this possibility is provided by the
fact that, in most mammals, keratinization of the
epithelium begins with the appearance of the non-
gustatory lingual papillae, namely, the filiform papillae,
just before birth (Baratz & Farbman, 1975; Dougbag,
198743, 1987b; lwasaki et al., 1999a, 1999b). By contrast, the
gustatory papillae, such as the fungiform, circum-
vallate and foliate papillae, appear at an earlier embry-
onic stage without any obvious relationship to the
keratinization of the lingual epithelium (Torrey, 1940;
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Farbman, 1965; Paulson et al., 1985; Dougbag, 1987a,
1987b, 1988; Farbman & Mbien, 1991; Whitehead &
Kachele, 1994; lwasaki et al., 1996f, 1997¢c; Mistretta &
Haus, 1996; Fig. 5). However, there are some exceptions
to this scenario. For example, in humans, keratinization
of the lingual epithelium starts in the middle of
gestation, months before birth (Yamasaki & Takahashi,
1982), perhaps because of the lengthy gestation of
humans.

The morphological and histological features of
mammalian tongues reflect the differences among the
life-styles of mammals. In the tongues of rodents, such
as rats and mice, there is significant hard keratinization
of the epithelium over the entire dorsal area, which
includes filiform papillae (Kutuzov & Sicher, 1951, 1953;
Kubota & Hayama, 1964; Kubota et al., 1966; Farbman,
1970; Baratz & Farbman, 1975). A plausible explanation
for this phenomenon might be that rodents eat hard
foods. With some exceptions (Baratz & Farbman, 1975),
the histological structure of filiform papillae is similar
in almost all mammals. These papillae are commonly
inclined towards the lingual radix, and their keratiniza-
tion is harder than that in the interpapillar area, being
similar to that of hair (Boshell et al., 1982). Moreover,
the anterior regions of papillae are softer than their
posterior regions (Kutuzov & Sicher, 1951, 1953; Farbman,
1970; Baratz & Farbman, 1975; Krause & Cutts, 1982;
Rentrop et al., 1986; MacKenzie & Dabelsteen, 1987,
Iwasaki & Miyata, 1989; lwasaki et al., 1992b; Iwasaki,
1992¢, 1992d; Agungpriyono et al., 1995). Therefore,
the papillae are easily bent in the direction of the radix
but not in the opposite direction. This property facilitates
retention of food on the dorsal surface of the tongue.
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Fig. 6 Surface structure and histology of the epithelium of mammalian tongues. (a-c) Scanning electron micrographs of the
dorsal surface of the tongue of the mongoose Herpestes edwardsi. (a) Apex of the dorsal surface. Each filiform papilla has a large
bulge (arrowhead) in the baso-frontal area. About 10 small processes surround the bulge in a semicircle on the posterior side.
Among these processes, the middle rear one (arrow) is the largest. (b) Anterior part of the dorsal surface. Each papilla consists
of a large process without a baso-frontal bulge. (c) Middle dorsal surface. Filiform papillae (arrow) are cylindrical without a
baso-frontal bulge. Interpapillar epithelium (arrowheads) appears between these papillae as a series of large protuberances with
many folds on their surfaces. (d-e) Transmission electron micrographs of the dorsal epithelium of the tongue of the mongoose
Herpestes edwardsi. (d) Superficial intermediate layer of the papillary epithelium. Large, droplet-like keratohyalin granules
(arrow) and tonofibrils (arrowhead) are recognizable. (e) Keratinized surface layer of the papillary epithelium. Keratinized and
prekeratinized cells are arranged in a lamellar pattern. (f) Scanning electron micrograph of the dorsal surface of tongue of
the Japanese monkey Macaca fuscata fuscata. Filiform papillae are crown-shaped, with several or more branches (arrows).
(g—h) Transmission electron micrographs of the dorsal epithelium of the tongue of the Japanese monkey Macaca fuscata fuscata.
(g) Surface layer of the anterior side of a filiform papilla. Most of the cytoplasm is occupied by filamentous structures that
represent tonofilaments. (h) Deep intermediate layer of the posterior side of a filiform papilla. In most of cells, large numbers
of tonofibrils are present in the cytoplasm. A large nucleus is recognizable. Scale bars = 30 um (a); 50 um (b); 300 um (c); 2 um
(d); 1 um (e); 5 um (f, g, h). (a, ¢, reproduced from Iwasaki et al., 1987; with permission from Acta Anatomica; d, reproduced from

Iwasaki & Miyata, 1990; with permission from Journal of Anatomy.)

The structure of the specialized filiform papillae that
are also used for grooming is different from that
mentioned above. The keratinization of these papillae
is more significant than that of ordinary filiform papillae
and the papillae can withstand strong physical force
(Kubota, 1968; Iwasaki & Miyata, 1990; Fig. 6). In
mammals adapted to sea water, such as the fur seal
(Yamasaki et al., 1978), dolphin (Shimoda et al., 1996)
and sea otter (Hosley & Oakley, 1987), the extent of
development of filiform papillae varies but keratin-
ization of the lingual epithelium is clearly recognizable.
The various types of filiform papilla probably reflect
the fact that these structures are not of salient impor-
tance for feeding in mammals that live in the sea.
However, there are no significant differences in terms

of the structure and location of the filiform papillae
between terrestrial mammals and mammals with an
aquatic or semi-aquatic habitat. Primitive mammals
may have originated from completely terrestrial
reptiles, with keratinization of the lingual epithelium
being irreversible during evolution. The same may be
true for birds.

Another feature of the mammalian tongue is the
location of taste buds. Taste buds are distributed over
a wide area of the dorsal and lateral surfaces of the
tongue (Nickel et al., 1973; Robinson & Winkles, 1990;
Takeda et al., 1990; Chamorro et al., 1993; Myers et al.,
1995), indicating that the tongue is important for feed-
ing and, at the same time, for taste. The salivary glands
are exceedingly well developed in mammals but the
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Table 1 Similarities and differences in tongue morphology between various vertebrate species and taxa

Class Order
Agnatha No true tongue. Adult lamprey has a tongue-like piston.
Osteichthyes No true tongue. There is the slight elevation of the mucosa from the oral floor without voluntary muscle.
Amphibia Anura All species except Xenopus have a tongue, most part of whose epithelium consists of cells with
secretory granules.
Urodela Features similar to those in Anura.
Reptilia Chelonia Freshwater turtles: most of the lingual epithelium is composed of non-keratinized cells.
Terrestrial turtles and sea turtles: the lingual epithelium is keratinized.
Squamata Snakes: the lingual epithelium consists of keratinized cells with numerous lipid droplets.
American chameleons: the lingual epithelium consists of non-keratinized cells with secretory granules.
Lizards: the degree and the extent of keratinization of the lingual epithelium vary among species.
Crocodilia Alligators: the lingual epithelium is strongly keratinized.
Aves Keratinization of the lingual epithelium is a common feature, without regard to habitat.
Mammalia Stratification and keratinization are common features in all species. However, the morphological and

histological features of mammalian tongues reflect differences among the respective life-styles of

mammals.

major salivary glands, which are the main organs for
salivation, are separate from the tongue (Kubota et al.,
1963). The minor salivary glands are located in specific
areas of the lingual epithelium. Ebner’s gland, which is
located beneath the circular sulcus around the circum-
vallate papillae, secretes serous fluid into the space of
the sulcus to wash away gustatory materials from the
taste buds that face the sulcus (Kubota & Hayama, 1964;
Kubota, 1966; Hand, 1970; Graziadei & Graziadei, 1978;
Kullaa-Mikkonen et al., 1985; Hosley & Oakley,
1987; Agungpriyono et al., 1995). Then the taste buds
of the papillae can receive fresh stimulation by gusta-
tory materials. A similar correlation between taste buds
and minor salivary glands exists in the foliate papillae,
another type of mammal-specific gustatory papilla
(Kubota, 1966; Baratz & Farbman, 1975). The epithe-
lium of the oral mucosa that surrounds the tongue of
mammals might generally be softer than that of birds
because the wetness of the surface of the oral cavity is
significant in mammals due to the high level of devel-
opment of major salivary glands. The functional impor-
tance in feeding of the tongues of Primates and certain
other animals, such as some species of Carnivora, is
lower than in other mammals because humans and
monkeys in Primates and pandas, raccoons (Procyonidae)
and sea otters (Enhydra) in Carnivora often use their
hands to grasp their food. Furthermore, humans can
cook their food and their food is softer than that
consumed by other vertebrates. It is noteworthy that
the keratinization of the lingual epithelium in humans
is not as strong as it is in other mammals (Toyoda et al.,
1998).
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Morphological evidence for adaptation in
extant vertebrates

Comparisons of the morphology and function of the
lingual epithelium among extant vertebrates suggest
that adaptation has been a factor in the evolution of
vertebrates. It seems likely that a movable tongue
appeared during adaptation from an aquatic environ-
ment to life on land. It is possible that the appearance
of the tongue in amphibia proved useful for terrestrial
feeding and allowed adaptation to a larger range of
habitats. Keratinization of the lingual epithelium
might have appeared first in amniotes. The lingual
epithelium of some amphibia, such as toads, is of the
stratified squamous type, differing from the stratified
cuboidal type in frogs (Winokur, 1988). This difference
may reflect an adaptational change of the lingual
epithelium to drier circumstances since toads can live in
drier areas than frogs. Furthermore, the lingual epithe-
lium of freshwater turtles shows no tendency towards
keratinization (lwasaki, 1992a; Iwasaki et al., 1992a,
1996b, 1996d; Beisser et al., 1995, 1998). By contrast,
the lingual epithelium of terrestrial turtles exhibits a
significant tendency towards keratinization (Winokur,
1988), as does the lingual epithelium of sea turtles
(Ilwasaki et al., 1996a, 1996¢). Thus, the adaptation of
the lingual epithelium to a seawater environment
resembles that to a terrestrial environment. The main-
tenance of the homeostasis of the tissues in the oral
cavity of animals living in sea water involves the same
mechanism as that in terrestrial vertebrates. The pos-
sibility that keratinization of the lingual epithelium
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represents adaptation of terrestrial vertebrates to low
humidity is suggested by the rapid keratinization of
the lingual epithelium of the fetus just before birth,
when mammals move from a wet environment to dry
or seawater conditions. Adaptational changes during
evolution might have allowed vertebrates to occupy a
wider range of habitats than that provided by fresh
water.

In conclusion, comparative studies of the morpho-
logy of the tongues of extant vertebrates suggest an
important role for adaptation of the structure of the
tongue during the movement of vertebrates from fresh
water to land or sea water, and for keratinization of
the lingual epithelium during adaptation from wet
conditions to dry or sea water conditions. The evolu-
tional changes in the tongue are thought to be the
foundation for progress in the ingestion of food and in
the expansion of the range of vertebrate habitats.
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