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ABSTRACT. Phylogenic outline of the vertebrate olfactory system is summarized in the present review.  In the fish and the birds, the olfac-
tory system consists only of the olfactory epithelium (OE) and the olfactory bulb (B).  In the amphibians, reptiles and mammals, the
olfactory system is subdivided into the main olfactory and the vomeronasal olfactory systems, and the former consists of the OE and the
main olfactory bulb (MOB), while the latter the vomeronasal organ (VNO) and the accessory olfactory bulb (AOB).  The subdivision
of the olfactory system into the main and the vomeronasal olfactory systems may partly be induced by the difference between paraphyl-
etic groups and monophyletic groups in the phylogeny of vertebrates.
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Olfaction is one of special senses of vertebrates, appears
earliest among special senses in phylogeny, and remarkably
contributes to the development of the neocortex in mammals
[42, 43, 76].  In this context, studies on the phylogeny of
olfaction in vertebrates are essential for the understanding of
the evolution of the nervous system in mammals.  On the
other hand, although the large amount of data are accumu-
lated on the morphology and function of the olfactory sys-
tem in vertebrates, only a limited number of studies are
published on the phylogeny of the olfactory system from a
comparative anatomical point of view [7, 33, 34, 41, 48, 88].
In the present review, therefore, we tried to describe our
interpretation of the phylogeny of the olfactory system
mainly on the basis of our morphological findings [44, 60–
63, 65–67, 72–75, 79, 82–92, 100, 101] and generally
accepted paleontological data [36, 37, 43, 76].

COMPONENTS AND FUNCTIONS OF THE OLFAC-
TORY SYSTEM

The olfactory system consists of the olfactory receptor
organs and the primary and higher olfactory centers [30,
43].  In the present review, the olfactory system must refer
to the primary olfactory system consisting of the olfactory
receptor organs and the primary olfactory center.  The olfac-
tory receptor organs are frequently represented by the olfac-
tory epithelium (OE) and the vomeronasal organ (VNO)
[11, 15, 23, 24, 33, 50, 60, 89–92, 96], although the VNO is
not an anatomically distinct structure in lower vertebrates
and called as the vomeronasal sensory epithelium (VSE).  It
is generally accepted that the OE perceives the ordinary
smells (odors) and the VNO the pheromones.  By the way,

the primary olfactory center is the olfactory bulb (OB).  The
OB is subdivided into the main olfactory bulb (MOB) and
the accessory olfactory bulb (AOB) in several species [58,
61, 87].  In this case, the MOB receives projections from the
OE, and the AOB from the VNO [4, 5, 32, 62, 79, 87, 97].
The OE and MOB constitute the main olfactory system, and
the VNO and AOB the vomeronasal (accessory) olfactory
system.  The olfactory receptor organs and the primary
olfactory center underwent diverse changes during phylog-
eny.  The presence or absence of the VNO is briefly
described in Fig. 1 as the phylogenic tree.

FISH OLFACTORY SYSTEM

Fossil data suggest that the archaic fishes appeared in the
Silurian period about 450 million years ago, and radiated to
become dominant creatures in the Devonian period about
400 million years ago [43, 76].  The olfactory system seems
to be equipped even with the archaic fishes.

The olfactory receptor organ is solely represented by the
OE in the fish.  It covers the olfactory lamellae (Fig. 2) and
occasionally takes the form of rosette in several species.  It
is characteristic that the OE is divided into several grooves
by ridges of non-sensory epithelia in the fish.  Although the
OE exists ubiquitously throughout all classes of vertebrates,
it underwent modifications in cellular components along the
course of phylogenetic development.  In the fish, the OE
generally consisted of the ciliated receptor cells, microvil-
lous receptor cells, ciliated supporting cells, microvillous
supporting cells, and basal cells [75, 100, 101].  In addition,
the crypt cells are occasionally encountered in several spe-
cies.  They are one of the receptor cells equipped with cilia
and microvilli, and project their axons to the OB [63].  Their
functional roles in the fish olfactory system are still
unknown.  On the other hand, increasing data suggest that
the ciliated and microvillous receptor cells perceive ordi-
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nary smells and pheromones, respectively [62].  Since the
perception of ordinary smells and pheromones is achieved
equally by the OE in the fish, the fish OE seems to represent
the primitive form of the vertebrate OE.

The primary olfactory center of the fish is the OB.  Its
cytoarchitecture is rather primitive, and shows a small kind
of output neurons, interneurons and glial components [62].
Its output neurons are named mitral/tufted cells, because
mitral and tufted cells are not distinguished in the fish OB.
Similarly, the MOB and AOB are not distinguished in the
fish OB.  As interneurons, periglomerular cells are distin-
guished in the OB.  Because periglomerular cells are small
in number, the formation of the olfactory glomeruli is still
incomplete to demarcate among them [62].  Projection pat-
terns of ciliated or microvillous receptor cells to individual
olfactory glomeruli are still obscure, but our lectin his-
tochemical data suggest that a region of the OB receives
projections from the microvillous, or pheromone receptor
cells [62].

There is one question.  Is the OE really the sole olfactory
receptor organ in the fish?  That is, is the VNO lacking in the
fish?  Since there are tens of thousands of the fish species,

Fig. 1. Schematic drawings of the phylogenic tree of the vertebrates showing the presence or absence of
the vomeronasal organ.

Fig. 2. Sagittal section of the nasal pit of a flatfish, barfin floun-
der (Verasper moseri), showing many olfactory lamellae (OL).
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about ten times of those of mammals, and only a few of
them have been examined, our knowledge on the fish olfac-
tory system is very limited. If we extend our observations to
all species of fish, we might discover primordial VNO.

AMPHIBIAN OLFACTORY SYSTEM

Although the amphibians are thought to be derived from
the crossopterygians, their true origin is still obscure.  In tax-
onomy, there are 3 living orders in the amphibian: anurans,
urodeles, and apodans.   The urodeles are said to branch off
from the primitive amphibian, caudates, in the Triassic
period (about 230 million years ago), while the anurans
from the protoanurans, another type of the primitive
amphibian, in the Jurassic period (about 180 million years
ago) [43, 76]. Among them, the apodans are rather retro-
gressive and lacking limbs, very small in number of species,
and live in very restricted areas on earth.  In addition, there
have been no reports on the olfactory system in the apodans
in our best knowledge.  Therefore, we adopt the urodeles
and anurans as the representatives of living amphibians in
the present review.

The second olfactory receptor organ, the VNO, first
appears phylogenically in the amphibians as shown in Fig.
1.  In the urodeles, the nasal cavity consists of the main nasal
chamber and the lateral diverticulum. The main chamber
occupies most of the nasal chamber and is lined with the OE
[72, 79].  The OE in the urodeles is divided into several
grooves by ridges of non-sensory epithelia as in the fish
[72].  The lateral diverticulum is lined with the VSE. It is a
series of the sensory epithelium not interrupted by non-sen-
sory epithelia as in the OE in the fish and urodeles. Although
it is literally located on the lateral wall of the nasal cavity in
the urodeles, it changes its location from lateral to medial in
the nasal cavity in the anurans.  This change in its location
seems to be caused by the enlargement of the nasal cavity
toward the dorsolateral direction to shift the VNO to the
ventromedial side of the nasal cavity (Fig. 3).  The VNO
becomes to be situated at the base of the nasal septum as a
tubular structure independent from or with only a slight
communication with the nasal cavity in snakes and mam-
mals.

In the anurans, the nasal cavity is divided into three
chambers communicating with each other, i.e., principal,
middle and inferior chambers [25, 67].  These chambers are
generally lined with different types of epithelia.  The princi-

pal chamber is lined with the OE, the middle chamber the
non-sensory respiratory epithelium, and the inferior cham-
ber the VSE [25].  The OE and the VSE are respectively a
series of the sensory epithelium not interrupted by non-sen-
sory epithelia.  The projecting patterns of the axons from the
OE and the VNO to the MOB and the AOB are illustrated in
Fig. 4.  In a few anuran species such as Xenopus laevis, how-
ever, the middle chamber is lined with a third type of sen-
sory epithelium, arbitrarily called as the middle chamber
epithelium (MCE) [67].  The MCE is also a series of the sen-
sory epithelium not interrupted by non-sensory epithelia.

Cellular components of the olfactory sensory epithelia in
the amphibians are different among the OE, VSE and MCE.
The OE consists of ciliated olfactory cells, microvillous
supporting cells and basal cells, while the VSE microvillous
sensory cells, ciliated supporting cells and basal cells, and
the MCE ciliated sensory cells, microvillous sensory cells,
ciliated supporting cells, microvillous supporting cells and
basal cells.  Judging from the characteristics of cellular com-
ponents, the MCE is similar to the primitive olfactory epi-
thelium in the fish.  Functionally, the OE is supposed to

Fig. 3. Schematic drawings of the changes in the location of the vomeronasal organ during the phylo-
genic development. HP: hard palate, NC: nasal cavity, NS: nasal septum, VNO: vomeronasal organ.

Fig. 4. Schematic drawings of the projection pat-
terns of the main and accessory olfactory sys-
tem in the ordinary anuran species.  OE:
olfactory epithelium, VSE: vomeronasal sen-
sory epithelium. An arrow indicates the middle
chamber.
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detect airborne odoriferous molecules, the MCE water-solu-
ble odoriferous molecules and the VSE the pheromones.
This supposition is partly supported by the facts that the OE
and the VSE are equipped with the associated glands, but
not the MCE.

The OB is subdivided into the MOB and AOB in amphib-
ians.  Cellular components are similar between MOB and
AOB, although the mitral cells and tufted cells in the MOB
are not distinguished in the AOB and grouped as the mitral/
tufted cells.  In Xenopus laevis, the MOB is further subdi-
vided into the dorsal (D-MOB) and ventral (V-MOB)
regions. The OE, MCE and VSE project their axons to the
D-MOB, V-MOB and AOB, respectively, and show the dif-
ferent binding patterns of lectins among the D-MOB, V-
MOB and AOB [74].  Despite the difference in the binding
patterns of lectins between D-MOB and V-MOB, there is no
difference in the cellular components of the D-MOB and V-
MOB.

REPTILIAN OLFACTORY SYSTEM

Primitive reptiles are thought to be derived from their
ancestral amphibians in the Carboniferous period about 350
million years ago [43, 76].  In reptiles, the nasal cavity is
separated from the oral cavity by the formation of the sec-
ondary palate, which is the big event in the course of the
phylogenic development.  The formation of the secondary
palate makes the reptiles and mammals possible to possess
the VNO independent from or with only a slight communi-
cation with the nasal cavity.

By the way, there is a serious problem to consider the
phylogeny of the olfactory system in the reptiles, because
the reptiles are not thought to be derived from a single
ancient animal, but from a taxonomical variety of animals.
Therefore, the reptiles are considered to be the assembly of
paraphyletic groups at present.

The paraphyleticity of the reptiles affects some influences
on the phylogeny of the olfactory system in the reptiles.  For
example, the majority of reptiles derived from the primitive
reptiles possess both the OE and the VNO.  In contrast, rep-
tiles derived from the archosaurs, a branch of the primitive
reptiles, do not possess the VNO but possess only the OE.
In other words, although the living reptiles such as snakes,
lizards and turtles possess the OE and VNO as the olfactory
receptor organs, certain types of reptiles, such as crocodiles
and alligators, lack the VNO and possess only the OE.
Crocodiles and alligators are descendants of the archosaurs
and branched off from the primitive reptiles in the Triassic
period about 230 million years ago.  In addition, although
turtles and tortoises are directly derived from the primitive
reptiles, some of their families lack the VNO.  As the results,
the organization of the olfactory system differs greatly
among reptilian species as described below.

Among the reptilian species, the animals belonging to the
order squamates possess the well-developed vomeronasal
olfactory system, although the paraphyleticity of the reptiles
also affects some influences on the phylogeny of the olfac-

tory system in the squamates to result in the conspicuous
differences in the morphology of the VNO [33].  For exam-
ple, the VNO in the snakes is the tubular structure com-
pletely separated from the nasal cavity, and communicates
with the oral cavity via a short canal.  The tubular VNO con-
tains a crescent-shaped lumen, whose medial wall is lined
with the thick sensory epithelium (VSE) and lateral wall
with the non-sensory epithelium.  On the other hand,
although the VNO in the lizards is also the tubular structure,
it communicates with the nasal cavity by the small orifices
at the anterior tip of the VNO.  Histological features of the
VSE are also different.  The VSE in the snakes consists of
numbers of columnar structures surrounded by satellite cells
and separated by the invading connective tissue, while the
VSE in the lizards is the series of the sensory epithelium not
interrupted by the connective tissue [44, 73].  Morphologi-
cal and histochemical characteristics in the squamates are
well-documented by our recent studies [44].  The projection
patterns of their olfactory axons are common to those in the
amphibians, i.e., from the OE to the MOB, and from the
VSE to the AOB.  The features of the MOB and AOB are
almost the same as in those in the amphibians.

The olfactory system in the turtle is completely different
from that in the squamates.  Its nasal cavity is separated into
the upper and lower chambers whose sizes are almost the
same.  Although the lower chamber is considered to corre-
spond to the VNO, it is not a mere diverticulum of the nasal
cavity and does not take a form of tubular structure [25, 33].
In addition, the organization of the OB is unique in turtles.
It is divided into two halves whose sizes are almost the same
as in the nasal cavity in this species.  Although their cytoar-
chitectures are almost the same, the upper half is considered
to be the AOB and the lower half to be the MOB, since the
former and the latter receive projections from the lower and
upper chambers, respectively.  We are now wondering
whether the lower chamber really corresponds to the VNO.
There is a possibility that the olfactory system of the turtle
consists of the combinations of the upper chamber of the
nasal cavity and the lower half of the OE, and the lower
chamber of the nasal cavity and the upper half of the OB,
and none of them constitutes the vomeronasal olfactory sys-
tem.

AVIAN OLFACTORY SYSTEM

It is frequently neglected that the birds are very close in
taxonomy to the reptiles.  The most primitive bird, Archae-
opteryx, appeared in the Jurassic period about 180 million
years ago [76].  This bird possesses teeth in the mouth, fin-
gers with claw in the forelimb and the bony structure in the
tail, and closely resembles to the reptiles [43].  Indeed, even
the living birds possess scales on the foot as an evidence of
its origin from the reptiles.  Huxley proposed a new taxo-
nomical category “Sauropsida” composed of reptiles and
birds and regarded the birds as a group of reptiles with feath-
ers [37].

The avian olfactory system consists of the OB and the OE
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and completely lacks the components of the vomeronasal
olfactory system.  This may be derived from the fact that the
primitive birds are derived from the archosaurs, the same
ancestor as for crocodiles which do not possess the VNO.
At all rates, the birds depend heavily on the vision rather
than olfaction probably because of their flying behavior.

Cellular components and cytological features of the avian
OE are almost the same as in the reptiles, although the avian
OE is frequently thin and organized by small numbers of
cellular components.  It is characteristic that the olfactory
receptor cells in the avian OE frequently possess cilia and
microvilli in one same cell [31, 39, 57].  Although the func-
tional significance of the presence of cilia and microvilli in
the same cell is not evidently elucidated, it may compensate
the olfactory function of the avian OE organized by small
numbers of cellular components.

Cytoarchitecture of the avian OB is also almost the same
as in the reptiles.  The avian OB consists of mitral cells,
tufted cells, interneurons and glial components as in the rep-
tilian MOB and mammalian MOB [6].  Since the birds lack
the VNO and AOB, the avian OB corresponds to the MOB
in the other animals.  It is unique that the right and left
halves of the OB frequently fuse to form a single mass [102,
103].  By the way, the organization of the olfactory system
is strictly unilateral in all vertebrates, that is, the OE in the
right nasal cavity projects the axons to the right half of the
OB, and the OE in the left nasal cavity to the left half of the
OB.  The unilateral organization of the olfactory system is
highly efficient to detect the hostile others, preys or fellows
in the vicinity of individual animals.  In this context, the
fusion of the right and left halves of the OB in the birds
seems to abandon the effectiveness of the olfactory function
in their struggle for existence.  The fused OB in the birds
may be interpreted as the results that the merit of the olfac-
tory orientation gradually declines in the birds in the course
of their development of the flying ability.

MAMMALIAN OLFACTORY SYSTEM

The archaic mammals already appeared in the Jurassic
period about 180 million years ago.  Most of them extin-
guished in the Mesozoic era, but one group, the pantotheria,
survived to the Cenozoic era and branched off to diverse
species in the Tertiary period about 65 million years ago
[43, 76].  Since all the living mammals are derived from the
pantotheria, the mammals are defined as the monophyletic
group [43].  There are over four thousand species in the
mammals.

In spite of their taxonomical status as a monophyletic
group, the mammalian olfactory systems are different
among “family” levels, that is, some mammalian groups
lack the vomeronasal olfactory system, and possess only the
main olfactory system consisting of the OE and the MOB.
For example, the marine animals such as whales and dug-
ongs lack the VNO.  In the chiropteran, some bats possess
the VNO, but the others do not [8, 13].  Even in the groups
possessing the vomeronasal system, the degree of the devel-

opment of the VNO varies among species.  Histological,
ultrastructural and histochemical findings on the VNO and
the AOB in various mammalian species are well-docu-
mented in many reports including ourselves [1, 3, 11, 12,
16–18, 22, 35, 38, 45, 49, 54, 55, 59, 66, 69, 83–86, 93, 97,
98].  Histological, ultrastructural and histochemical findings
on the OE and the MOB in various mammalian species are
also well-documented in many reports including ourselves
[11, 14, 15, 19, 26, 28, 68, 78].  When present, the VNO and
the AOB are similar to those in the lizards.  Although the
VNO is situated at the base of the nasal septum, its opening
is diverse among species; it opens into the nasal cavity via a
small pore at its apical end, it meets the incisive duct and
communicates with the nasal and oral cavities, or it indepen-
dently opens into the oral cavity with its own duct.

In the human, the presence of the VNO is controversial.
It has long been considered that the VNO is absent in the
human as in the other higher primates, and only temporarily
appeared as a primordium in the early fetal stages [63].  On
the other hand, several authors reported the presence of the
VNO in the human since the 1980s [40, 56, 79].  They
reported that the human VNO has a small pore opening to
the lateral wall of the nasal septum and that the human VNO
is the same in its fine structure as that of other mammals.
Some authors declared that almost all humans possess the
VNO, whereas the other authors proposed that only a certain
percentage of humans possess the VNO.

Our personal opinion about this problem is that there is no
VNO in the human, because there is no report on the pres-
ence of the AOB in the human.  In this context, it is reported
in the chiropteran that the bat without the VNO lacks the
AOB.  In addition, according to our personal communica-
tions, the removal of the VNO in mice resulted in the grad-
ual degeneration of the AOB to lead to its complete
disappearance after several months of the VNO removal.
These findings make us conclude that the VNO is absent in
the human.

By the way, if the VNO is the pheromone receptor organ,
the human lacking the VNO do not perceive pheromones?
In this instance, we remind the phenomenon called the dor-
mitory effect.  This phenomenon is known since early times
among groups of nuns; when they are isolated to live
together in a group, their menstrual periods gradually
become synchronized.  This phenomenon is frequently
adopted as the evidence that the human can perceive phero-
mones.  Since pheromones are not necessarily perceived by
the VNO alone, the dormitory effect suggests that the
human maintain the ability to perceive pheromones.
Although the fish and the birds lack the VNO, they are said
to perceive pheromones with the OE.  This interpretation
strongly suggests that the human OE can perceive phero-
mones.

MAMMALIAN OLFACTORY SUBSYSTEMS

Most mammalian species have evolved multiple olfac-
tory systems to detect general odors as well as social cues.
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These systems make the mammals possible to detect all
essential elements for survival, such as food, danger and
mates.  There are two olfactory receptors other than the OE
and the VNO, that is, the septal olfactory organ of Masera
(SO) [2, 10, 29, 46, 53, 64, 70, 76, 80, 81, 93, 94] and the
Grueneberg ganglion (GG) [9, 20, 21, 27, 47, 51, 52, 69].
They play some roles as olfactory subsystems in the mam-
mals.

The SO is a small patch of the sensory epithelium isolated
from the OE in the nasal cavity and surrounded by the respi-
ratory epithelium.  The histological features are very similar
to those of the OE, although the SO is rather low in height in
comparison with the OE.  Since the SO is present in the
restricted number of mammalian species, it may exist only
in species where the nasopalatine duct does not open into the
VNO.  Although its function is still unknown, it seems to
serve as a separate accessory olfactory organ with properties
different from both OE and VNO.

The GG is a newly appreciated olfactory subsystem with
neural connections with the OB.  Although the cells of the
GG lack the direct contact with the lumen of the nasal cav-
ity, they possess several features as the olfactory neurons
such as the olfactory marker protein and the distinctive
olfactory receptor proteins.  Although the functional signif-
icance of the GG is still unknown, the increasing data sug-
gest that the GG at least partly function as thermo-sensors.

The locations of the olfactory receptor organs including
those in the olfactory subsystems in the mammals are sche-
matically described in Fig. 5.

DISCUSSION AND CONCLUSION

The recent findings and our interpretation on the phylog-
eny of the olfactory system are summarized in this review.
In the fish, the olfactory system is simple and consists only
of the OE and the OB.  In the amphibians, the olfactory sys-

tem is subdivided into the main olfactory and the vomerona-
sal olfactory systems, and the former consists of the OE and
the MOB, while the latter the VNO and the AOB. The third
olfactory receptor organ, the MCE, is encountered in some
species.  In the reptiles, the organization of the olfactory sys-
tem is diverse among reptilian species, and some are
equipped with the main olfactory and vomeronasal olfactory
systems, while the other lack the vomeronasal olfactory sys-
tem.  These situations may be induced by the fact that the
reptiles are the assembly of paraphyletic groups.  In the
birds, the olfactory system lacks the vomeronasal system
and merely consists of the OE and the OB.  This may be
induced by the origin of the birds as the descendant archo-
saurs probably lacking the VNO.  In the mammals, the
olfactory system shows diverse modifications in spite of
their origin as the monophyletic group.  The organization of
the olfactory system in vertebrates is partly affected by their
origin as the paraphyletic group or monophyletic group, but
cannot be elucidated from this point of view in the mam-
mals.
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