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Abstract

A normal feature of the facial anatomy of many species of bat is the presence of bony discontinuities or clefts,

which bear a remarkable similarity to orofacial clefts that occur in humans as a congenital pathology. These

clefts occur in two forms: a midline cleft between the two premaxillae (analogous to the rare midline

craniofacial clefts in humans) and bilateral paramedian clefts between the premaxilla and the maxillae

(analogous to the typical cleft lip and palate in humans). Here, we describe the distribution of orofacial

clefting across major bat clades, exploring the relationship of the different patterns of clefting to feeding

mode, development of the vomeronasal organ, development of the nasolacrimal duct and mode of emission of

the echolocation call in different bat groups. We also present the results of detailed radiographic and soft

tissue dissections of representative examples of the two types of cleft. The midline cleft has arisen

independently multiple times in bat phylogeny, whereas the paramedian cleft has arisen once and is a

synapomorphy uniting the Rhinolophidae and Hipposideridae. In all cases examined, the bony cleft is filled in

by a robust fibrous membrane, continuous with the periosteum of the margins of the cleft. In the paramedian

clefts, this membrane splits to enclose the premaxilla but forms a loose fold laterally between the premaxilla

and maxilla, allowing the premaxilla and nose-leaf to pivot dorsoventrally in the sagittal plane under the

action of facial muscles attached to the nasal cartilages. It is possible that this is a specific adaptation for

echolocation and/or aerial insectivory. Given the shared embryological location of orofacial clefts in bats and

humans, it is likely that aspects of the developmental control networks that produce cleft lip and palate in

humans may also be implicated in the formation of these clefts as a normal feature in some bats. A better

understanding of craniofacial development in bats with and without clefts may therefore suggest avenues for

research into abnormal craniofacial development in humans.
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Introduction

Orofacial clefts occur as a craniofacial anomaly in humans

in approximately 1 in 700 live births (Mossey et al. 2009;

Dixon et al. 2011), with the incidence rate varying among

populations (Mossey & Modell, 2012; McDonnell et al.

2014). The two common forms are cleft lip with or without

cleft palate (CL/P) and isolated cleft palate (CP), both of

which arise as a failure of fusion of neural crest-derived pro-

cesses during the development of the face. In normal devel-

opment, the maxillary processes of the first pharyngeal arch

fuse with the medial nasal processes of the frontonasal pro-

cess of trigeminal neural crest between 5 and 6 weeks of

gestation to form the upper lip, the nostril floor, the pri-

mary palate and the rostral part of the upper jaw (Cox,

2004; Kuratani, 2005; Depew & Simpson, 2006; Jiang et al.

2006; Dixon et al. 2011). Caudal to this, the palatal shelves

of the maxillary processes fuse along the midline between 6

and 12 weeks’ gestation to form the secondary palate (Fer-

guson, 1988; Bush & Jiang, 2012). Defects in fusion of the

palatal shelves result in varying degrees of isolated cleft
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palate (CP). Defects in fusion of the medial nasal process

with the maxillary process produce varying degrees of cleft-

ing of the lip and primary palate. This may be associated

with defects in fusion of the palatal shelves, producing cleft

lip with or without cleft palate (CL/P) (Kernahan & Stark,

1958; Mossey et al. 2009; Dixon et al. 2011). Whereas the

cleft of the secondary palate occurs along the midline, the

common form of cleft of the lip and primary palate is para-

median and may be either unilateral or bilateral. These

three fusion lines or potential clefts trifurcate from the inci-

sive foramen at the junction of the primary and secondary

palates (Kernahan & Stark, 1958; Depew & Simpson, 2006;

Dixon et al. 2011). A much rarer form of anterior midline

cleft of the lip and anterior palate is due to failure of the

paired medial nasal processes to fuse at the midline and this

type of cleft can continue caudally across the incisive fora-

men into a cleft of the secondary palate (Tessier, 1976;

Allam et al. 2011). Although other types of rare craniofacial

clefts have also been described, these do not have a clear

origin in failure of fusion of the various facial processes

(Tessier, 1976).

The rostral part of the upper jaw thus comes to be

formed by paired premaxillary bones (derived from the

medial nasal processes), wedged between the maxillae on

either side (derived from the maxillary processes). These

bones ossify in membrane rather than from cartilage pre-

cursors and the pattern of formation of the upper jaw is

generally conserved across Amniota (Kuratani, 2005; Rich-

man et al. 2006; Abramyan & Richman, 2015). The molecu-

lar signalling pathways underlying development of this

region are similarly conserved and best characterised are

the Bmp (bone morphogenetic protein), Fgf (fibroblast

growth factors), Shh (sonic hedgehog) and Wnt (wingless/

integrated) protein pathways (Creuzet et al. 2005; Gritli-

Linde, 2006; Jiang et al. 2006; Richman et al. 2006). Expres-

sion of these growth factors is dependent upon positional

signals from the developing brain and foregut and nested

patterns of expression of homeobox transcription factors

such as Dlx and Msx (Creuzet et al. 2005; Depew & Simpson,

2006).

With such shared, conserved mechanisms of facial onto-

geny, it is perhaps not surprising that orofacial clefts similar

to those in humans have been described in several mammal

species, including domestic dogs (Calnan, 1961; Bleicher

et al. 1965; Richtsmeier et al. 1994; Mart�ınez-Sanz et al.

2011), cattle (Shupe et al. 1968), and primates (Kraus & Gar-

rett, 1968; Swindler & Merrill, 1971; Goldschmidt et al. 2010;

Krief et al. 2015). However, most non-human examples are

associated with other congenital cranial malformations and

have only rarely been observed in the wild (Krief et al.

2015). As an experimental model of craniofacial develop-

ment, the mouse has been extensively studied in relation to

induced clefts and has been invaluable in unravelling the

molecular mechanisms controlling facial development (Gri-

tli-Linde, 2008, 2012; Juriloff & Harris, 2008; Kousa &

Schutte, 2016). However, the majority of mouse clefting

models are also associated with widespread abnormalities

of craniofacial development. In contrast, the majority of

children born with CL/P are otherwise normal, healthy indi-

viduals (Mossey et al. 2009; Dixon et al. 2011), suggesting

that the perturbations of the gene regulatory networks

underlying the cleft may be more subtle than those seen in

experimental animal models.

Bats (Chiroptera), in addition to their well-known adapta-

tions for flight and echolocation, display a remarkable vari-

ation in craniofacial form and many species have, as a

normal feature of their facial anatomy, bony discontinuities

or clefts in the rostral part of the upper jaw and midface.

The general mammalian condition is for the premaxilla to

be firmly attached to the maxilla by a sutural joint, which

ossifies to varying degrees across taxa during ontogeny

(Ashley-Montagu, 1935; Barteczko & Jacob, 2004). In con-

trast, bats exhibit considerable variation in both morphol-

ogy and degree of attachment of the premaxilla (Giannini

& Simmons, 2007). Reduction in size and development of

the premaxilla is a consistent feature among bats, and

Wible & Novacek (1988) considered this as one of six cranial

synapomorphies defining Chiroptera. The degree to which

this reduction affects the alveolar, nasal and palatal pro-

cesses of the premaxilla is characteristic of individual genera

and species (Miller, 1907; Wible & Novacek, 1988; Giannini

& Simmons, 2007), and the degree of attachment to articu-

lating bones of the face is similarly variable. In some genera

there is a tendency for the articulation with the maxilla to

be loose, with ligamentous attachments between the bones

replacing a sutural joint, whereas other groups show a ten-

dency for fusion (Koopman, 1984; Hutcheon & Kirsch, 2006;

Giannini & Simmons, 2007).

The adaptive significance of the morphological variation

in the chiropteran premaxilla is currently not understood,

with many potential, non-mutually exclusive, functional

and adaptive arguments having been explored. Shortening

of the face through reduction of the premaxilla, combined

with anterior orientation of the pinnae, could possibly

reduce interference with returning echolocation signals.

Additionally, a mobile premaxilla could contribute to mod-

ulation of nasal acoustic emissions, perhaps related to the

function of nose-leaves, elaborate expansions of the exter-

nal nasal cartilages that are present in some species of bats

and are thought to help focus and direct a nasally emitted

echolocation call (G€obbel, 2000, 2002a; Pedersen & M€uller,

2013). Alternatively, a mobile premaxilla could allow for

increased oral gape, which could then facilitate capture of

large prey (Simmons & Geisler, 1998). Reduction of the

facial skeleton could reduce overall weight, and therefore

the energetic demands of flight (Simmons & Geisler, 1998;

Hutcheon & Kirsch, 2006). Reductions in the skeleton of the

nasal floor and anterior nasal chamber may also correlate

with the variations reported in the nasal part of the lacri-

mal-conducting apparatus (G€obbel, 2002b). Finally, because
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the premaxilla contributes to the anterior floor of the nasal

cavity, it is possible that morphological variation is corre-

lated with olfactory adaptation. Specifically, the vomerona-

sal organ, which forms part of the accessory olfactory

system in tetrapods, is highly variable across bats, with

widespread loss of expression among groups at both mor-

phological (Wible & Bhatnagar, 1996; Bhatnagar & Mei-

sami, 1998) and genetic levels (Zhao et al. 2011; Hayden

et al. 2014). Although olfactory expression has been corre-

lated with feeding mode (Hayden et al. 2014), its relation-

ship to premaxillary anatomy has not been studied.

The variation in the chiropteran premaxilla corresponds

to patterns of orofacial clefting along presumed embry-

ological fusion planes (Fig. 1). These occur in two broad

patterns. The first is a bilateral paramedian skeletal cleft

between the premaxilla and maxilla on either side, analo-

gous to the skeletal component of a bilateral cleft lip and

primary palate (Kernahan & Stark, 1958) (Figs 1C and 2B).

The second is a midline cleft between the two opposing

premaxillary elements, analogous to the skeletal compo-

nent of the rare midline cleft (Tessier, 1976; Allam et al.

2011) (Figs 1B and 2A). In contrast to what is observed in

humans, in bats neither clefting pattern extends further

posteriorly than the incisive foramen, and thus is limited to

a cleft of the alveolus and anterior (primary) palate.

Here, we describe the phylogenetic distribution of ante-

rior orofacial clefting in bats, mapping its occurrence across

different species and families of bats. We present the results

of detailed radiographic and soft tissue dissections of repre-

sentative examples of the two types of cleft, and explore

the relationship of the different patterns of clefting to

feeding mode, development of the vomeronasal organ and

lacrimal-conducting apparatus, and mode of emission of

the echolocation call and occurrence of nose-leaves in

different bat groups in an attempt to understand the adap-

tive significance of these highly unusual morphologies. Fur-

ther, we suggest that if these bony discontinuities are best

understood as a form of clefting, analogous to human con-

genital pathologies, then investigations into the facial

developmental gene regulatory networks that have pro-

duced them over evolutionary time may shed light on

changes resulting in non-syndromic clefts in healthy chil-

dren.

Materials and methods

Survey of the patterns of bony clefting of the mid

facial skeleton across Chiroptera

We characterised the bony anatomy of the rostral facial skeleton

for 294 species of bat, documenting the morphology of the rostral

portions of the oral and nasal cavities with respect to bony clefts

(Fig. 3, Supporting Information Table S1). Midline and paramedian

clefts were scored in two ways. First, we treated each clefting condi-

tion as a distinct character (Characters 1 and 2), allowing for the

possibility of both types of cleft to be present in one species.

Because there was no observed overlap, we also treated clefting as

a single, three-state unordered character (Character 3). We only

considered complete clefts (complete bony discontinuities across

the anterior alveolar arch extending into the nasal cavity). We did

not score indentations or irregularities in the bony margin as ‘par-

tial’ or ‘incipient’ clefts.

1) Midline bony cleft: 0 = absent, 1 = present

2) Paramedian bony cleft: 0 = absent, 1 = present

3) Oronasal bony cleft: 0 = clefting absent, 1 = midline cleft

present, 2 = paramedian cleft present

The 294 species of bats were assembled into two synthetic

cladograms. The first was based on the molecular phylogeny

of Teeling et al. (2005) with additional phylogenetic detail

from recent phylogenetic analyses (Eick et al. 2005; Almeida

Fig. 1 Patterns of variation in the chiropteran premaxilla. (A) Acerodon jubatus (Pteropodidae). The anterior dento-alveolar arch is intact with no

bony cleft. The bony margins of the incisive foramen are reduced, resulting in an enlarged incisive foramen. (B) Myotis myotis (Vespertilionidae).

The anterior dento-alveolar arch is interrupted by a U-shaped, midline bony cleft between the two premaxillae. Each premaxilla bears incisors and

is fused laterally to the maxilla. The cleft extends posteriorly to the anterior margin of the palatal shelves of the maxillae and is continuous with

the incisive foramina. (C) Rhinolophus ferrumequinum (Rhinolophidae). The anterior dento-alveolar arch is interrupted by bilateral paramedian clefts

between the premaxillae (which articulate across the midline via a sutural joint and bear diminutive incisors) and the maxillae. The clefts extend

posteriorly to the anterior margin of the palatal shelves of the maxillae and are continuous with the incisive foramina. (Photographs: Phil Myers,

Museum of Zoology, University of Michigan-Ann Arbor, www.animaldiversity.org. Creative Commons Attribution-Noncommercial-Share Alike 3.0

Unported License).
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et al. 2014; Foley et al. 2015). Species not included in molecu-

lar phylogenies were incorporated into the cladogram based

on family and genus relationships (Jablonski & Finarelli,

2009a,b). The second cladogram was compiled from alterna-

tive morphological phylogenies of fossil and extant bats (Sim-

mons & Geisler, 1998; Gunnell & Simmons, 2005). We

optimised clefting characters onto both cladograms (Fig. 3)

in Mesquite (Maddison & Maddison, 2015).

We coded further characters for taxa where information was

available:

4) Mode of emission of laryngeal echolocation signal: 0 = no

laryngeal echolocation emission, 1 = oral emission, 2 = nasal

emission

Most bat species use echolocation for navigation and forag-

ing, producing an echolocation signal in the larynx, which is

emitted through either the mouth or the nose. We used data

compiled by Pedersen (1998) and Goudy-Trainor & Freeman

(2002) to classify echolocating species as oral or nasal emit-

ters (Fig. 4). This distinction is not absolute, as some nasal-

emitting bats may emit orally on occasion. Here we use this

classification to refer to the usual mode of emission, which

correlates with the morphology of the skull base as defined

by Pedersen (1998). In oral-emitting bats the rostrum is

rotated dorsally so that the mouth is orientated along the

long axis of the head during flight. In nasal-emitting bats,

the skull base retains the ventrally flexed condition of early

fetal development so that the nostrils and nose-leaves are

orientated along the long axis of the head in flight (Peder-

sen, 1998; Pedersen & M€uller, 2013). Pteropodidae (Old

World fruit bats) do not use laryngeal echolocation,

although some species in the genus Rousettus use a form of

echolocation based upon orally emitted tongue clicks (Jones

& Teeling, 2006). For this analysis we have used only species

for which species-level information was available (Pedersen,

1998; Goudy-Trainor & Freeman, 2002) but have given Peder-

sen’s family-level classification in Supporting Information

Table S2.

5) Presence of nose-leaf: 0 = no nose-leaf, 1 = nose-leaf

The nose-leaf is considered to be an adaptation to allow

focusing of the echolocation call in nasal emitting bats (Ped-

ersen & M€uller, 2013). Although there is a wide diversity of

nose-leaf forms, we have simply considered the presence or

absence of a nose-leaf as broadly defined (G€obbel, 2000,

2002a) (Fig. 5).

6) Principal feeding mode: 0 = animalivory, 1 = plant visiting,

2 = fruit specialist.

In assigning the principal feeding mode, we followed the

classification used by Hayden et al. (2014) (Fig. 6). Ani-

malivory includes insectivory (which constitutes the majority

of bats and is most likely the ancestral state (Simmons & Geis-

ler, 1998) as well as carnivory, piscivory, and sanguivory.

Plant visiting bats are those that specialise in feeding on pol-

len or nectar (although they may also take insects present on

the visited plant). Fruit specialists are dedicated fruit eaters

found among the Pteropodidae and Phyllostomidae (Hayden

et al. 2014).

7) Vomeronasal organ (Wible & Bhatnagar, 1996; Bhatnagar &

Meisami, 1998; Hayden et al. 2014): 0 = present, 1 = rudi-

mentary or absent

The vomeronasal organ, an accessory olfactory organ found

in the nasal cavity of most tetrapods, is known to be highly

variable in its expression in bats (Cooper & Bhatnagar, 1976;

A B

C D

Fig. 2 (A,C) Midline cleft lip and alveolus with intact secondary palate in a child. The bony cleft is between the two premaxillae in the midline.

This is a very rare form of orofacial clefting in humans. Compare with Fig. 1B. (B,D) Bilateral cleft lip and alveolus with intact secondary palate in a

child. The bony cleft in the anterior dento-alveolar arch is between the premaxilla medially and the maxilla laterally. This is a bilateral form of the

most common type of orofacial clefting in humans. Compare with Fig. 1C.
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Wible & Bhatnagar, 1996; Bhatnagar & Meisami, 1998; Hay-

den et al. 2014). Wible & Bhatnagar (1996) recognised three

character states for the vomeronasal organ: well developed,

rudimentary or absent. They also analysed character states

for the associated accessory olfactory bulb and the vomero-

nasal cartilage. However, Hayden et al. (2014) combined

absent and rudimentary into a single category, which we fol-

low here (Fig. 7).

8) Lacrimal-conducting apparatus

The lacrimal-conducting apparatus consists of the lacrimal

canaliculi, the lacrimal sacs and the nasolacrimal ducts (NLD),

which drain secretions from the conjunctival space to the

nasal cavity. G€obbel (2002b) investigated variations in the

arrangement of the terminal intranasal portion of the lacri-

mal-conducting apparatus in bats and its relation to the

nasopalatine duct and vomeronasal organ complex. She

defined five character states, which we follow here:

0 = NLD opens into the floor of the nostrils, 1 = NLD

opens into the middle part of the inferior nasal meatus,

2 = NLD opens into a recess of the inferior nasal meatus

closely associated with the opening of the nasopalatine

duct, 3 = NLD opens into the nasopalatine duct, 4 = Rudi-

mentary lacrimal-conducting apparatus with cystic or absent

NLD (Fig. 8). Complete character matrices are provided in

Tables S1 and S2.

Three-dimensional reconstruction of computerised

tomographic radiographs of the skull

Complete alcohol-preserved specimens for two species of bat repre-

senting an expected midline cleft (Plecotus auritus) and an expected

paramedian cleft (Rhinolophus euryale) were subjected to micro-

computed tomography (lCT) in a small animal lCT scanner (CT120,

Trifoil Imaging, Chatsworth, CA, USA) to describe the detailed

three-dimensional bony anatomy of the anterior oral and nasal cav-

ities and associated clefts (see below for details of samples). Micro-

CT image acquisition consisted of 1200 projections taken at 0.3�
increments in one full rotation. X-ray tube settings were 80 kV and

32 lA. The raw data were reconstructed using MICROVIEW ABA soft-

ware, version 2.4 (General Electric) to create a final image with 25-

lm voxel dimensions. Images were converted to DICOM format

before final visualisation with CTVOX software, version 2.7.0 (Bruker

lCT).

Soft tissue dissections of the palatal regions of three

bat species

Although soft tissue clefting can occur in the absence of bony clefts,

clefting of the bony palate is invariably associated with soft tissue

clefting in humans (Kernahan & Stark, 1958; Malek, 2001). To

Pteropodidae n = 34

Rhinopomatidae n = 3

Craseonycteridae n = 1

Megadermatidae n = 5

Rhinolophidae n = 13

Hipposideridae n = 16

Myzopodidae n = 1

Mystacinidae n = 1

Thyropteridae n = 1

Noctilionidae n = 3

Furipteridae n = 2

Mormoopidae n = 4

Phyllostomidae n = 74

Natalidae n = 3

Molossidae n = 26

Vespertilionidae n = 89

Nycteridae n = 4

Emballonuridae n = 14

Pteropodidae n = 34

Rhinopomatidae n = 3

Craseonycteridae n = 1

Nycteridae n = 4

Megadermatidae n = 5

Rhinolophidae n = 13

Hipposideridae n = 16

Emballonuridae n = 14

Thyropteridae n = 1

Natalidae n = 3

Furipteridae n = 2

Myzopodidae n = 1

Mystacinidae n = 1

Noctilionidae n = 3

Mormoopidae n = 4

Phyllostomidae n = 74

Molossidae n = 26

Vespertilionidae n = 89

A B

Fig. 3 Distribution of orofacial bony clefting mapped to (A) molecular phylogeny (Teeling et al. 2005) and (B) morphological phylogeny (Simmons

& Geisler, 1998; Gunnell & Simmons, 2005). Paramedian clefting has arisen once in the clade comprising Rhinolophidae and Hipposideridae. Mid-

line clefting has arisen in seven different families of bats. The ancestral state reconstructs as no clefting in (A) and equivocal for either midline cleft

or no cleft in (B).
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determine whether the bony clefts observed in bats extended to the

associated soft tissues, dissection of the soft tissues in the region of

the clefts was performed on three species of bat. Myotis blythii (the

Lesser mouse-eared bat; specimens SP.C.47 and SP.C.48, both juve-

nile females, Karaftu Cave, Iran [36.3N 46.9E]) and Plecotus auritus

(the Brown long-eared bat, Glendalough, Ireland [53.0N 6.3W]) pos-

sess midline clefts, and Rhinolophus euryale (the Mediterranean

horseshoe bat; specimen SP.C.57, adult female, Guvenli Water Reser-

voir, Turkey [37.6N 30.5E]) displays the paramedian cleft condition.

Dissections focused on the relationships of the soft tissue anatomy

of the hard and soft palate, the roof of the oral cavity and the floor

of the anterior nasal cavity with respect to the bony anatomy of the

premaxilla. All specimens died of natural causes, and were freshly

preserved in ethanol. Dissections were performed under a Nikon

SMZ660 dissecting microscope, with photographs taken using a

Leica DFC 490 inline digital camera attached to a Leica M165 FC dis-

secting microscope. See Table S3 for details of specimens dissected.

Results

Anatomy of orofacial clefting in bats

3D lCT scans of bat cranial skeletons

3D reconstructions based on lCT scans permitted detailed

visualization of the bony palate. Plecotus auritus (Fig. 9)

displays a midline bony cleft. The premaxillae are highly

reduced and firmly sutured to themaxillae laterally, with sep-

aration along the midline. Two permanent incisors are pre-

sent in each premaxilla. These are large and pointed, in

contrast to the three lower incisors in each half of the mand-

ible, which are spatulate. The bony cleft is bounded posteri-

orly by the free anterior margin of the palatal processes of

the maxilla. The bony nasal septum (vomer) extends anteri-

orly only to the level of the margin of the maxillary palate.

Rhinolophus euryale (Fig. 10) displays a bilateral parame-

dian cleft. The premaxillae are separated from the maxillae

laterally, and the cleft interrupts the dentoalveolar arch

between the diminutive, single premaxillary incisor and the

maxillary canine. Right and left premaxillae are not fused

along the midline, but rather are joined by a fibrous, inter-

premaxillary suture. The premaxillae extend posteriorly to

the midline junction of the palatal processes of the maxilla

with the premaxilla. Anterior to this confluence, the pre-

maxilla is narrowed by a deeply indented notch for the inci-

sive canal. The vomer extends to the anterior margin of the

maxillary palate and, in lateral view (Fig. 10a) the premaxil-

lae appear to float freely, at a level dorsal to the plane of

dental occlusion. There is a fibrous joint between the

Pteropodidae (n = 4)

Rhinopomatidae (n = 2)

Nycteridae (n = 2)

Megadermatidae (n = 2)

Rhinolophidae (n = 6)

Hipposideridae (n = 8)

Emballonuridae (n = 6)

Natalidae (n = 1)

Noctilionidae (n = 2)

Mormoopidae (n = 3)

Phyllostomidae (n = 22)

Molossidae (n = 9)

Vespertilionidae (n = 28)

Pteropodidae (n = 4)

Rhinopomatidae (n = 2)

Megadermatidae (n = 2)

Rhinolophidae (n = 6)

Hipposideridae (n = 8)

Noctilionidae (n = 2)

Mormoopidae (n = 3)

Phyllostomidae (n = 22)

Natalidae (n = 1)

Molossidae (n = 9)

Vespertilionidae (n = 28)

Nycteridae (n = 2)

Emballonuridae (n = 6)

A B

Fig. 4 Distribution of mode of emission of laryngeal echolocation signal mapped to (A) molecular phylogeny (Teeling et al. 2005) and (B) morpho-

logical phylogeny (Simmons & Geisler, 1998; Gunnell & Simmons, 2005). The ancestral state is equivocal on either tree. All bats with paramedian

clefts are nasal emitters, as are two clades with midline cleft and two clades with no cleft. Nasal emission coincides with occurrence of a nose-leaf

(see Fig. 5).
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posterior margin of the premaxillae and the anterior mar-

gin of the maxillae. The entire premaxilla is situated ante-

rior to the bony margin of the nasal cavity.

Soft tissue and bony anatomy of the anterior palate and

nasal floor

Two species with midline clefts (Myotis blythii and Plecotus

auritus) and one species with a paramedian cleft (Rhinolo-

phus euryale) were dissected. The external appearance of

the hard palate is similar for all three species (Supporting

Information Figs S1, S2 and S3). The mucoperiosteum

adheres to the underlying skeletal structures, presenting

bilaterally symmetrical rows of horizontal rugae. This muco-

sal layer becomes continuous anteriorly with the buccal sul-

cus of the upper lip. There is no visible clefting in the soft

tissues of the roof of the mouth or floor of the nose that

corresponds with underlying bony clefts. In all species, the

rostral end of the palatal mucosa presents a fleshy pad com-

pleting the anterior arch. In Rhinolophus (paramedian con-

dition) this pad overlies the body of the premaxilla and the

diminutive incisors erupt anterior to the pad. All species

show some degree of dorso-ventral mobility for this

anterior segment when manipulated, although this is nota-

bly more pronounced in Rhinolophus.

When the mucosa is removed from the oral surface of the

hard palate, the bony palatal shelves of the maxillary bones

are visualized. In all three species the palatal bony shelves ter-

minate rostrally in a U-shaped free margin. InMyotis (Fig. 11)

and Plecotus (Fig. 9) this forms a U-shaped, midline bony

cleft. This cleft, which appears empty of a skeletal structure

in CT scans or prepared specimens, is filled with a robust,

translucent, fibrous membrane, which is continuous with the

periosteum of the bony palatal shelves. The rostral free mar-

gin of the membrane presents a fibrous condensation, which

contributes to the mobile fleshy pad that completes the ante-

rior dental arch. The dorsal surface of the fibrous membrane

forms the rostral part of the floor of the nasal cavity. The car-

tilaginous nasal septum, continuing rostrally from the vomer,

attaches along the midline to the fibrous palatal membrane

and its rostral fibrous condensation, along with the lateral

external nasal cartilages (Figs 9 and 11).

In Rhinolophus (Fig. 10) the same fibrous membrane is

observed, although it encloses the premaxilla in the mid-

line. In addition, the membrane forms a loose fold in the
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Craseonycteridae n = 1
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Rhinolophidae n = 13
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Thyropteridae n = 1

Noctilionidae n = 3

Furipteridae n = 2

Mormoopidae n = 4

Phyllostomidae n = 74

Natalidae n = 3

Molossidae n = 26

Vespertilionidae n = 89

Nycteridae n = 4

Emballonuridae n = 14
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Mystacinidae n = 1
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Phyllostomidae n = 74
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Fig. 5 Distribution of nose-leaf occurrence mapped to (A) molecular phylogeny (Teeling et al. 2005) and (B) morphological phylogeny (Simmons &

Geisler, 1998; Gunnell & Simmons, 2005). Nose-leaf occurrence coincides with nasal emission (Fig. 4) but has no particular relationship to orofacial

clefting.

© 2016 Anatomical Society

Orofacial clefts in bats, D. J. A. Orr et al. 663



bony cleft between the premaxillae and the maxillae. This

laxity allows the premaxilla to pivot in the sagittal plane

about the mobile, midline fibrous joint formed between

the caudal margin of the premaxillae and the rostral margin

of the palatal shelves. Thus, despite the fragile appearance

of the premaxilla in the lCT scan and in the prepared cra-

nia, it is enclosed in a tough fibrous membrane and is quite

robust. Unlike the condition in Myotis and Plecotus, the

dorsal surface of the fibrous membrane (and enclosed pre-

maxillae) in Rhinolophus is rostral to the nasal cavity and

forms a mobile floor for the elaborate nose-leaf, formed by

an expansion of the superior and lateral nasal cartilages

and the expanded rostral margin of the nasal septal carti-

lage. Thus, the nose-leaf, premaxilla and fibrous rostral

palatal membrane form an anatomical unit that is mobile

in a sagittal plane, hinging on the premaxillary-maxillary

fibrous joint. We observed no muscles attaching directly to

the premaxilla, but the facial muscles do attach indirectly

via the nasal and nose-leaf cartilages and presumably pro-

vide the active movement seen in living specimens.

Assignment of oronasal bony cleft character state

Assignment of cleft character states was generally unam-

biguous, although there were a few cases where prepared

specimens retained remnants of soft tissues obscuring

underlying bony morphology. These were resolved by cross-

referencing with 3D CT images and reference to congeners.

Character optimisation of clefting onto the molecular phy-

logeny of Teeling et al. (2005), treating the two types of

cleft as either separate binary characters or a single multi-

state character resulted in an ancestral reconstruction of no

clefting (Fig. 3A). Paramedian clefting arose once, in the

Rhinolophoidea. In contrast, median clefting evolved in

seven different bat families. No clefting is observed in any

member of the Pteropodidae (Old World fruit bats). Map-

ping cleft characters to the morphology-based phylogeny

(Simmons & Geisler, 1998; Gunnell & Simmons, 2005) simi-

larly shows a single origin for paramedian clefting with

multiple occurrences of midline clefting, although the

ancestral state is equivocal (either midline cleft or absence

of cleft) (Fig. 3B).
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Fig. 6 Phylogenetic distribution of principal feeding mode mapped to (A) molecular phylogeny (Teeling et al. 2005) and (B) morphological phy-

logeny (Simmons & Geisler, 1998; Gunnell & Simmons, 2005). The ancestral state reconstructs as animalivory in (A) with plant visiting and fruit

specialism arising independently in Pteropodidae and Phyllostomidae. The ancestral state is equivocal in (B). There is no consistent relationship

between orofacial clefting and feeding mode, although no fruit specialists have clefts and all bats with clefts are animalivores.
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Relationship of oronasal bony clefting to echolocation

mode and nose-leaf occurrence

In this dataset, the ancestral state for echolocation is equiv-

ocal on either tree (Fig. 4). There is no clear association

between cleft state and emission of echolocation signal:

although all bats with paramedian clefts are nasal emitters,

nasal emitters with midline clefts (Megadermatidae and

Rhinopomatidae) and no cleft (Nycteridae and Phyllostomi-

dae) also exist. The six families in which nasal emission arose

occurred on either three occasions (molecular tree) or two

occasions (morphology-based tree) independently. Nasal

emission coincides more or less exactly with the presence of

a nose-leaf, as broadly defined, supporting the hypothesis

that the nose-leaf is a specific adaptation related to nasal

emission of the echolocation call.

Relationship of oronasal bony clefting to principal feed-

ing mode

Principal feeding mode was mapped onto the phylogenies

to test for association with oronasal clefting (Fig. 6). The

majority of bats are animalivorous (primarily insectivores)

and this is reconstructed as the ancestral feeding mode.

Plant visiting (feeding on nectar and pollen) and specialised

fruit eating has arisen only in those clades lacking bony

clefts (Pteropodidae and Phyllostomidae). All bats possess-

ing oronasal bony clefts are animalivores, although there

are several animalivorous families that lack bony clefts.

Relationship of oronasal bony clefting to development

of the vomeronasal organ

For taxa in which information was available on the degree

of development of the vomeronasal organ, Fig. 7 shows

vomeronasal organ character state mapped onto the phy-

logeny. In this dataset, the ancestral state for bats recon-

structs as an absent or rudimentary vomeronasal organ

with evolution of a functional vomeronasal organ in four

different families (Phyllostomidae, Mormoopidae, Min-

iopteridae and Molossidae). In most species in which either

a median or paramedian cleft is present, the vomeronasal

organ is absent or rudimentary. The exception is the two

species of Miniopterus in which there is both a midline cleft

and a functioning vomeronasal organ. However, absent or

rudimentary vomeronasal organ is associated with both

cleft types and no cleft.
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Fig. 7 Phylogenetic distribution of development of the vomeronasal organ mapped to (A) molecular phylogeny (Teeling et al. 2005) and (B) mor-

phological phylogeny (Simmons & Geisler, 1998; Gunnell & Simmons, 2005). The ancestral state reconstructs as an absent or rudimentary vomero-

nasal organ on either tree. A functional vomeronasal organ has evolved in four different families of bats. There is no consistent relationship

between orofacial clefting and the degree of development of the vomeronasal organ.
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Relationship of oronasal bony clefting to variations in

the terminal portion of the nasolacrimal duct

Anatomical variations of the nasolacrimal duct as described

by G€obbel (2002b) show no relationship with oronasal cleft-

ing or degree of development of the vomeronasal organ

(Fig. 8). The ancestral state reconstructs as the duct termi-

nating rostrally in the nostril floor (the general mammalian

condition) on the morphology-based tree but is equivocal

on the molecular tree.

Discussion

Here, we draw an analogy between the conditions of the

chiropteran premaxilla (Fig. 1) and the bony component of

cleft lip and palate observed as a pathology in humans

(Fig. 2). Paramedian clefts separate the premaxilla from the

maxilla laterally, whereas midline clefts separate the right

and left premaxillae along the midline. Clefting in the Chi-

roptera is confined to skeletal structures, with no evidence

of a cleft in the overlying soft tissues. However, the clefts

are easily characterised in prepared crania and lCT scans.

Dissections reveal that bony clefts in the facial skeleton are

filled in by a robust, translucent fibrous membrane that

appears continuous with the periosteum of the maxillae

(Figs 9–11). The oral surface of this membrane is covered by

an otherwise typical horizontally rugose mucosa in continu-

ity with the mucosa of the rest of the hard palate Figs S1,

S2, and S3. In the two examined species with midline clefts,

the free rostral border of the membrane presents a fibrous

condensation contributing to a mobile fleshy pad that com-

pletes the edentulous portion of the anterior dental arch

(Figs 9 and 11). In Rhinolophus (paramedian cleft) the

fibrous membrane encloses the premaxilla and forms a

loose fold laterally, providing a skeletal base for the nose-

leaf that is considerably mobile, pivoting in a sagittal plane

about the midline maxillary-premaxillary fibrous joint

(Fig. 10). Movement of this complex is enacted by facial

muscles inserting into the nose-leaf.

Previous authors have described the marked variation of

the premaxilla in Chiroptera (Miller, 1907; Koopman, 1984;
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Noctilionidae
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Fig. 8 Phylogenetic distribution of development of the lacrimal-conducting apparatus mapped to (A) molecular phylogeny (Teeling et al. 2005)

and (B) morphological phylogeny (Simmons & Geisler, 1998; Gunnell & Simmons, 2005). There is no relationship with oronasal clefting (Fig. 3) or

degree of development of the vomeronasal organ (Fig. 7). The ancestral state reconstructs as the duct terminating rostrally in the nostril floor (the

general mammalian condition) in (B), but is equivocal in (A).
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Wible & Novacek, 1988; Simmons, 1994; Simmons & Geisler,

1998; Gunnell & Simmons, 2005; Giannini et al. 2006b;

Hutcheon & Kirsch, 2006; Giannini & Simmons, 2007) and

numerous morphological characters of potential phyloge-

netic importance have been drawn from this variation

(Miller, 1907; Koopman, 1984; Wible & Novacek, 1988; Sim-

mons & Geisler, 1998; Giannini & Simmons, 2007). However,

these bony discontinuities have not been recognised as

potentially analogous to pathological orofacial clefts in

humans. Miller (1907) in discussing ‘Microchiroptera’

A

B

C

Fig. 9 Cranial anatomy of Plecotus auritus. (A) 3D lCT inferior view of

skull base cranial skeleton. The body of the mandible has been digitally

subtracted to show the palate (the cusps of the mandibular teeth are

visible occluding medial to the maxillary dental row). A U-shaped bony

cleft is present between the two premaxillae. Each premaxilla, bearing

two conical incisors mesial to the large and pointed maxillary canine, is

fused to the maxilla. The cleft is bounded posteriorly by the anterior

free bony margin of the palatal shelves. (B) Inferior view of dissection

specimen to show anterior palate. (C) Anterior view of dissection speci-

men to show facial rostrum. A robust fibrous membrane, continuous

with the periosteum at the margins, fills in the U-shaped cleft visible in

(A). The anterior free margin of this membrane terminates as a fibrous

condensation. The nasal septum (visible in C) attaches to this mem-

brane and the fibrous condensation in the midline.

A

B

C

Fig. 10 Cranial anatomy of Rhinolophus euryale. (A) 3D lCT inferior

and lateral views of cranial skeleton with body of mandible digitally

subtracted. Cusps of mandibular teeth are seen occluding medial to the

maxillary dental arch. Bilateral paramedian bony clefts are present in the

dento-alveolar arch between the premaxilla and the maxilla. The clefts

extend posteriorly to the anterior margin of the maxillary palatal shelves,

to which the posterior extremities of the premaxillae are attached via a

midline sutural joint. The notched posterolateral margin of the premax-

illa represents the site of the incisive foramen on either side. The pre-

maxillae are united in the midline by an unfused sutural joint. The

premaxilla is seen to float superior to the occlusal plane, hinging on the

midline articulation with the anterior margin of the maxillary palatine

shelves. (B) Inferior view of dissection specimen to show anterior palate.

(C) Anterior view of dissection specimen to show facial rostrum. The

bony cleft is completely filled in by a robust, fibrous membrane that is

continuous with the periosteum of the maxillary margins of the cleft

and splits to enclose the premaxillae. The membrane is loose in the

space between the maxilla and the premaxilla, allowing the premaxilla

to move freely in a sagittal plane as it hinges about its posterior sutural

joint with the palatal shelf of the maxilla. The nose-leaf cartilages are

attached to the superior surface of the premaxillae and are open superi-

orly. Thus the mobile premaxilla forms a mobile base to the nose-leaf,

anterior to the nasal cavity. Bullae of the maxillary paranasal sinuses are

visible in (C), superior to the anterior bony margin of the nasal cavity.
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referred to the premaxilla as being present or absent and

described reductions in the nasal or palatal processes and

whether there is fusion and/or contact between the pre-

maxillae and maxilla. However, he did not describe clefts or

major bony discontinuities. Koopman (1984) divided micro-

bats into ‘Yinochiroptera’ and ‘Yangochiroptera’ on the

basis of premaxillary mobility (Hutcheon & Kirsch, 2006),

although he was not specific about the anatomical basis

behind this mobility. (In fact, Koopman referred to a ‘move-

able maxilla’ (1984), although it is generally accepted that

this was intended to describe the condition of the premax-

illa). The most comprehensive account of the chiropteran

premaxilla and its morphological variation was presented

by Giannini & Simmons (2007), in which they describe 16

phylogenetic characters of the premaxilla and its various

processes, foramina and articulations with adjacent bones.

The midline cleft of this study coincides with states 0, 1, and

2 of Character 1 in Giannini & Simmons (2007), although

they did not explicitly describe this in terms of clefting.

Paramedian clefting, as considered here, could potentially

be interpreted as state 2 of Character 9 in Simmons & Geis-

ler (1998).

The distribution of clefting across bat phylogeny

Mapping the two different cleft characters onto either the

molecular or morphological cladogram reveals two very dif-

ferent patterns (Fig. 3). The paramedian cleft is an unam-

biguous synapomorphy for a clade that includes

Rhinolophidae and Hipposideridae, arising only once in the

evolution of bats. Molecular dating estimates this branch

split from the remainder of the Rhinolophoidea approxi-

mately 51 mya (Foley et al. 2015). In contrast, midline clefts

have evolved convergently in several clades of bats. Some

caution is required, as it may be argued that the midline

clefts represent a heterogeneous complex of anatomies if

details of the premaxillary anatomy are considered (Miller,

1907; Giannini & Simmons, 2007). In most cases of midline

clefting the premaxillae are reduced, but in three genera of

Megadermatidae (Lavia, Macroderma, and Megaderma),

Giannini & Simmons (2007) consider the premaxilla to be

entirely absent. However, a common feature across all of

these taxa is the suppression bone and tooth formation

along the midline of the rostral portion of the upper jaw.

Adaptive significance

The functional adaptive significance of these clefts is not

clear, but a number of non-mutually exclusive possibilities

exist. It is possible that midline or paramedian clefting is an

adaptation to aerial insectivory (that is, taking prey in

flight), given that the forelimbs are constrained to be

involved in flight and are therefore unavailable for food

manipulation (Hutcheon & Kirsch, 2006). Moving the inci-

sors to a lateral position or suppressing them entirely (as in

a midline cleft) could lead to a wider effective gape, thus

allowing easier capture of large insects. A similar advantage

might be achieved by the sagittal mobility of the anterior

palate and dental arch produced by the paramedian

cleft – perhaps an instance of cranial kinesis in mammals

(Frazzetta, 1966). All bats with either cleft type are ani-

malivorous (Figs 3 and 6), although there are many species

of animalivorous bats lacking clefts entirely. In addition,
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Fig. 11 Cranial anatomy of Myotis. (A) Inferior view of cranial skeleton

of Myotis myotis to show palate. A U-shaped bony cleft is present

between the two premaxillae. Each premaxilla, bearing two conical

incisors mesial to the large and pointed maxillary canine, is fused to the

maxilla. The cleft is bounded posteriorly by the anterior free bony mar-

gin of the palatal shelves. (B) Inferior view of dissection specimen (Myo-

tis blythii) to show anterior palate. (C) Anterior view of dissection

specimen to show facial rostrum. As in Plecotus (Fig. 9) a robust,

fibrous membrane, continuous with the periosteum at the margins, fills

in the U-shaped cleft visible in (A). The anterior free margin of this

membrane terminates as a fibrous condensation. The nasal septum (vis-

ible in C) attaches to this membrane and the fibrous condensation in

the midline. (Photograph (A) Phil Myers, Museum of Zoology, Univer-

sity of Michigan-Ann Arbor, www.animaldiversity.org. Creative Com-

mons Attribution-Noncommercial-Share Alike 3.0 Unported License).
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absence of a cleft is shared by both frugivorous clades. It is

likely that a complete anterior dental arch supported in a

solid bony substructure is important for biting into fruit

and was therefore retained. Olfaction is also potentially

important in frugivorous foraging and it is possible that

optimal olfactory function is favoured in some way by a

complete bony nasal cavity (although we find no clear rela-

tionship to the degree of development of the vomeronasal

organ – see Figs 3 and 7). However, almost half of all insec-

tivorous families lack clefts and it is therefore not essential

to aerial insectivory.

The paramedian cleft only occurs in association with an

elaborate nose-leaf and potentially allows active move-

ment/orientation of the nose-leaf in the sagittal plane. It is

possible that this is an adaptation to allow directional

focussing of the echolocation call for nasal-emitting species.

Although all bats with a paramedian cleft are nasal emitters

(Figs 3 and 4), such a cleft is clearly not a required adapta-

tion for nasal emission, as three families of nasal emitting

bats possess either no cleft or midline clefts. The clade of

bats characterised by a paramedian cleft is principally insec-

tivorous and nasal emitting (Figs 3, 4, and 6). In their review

of the bat ‘guild’ concept, integrating foraging and echolo-

cation modes, Denzinger & Schnitzler (2013) describe rhi-

nolophids and hipposiderids as ‘narrow space, flutter-

detecting foragers,’ noting that this mode of foraging has

only evolved one other time, in the mormoopid, Pteronotus

parnellii (an oral emitting insectivore lacking a cleft). It

seems likely that the paramedian cleft is a particular adap-

tation for this mode of echolocation and foraging ecology

in Rhinolophidae and Hipposideridae. A relationship

between midline clefting and echolocation is far less

straightforward: bats with midline clefts may be oral or

nasal emitters and nasal emission may be carried out by

bats with no cleft, a midline cleft or a paramedian cleft

(Figs 3 and 4).

Bats show considerable variation among taxa in the

degree of development of both the vomeronasal organ

(Wible & Bhatnagar, 1996; Bhatnagar & Meisami, 1998; Hay-

den et al. 2014) and the terminal part of the lacrimal-con-

ducting apparatus (G€obbel, 2002b). Because the anterior

facial clefts occur in anatomical proximity to these struc-

tures, we considered the possibility that suppression of

bony structures in this region might be related in either

direction to suppression of the vomeronasal organ or the

lacrimal-conducting apparatus. However, the occurrence of

anterior orofacial clefting appears quite independent of

the degree of suppression of either structure (Figs 3, 7, and

8). On the other hand, the rostrum of rhinolophid and hip-

posiderid bats is a highly derived structure with large reso-

nance chambers within the expanded nasal cavity

(Pedersen, 1993, 1995, 1996, 1998). It has been argued (Ped-

ersen, 1995, 1998; Santana & Lofgren, 2013) that these nasal

domes constitute a novel mammalian cranial module (Gos-

wami, 2006), whose evolution has been driven by the

demands of nasal echolocation. As such, suppression of

skeletal, vomeronasal, and lacrimal-conducting structures in

the nasal cavity may be a by-product of this process (Peder-

sen & M€uller, 2013), although Hayden et al. (2014) found

no evidence of a trade-off between olfaction and echoloca-

tion in their study of olfactory genes in bats.

It is also possible that the reduction of the bony portion

of the premaxilla is part of a general strategy of reducing

non-essential bone weight as an adaptation to flight. How-

ever, the bone in this region is extremely thin and the

amount of weight saved is likely minimal.

Ontogeny

Although the bony anatomy is similar, complete absence of

any soft tissue evidence of cleft makes the conditions of the

premaxilla observed in bats quite different to pathological

cleft lip and palate. In human clefts there is always at least

a minor degree of soft tissue cleft (lip or soft palate) if a

bony cleft exists (Kernahan & Stark, 1958). Paramedian cleft-

ing in humans arises from failure of fusion of the embry-

ological medial nasal process of the frontonasal process

with the maxillary process, whereas midline clefting is due

to failure of fusion of the paired medial nasal processes

(Jiang et al. 2006). Published embryological series for Chi-

roptera have not concentrated in detail on the anatomy of

the face, although bats show a typical mammalian pattern

of craniofacial development, with no obvious failures of

fusion of the medial nasal or maxillary processes (Cretekos

et al. 2005; Giannini et al. 2006a; Tokita, 2006; Hockman

et al. 2009; Nolte et al. 2009). Nevertheless, the bony discon-

tinuities in bats bearing these clefts do occur at the junction

of the medial nasal processes with each other or with the

maxillary processes and they give rise to bony clefts that

show striking similarity to the skeletal pathologies in failure

of fusion in humans. It seems likely that at least some

aspects of the developmental control networks behind

bony clefts in bats and pathological clefts in humans are

shared between the taxa.

The bones of the facial skeleton begin as sheets, or mem-

branes, of undifferentiated mesenchyme derived from the

neural crest and ossify directly in membrane (Richman et al.

2006). Migration and differentiation of cranial neural crest

cells is under complex controls involving Shh, Wnt proteins,

BMPs and FGFs, among others (Creuzet et al. 2005; Gritli-

Linde, 2006; Jiang et al. 2006). High levels of BMPs induce

neural crest to differentiate into cartilage, but lower levels

cause differentiation to osteoblast precursors expressing

Runx2 transcription factor. Indian hedgehog induces these

cells to mature as osteoblasts, secreting bone matrix within

a periosteal membrane (Richman et al. 2006; Abzhanov

et al. 2007). There is also evidence that differentiation of

primordial skeletal tissues may be influenced by mechanical

stimuli in the developing embryo, with shearing forces acti-

vating pathways that lead to bone formation and
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compressive forces leading to cartilage formation (Radlanski

& Renz, 2006). In the dissected bat specimens, although

bone formation in the cleft has been suppressed, there

remains a tough, fibrous membrane topologically consis-

tent with the position of the absent ossification of the pre-

maxilla that we speculate is derived from the primordial

osteogenic membrane. In the midline cleft this coincides

with an arrest of medial migration of the incisor tooth

buds, which instead form laterally. The presence of fibrous

membranes that are continuous across the clefts would

seem to indicate that the mechanism of formation in bats is

not a failure of fusion of the medial nasal and maxillary

processes, but a suppression of bone along the lines of

fusion.

Conclusions

Orofacial bony discontinuities in bats represent a normally

occurring morphology that is analogous to the pathological

cleft condition in humans. Investigating these characters

through detailed anatomical dissection and 3D lCT scan-

ning, the anatomy has been clarified as a basis for better

understanding the function and evolutionary significance

of these unusual morphologies. The present work could lay

the foundation for a naturally occurring model of orofacial

clefting, serving to better illuminate our understanding of

the causal basis and development of the condition in

humans.

Although the mouse has proven to be a highly useful

experimental model for understanding mammalian cranio-

facial development, models of orofacial clefting in the

mouse generally involve mutations in genes coding for

growth factors, receptors, transcription factors, and other

molecules with large numbers of pleiotropic effects, the

results of which are complex, and often lethal, accompany-

ing abnormalities (Gritli-Linde, 2008). The same appears to

be true of the majority of reported instances of orofacial

clefting in non-human primates (Kraus & Garrett, 1968;

Swindler & Merrill, 1971; Goldschmidt et al. 2010; Krief et al.

2015). In contrast, clefts in bats occur as a part of normal

anatomy and are thus more likely to be determined by sub-

tle changes in the timing and pattern of gene expression

than by large-scale mutations radically impacting important

genes. An investigation into why some species of bats pro-

duce clefts and others do not may elucidate the causation

of cleft lip and palate in otherwise normal and healthy chil-

dren (Mossey et al. 2009; Dixon et al. 2011). If the bony dis-

continuities in bats serve as model of clefting in humans,

understanding their developmental biology will be crucial.

Some embryological series of bat species have been pub-

lished (Pedersen, 1995, 1996; Cretekos et al. 2005; Giannini

et al. 2006a; Tokita, 2006; Hockman et al. 2009; Nolte et al.

2009; Wang et al. 2010) but detailed research covering the

critical stages of formation of the anterior face in bats with

different cleft patterns has not been carried out.

Bioinformatic analysis may shed light on the molecular

developmental controls of these cleft states by identifying

variations between midline, paramedian, and non-clefting

bats in genes or gene regulatory regions (Uslu et al. 2014)

known to be important in craniofacial development. A use-

ful place to start might be with homologues of regions of

the human genome that have been identified as quantita-

tive trait loci for cleft lip and palate (Zucchero et al. 2004;

Mangold et al. 2010; Dixon et al. 2011). Paramedian clefts

are by far the more common variety in humans (Allam et al.

2011; Dixon et al. 2011). Their counterpart in bats has a sin-

gle evolutionary origin, and likely a common developmen-

tal basis, implying that a rhinolophid or hipposiderid bat

may be a suitable model organism (Wang et al. 2010).
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Figure S1. Myotis blythii. View of inferior aspect of hard palate.

Note horizontally rugose mucosa with no soft tissue cleft.

Figure S2. Plecotus auritus. View of inferior aspect of hard

palate. Note horizontally rugose mucosa with no soft tissue

cleft.

Figure S3. Rhinolophus euryale. View of inferior aspect of hard

palate. Note horizontally rugose mucosa with no soft tissue

cleft.
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