Vertebrate Zoology 72, 2022, 857-881 | DOI 10.3897/vz.72.e85466 857

’PENWFT SENCKENBERG Z gé

world of biodiversity Leibniz

Association

The development of nasal turbinal morphology of moles
and shrews

Festschrift in Honour of Professor Dr. Wolfgang Maier

Edited by Ingmar Werneburg & Irina Ruf

Kai Ito'?, Ryo Kodeara?, Kazuhiko Koyasu?®, Quentin Martinez*, Daisuke Koyabu®

1 Department of Natural Environmental Studies, Graduate School of Frontier Sciences, The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa-
shi, Chiba 277-0882, Japan

2 Department of Anatomy, School of Dental Medicine, Tsurumi University, 2-1-3 Tsurumi, Tsurumi-ku, Yokohama 230-8501, Japan

3 Department of Anatomy, School of Dentitstry, Aichi Gakuin University, 1-100 Kusumoto, Nagoya 464-8650, Japan

4 State Museum of Natural History, Rosenstein 1, 70191 Stuttgart, Germany

5 Research and Development Center for Precision Medicine, University of Tsukuba, 1-2 Kasuga, Tsukuba-shi, Ibaraki 305-8550 Japan

http://zoobank.org/References/65425994-19FF-4034-BA2C-642D2530C493

Corresponding author: Kai Ito (ocean42.rhino@gmail.com)

Academic editor Irina Ruf | Received 18 April 2022 | Accepted 15 July 2022 | Published 28 September 2022

Citation: Ito K, Kodeara R, Koyasu K, Martinez Q, Koyabu D (2022) The development of nasal turbinal morphology of moles and shrews. Verte-
brate Zoology 72 857-881. https://doi.org/10.3897/vz.72.e85466

Abstract

The phylogenetic relationships of major groups within the Order Eulipotyphla was once highly disputed, but the advent of molecular
studies has greatly improved our understanding about the diversification history of talpids, soricids, erinaceids, and solenodontids.
Their resolved phylogenetic relationships now allow us to revisit the turbinal and lamina evolution of this group. The inner structure
of the nasal cavity of mammals is highly complicated and the homologies of the turbinals among mammalian species are still largely
unsettled. In this regard, investigation on fetal anatomy and ontogenetic changes of the nasal capsule allows us to evaluate the ho-
mologies of the turbinals and laminae. We observed various fetuses and adults of talpids and soricids using high-resolution diffusible
iodine-based contrast-enhanced computed tomography (diceCT) and reviewed previous reports on erinaceids, solenodontids, and
other laurasiatherians. Although the turbinal and lamina morphology was previsouly considered to be similar among eulipotyphlans,
we found phylogenetic patterns for talpids and soricids. The nasoturbinal of the common ancestor of talpids and soricids was most
likely rostrocaudally elongated. The epiturbinal at the ethmoturbinal II disappeared in soricids independently. Finally, we propose
two possible scenarios for the maxilloturbinal development: 1) the maxilloturbinal of talpids and soricids became small independent-
ly with a limited number of lamellae as a result of convergent evolution, or 2) the common ancestor of talpids and soricids already
had a small and simple maxilloturbinal.
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Introduction

Mammals have plate-like structures called turbinals in
the nasal cavity which possess bony or cartilaginous
plate-like structures inside them (Moore 1981; Smith et
al. 2015; Smith et al. 2021a). The turbinal expands the
surface area in the nasal cavity by complex branching and
scrolling (Parker 1874; Parker 1885; Martineau-Doizé et
al. 1992; Smith et al. 2021a, 2021b). Depending on their
localization, the tissue on the surface of the turbinal is
characterized by a large number of secretory goblet cells
and capillaries and olfactory receptors (Negus 1958;
Smith et al. 2021b). Therefore, the turbinals have func-
tions, such as warming the air from the outside world and
absorbing water from the exhaled breath, and a role in
olfaction (Negus 1958; Hillenius 1992).

The terminology for turbinals differs among research-
ers which have often hindered the progress of turbinal
research (Rowe et al. 2005; Maier and Ruf 2014; Ruf
2014) (Table 1). Paulli established the first set of termi-
nology (Paulli 1900a, 1900b, 1900c). The larger main
turbinals are the endoturbinals, and the turbinals between
the endoturbinals are the ectoturbinals. Each turbinal is
numbered from the dorsal side. Nonetheless, this termi-
nology is not suited to address homology problems of
the turbinal because it does not take topography and on-
togeny into account (Maier and Ruf 2014; Ruf 2014).
For example, considering ontogeny, the structure that
is lamina instead of turbinal is represented as endotur-
binal 1, and all small-shaped turbinals are represented
as ectoturbinals together. On the other hand, the termi-
nology used by Voit (1909) and others (Reinbach 1952a,
1952b; Maier 1993a, 1993b) is based on ontogeny, which
is well-suited to examine the homology between distant
species. Therefore, we followed the anatomical terminol-
ogy of Voit (1909) and the bauplan advocated by Maier
(1993a) (Fig. 1).

Types of the turbinal include the marginoturbinal,
atrioturbinal, nasoturbinal, maxilloturbinal, ethmoturbi-
nal, epiturbinal, frontoturbinal, and interturbinal (Maier
1993a, 1993b). The marginoturbinal continues into the
atrioturbinal and forms the frame external naris (Maier
1980, 2000; Gobbel 2000). These turbinals which form
the rostral part of the nasal cavity do not ossify (Zeller
1987; Maier 2014, 2020; Smith et al. 2015). In addition,
the marginoturbinal and the atrioturbinal are attached
to facial muscles. As a result, this structure changes the
shape of the naris and controls the inflow and outflow of
air (Gobbel 2000; Maier and Ruf 2014). These turbinals
are covered with a keratinous epithelium (Ruf 2020).

The nasoturbinal is a rostrocaudally elongated struc-
ture that extends from near the naris to the dorsal side of
the nasal cavity (Moore 1981). The maxilloturbinal is lo-
cated on the rostroventral side of the nasal cavity and has
a complex branched structure in some mammals (Negus
1958; Van Valkenburgh et al. 2004, 2014b; Maier and Ruf
2014; Smith et al. 2015). The nasoturbinal and maxillo-
turbinal are covered with a respiratory epithelium, which
serves to moisten and warm the inhaled air (Negus 1958;

Smith and Rossie 2008; Van Valkenburgh et al. 2014b;
Martinez et al. 2018; Wagner and Ruf 2019).

Several ethmoturbinals are on the caudal side of the
nasal cavity and are fused to the ethmoid bone (Van Gilse
1927; Smith et al. 2015). Under Voit’s framework, Ro-
man numerals are assigned from the rostral side to the
caudal side to refer to the ethmoturbinals (Voit 1909).
Among them, ethmoturbinal I is the largest and branches
into the rostral and caudal sides (Voit 1909; Maier 1993a;
Ruf 2020). Some studies name the caudal side of the
branch as the ethmoturbinal II (Smith et al. 2007; Smith
and Rossie 2008; Wible 2008). From each ethmoturbinal
extend several small lamellae that serve as accessories
(Maier 1993b). The turbinal formed from this branch is
called the epiturbinal, which is unusual as turbinals com-
monly protrude from the inner wall of the nasal cavity
(Maier 1993b; Smith and Rossie 2008).

There are multiple frontoturbinals in the frontoturbinal
recess, which is the dorsal space of the lateral recess of
the nasal cavity (Maier 1993a, 1993b; Rossie 2006). Mul-
tiple interturbinals are found in the frontoturbinal recess
and the ethmoturbinal recess, which is the caudal recess
of the nasal cavity. The interturbinals project from the in-
ner wall of the nasal cavity, but do not project as far me-
dially as other turbinals (Maier 1993a, 1993b). The eth-
moturbinal, epiturbinal, frontoturbinal, and interturbinal
are covered with the olfactory epithelium containing ol-
factory receptors (Le Gros Clark 1951; Van Valkenburgh
et al. 2014a). The number of these turbinals varies widely
between species (Paulli 1900a, 1900b, 1900c).

In addition to turbinals, three laminae are found in the
nasal cavity. The lamina semicircularis projects behind
the nasoturbinal (Maier 1993a, 1993b). The lamina hori-
zontalis (also known as frontomaxillary septum) divides
the lateral recess of the nasal cavity into two parts: dorsal
and ventral (Rossie 2006; Smith and Rossie 2008; Maier
and Ruf2014). The dorsal side is the frontoturbinal recess
and the ventral side is the maxillary recess (Ruf 2014).
The lamina transversalis is a continuous structure that
extends from the lateral wall to the nasal septum, divid-
ing the ethmoturbinal recess and the nasopharyngeal duct
(Lozanoff and Diewert 1989). The lamina transversalis
continues from the lamina horizontalis and extends from
the lateral wall to the nasal septum (Lozanoff and Diewert
1989; Macrini 2012; Smith et al. 2015).

The nasal capsule develops at the rostral part of the
chondrocranium (Moore 1981; Kaucka et al. 2018). The
basic structure of the turbinal and the lamina project into
the nasal capsule (Dieulafe 1906; Ruf 2020). Some car-
tilages of the turbinal and the lamina are formed when
the nasal capsule is formed, and some protrude from the
inner wall of the nasal capsule after the formation of the
nasal capsule (de Beer 1937; Smith and Rossie 2008; Van
Valkenburgh et al. 2014b).

Morphogenesis of the nasal capsule in mammals is
completed through three mesenchymal condensations:
the parietotectal cartilage aside from the tectum (pars
anterior), the paranasal cartilage (pars lateralis), and the
orbitonasal lamina (pars posterior; de Beer 1937; Re-
inbach 1952b; Moore 1981; Zeller 1987; Rossie 2006;
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Table 1. Terminology for turbinals and laminas of eulipotyphlans.

Structure name

Synonyms from other authors

Marginoturbinal —

Atrioturbinal —

Maxilloturbinal Inferior concha (Moore 1981, p 255), inferior turbinal (Parker 1885)

Nasoturbinal Nasal turbinal (Parker 1885), crus orale of the nasoturbinal (Woehrmann-Repenning and Meinel 1977)

Lamina semicircularis

Nasal turbinal (Parker 1885), endoturbinal I (Paulli 1900c; Sharma 1958; Schmidt and Nadolski 1979; Kur-
amoto 1980; Moore 1981), crista semicircularis (Voit 1909; Fawcett 1918; Michelsson 1922; de Beer 1929;
Roux 1947; Youssef 1971), internal olfactory concha I and constriction (Ganeshina et al. 1957), olfactory turbi-
nal 1 (Gurtovoi 1966), constriction crus intermedium of the nasoturbinal (Woehrmann-Repenning and Meinel
1977), nasoturbinal (S6llner and Kraft 1980; Larochelle and Baron 1989), nasoturbinal, ethmoid (Wible 2008)

Lamina horizontalis

Middle turbinal (Parker 1885), horizontally positioned lamella (Michelsson 1922), anterior root of ethmotur-
binal I (de Beer 1929, 1937; Youssef 1971), crus intermedium and crus aborale of the nasoturbinal (Woehr-
mann-Repenning and Meinel 1977), a part of endoturbinal I (Larochelle and Baron 1989)

Ethmoturbinal I anterior part

Endoturbinal I (Allen 1882; Sollner and Kraft 1980; Larochelle and Baron 1989), middle turbinal (Parker
1885), endoturbinal I (Paulli 1900c; Moore 1981), ethmoturbinal 1 (de Beer 1929; loana 1970), dorsal lamella
of first primary (Roux 1947), internal turbinal II' (Ganeshina et al. 1957), endoturbinal II a (Sharma 1958), up-
per roll of olfactory turbinal 4 (Gurtovoi 1966), dorsal lamella of first primary ethinoturbinal (Youssef 1971),
endoturbinal II” (Schmidt and Nadolski 1979; Kuramoto 1980), middle concha (Moore 1981 p255)

Ethmoturbinal I posterior part

Ethmoturbinal I lobule (Allen 1882), middle turbinal (Parker 1885), Endoturbinal II lower lamella (Paulli 1990
¢; Moore 1981), accessory lamina at ethmoturbinal I (Michelsson 1922), ethmoturbinal 1 (de Beer 1929; Ioana
1970), ventral lamella of first primary ethmoturbinal (Roux 1947), internal turbinal II* (Ganeshina et al. 1957),
ethmoturbinal 2 (Ioana 1970), endoturbinal II b (Sharma 1958), lower roll of olfactory turbinal 4 (Gurtovoi
1966), ventral lamella of first primary ethinoturbinal (Youssef 1971), epiturbinal I (Woehrmann-Repenning and
Meinel 1977), endoturbinal 11"’ (Schmidt and Nadolski 1979; Kuramoto 1980), epiturbinal at ethmoturbinal
(Sollner and Kraft 1980), middle concha (Moore 1981, p 255), accessory lamellae of endoturbinal I ( Laro-
chelle and Baron 1989), ethmoturbinal 1T (Wible 2008)

Ethmoturbinal 1T

Endoturbinal IT (Allen 1882; Sollner and Kraft 1980; Larochelle and Baron 1989), middle turbinal (Parker
1885), endoturbinal III (Paulli 1990c; Moore 1981; Sharma 1958; Schmidt and Nadolski 1979; Kuramoto 1980),
superior concha (Moore 1981, p 255), internal turbinal III (Ganeshina et al. 1957), olfactory turbinal 6 (Gurtovoi
1966), ethmoturbinal 3 (Ioana 1970), superior concha (Moore 1981, p 255), ethmoturbinal III (Wible 2008)

Ethmoturbinal I1T

Endoturbinal I1I (Allen 1882; Sollner and Kraft 1980; Larochelle and Baron 1989), endoturbinal IV (Paulli
1990c; Moore 1981; Schmidt and Nadolski 1979; Kuramoto 1980), internal turbinal IV (Ganeshina et al.
1957), ectoturbinal III (Sharma 1958), olfactory turbinal 6 (Gurtovoi 1966), highest concha (Moore 1981
p255), ethmoturbinal 4 (Ioana 1970), ethmoturbinal IV (Wible 2008)

Frontoturbinal

Ectoturbinal (Allen 1882; Paulli 1900c; Sharma 1958; Woehrmann-Repenning and Meinel 1977; Schmidt
and Nadolski 1979; Kuramoto 1980; Sollner and Kraft 1980; Moore 1981; Larochelle and Baron 1989; Wible
2008), upper turbinal (Parker 1885), concha frontalis (Michelsson 1922), secondary ethmoturbinal (Roux
1947), external olfactory turbinal (Ganeshina et al. 1957), olfactory turbinal 2 and 3 (Gurtovoi 1966)

Interturbinal

Ectoturbinal (Allen 1882; Paulli 1900c; Sharma 1958; Moore 1981; Larochelle and Baron 1989), ectoturbinal
IIT (Woehrmann-Repenning and Meinel 1977; Schmidt and Nadolski 1979; Kuramoto 1980), secondary ethno-
turbinal (Fawcett 1918; Roux 1947), olfactory turbinal 5 (Gurtovoi 1966)

Epiturbinal

External olfactory turbinal (Ganeshina et al. 1957), epiturbinal II (Woehrmann-Repenning and Meinel 1977)

Smith and Rossie 2006, 2008; Van Valkenburgh et al.
2014a). The paranasal cartilage covers the parietotectal
cartilage and the orbitonasal lamina while each cartilage
condenses (de Beer 1937; Smith and Rossie 2008; Van
Valkenburgh et al. 2014a). On the rostral side, where the
paranasal cartilage overlaps the parietotectal cartilage,
the lamina semicircularis is formed from the parietotectal
cartilage (Smith and Rossie 2008; Van Valkenburgh et al.
2014b). On the caudal side, where the the paranasal carti-
lage overlaps the orbitonasal lamina, the ethmoturbinal I
is formed from the orbitonasal lamina (Smith and Rossie
2008; Van Valkenburgh et al. 2014a). The nasoturbinal,
frontoturbinal, interturbinal, lamina horizontalis, and eth-
moturbinals, other than ethmoturbinal I, project from the
inner wall of the nasal capsule (Smith and Rossie 2008;
Van Valkenburgh et al. 2014a). The ethmoturbinals II, III
and IV project in this order from the area originating from
the orbitonasal lamina (Rossie 2006; Smith and Rossie
2008; Van Valkenburgh et al. 2014a). The marginoturbi-

nal, atrioturbinal, and maxilloturbinal are formed from
the ventral margin of the nasal capsule.

Maier (1993b) showed that the nasal capsule structure,
including the turbinal and lamina, does not vary among
therian species, indicating the nasal capsule bauplans.
From birth to adulthood, the turbinal and lamina become
more complex, branching and scrolling as they grow
(Maier and Ruf 2014). A part of the cartilage of the tur-
binal and the lamina become ossified, and a thin ossified
plate is formed inside them (Smith et al. 2021a). This os-
sified plate binds to the maxilla and the ethmoid bone and
merges with these bones. The nasal capsule is enclosed
by exocranial facial bones (the palatine, maxilla, and na-
sal) and is integrated into the nasal cavity of the adult.
As nasal capsules “become complex with growth”, it is
thus crucial to observe the structural changes of the nasal
capsules during development and carefully track them by
studying various developmental stages in order to exam-
ine the homology among distant species.
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Figure 1. Generalised schematic mammalian nasal capsule. A Coronal section through the rostral part of the nasal capsule; B cor-

onal section through the caudal part of the nasal capsule, modified from Maier (1993b); C medial view of parasagittal section
modified from Maier (1993a) and Maier and Ruf (2014). These images show the nasal structure without facial exocranial (dermal)
bones, except for the maxilla and palatine bones. Broken lines indicate each coronal section. Abbreviations: at = atrioturbinal; ept =
epiturbinal; et I (pa) = ethmoturbinal I pars anterior; et I (pp) = ethmoturbinal I pars posterior; et [I-IV = ethmoturbinals [I-1V; etr =
ethmoturbinal recess; ft = frontoturbinal; it = interturbinal; lh = lamina horizontalis; lsc = lamina semicircularis; mt = marginoturbi-
nal; mx = maxilla; mxt = maxilloturbinal; nph = nasopharyngeal duct; nt = nasoturbinal; pal = palatine.

Here, the development of the nasal turbinal of eulipoty-
phlans is presented. Presently, more than 500 species are
assigned to the Order Eulipotyphla (Burgin et al. 2018).
Regarding the body size, erinaceids weigh 50-1000 g
(Hylomys suillus and Erinaceus europaeus), solenodon-
tids weigh 1000 g and talpids weigh 10-400 g (Neuro-
trichus gibbsii, Scaptonyx fusicaudus, and Desmana
moschata). Soricids are the smallest and weighs 2—-100 g
(Suncus etruscus, and Suncus murinus) (Symonds 2005;
MacDonald 2009). Erinaceids and solenodontids are ter-
restrial, but soricids and talpids live in diverse environ-
ments (terrestrial, subterranean, and aquatic). Previously,
where eulipotyphlans fall in the mammalian tree and phy-
logenetic relationships of the four families were disputed,
the interrelationships are now mostly resolved (Sato et
al. 2016, 2019; Springer et al. 2018; Upham et al. 2019),
allowing detailed character evolution within the group.

Many studies have examined the eulipotyphlan turbi-
nals (Paulli 1900c; Ganeshina et al. 1957; Sharma 1958;
Gurtovoi 1966; loana 1970; Woehrmann-Repenning and

Meinel 1977; Schmidt and Nadolski 1979; Kuramo-
to 1980; Sollner and Kraft 1980; Larochelle and Baron
1989; Maier 2002, 2020). However, almost all of them
observed only adult specimens, this approach being
highly problematic when examining the turbinal homol-
ogy. Currently, the description of the fetal turbinal and
the lamina is limited to a certain species: E. europaeus
(Parker 1885; Fawcett 1918a; Michelsson 1922; Youssef
1971), Hemiechinus auritus (Youssef 1971), Sorex ara-
neus (Parker 1885; de Beer 1929), Suncus varilla (Roux
1947), and Talpa europaea (Parker1885; Fischer 1901;
Noordenbos1905; Fawcett 1918a). Using diffusible io-
dine-based contrast-enhanced computed tomography (di-
ceCT) imaging, we describe the developmental stages of
the nasal capsule and the cavity in five species of soricids
and talpids for the first time. Histological sections of the
erinaceids and solenodontids were reviewed from previ-
ous literature and used for comparison. Here, we propose
revised turbinal homologies among eulipotyphlans and
discuss the character evolution of the nasal turbinal.
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Talpids

Eulip(;typhlans

Crocidurines

Soricids

Soricines

Crocidura dsinezumi

— Sorex hosonoi

Mogera wogura

Urotrichus talpoides

Crocidura lasiura

Suncus murinus

Figure 2. Phylogenetic relationships of eulipotyphlan species in this study. Phylogenetic framework is based on Ohdachi et al.

(2004) and Sato et al. (2016, 2019).

Material and methods

We compared various developmental stages (fetus to
adult) of talpids (two species) and soricids (four species)
(Fig. 2). We investigated Mogera wogura and Urotrichus
talpoides from talpids and S. murinus, Crocidura dsine-
zumi, Crocidura lasiura, and Sorex hosonoi from soric-
ids. Developmental stages and measurements are listed
in Table 2. All samples belong to the National Museum
of Nature and Science and the University Museum of the
University of Tokyo. As for fetuses, the exact day age of
species, other than a few species of S. murinus, is un-
known. Hence, we used the crown-rump length (CRL)
and the external characteristics, based on Vogel (1972),
Sterba (1977), and Barrionuevo et al. (2004) to infer the
rough developmental stage. Based on the study that ob-
served the initial protrusion of the turbinal (Parker 1885),
we specified CRL 10 as the early stage. We specified
those with approximately CRL 20 as late stage (the gesta-
tion length of 7. europaea, Crocidura russula, and Sorex
etruscus are commonly about 30 days) (Vogel 1972; Bar-
rionuevo et al. 2004). Based on the size of the CRL (ap-
proximately CRL 15) and the external characteristics, it
was presumed that the turbinals and laminae of the mid
stage were more developed than those of the early stage.
We also compared eulipotyphlans with Sus scrofa, Felis
catus, and Rousettus leschenaultii which are reported pre-
viously in Ito et al. (2021) (Table 3).

Measurements were made using sliding calipers (N20,
Mitutoyo, Japan). The samples were fixed and preserved
with 70% ethanol solution. We followed the image en-
hancement techniques of a previous study (Gignac and
Kley 2014; Gignac et al. 2016) and dipped the specimens
with iodine-based solutions (1% iodine, 12KI in 99% eth-
anol solution). Staining duration was between 6 and 24 h
in fetus and adult in 7 days depending on the size of the
specimen.

We used a microCT scanner (InspeXio SMX-225CT,
Shimadzu Co, Japan) with 110 kV source voltage and
100 mA source currents to create greyscale images of
the specimens. Voxel size ranged from 8 to 35 pm. We
used the dimensions of 2,048x2,048 pixels and 12-bit
greyscale to reconstruct images. We manually recon-
structed the cartilage and bones of the turbinals using
Segmentation Editor Tool in Amira 5.3 (Visage Imaging,
Berlin, Germany) for each specimen. The cartilaginous
structures are often stained poorly by iodine-based solu-
tions. However, they can be identified indirectly from the
presence of surrounding connective tissues, such as the
perichondria, which are readily stained with iodine-based
solutions (Gignac et al. 2016). As depicted in Fig. 3, it
was thus possible to distinguish ossified and cartilaginous
structures from the surrounding structure.

The character states of the turbinals and lamina, such
as the number, loss and gain, were mapped on to the phy-
logenetic tree (Ohdachi et al. 2004; Sato et al. 2016, 2019)
to examine the evolutionary history of the nasal turbinals.
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Table 3. Distribution and the number of turbinals and laminas of Laurasiatheria.
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Results

Marginoturbinal and atrioturbinal

The marginoturbinal was formed at the rostral-most
dorsal side (dorsal to the naris) of the tectum nasi
anterius from the early stage to adult in all eulipo-
typhlans (Figs 4A—G, 5SA-J). The atrioturbinal was
positioned on the caudal side of the marginoturbi-
nal. The atrioturbinal was found at the ventral side
of the nasal capsule from the early stage in all eu-
lipotyphlans and almost no cartilaginous structure
was formed within this turbinal in all eulipotyph-
lans. The maxilloturbinal was continuous with the
caudal side of the atrioturbinal.

The marginoturbinal was also formed at the ros-
tral-most dorsal side (dorsal to the naris) of the tec-
tum nasi anterius from late stage of Sus scrofa, Fe-
lis catus, and from early to adult in R. leschenaultii
(Fig. 6A—H). The atrioturbinal had few cartilagi-
nous parts. The maxilloturbinal continued from the
rostral side of the atrioturbinal.

We could not capture the clear image of the ros-
tral-most turbinals of the early stage, such as the
marginoturbinal and the atrioturbinal in all spe-
cies with our CT imaging using the iodine-based
solution. The thin cartilaginous structure made it
difficult for us to distinguish the turbinal structure
from other surrounding tissues. Especially the
boundaries of turbinals were hard to observe in all
species, such as between the marginoturbinal and
the atrioturbinal and the atrioturbinal and the max-
illoturbinal.

Maxilloturbinal

The maxilloturbinal of the talpids was already on
the ventral side of the nasal capsule at the early
stage (Fig. 4A, A-2, A-3, E, E-2, E-3). In the mid
stage, the maxilloturbinal was not yet scrolled in
both species (Fig. 4A, A-2, A-3, B, B-2, B-3, E,
E-2, E-3, F, F-2, F-3). In the late stage of M. wogu-
ra, a slight depression was observed at the medial
side of the caudal part of the maxilloturbinal (Fig.
4C, C-2, C-3). In the adult, the ossified plate was
formed inside the maxilloturbinal in both species.
All cartilage structures were ossified. The dorsal
and ventral secondary lamellae of the maxillotur-
binal are scrolled, and these scrolls became more
prominent at the caudal ends (Fig. 4D-2, D-3, G-2,
G-3).

The structure varied among soricids. S. muri-
nus, C. lasiura, and S. hosonoi all formed the max-
illoturbinal at the ventral side of the nasal capsule
in the early stage (Fig. 5A, A-2, A-3, E, E-2, E-3,
I, I-2, I-3). From the mid stage to the late stage of
S. murinus and C. dsinezumi, the tip of the max-
illoturbinal, which was dorsally scrolled, was not
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Figure 3. Virtual model of desmocranium (white) and chondrocranium (green) of Suncus murinus in the late stage. A, B Dorsal view

of'the left side; C, D ventral view of the left side; E, F lateral view of the left side; scale = 1 mm. Abbreviations: alt = ala temporalis;
ah = ala hypochiasmatica; aor = ala orbit; bcf = basicranial fissure; con = orbitonasal commissure; con = commissura orbitonasalis;
cpa = cartilago paraseptalis anterior; cse = sphenethmoid commissure; et [ = ethmoturbinal I; fc = carotid foramen; ff = foramen of
facial nerve; th = hypophyseal fenestra; fj = foramen jugulare; fr = frontal; hyf = hypophyseal fossa; lon = laminas orbitonasalis; Ita
= lamina transversalis anterior; Itp = lamina transversalis posterior; Itr = lamina trabecularis; mc = Meckel’s cartilage; mx = maxilla;
mxt = maxilloturbinal; na = nasal; nc = nasalcapsule; oc = otic capsule; onf = orbitonasal fissure; onf = orbitonasal fissure; pa =
parietal; pal = palatine bone; pal = palatinum; pm = premaxilla; pm = premaxilla; pn = paranasal cartilage; sh = stylohyal cartilage;

soc = supraoccipital cartilage; squ = squamosal; tn = tectum nasi; tp = tectum posterius.

bifurcated, but only bulged (Fig. 5B, B-2, B-3, C, C-2,
C-3,F F-2,F-3, G, G-2, G-3). In the adult S. murinus, the
dorsal and the ventral secondary lamellae were strongly
scrolled and the dorsal secondary lamella produced an ad-
ditional short branch (Fig. 5D, D-2). The maxilloturbinal
of the adult C. dsinezumi bore two secondary lamellae
(an unscrolled and almost straight dorsal lamella and a
weakly-scrolled ventral lamella) (Fig. SH, H-2). In the
adult of S. hosonoi, the maxilloturbinal bore the dorsal
and ventral secondary lamellae, but both lamellae were
not scrolled (Fig. 5J, J-2).

The maxilloturbinal developed at the ventral side of
the nasal capsule in all outgroup species. The maxillotur-
binal formed the dorsal and ventral secondary lamellae in
the mid stage in S. scrofa. In the late stage of S. scrofa,
both secondary lamellae scrolled dorsally (Fig. 6A, A-2,
B, B-2). In F. catus, the maxilloturbinal formed second-
ary lamellae, one dorsally and another ventrally, from
the mid stage. In the late stage of F. catus, the scrolling
of the ventral lamella became more prominent than the
dorsal branch (Fig. 6C, C-2, D, D-2). In R. leschenaultii,
a depression at the medial end of maxilloturbinal was
observed. From the mid stage of R. leschenaultii, the
maxilloturbinal formed the dorsal and ventral secondary
lamellae. In the adult of R. leschenaultii, the two lamellae
bore tertiary projections. The maxilloturbinal formed four
lamellae in total (Fig. 6F, F-2, G, G-2, H, H-2).

Nasoturbinal

All the species observed in this study showed consistent
characters. In the early stage of M. wogura and U. talpoi-
des, a part of the nasoturbinal was protruding from the
dorsal side to the ventral side near the nostrils (Fig. 4A,
A-2,B, B-2, E, E-2, F, F-2). In the mid stage and the late
stage of M. wogura and the mid stage of U. talpoides, the
rostral nasoturbinal, which contained no cartilage inside,
extended to the rostral direction (Fig. 4B-1, C-1, F-1).
From the dorsal side of the tectum nasi anterius, the cau-
dal nasoturbinal containing cartilage protruded ventrally
and extended to the rostro-caudal direction (Fig. 4B, B-2,
C, C-2, E, E-2, F, F-2). In the adults of M. wogura and
U. talpoides, the nasoturbinal protruded caudally in the
cavity of the outer nasal cartilages and extended in the
rostro-caudal direction (Fig. 4D, D-1, G, G-1). We could
not conclude whether the nasoturbinal in this part formed
the cartilage inside the turbinal with our CT images af-
ter iodine staining. In the center of the bony nasal cavity,
which was composed of the maxilla and nasal, and pala-
tine bone, the nasoturbinal had a thin ossified plate inside.

In the early stage of S. murinus and C. lasiura, the pro-
tuberance was formed from the rostral side near the nos-
trils (Fig. 5A, A-1, E, E-1). However, it was difficult to
judge from the CT image whether there was cartilage in
this process. No protrusion of nasoturbinal was observed
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Figure 4. Coronal section and sagittal 3D views of pCT images of Mogera wogura and Urotrichus talpoides. A—G Show approxi-

mate location of section through the nasal capsule or nasal cavity. (A-1-6) Early stage fetus, (B-1-6) mid stage fetus, (C-1-6) late
stage fetus, and (D-1-6) adult of M. wogura. (E-1-6) early stage fetus, (F-1-6) mid stage fetus, and (G-1-6) adult of U. talpoides.
Scale bars: 1 mm. Abbreviations: ept = epiturbinal; et I (pa) = ethmoturbinal I pars anterior; et I (pp) = ethmoturbinal I pars posterior;
et II-11I = ethmoturbinal II-III; ft 1, 2= frontoturbinal 1, 2; it = interturbinal; lh = lamina horizontalis; Isc = lamina semicircularis;

mt = marginoturbinal; mxt = maxilloturbinal; nt = nasoturbinal.

in the early stage of S. hosonoi (Fig. 5I). In the mid stage
and the last late stage of S. murinus and C. dsinezumi,
the rostral side of the nasoturbinal was only a process
which the cartilage could not be observed inside. On their
caudal side of the nasoturbinal, the cartilage was formed
inside, protruding in the ventral direction and extending
in the rostrocaudal direction (Fig. 5B, B-1, B-2, C, C-1,
C-2, F, F-1, F-2, G, G-1, G-2). The nasoturbinal of the
adult of soricids was roughly divided into two parts. One
part of the nasoturbinal protruded dorsoventrally in the
cavity of the outer nasal cartilages (Fig. 5D-1, H-1, J-1).
The other part of the nasoturbinal was in the bony nasal
cavity and protruded dorsoventrally. A thin ossified plate
was formed inside this part of the nasoturbinal (Fig. 5D-
2, H-2, J-2).

The nasoturbinal was rostrocaudally short and pro-
truded from the inner wall of the rostral tectum nasi an-
terius in the mid stage of S. scrofa (Fig. 6A, A-1). The

nasoturbinal of S. scrofa did not elongate rostrocaudally
in the late stage (Fig. 6B, B-1). The nasoturbinal pro-
truded from inner wall of the rostral tectum nasi anterius
and its caudal side joined the rostral side of the lamina
semicircularis in the mid stage of F. catus (Fig. 6C, C-2).
The nasoturbinal was not observed from the early to late
stages in R. leschenaultii (Fig. 6E-G). Nonetheless, a
protrusion, presumably a nasoturbinal, was observed at
the inner wall of the snout (Fig. 6H, H-1). This protrusion
was not cartilaginous.

Lamina semicircularis

In the early stage of M. wogura and U. talpoides, the lam-
ina semicircularis elongated in the dorsoventral direction
and protruded medially (Fig. 4A, A-3, E, E-3). From the
early to late stage of M. wogura and the early and the mid
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Figure 5. Coronal section and sagittal 3D views of pCT images of Suncus murinus, Crocidura lasiura, C. dsinezumi, and Sorex
hosonoi. A—J show approximate location of section through the nasal capsule or nasal cavity. (A-1-6) Early stage fetus, (B-1-6)
mid stage fetus, (C-1-6) late stage fetus, and (D-1-6) adult of S. murinus. (E-1-6) Early stage fetus of C. lasiura. (F-1-6) Mid stage
fetus, (G-1-6) late stage fetus, and (H-1-6) adult of C. dsinezumi. (I-1-6) Early stage fetus, and (J-1-6) adult of S. hosonoi. Scale
bars: 1 mm. Abbreviations: et I (pa) = ethmoturbinal I pars anterior; et I (pp) = ethmoturbinal I pars posterior; et [I-III = ethmoturbi-
nal II-11I; ft 1, 2= frontoturbinal 1, 2; it = interturbinal; lh = lamina horizontalis; Isc = lamina semicircularis; mt = marginoturbinal;
mxt = maxilloturbinal; nt = nasoturbinal.

stage of U. talpoides, the rostral side of the nasal capsule  the frontoturbinal and lamina horizontalis (Fig. 4A, A-3,
bridged the dorsal and ventral side. Then it expanded in B, B-3, E, E-3, F, F-3). In the adult M. wogura and U.
the caudal direction to cover a part of the rostral side of  falpoides, the rostral part of the nasal cavity had an os-



Vertebrate Zoology 72, 2022, 857-881 867

2
F-2 et (pa)

etl (pp)

et il it

Figure 6. Coronal section and sagittal 3D views of nCT images of Sus scrofa, Felis catus, and Rousettus leschenaultii. A—H Show
approximate location of section through the nasal capsule or nasal cavity. (A-1-6) Mid stage fetus and (B-1-6) late stage fetus of
Sus scrofa. (C-1-6) Mid stage fetus and (D-1-6) late stage fetus of Felis catus. (E-1-6) Early stage fetus, (F-1-6) mid stage fetus,
(G-1-0) late stage fetus, and (H-1-6) adult of Rousettus leschenaultii. Scale bars: 1 mm. Abbreviations: ept = epiturbinal; et [ (pa)
= ethmoturbinal I pars anterior; et I (pp) = ethmoturbinal I pars posterior; et II-1II = ethmoturbinal II-11I; ept = epiturbinal; ft 1-3=
frontoturbinal 1-3; it = interturbinal; lh = lamina horizontalis; Isc = lamina semicircularis; mt = marginoturbinal; mxt = maxillotur-

binal; nt = nasoturbinal.

sified structure inside the lamina that bridged the dorsal
and lateral sides of the nasal cavity. On the caudal side
of the nasal cavity, the lamina semicircularis was thinly
ossified to surround the surface of this lamina. Further on
the dorsal side, ossified lamellae emerged from the dorsal
part of the lamina semicircularis and were single-scrolled
outward (Fig. 4D, D-4, G, G-4).

In the early stage of S. murinus, C. lasiura, and S. ho-
sonoi, the lamina semicircularis formed a dorsoventral
expanding structure on the dorsal caudal side of the nasal
capsule (Fig. 5A, E, I). From the mid stage to the late
stage of S. murinus and C. dsinezumi, the lamina semicir-

cularis bridged the dorsal and ventral sides in the rostral
nasal capsule (Fig. 5B-3, C-3, F-3, G-3). In the caudal
nasal capsule, the lamina semicircularis extended to the
caud-medial side, spreading dorsoventrally over the ros-
tral side of lamina horizontalis and the two frontoturbi-
nals (Fig. 5B-3, C-3, F-3, G-3). In the mid stage of S.
murinus and C. dsinezumi, an outwardly protruding pro-
cess was formed on the dorsal side of the lamina semicir-
cularis (Fig. 5B-4, F-4). This process was bent dorsally in
the late stage of S. murinus (Fig. 5C-4). In the adults of S.
murinus, C. dsinezumi, and S. hosonoi, the ossified part of
the lamina semicircularis bridged the dorsal and ventral
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sides on the rostral side of the nasal cavity (Fig. 5D-3,
H-3, J-3). In the nasal cavity of adult soricids, the lami-
na semicircularis protruded in the dorsoventral direction.
Furthermore, at the caudal side of the nasal cavity, the
lamina semicircularis was thinly ossified and surrounded
the surface (Fig. 5D, D-4, H, H-4, J, J-4). In the adults of
S. murinus and C. dsinezumi, the lamina protruded out-
wards and scrolled to the dorsal side (Fig. 5D-4, H-4). In
the adult of S. hosonoi, a laterally protruding process of
the lamina semicircularis was observed on the dorsal side
of the caudal nasal cavity (Fig. 5J-4).

In the mid stage of S. scrofa, the lamina semicircularis
protruded from the inner wall of the dorsal side of nasal
capsule (Fig. 6A, A-3). In the late stage of S. scrofa, the
rostral side of the lamina semicircularis bridged the dor-
sal and the lateral side of the nasal capsule, and the caudal
side of the lamina semicircularis extended medially on
the dorsal side of the nasal capsule (Fig. 6B, B-3). In the-
mid stage of F. catus, the rostral side of the lamina semi-
circularis bridged the dorsal and the lateral side of the
nasal capsule (Fig. 6C, C-3, D, D-3). In the early stage of
R. leschenaultii, the lamina semicircularis protruded on
the dorsal side of the nasal capsule (Fig. 6 E, E-3). From
the mid- to the late stages of R. leschenaultii, the lamina
semicircularis projected laterally and transversally (Fig.
6F, F-3, G, G-3). In the adult, the lateral tip was slightly
scrolled dorsally (Fig. 6H, H-3).

Lamina horizontalis

The lamina horizontalis of M. wogura and U. talpoides
protruded from the inner lateral wall of the nasal cap-
sule in the early stage, joining the ventral side of ethmo-
turbinal I pars anterior (Fig. 4A, E). Within M. wogura
from mid to adult, and U. talpoides of mid and adult, the
lamina horizontalis consistently extended from the inner
wall of the nasal capsule in the direction of latero-medial,
rostro-caudal and caudo-rostral. In the mid stage of M.
wogura, the dorsal side of the lamina horizontalis was
joined only to the ethmoturbinal I pars anterior (Fig. 4B,
B-4). In the mid stage U. talpoides, the dorsal side of the
lamina horizontalis fused with the ventral side of the eth-
moturbinal I pars anterior, the ethmoturbinal I pars poste-
rior, and the interturbinal (Fig. 4F, F-4). In the late stage
of M. wogura, the dorsal side of the lamina horizontalis
was fused with the ventral side of the ethmoturbinal I pars
anterior and the ethmoturbinal I pars posterior (Fig. 4C).
In the adult of both species, two frontoturbinals and eth-
moturbinal I pars anterior and ethmoturbinal I pars pos-
terior, and interturbinal, ethmoturbinal II were combined
from the dorsal side of the lamina horizontalis (Fig. 4D,
G).

A similar tendency was observed for soricids as for
talpids. In the early stage of S. murinus and C. lasiura,
the lamina horizontalis was already fused with the ventral
side of the ethmoturbinal I and II and protruded from the
inner lateral wall of the nasal capsule to the cavity (Fig.
5A, A-4, E, E-4). From the mid stage to the adult of S.
murinus, the lamina horizontalis fused with the ventral

sides of the two frontoturbinals, the ethmoturbinal I pars
anterior and the ethmoturbinal I pars posterior, and in-
terturbinal and expanded inwards to enclose them (Fig.
5B-D). In the mid stage of C. dsinezumi, the lamina hor-
izontalis was associated with the ventral sides of the two
frontoturbinals, the ethmoturbinal I pars anterior, and the
ethmoturbinal I pars posterior (Fig. 5F). From the late
stage of C. dsinezumi, the lamina horizontalis addition-
ally expanded inwards to wrap around them (Fig. 5G).
In the adult of S. murinus, C. dsinezumi and S. hosonoi,
the lamina horizontalis expanded inwards, fusing with the
ventral sides of the two frontoturbinals, the ethmoturbinal
I pars anterior, ethmoturbinal I pars posterior, and the in-
terturbinal (Fig. 5D, H, J).

In the mid stage of S. scrofa, the lamina horizontalis
protruded transversally from the inner lateral wall of the
nasal capsule, joining with the ventral side of the ethmo-
turbinal I pars anterior (Fig. 6A, A-4). In the late stage,
it joined the ventral side of the ethmoturbinal I pars pos-
terior, ethmoturbinal II, three frontoturbinals, and the in-
terturbinal (Fig. 6B, B-4). From the mid- to late stage of
F. catus, the lamina horizontalis protruded transversally
from the inner lateral wall, joining the ventral side of the
ethmoturbinal pars anterior, ethmoturbinal pars posteri-
or, ethmoturbinal II and three frontoturbinals and the in-
terturbinal (Fig. 6C, C-4, D, D-4). In the early stage of
R. leschenaultii, the lamina horizontalis protruded from
the inner lateral wall, joining the ventral side of the eth-
moturbinal I pars anterior (Fig. 6E, E-4). From the mid
stage to the adult, the lamina horizontalis projected medi-
olaterally from the inner lateral wall of the nasal capsule,
joining the ethmoturbinal pars anterior, ethmoturbinal II,
ethmoturbinal IIT and two frontoturbinals (Fig. 6F, F-4,
G, G-4, H, H-4).

Frontoturbinal

The frontoturbinals were not observed in the early stage
of M. wogura and U. talpoides (Fig. 4A, E). In the mid
stage of M. wogura, the frontoturbinal 1 protruded from
the inner wall on the dorsal side of the nasal capsule (Fig.
4B). The late stage of M. wogura and the mid stage of
U. talpoides had two frontoturbinals (the frontoturbinal 1
on the dorsal side and the frontoturbinal 2 on the ventral
side) protruding from the dorsal inner wall of the nasal
capsule without branching off (Fig. 4C, F). In the adults
of M. wogura and U. talpoides, the two frontoturbinals
were on the dorsal side of the nasal cavity. The rontotur-
binal 1 diverged inwards and outwards, scrolling on both
internal and external lamellae. The frontoturbinal 2 di-
verged dorsally and ventrally, forming scrolled lamellae
(Fig. 4D, D-4, G, G-4).

No frontoturbinal protrusions were observed in the
early stages of S. murinus, and S. hosonoi (Fig. 5A, A-4,
I, I-4). From the mid stages of S. murinus and C. dsine-
zumi, two frontoturbinals (the frontoturbinal 1 on the
dorsal side and the frontoturbinal 2 on the ventral side)
protruded from the dorsal inner wall of the nasal capsule
(Fig. 5B, B-4, F, F-4). The inner tip of each frontoturbi-
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nal was greatly swollen (Fig. 5B, B-4, C, C-4, F, F-4, G,
G-4). In the adults of S. murinus and C. dsinezumi, both
frontoturbinals scrolled inwards and outwards (Fig. 5D,
D-4, H, H-4). In S. hosonoi, the frontoturbinal 1 formed
the dorsal and ventral lamellae which scrolled dorsally
and ventrally (Fig. 5J, J-4). The frontoturbinal 2 formed
inward and outward lamellae; the outward lamella did not
scroll, while the inward one scrolled (Fig. 5J, J-4).

In the mid stage of S. scrofa, the frontoturbinal 1 pro-
truded slightly from the inner wall of the dorsal side of
the nasal capsule (Fig. 6A). In the late stage, two addi-
tional frontoturbinals (the frontoturbinal 2 and the fron-
toturbinal 3) appeared in the dorsal side of the nasal (Fig.
6B, B-4). From the mid stage of F. catus, three fronto-
turbinals protruded from the inner wall of the dorsal side
of the nasal capsule and fused with the dorsal side of the
lamina horizontalis already (Fig. 6C, C-4, D, D-4). From
the mid stage to adult of R. leschenaultii, a frontoturbinal
protruded from the inner wall of the dorsal side of the na-
sal capsule and fused dorsally to the lamina horizontalis
(Fig. 6F, F-4, G, G-4, H, H-4). In adults, the frontoturbi-
nal 1 branched off and scrolled (Fig. 6H, H-4).

Ethmoturbinal | pars anterior

The ethmoturbinal I pars anterior of talpids (M. wogu-
ra and U. talpoides) protruded in the latero-medial and
caudo-rostral directions from the inner lateral wall of the
nasal capsule, fusing with the dorsal side of the lamina
horizontalis at the early stage. (Fig. 4A, A-4, E, E-4).
From the early stage to the adult of M. wogura and the
early, mid and adult stages of U. falpoides, this turbinal
was the largest of all ethmoturbinals (Fig. 4A—G). From
the early stage of M. wogura and from the mid stage of
U. talpoides, this turbinal had the ethmoturbinal I pars
posterior branched from the ventral side (Fig. 4A, A-4, F,
F-4). In addition, from the mid stage of both species, the
rostral part of the ethmoturbinal I pars anterior protruded
towards the nostrils (Fig. 4B, F). In the adult, the ros-
tral part of this turbinal formed a caudo-rostral elongated
structure. (Fig. 4D, G).

Fusing with the dorsal side of the lamina horizonta-
lis, the ethmoturbinal I pars anterior of soricids, like the
talpids, protruded from the inner lateral wall of the na-
sal capsule in latero-medial and caudo-rostral directions
already at the early stage (Fig. 5A, A-4, E, E-4, I, [-4).
From the early stage to the adult, the ethmoturbinal I pars
anterior was always the largest among all ethmoturbinals
in soricids. (Fig. SA-J). From the mid stage to the adult
stages of S. murinus and C. dsinezumi, the rostral side of
the ethmoturbinal I pars anterior elongated towards the
naris (Fig. 5SB-D, F-H). From the mid stage, the ethmo-
turbinal I pars anterior of S. murinus and C. dsinezumi
showed a gradual ventral curve (Fig. 5B, B-4, F, F-4).
Furthermore, from this stage, another branch, the ethmo-
turbinal I pars posterior, protruded from the ventral base
of the ethmoturbinal I pars anterior (Fig. 5B, B-4, F, F-4).

In the late stage of both species, the curve of the eth-
moturbinal I pars anterior which bent to the ventral side

became stronger, and the innermost tip of this turbinal
was swollen (Fig. 5C, C-4, G, G-4). In the adults of S.
murinus, C. dsinezumi, and S. hosonoi, the ethmoturbinal
I pars anterior formed two secondary lamellae (inside and
outside), and the inner lamella bent at an acute angle to
the ventral side. On the other hand, the outer lamella did
not scroll or even bend.

From the mid stage of S. scrofa, the ethmoturbinal 1
pars anterior protruded from the inner lateral wall of the
nasal capsule, fusing with the dorsal side of the lamina
horizontalis (Fig. 6A, A-4). In the mid stage of S. scrofa,
the ethmoturbinal I pars posterior diverged from the ven-
tral side of the ethmoturbinal I pars anterior (Fig. 6B,
B-4). From the mid stage of F. catus, the ethmoturbinal I
pars anterior protruded from the inner lateral wall of the
the nasal capsule, joining the dorsal side of the lamina
horizontalis. The ethmoturbinal I pars posterior branched
from the ventral side of the ethmoturbinal I pars anterior
already in the mid stage of . catus (Fig. 6C, C-4). The in-
ner end of the ethmoturbinal I pars anterior was bifurcated
at the late stage of F. catus (Fig. 6C, C-4, D, D-4). In R.
leschenaultii, the ethmoturbinal I pars anterior protruded
from the inner lateral wall of the nasal capsule, fusing with
the dorsal side of the lamina horizontalis at the early stage
(Fig. 6E, E-4). From the mid stage of R. leschenaultii, the
ethmoturbinal I pars anterior projected towards the rostral
side and was located on the dorsal side of the maxillotur-
binal (Fig. 6F-H). Furthermore, the ethmoturbinal I pars
posterior diverged from the ventral side of the ethmotur-
binal I pars anterior (Fig. 6F—H). The ethmoturbinal I pars
anterior was the largest turbinal among all ethmoturbinals
in all stages in all species of the outgroup.

Ethmoturbinal | pars posterior

In M. wogura, the ethmoturbinal I pars posterior project-
ed from the ventral side of the ethmoturbinal I pars ante-
rior from the early stage (Fig. 4A, A-4). In the early stage
of U. talpoides, the ethmoturbinal I pars posterior was
not branched (Fig. 4E). In the mid- and late stages of M.
wogura and the mid stage of U. talpoides, the ethmotur-
binal I pars posterior extended towards the septum nasi
(Fig. 4B, B-4, C, C-4, F, F-4). In the adult of both species,
the ethmoturbinal I pars posterior scrolled to the dorsal
side, and the rostral side of this turbinal joined the dorsal
side of the lamina horizontalis (Fig. 4D, D-4, G, G-4).

In the early stage of C. lasiura, the ethmoturbinal I
pars posterior was observed at the base of the ethmotur-
binal I pars anterior (Fig. SE). In S. murinus, the ethmo-
turbinal I pars posterior was observed from the mid stage
(Fig. 5B, B-4). The medial tip of the ethmoturbinal I pars
posterior in the mid and late stages of S. murinus and C.
dsinezumi was swollen (Fig. 5B, B-4, C, C-4, F, F-4, G,
G-4). In the adult of S. murinus and C. dsinezumi, the eth-
moturbinal I pars posterior bore two secondary lamellae.
The dorsal lamella scrolled strongly outwards, and the
ventral lamella did not scroll. In the adult of S. hosonoi,
the ethmoturbinal I pars posterior did not branch off, but
only formed a dorsally directed weak curve.
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In S. scrofa, the ethmoturbinal I pars posterior pro-
truded from the ventral side of the ethmoturbinal I pars
anterior in the late stage and the ventral side of the eth-
moturbinal I pars posterior fused with the dorsal side of
the lamina horizontalis (Fig. 6A, A-4, B, B-4). In F. ca-
tus, the ethmoturbinal I pars posterior protruded from the
ventral side of the ethmoturbinal I pars anterior and fused
with the dorsal side of the lamina horizontalis from the
mid stage (Fig. 6C, C-4, D, D-4). From the mid stage of
R. leschenaultii, the ethmoturbinal I pars posterior pro-
truded from the ventral side of the ethmoturbinal I pars
anterior and fused with the dorsal side of the lamina hor-
izontalis (Fig. 6F, F-4, G, G-4, H, H-4).

Turbinals in the ethmoturbinals
recessus

In M. wogura and U. talpoides, the ethmoturbinal II al-
ready protruded from the inner lateral wall of the ventral
side of the nasal capsule at the early stage (Fig. 4A, A-5,
E, E-5). In the mid stages of M. wogura and U. talpoi-
des, the ethmoturbinal II extended medio-dorsally from
the ventral inner wall and joined the dorsal inner wall in
the caudal nasal capsule (Fig. 4B, B-5, F, F-5). From the
late to the adult stages in M. wogura and the mid to the
adult stage in U. talpoides, the ethmoturbinal II extended
towards the septum nasi and curved dorsally then joined
the inner wall of the nasal caspule or the nasal cavity (Fig.
4C, C-5,D, D-5, F, F-5, G, G-5). The ethmoturbinal II did
not scroll in both species (Fig. 4C, C-5, D, D-5, F, F-5,
G, G-5). From the late stage to the adult of M. wogura
and from the mid stage to the adult of U. talpoides, the
epiturbinal protruded from the dorsal side of ethmoturbi-
nal II (Fig. 4C, C-5, D, D-5, F, F-5, G, G-5). In the adult
of both species, the epiturbinal at the ethmoturbinal II,
formed the lateral and medial lamellae, and both lamellae
scrolled ventrally (Fig. 4D, D-5, G, G-5).

From the late stage of M. wogura and from the mid
stage of U. talpoides, the ethmoturbinal III protruded
from the nasal wall (Fig. 4C, C-6, F, F-6). In the adult
of both species, the ethmoturbinal III bore the second-
ary lamellae; the dorsal lamella scrolled ventrally, and
the ventral lamella scrolled dorsally. In both species, the
dorsal scroll of the ethmoturbinal IIT was more prominent
than the ventral scroll (Fig. 4D, D-6, G, G-6). Moreover,
the interturbinal protruded from the inner lateral wall of
nasal capsule in the late stage of M. wogura and in the
mid stage of U. talpoides (Fig. 4C, C-5, F, F-5). In the
adult, the interturbinal protruded medially from the inner
wall and turned, extending laterally. Furthermore, the tip
scrolled ventrally (Fig. 4D, D-5, G, G-5).

The ethmoturbinal II protruded ventrally from the in-
ner wall of the nasal capsule in all soricids already at the
early stage (Fig. 5A, A-5, E, E-5, I, I-5). From the mid
to late stages of S. murinus and C. dsinezumi, the ethmo-
turbinal II extended ventromedially and weakly curved
dorsally at the ventral side of the nasal capsule (Fig. 5B,
B-5, C, C-5, E, E-5, F, F-5). In the adults of S. murinus,
C. dsinezumi and S. hosonoi, the ethmoturbinal II extend-

ed to the septum nasi and curved at an obtuse angle then
joined the dorsal side of the nasal cavity (Fig. 5D, D-5, H,
H-5, J, J-5). The ethmoturbinal II did not scroll and proj-
ect any lamella as the epiturbinal of all sorcids species
(Fig. 5D-4, D-5, H-4, H-5, J-4, J-5).

In S. murinus and Crocidura dsinezum, the ethmotur-
binal III was a minor cartilaginous protrusion at the early
stage (Fig. 5A, A-6, E, E-6). The ethmoturbinal III was
not observed in the early stage of S. hosonoi (Fig. 5 1,
1-6). From the mid to the late stages of S. murinus and C.
dsinezumi and late stage of S. murinus, the ethmoturbi-
nal IIT extended medially from the inner wall of the na-
sal capsule and joined dorsally to the dorsal side of the
inner wall. The lateral and medial side of ethmoturbinal
III was swollen (Fig. 5B, B-6, C, C-6, F, F-6, G, G-6). In
the adults of S. murinus, C. dsinezumi, and S. hosonoi,
the ethmoturbinal III formed the ventral and dorsal sec-
ondary lamellae, which are scrolled. The dorsal lamella
scrolled ventrally at the rostral side of the ethmoturbinal
III, and the ventral lamella scrolled dorsally at the caudal
side of the ethmoturbinal III (Fig. 5D-5, D-6, H, H-6, J,
J-6).

The interturbinal was not observed in all soricids spe-
cies in the early stage (Fig. 5A, E, I). It protruded from
the inner wall of the nasal capsule between the ethmotur-
binal I and II in the mid stages of S. murinus and C. dsine-
zumi (Fig. 5B, B-5, F, F-5). In the adult of S. murinus,
the interturbinal formed the medial and lateral secondary
lamellae; the medial secondary lamella strongly scrolled
ventrally, and the lateral secondary lamella did not scroll
(Fig. 5D-5). The lateral branch disappeared completely at
the caudal side of the nasal cavity (Fig. 5D-5). In the adult
of C. dsinezumi, the interturbinal did not bear the second-
ary lamellae, but only scrolled medially (Fig. SH-5). In
the adult of S. hosonoi, the rostral side of the interturbinal
protruded from the lateral side of the ethmoturbinal I pars
anterior and the caudal side of the interturbinal protruded
from the inner wall of the nasal cavity (Fig. 5J-4, J-5).

From the mid stage of S. scrofa, the ethmoturbinal 11
protruded from the inner lateral wall of the ventral side
of the nasal capsule, and the ridge of the epiturbinal was
located ventrally to the ethmoturbinal II (Fig. 6A, A-5).
In the mid stage of F. catus, the ethmoturbinal II projected
from the inner lateral wall of the ventral side of the nasal
capsule. The ridge of the epiturbinal was located at the
dorsal side of the ethmoturbinal II already in this stage
(Fig. 6C, C-5). From the mid stage of R. leschenaultii, the
ethmoturbinal II protruded from the inner lateral wall of
the ventral side of the nasal capsule (Fig. 6F, F-5). While
the epiturbinal was not observed in the fetal stages of R.
leschenaultii, the epiturbinal was seen at the dorsal side
of the ethmoturbinal II in the adult (Fig. 6H-4, H-5).

From the late stage, the ethmoturbinal III and the eth-
moturbinal IV protruded dorsally from the inner wall
of the ventral side of the nasal capsule in S. scrofa (Fig.
6B, B-6). In the mid stage of F. catus, the ethmoturbinal
IIT protruded dorsally from the inner wall of the ventral
side of the nasal capsule. In the late stage, the medial tip
bulged medially (Fig. 6D, D-6). In the mid stage of R.
leschenaultii, the ethmoturbinal III protruded from the in-
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ner wall of the ventral side of the nasal capsule, extending
dorsally. In the adult, the ethmoturbinal III bore the dorsal
and ventral secondary lamellae (Fig. 5F, F-6).

From the late stage of S. scrofa and from the mid stage
of F. catus, the interturbinal protruded from the inner lat-
eral wall of the nasal capsule between the ethmoturbinal I
pars posterior and ethmoturbinal II (Fig. 6B, B-5, C, C-5).
In R. leschenaultii, the interturbinal was not found in the
fetal stage, but protruded from the nasal cavity between
the ethmoturbinal I pars posterior and the ethmoturbinal
IT in the adult (Fig. 6E-H, H-5).

Discussion

Talpids

In talpines, other than M. wogura and U. talpoides, which
are discussed here, there have been many reports on the
turbinal of 7" europaea using both adults and fetuses. The
turbinals of adult specimens were described by Ganesh-
ina et al. (1957), loana (1970), and Woehrmann-Repen-
ning and Meinel (1977). Among these studies, Ganeshi-
na et al. (1957) and Woehrmann-Repenning and Meinel
(1977) showed some detailed coronal sections of the
nasal cavity. The nasal cavity of 7. europaea resembles
that of M. wogura and U. talpoides observed in this study
(Ganeshina et al. 1957; Woehrmann-Repenning and Mei-
nel 1977) (Fig. 4). Woehrmann-Repenning and Meinel
(1977) showed the ethmoturbinal I that split into two
with a caudal section of 7. europaea. In addition, 7. eu-
ropaea also showed the ethmoturbinal IT which protrudes
from the inner lateral nasal wall and bends dorsally (see
in their fig. 4e). Hence, like M. wogura and U. talpoides,
T europaea has the interturbinal that protrudes from the
inner lateral nasal wall between the ethmoturbinal I pars
posterior and the ethmoturbinal I and the epiturbinal that
protrudes from the dorsal side of the ethmoturbinal II
(Woehrmann-Repenning and Meinel 1977). Martinez et
al. (2020) did not identify the turbinals in their study, but
instead distinguished them solely on olfactory and respi-
ratory functions. Their detailed CT images of the coronal
section and histological sections of 7. europaea which
they presented show the interturbinal that protrudes from
the inner lateral nasal wall between the ethmoturbinal I
pars posterior and the ethmoturbinal II and the epiturbinal
that protrudes dorsally from the ethmoturbinal II.

Parker (1885), Fischer (1901), Noordenbos (1905),
and Fawecett (1918) described the fetal stages of 7. euro-
paea. Parker (1885) showed detailed coronal sections of
two fetal stages (the size of the fetuses are 15.9 mm and
19.1 mm from the snout to the root of the tail; Parker used
a unique method to measure specimens). From his caudal
section of the nasal capsule, we were able to observe the
structure which protrudes from the inner wall to the sep-
tum nasi and extends horizontally and the protrusion from
the dorsal region of the structure. Moreover, the structure
that extends horizontally in Parker’s figure resembles the

structure and the position of the lamina horizontalis of
the early to mid stages of M. wogura and U. talpoides
(Fig. 4A-4, B-4, E-4, F-4). Therefore, we suggest that
these structures are homologous. In addition, the caudal
section of the nasal capsule showed the protruding turbi-
nal structure that extends ventrodorsally. In the smaller
fetus, Parker (1885) called this a rudimentary middle tur-
binal (plate 23, fig. 6) In the larger fetus, the cartilaginous
structure thickened mediolaterally. The resemblance of
the structure and the position indicates that this turbinal
and the ethmoturbinal II of M. wogura and U. talpoides
of the early and mid stages are homologous. Nonetheless,
the interturbinal that protrudes from the inner lateral nasal
wall between the ethmoturbinal I pars posterior and the
ethmoturbinal II and the epiturbinal that protrudes dorsal-
ly from the ethmoturbinal II that Woehrmann-Repenning
and Meinel (1977) and Martinez et al. (2020) described
in adult 7' europaea were not observed in the coronal sec-
tions of the two fetuses presented by Parker (1885). Park-
er (1885) presented several fetuses, but did not show any
figures with detailed turbinal structures other than the two
which we discussed. Hence, the protrusion of the inter-
turbinal and the epiturbinal at the ethmoturbinal II started
after the stages that Parker (1885) illustrated. Thus, the
description of the turbinals of talpids was chiefly carried
out, based on T europaea. No-one has ever described the
nasal capsule and the turbinals of other fetal talpids.

To our knowledge, only studies on scalopine Condy-
lura cristata and talpine D. moschata show detailed de-
scriptions of turbinal structures, other than 7. europaea
(Allen 1882; Ganeshina et al. 1957; Martinez et al. 2020)
for talpids. Allen (1882) included C. cristata as an out-
group species in the study on chiropterans, but did not
show any detailed figures. He also stated that C. cristata
has three ethmoturbinals and four other turbinals (fron-
toturbinal or interturbinal; Allen 1882). Martinez et al.
showed the CT sections and the three-dimensional turbi-
nal image of adult C. cristata (Martinez et al. 2020). Their
caudal CT image showed the largest turbinal which split
into two (Martinez et al. 2020). The structure seen in this
image resembles what we observed in M. wogura and U.
talpoides; hence, we can identify them as the ethmoturbi-
nal I pars anterior and the ethmoturbinal I pars posterior.
Moreover, the study illustrated the turbinal that protruded
from the lateral wall of the nasal cavity and extended dor-
sally. This also resembles the structure in M. wogura and
U. talpoides; hence, we identify it as the ethmoturbinal II.
The interturbinal protruded from the inner wall between
the ethmoturbinal I pars posterior and the ethmoturbinal
I made a dorsal single scroll. In the section, the epitur-
binal is slightly visible in dots on the dorsal side of the
ethmoturbinal II. In his image, the epiturbinal is slight-
ly visible on the dorsal side of ethmoturbinal II. Based
on these factors, we can assume that the four turbinals,
other than the ethmoturbinal within the ethmoturbinal re-
cess which Allen (1882) identified, are most probably the
dorsally positioned two frontoturbinals, interturbinal, and
the epiturbinal at the dorsal region of the ethmoturbinal
II. Furthermore, Ganeshina et al. (1957) and Martinez et
al. (2020) observed the turbinal structure of talpine D.
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moschata. Martinez et al. (2020) showed the CT images
of the rostral and the caudal side of the nasal cavity. The
CT image that showed the turbinals of the ethmoturbinal
recess of D. moschata in Martinez et al. (2020) exhibited
the ethmoturbinal I pars anterior and the ethmoturbinal
I pars posterior, and the ethmoturbinal II that protruded
from the ventral side of the lateral nasal wall and extend-
ed dorsally. Their figure also presented the interturbinal
that protruded from the inner lateral nasal wall between
the ethmoturbinal I pars posterior and the ethmoturbinal
IT and the epiturbinal that protruded from the dorsal side
of the ethmoturbinal II. Hence, the turbinal structure of
the ethmoturbinal recess of D. moschata is the same as
that of the rest of the talpid species.

The maxilloturbinal of 7. europaea (Ganeshina et al.
1957; Woehrmann-Repenning and Meinel 1977; Mar-
tinez et al. 2020) and C. cristata (Martinez et al. 2020)
resembles that of M. wogura and U. talpoides in terms of
structure and size (forming the two secondary lamellae,
one extending dorsally, while the other extending ventral-
ly). A previous study showed that among other talpids,
the relative surface area of the respiratory turbinals (na-
soturbinal and maxilloturbinal) of the amphibious species
(such as D. moschata and Galemys pyrenaicus) is larger
than in the terrestrial species. An inverted pattern was
found for the olfactory turbinals (ethmoturbinal, fronto-
turbinal, and interturbinal) (Martinez et al. 2020). The
rostral section of D. moschata indicates that the maxillo-
turbinal structure is rather similar to the structure seen in
other talpids species observed previously (form the two
secondary lamellae and each scrolls).

Similar to the early and mid stages of M. wogura and
U. talpoides in this study, the maxilloturbinal of the two
fetal stages of 7. europaea presented by Parker (1885)
does not bear the secondary lamellae. Fischer (1901) who
observed the chondrocranium of 7. europaea also stated
that the maxilloturbinal is undeveloped. It is most like-
ly that the development of the secondary lamellae in the
maxilloturbinal occurs in the fetal stage right before birth
or the early neonatal period.

Soricids

Soricids include subfamilies, such as crocidurines, myo-
soricines, and soricines (Willows-Munro and Matthee
2009). The studies of myosoricines include the descrip-
tion of the snout by Maier (2020) and the quantification
of the turbinal surface area by Martinez et al. (2020). The
turbinal structure is mainly described using crocidurines
and soricines; crocidurines have been studied by many
authors using various adult species, such as C. suaveolens
(Ganeshina et al. 1957; loana 1970), S. murinus (Shar-
ma 1958; Kuramoto 1980), C. russula (Woehrmann-Re-
penning and Meinel 1977; Schmidt and Nadolski 1979;
Sollner and Kraft 1980) and C. leucodon (Ioana 1970;
Sollner and Kraft 1980). The position and the structure
of the turbinal described in the previous studies showed
resemblance with our observation of S. murinus and C.
dsinezumi (Fig. 5D, H). The ethmoturbinal I of crocid-

urines splits into two: the ethmoturbinal I pars anterior
directing dorsally and the ethmoturbinal I pars posteri-
or directing ventrally. Moreover, the ethmoturbinal I is
the largest of all turbinals. The ethmoturbinal II extends
ventrodorsally. The ethmoturbinal III forms two second-
ary lamellae and each structure scrolls. Furthermore, the
interturbinal protrudes from the inner lateral nasal wall
between the ethmoturbinal I pars posterior and the ethmo-
turbinal II and forms two secondary lamellae, and each
secondary lamella of the interturbinal scrolls. The epitur-
binal protrusion from the dorsal side of the ethmoturbinal
II has not been found.

To our knowledge, Roux (1947) is the only study that
described the fetal crocidurine with the observation of the
development of S. varilla. The author showed the section
of the nasal capsule with only an CRL 18 mm fetus. The
turbinal structure of S. varilla presented by Roux (1947)
resembles that of the mid and late stages of S. murinus
and C. dsinezumi (Fig. 5B, C, F, G). The fetus of S. varilla
(Roux 1947) has the ethmoturbinal I pars posterior, which
is the ventral one of the bifurcated ethmoturbinal I, and
II, which extends from the ventral side of the inner nasal
wall to the dorsal side. One interturbinal is found between
these turbinals. There is no epiturbinal on the dorsal side
of the ethmoturbinal IT (Roux 1947).

There have been many studies on the turbinal structure
of adult soricines, such as S. araneus (Paulli 1900c; Arn-
back Christle-Linde 1907; Ganeshina et al. 1957; Ioana
1970; Woehrmann-Repenning and Meinel 1977; So6llner
and Kraft 1980; Parker 1885; Maier 2002, 2020), Sorex
hoyi (Ganeshina et al. 1957), Neomys fodiens (loana
1970; Sollner and Kraft 1980; Maier 2002, 2020), Sorex
minutus (Sollner and Kraft 1980), and Blarina brevicau-
da, Sorex cinereus, Sorex fumeus, and Sorex palustris (La-
rochelle and Baron 1989). The number of turbinals is con-
sistent (Woehrmann-Repenning and Meinel 1977; Sollner
and Kraft 1980; Larochelle and Baron 1989). The struc-
ture of the turbinals within the ethmoturbinal recess of S.
hosonoi observed in this study and that of the species of
previous studies were also consistent. As for the structure
of the ethmoturbinal recess of soricines, the ethmoturbi-
nal I splits into two with the ethmoturbinal I pars anterior
extending dorsally and the ethmoturbinal I pars posterior
extending ventrally; the ethmoturbinal I is the largest of
all turbinals. The ethmoturbinal II extends ventrodorsally.
The ethmoturbinal III bears two secondary lamellae and
scrolls caudally (Arnbéck Christle-Linde 1907; Ganeshi-
na et al. 1957; Woehrmann-Repenning and Meinel 1977;
Soéllner and Kraft 1980; Larochelle and Baron 1989).

The turbinal found between the ethmoturbinal I pars
posterior and the ethmoturbinal II in soricines is rather
different from the interturbinal, which is found between
the ethmoturbinal I pars posterior and the ethmoturbinal
IT in crocidurines (Larochelle and Baron 1989). While
the structure seen in soricines made a dorsal single scroll,
the interturbinal of crocidurines bear two secondary
lamellae, both lamellae scrolling ventrally (Larochelle
and Baron 1989). We also observed the difference in the
structure of the turbinal between the ethmoturbinal I pars
posterior and the ethmoturbinal I among S. hosonoi and
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S. murinus (Fig. 5D-5, J-5). There have been disagree-
ments over the identification of the turbinal between the
ethmoturbinal I pars posterior and the ethmoturbinal II.
Larochelle and Baron (1989) identified this turbinal as the
accessory of the ethmoturbinal I since the caudal side of
the turbinal lamellae is from the root of the ethmoturbinal
I. On the other hand, Woehrmann-Repenning and Meinel
(1977) and Sollner and Kraft (1980) identified it as the in-
terturbinal that protrudes from the inner lateral nasal wall
to the cavity space. At the moment, the observation of the
adult turbinals does not allow us to resolve the problem
of identification.

De Beer (1929) described fetal soricine using S. arane-
us. For a fetus with the size of CRL 11 mm, he illustrated
a sole protrusion at the inner lateral nasal wall between
the ethmoturbinal I pars posterior and ethmoturbinal II.
While de Beer did not refer to this protrusion, we regard
this structure as a primordium of the interturbinal before
the cartilage penetrates from the inner lateral nasal wall.
Parker (1885) illustrated a short protrusion filled with car-
tilaginous structure at the inner lateral nasal wall between
the ethmoturbinal I pars posterior and ethmoturbinal II in
the coronal section of the neonate of S. araneus (10—12
day old) (plate 30) (Supplementary Fig. 1). He did not
name each turbinal in the study and only stated the short
protrusion as “middle turbinal”. The region of the pro-
trusion of the “middle turbinal” is identical to that of the
“protrusion” described by de Beer in the fetus of CRL
11 mm. We were not able to observe a turbinal structure
between the ethmoturbinal I pars posterior and ethmotur-
binal II in the early stage of S. hosonoi (Fig. 51-5). None-
theless, the position and the structure of the interturbinal
observed in the late stages of S. murinus and C. dsinezumi
are identical to that of the short protruding turbinal illus-
trated in the neonate of Parker 1885; hence, identifying
the protrusion of de Beer (1929) and the short protrusion
of Parker (1885) as interturbinals is compelling (Fig. 5C-
5, G-5). By comprehending the observation of de Beer’s
fetal Sorex and the neonate of Parker (1885), together
with the observation of the development of fetal crocid-
urines in this study, we support the claim of Ganeshina
et al. (1957), Woehrmann-Repenning and Meinel (1977),
and Sollner and Kraft (1980) that the turbinal between the
ethmoturbinal I pars posterior and the ethmoturbinal II in
soricines is the interturbinal rather than the identification
of Larochelle and Baron (1989) as the accessory of the
ethmoturbinal 1.

Some studies claim that the maxilloturbinal of N. fo-
diens does not bear the secondary lamellae, but scrolls
dorsally and the maxilloturbinal of S. araneus bears two
secondary lamellae (Sollner and Kraft 1980; Larochelle
and Baron 1989); nonetheless, their observations are
limited to several histological sections. In fact, Maier
showed that the maxilloturbinal of N. fodiens forms three
lamellae (two dorsally and one ventrally) using serial
sections (Maier 2002; Maier 2020). Additionally, Woeh-
rmann-Repenning and Meinel (1977) indicated that the
maxilloturbinal of S. araneus forms three lamellae (one
dorsally and two ventrally). Several studies showed that
the maxilloturbinal of S. murinus forms two lamellae

(Sharma 1958; Kuramoto 1980; Larochelle and Baron
1989), but these assertions were based on only a few sec-
tions. In this study, we indicate that the maxilloturbinal of
S. murinus forms three lamellae using serial CT sections
(Fig. 5D-2). Researchers are prone to misjudgements
when identifying turbinals using only a few sections. To
accurately comprehend the turbinal structure, we have to
make sections in which we can identify all turbinal lamel-
lae (a very fortunate phenomenon); the alternative solu-
tion is to observe serial sections or CT images that show
continuous turbinal structures.

Furthermore, several authors reported that the maxil-
loturbinal does not form any lamellae in fetal soricids,
while it bears two to three lamellae in the adult as de-
scribed here and in other studies (de Beer 1929; Roux
1947) (Fig. 5D-2, H-2, J-2). The maxilloturbinal does not
form the secondary lamellae in postnatal (10—12 day-old)
S. araneus described by Parker (1885). Hence, it is highly
likely that the maxilloturbinal of soricids forms the sec-
ondary lamellae in the postnatal period.

Other members in eulipotyphlans

Researchers have looked closely into the turbinal struc-
ture of E. europaeus for erinaceids (Parker 1885; Paulli
1900c; Fawcett 1918; Ganeshina et al. 1957; Gurtovoi
1966; Woehrmann-Repenning and Meinel 1977). Paulli
(1900c¢), Ganeshina et al. (1957), Gurtovoi (1966), and
Woehrmann-Repenning and Meinel (1977) showed the
section of adult E. europaeus. The ethmoturbinal I pro-
trudes from the inner lateral nasal wall and splits into the
dorsal pars anterior and the ventral pars posterior. The
ethmoturbinal I extends from the ventral to the dorsal
side. The ethmoturbinal III forms two secondary lamellae
and each scrolls. The turbinal structure and the position
exhibited in the previous studies are similar to those of
talpids and soricids which we observed. The coronal sec-
tion of adult E. europaeus indicates that the interturbi-
nal protrudes from the inner lateral nasal wall between
the ethmoturbinal I pars posterior and the ethmoturbinal
IT (Paulli 1900c; Ganeshina et al. 1957; Gurtovoi 1966;
Woehrmann-Repenning and Meinel 1977) (Supplemen-
tary Fig. 2). Moreover, Paulli (1900c), Gurtovoi (1966),
and Woehrmann-Repenning and Meinel (1977) observed
the epiturbinal that protruded from the ethmoturbinal II
(Supplementary Fig. 2).

To accurately conclude that the interturbinal and the
epiturbinal of erinaceids are homologous structures to
those of talpids and soricids, we have to examine their
development. Nonetheless, the study on the erinaceid
turbinal structure is very limited. To our knowledge, two
species have been the subject of research: E. europaeus
(Parker 1885; Fawcett 1918; Mishelsson1922) and H.
auritus (Youssef 1971). Among these, coronal sections
are provided by Parker (1885) with a fetus with a body
length of 31.8 mm and Youssef (1971) with a fetus with
a head length of 7.5-8.5 mm. Unfortunately, their fetuses
are rather small such that only a few turbinals and lami-
nae (most likely the lamina horizontalis, ethmoturbinal I,
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Tamina semicircularis, and the frontoturbinal 1) are ob-
served within the ethmoturbinal recess. As the develop-
ment of the interturbinal and the epiturbinal at the ethmo-
turbinal II is not observed in these fetuses, it is necessary
to observe various developmental stages to identify the
turbinals of erinaceids. According to the previous turbinal
studies on adult E. europaeus, the interturbinal protrudes
from the inner lateral nasal wall between the ethmotur-
binal I and the ethmoturbinal II within the ethmoturbinal
recess, and the epiturbinal protrudes from the dorsal side
of the ethmoturbinal II. Paulli (1900c), Fawcett (1918),
and de Beer (1929) stated that the structure of the nasal
cavity of erinaceids does not vary between Talpidae and
Sorex. Nonetheless, as the epiturbinal protrudes from the
ethmoturbinal II, the structure of erinaceids shows a close
resemblance with talpids rather than soricids (Table 2).

Moreover, previous descriptions show that E. euro-
paeus has a multi-branching and ventrally enlarged max-
illoturbinal (Parker 1885; Ganeshina et al. 1957; Gur-
tovoi 1966; Woehrmann-Repenning and Meinel 1977).
However, all fetuses of Parker (1885), Fawcett (1918),
and Mishelsson (1922) do not indicate any bifurcations.
Similar to talpids and soricids, we do not know when the
maxilloturbinal erinaceids bifurcates.

The nasoturbinal of adult E. europaeus is rostrocau-
dally elongated, and it is also formed at the snout region
(Ganeshina et al. 1957; Gurtovoi 1966; Woehrmann-Re-
penning and Meinel 1977).

As for solenodontids, a destroyed skull of adult Sole-
nodon paradoxus exhibits the turbinals of the nasal cavity
(Wible 2008). Wible (2008) showed the ethmoturbinal -
IIT in the ethmoturbinal recess (Table 2). Nonetheless, he
did not describe the interturbinal and the epiturbinal at the
ethmoturbinal IT; this is most likely because he could not
perceive the detailed nasal structure from the damaged
skull, including the presence or the absence of the inter-
turbinal and the epiturbinal.

The maxilloturbinal of adult S. paradoxus enlarges at
the ventral side of the nasal cavity with many lamellae
(Wible 2008).

The nasoturbinal is rostrocaudally elongated. Mai-
er (2020) showed that the external nasal cartilages of S.
paradoxus enlarges (Maier 2020). While it is uncertain
as Maier (2020) did not describe the nasoturbinal in the
snout, if S. paradoxus had the nasoturbinal in the snout
as in mammals in general, their nasoturbinal would be
longer rostrocaudally than the nasoturbinal observed by
Wible (2008) from the dry skull.

Character Evolution of Turbinals in
Talpids and Soricids

Here, we show the molecular phylogenetic tree of euli-
potyphlans (Fig. 7). The turbinal bones are very thin and
fragile. A few studies described the turbinals, based on
fossils; however, there is a limit to how far we can under-
stand the turbinal structure based on fossils (Maier 1983;
Maier and Ruf 2014; Ruf et al. 2014, 2021). Even if a
fossil of a common ancestor of all eulipotyphlans species

were to be found, the possibility of observing the turbinal
structure would be quite low. As the turbinal structures
cannot be comprehended through fossils, estimating these
from the living species is effective for understanding the
evolution of turbinals.

Eulipotyphlans belongs to boreoeutherians, which
also includes euarchontoglirans (dermopterans, lagomor-
phans, primates, rodentians, and scandentians) and laur-
asiatherians (carnivorans, cetartiodactylans, pholidotans,
perissodactylans, and chiropterans) (Waddell et al. 1999).
The turbinal structures in some of these groups are listed
in Table 4, following previous studies.

Here we summarise the structure of the turbinal and
lamina of eulipotyphlans (Fig. 7). The number of the
ethmoturbinal and the structure of the nasoturbinal and
lamina semicircularis are consistent among the species
of eulipotyphlans. The number of the ethmoturbinal of
talpids and soricids which we observed is the same (eth-
moturbinal I-III) (Table 2). Previous studies of the tur-
binal of eulipotyphlans also showed that the number of
the ethmoturbinal is between I-I1I (Ganeshina et al. 1957;
Gurtovoi 1966; loana 1970; Woehrmann-Repenning and
Meinel 1977; Sollner and Kraft 1980; Larochelle and
Baron 1989; Wible 2008). We can predict that the com-
mon ancestor of eulipotyphlans had ethmoturbinal I-III
(Fig. 7).

Moreover, the nasoturbinal extends rostrocaudal-
ly and protrudes dorsoventrally within the nasal cavity
(Figs 4, 5). The rostral side of the lamina semicircularis
fused to the caudal side of the nasoturbinal and the caudal
side of the lamina semicircularis expands dorsoventral-
ly (Ganeshina et al. 1957; Gurtovoi 1966; loana 1970;
Woehrmann-Repenning and Meinel 1977; Sollner and
Kraft 1980; Larochelle and Baron 1989; Wible 2008)
(Figs 4, 5).

The structure of the ethmoturbinal recess and the max-
illoturbinal varies among groups in eulipotyphlans. As
for the turbinals within the ethmoturbinal recess, erina-
ceids have the interturbinal that protrudes from the in-
ner lateral nasal wall between the ethmoturbinal I pars
posterior and the ethmoturbinal I and the epiturbinal that
protrudes from the ethmoturbinal II as reported in laur-
asiatherians other than eulipotyphlans (no previous re-
search on solenodontids) (Paulli 1900c; Ganeshina et al.
1957; Gurtovoi 1966; Woehrmann-Repenning and Mei-
nel 1977; Wible 2008). Talpids also have the interturbinal
that protrudes from the inner lateral nasal wall between
the ethmoturbinal I pars posterior and the ethmoturbinal
IT and the epiturbinal that protrudes from the ethmoturbi-
nal I (Fig. 4D-4, D-5, G-5, G-4). Hence, we consider this
“interturbinal that protrudes from the inner lateral nasal
wall between the ethmoturbinal I pars posterior and the
ethmoturbinal I and the epiturbinal that protrudes from
the ethmoturbinal II”” as the basal structure of the ethmo-
turbinal recess (Fig. 7). In soricids, this study showed
that the epiturbinal is not formed at the ethmoturbinal II
(Fig. 5D-5, H-5, J-5). Hence, the turbinal modification
(the absence of the epiturbinal at the ethmoturbinal II)
at the ethmoturbinal recess of eulipotyphlans occurred in
soricids (Fig. 7).
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The maxilloturbinal of erinaceids (Parker 1885; Woeh-
rmann-Repenning and Meinel 1977) and solenodontids
(Wible 2008) is large at the ventral side with more than
three lamellae (multi-branching) like other laurasiat-
herians. On the other hand, previous studies and this
study show that the maxilloturbinal of talpids and sori-
cids forms two or three lamellae (Figs 4D-2, G-2, 5D-2,
H-2, J-2) (Ganeshina et al. 1957; Gurtovoi 1966; Woeh-
rmann-Repenning and Meinel 1977; Sollner and Kraft
1980; Larochelle and Baron 1989). While the lamellae
of the maxilloturbinal of talpids and soricids exhibits a
slight difference in number, they are similar in a develop-
ment pattern such that their “maxilloturbinal do not form
the lamellae even at the late stage just before birth” (Figs
4C-2, F-2, 5C-2, G-2). Moreover, the maxilloturbinal do
not form the lamellae in the new bone of E. europaeus
(Parker 1885).

Therefore, two scenarios for the evolution of the max-
illoturbinal of eulipotyphlans can be suggested: 1) The
maxilloturbinal is reduced independently in talpids and
soricids. Based on the maximum parsimony method, in
this scenario, we believe that the multi-branching maxil-
loturbinal, which was obtained by the common ancestor

of laurasiatherians, reduced independently in the ancestor
of talpids and soricids (Fig. 7). 2) The maxilloturbinal
reduced in the common ancestor of eulipotyphlans. This
scenario is supported by the commonality of the devel-
opmental processes of the maxilloturbinal in eulipotyph-
lans. The reduced maxilloturbinal later bore the lamellae
and enlarged in the common ancestor of erinaceids, sole-
nodontids, and soricids. Moreover, the maxilloturbinal of
soricids was again reduced (Fig. 7). The second scenar-
io would have more character-state changes and can be
problematic. In turbinal evolution, compared with form-
ing a brand new turbinal, it is rather popular to increase or
decrease the number of lamellae at the peripheral region
to increase or decrease the size of the maxilloturbinal,
hence, this change can be seen in various lineages. The
change in size can easily occur in turbinal evolution. Al-
though not parsimonious as the first scenario, the second
scenario cannot be eliminated as the size of the turbinal is
evolutionary labile. To confirm this hypothesis, we must
observe the course of development in the maxilloturbinal
from the fetus (when the maxilloturbinal starts bearing
the secondary lamellae) to adult in each group of eulipo-
typhlans.
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Conclusion

We constructed 3D models and compared the devel-
opment of the nasal capsule of five species of prenatal
talpids and soricids using the diceCT imaging method.
After observing various stages of the development of the
nasal capsule, we have identified homologies in turbinal
between groups of eulipotyphlans. Moreover, by map-
ping the turbinal structure on the recent phylogeny, we
proposed a scenario for the turbinal evolution of eulipo-
typhlans.

As for the ethmoturbinal recess, the interturbinal of tal-
pids protrudes from the inner lateral nasal wall between
the ethmoturbinal I pars posterior and the ethmoturbinal
II, and the epiturbinal protrudes from the ethmoturbinal
II. Similar structures are observed in erinaceids and other
laurasiatherians according to previous studies. The identi-
fication of turbinals was inconsistent for soricids between
studies. We here identified the “accessory” of the ethmo-
turbinal I of soricines as the interturbinal based on our
Dice CT imagings of soricids and histological sections of
Sorex by Parker (1885) and de Beer (1929). Furthermore,
soricids do not have an epiturbinal dorsal to ethmoturbi-
nal II, which suggests that the epiturbinal was absent in
the common ancestor of soricids.

The maxilloturbinal of erinaceids and solenodontids
shows multiple branching. In contrast, the maxilloturbi-
nal of talpids and soricids have only two to three lamel-
lae. Therefore, based on the maximum parsimony, we
can assume that the small maxilloturbinal is the result of
convergent evolution, which occurred independently in
talpids and soricids.

Nevertheless, given that the development pattern of
the maxilloturbinal is consistent in eulipotyphlans, we
can deduce another scenario. The maxilloturbinal in the
common ancestor of eulipotyphlans had few lamellae and
was small. Then the maxilloturbinal of the common an-
cestor of erinaceids, solenodontids, and soricids increased
the number of lamellae and size. The number of lamellae
and size reduced again in soricids. To discuss which sce-
nario is more credible, we must observe the progressive
development of the maxilloturbinal of both soricids and
talpids from fetus to adult. In particular, it is necessary to
emphasise the observation of neonates, the period when
the structure change of the maxilloturbinal occurs.

In order to resolve the homologies of the turbinal struc-
ture, we must: 1) examine the continuous structure of the
nasal capsule and the cavity using CT imaging or seri-
al sections and 2) observe various developmental stages
from the fetus, neonate to adult. The number of studies is
insufficient in some taxa, such as uropsilines (talpids) and
solenodontids. To fully understand the turbinal develop-
ment of eulipotyphlans, we must observe and describe the
turbinals and laminae of the fetus, neonate, and adult of
various species.
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