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Abstract.—Osteoderms are bony deposits that form within the dermal layer of skin in
vertebrates. Within geckos, osteoderms are uncommon, only described in Gekko gecko and the
genus Tarentola. A previous report of osteoderms in the Afro-Malagasy gekkonid genus
Geckolepis has been questioned due to the extreme skin fragility and regional integumentary
loss within the group. We re-evaluated the integument anatomy of Geckolepis maculata using
µCT scanning, histology, and clearing and staining to verify the presence or absence of
osteoderms and, if present, to characterise and compare their morphology to the osteoderms of
Gekko gecko and Tarentola, as well as osteoderm diversity within squamates. Osteoderms were
confirmed present in Geckolepis maculata; however, these osteoderms are compound,
imbricating, squamous elements that are morphologically similar to the dermal ossifications
observed in scincids and gerrhosaurids, while G. gecko and Tarentola possess plate-like and
granular osteoderms. Our results suggest that osteoderms have independently evolved at least
three times within the Gekkota and that epidermal anatomy may be a better predictor of
osteoderm morphology than ancestral history. Further research is required to investigate the
regenerative capability of Geckolepis osteoderms following skin autotomy.

Key words.—Dermal skeleton; dermal ossifications; computed tomography; fish-scale
gecko; Gekkonidae; Madagascar.

INTRODUCTION

Osteoderms are bony deposits that form within the dermis of skin that are prevalent within
tetrapods, irregularly occurring in phylogenetic distribution in anurans, non-avian archo-
saurs, turtles, mammals and lizards (Moss 1969; Hill 2005; Vickaryous & Sire 2009).
These elements are highly variable in size, shape, distribution, and the amount of miner-
alised and unmineralised connective tissue present within and between species (Grant
1944; Hoffstetter 1962; Vickaryous & Sire 2009); however, osteoderms likely represent
the manifestation of a plesiomorphic, latent capability of the dermis to ossify (Vickaryous
& Hall 2008). Osteoderms are common within squamates (exclusive of Serpentes) and are
present within anguids, cordylids, gekkotans, xantusiids, gerrhosaurids, xenosaurids, lacer-
tids, scincids, helodermatids, shinisaurids, lanthanotids, varanids and iguanids (Camp
1923; McDowell & Bogert 1954; Gauthier 1982; de Queiroz 1985; Arnold 1989;
Conrad 2008; Stanley et al. 2011, Vickaryous et al. 2015). Within the Gekkota, osteoderms
are uncommon, having only been reported in the Asian gekkonid Gekko gecko (Cartier
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1872; Daza et al. 2015; Vickaryous et al. 2015) and six species of the phyllodactylid genus
Tarentola (Otto 1909; Levrat-Calivac 1986; Vickaryous et al. 2015).

Typical gekkotan dorsal scalation consists of plate-like, granulate and juxtaposed
scales interspersed with tubercles (Bauer et al. 1989), whereas ventral scalation is more
imbricate and is less heterogeneous (Maderson et al. 1978; Bauer et al. 1989). Members
of the Afro-Malagasy gekkonid genus Geckolepis (fish-scale geckos) are partially charac-
terised by strongly imbricate, “cycloid” scales (we here refer to scale shape and imbrication
and do not imply any special similarity to the cycloid scales of actinopterygian fishes;
Werner 1896; Köhler et al. 2009). Within the Gekkota, only Teratoscincus, a West
Asian sphaerodactylid, exhibits similar scalation (Werner 1896; Hiller 1974; Szczerbak
& Golubev 1986; Bauer et al. 1993), although somewhat similar scales are found restricted
to the tail of a few other species. As a complement to caudal autotomy, the integument of
Geckolepis is highly fragile and utilised as a predator escape mechanism (integumentary
autotomy or regional integumentary loss; Schmidt 1911; Angel 1942; Mertens 1955;
Anderson 1972; Meier 1980; Schubert & Christophers 1985; Bauer & Russell 1992;
Gardner & Jasper 2015). Schmidt (1911, 1912) provided a detailed histological description
of G. polylepis dermis from across the body, comprised of a thin inner layer, a cell-poor
loose connective tissue layer, and a thick outer layer with small, irregular osteoderms
embedded within it (reviewed in Bauer et al. 1993). These osteoderms are described as
being absent until late in ontogeny and form as separate small tiles that grow and aggregate
during development. Schmidt’s reports have been questioned, however. Bauer & Russell
(1989) suggested that the osteoderms Schmidt described were regional keratinisations
rather than osteoderms. Additionally, Vickaryous et al. (2015) questioned the reports of
Schmidt, in part because Geckolepis species are known to demonstrate regional integu-
mentary loss, during which the outer layers of the integument are lost (Schubert & Chris-
tophers 1985; Bauer et al. 1989; Bauer & Russell 1992). Skin fragility can facilitate escape
from a putative predator (Bauer et al. 1989; Gardner & Jasper 2015); however, easily shed-
ding osteoderms would represent a loss of energy invested in their original development
and an implied cost for subsequent regeneration. Further, osteoderms and fragile skin
would appear to reflect conflicting strategies for defence.

We investigated Geckolepis integument anatomy using micro-computed tomography,
histology, and clearing and staining. We compare Geckolepis to other gekkotan taxa
known to have osteoderms (Gekko and Tarentola), as well as Teratoscincus, the only
other gekkotan known to have bodywide large, imbricate, cycloid scales. Our goals are
to determine if osteoderms are present or absent in Geckolepis and, if present, to charac-
terise and compare their morphology to osteoderm diversity within squamates.

Table 1. Snout-vent length and micro-computed tomography settings for specimens examined in
this study.

Species
Collection
number

SVL
(mm)

Current
(kV)

Amperage
(µA)

Watts
(W)

Acquisition
time (s)

Voxel
(µm)

G. maculata CAS 126344 51 70 143 10 2 18
G. gecko SHSVM-

H-0001-2014
161 200 240 48 2 44

G. smithii CAS 9595 175 79 143 10 2 36
T. mauritanica CAS 87112 50 70 143 10 2 18
T. przewalskii CAS 171013 91 n/a n/a n/a n/a 21
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METHODS

The heads of an adult Gekko gecko (SHSVM-H-0001-2014), Tarentola mauritanica (CAS
87112), Geckolepis maculata (CAS 126344), Gekko smithii (CAS 9595) and Teratoscin-
cus przewalskii (CAS 171013) were computed tomography (CT) scanned using an Xradia
MicroCT scanner (Pleasanton, CA, USA) at the University of Texas High-Resolution
X-ray Computed Tomography Facility (see Table 1 for CT settings). Visualisation and
measurements of the 2-dimensional tomograms and 3-dimensional volume renderings
were completed using Avizo 9.0.1 (VSG, Visualisation Sciences Group, Burlington,

Figure 1. Computed tomography (CT) reconstruction of the skull and osteoderms of (A, D) Gekko
gecko (SHSVM-H-0001-2014), (B, E) Tarentola mauritanica (CAS 171013) and (C, F) Geckolepis
maculata (CAS 126344). (A–C) Cross-sectional thickness of osteoderms measured using a wall-
thickness analysis and visualised using an inverse rainbow colour gradient on a standardised scale
ranging from 0.00 to 1.00 mm thickness. (D–F) Relative density of osteoderms measured using grey-
scale histogram values (calibrated to the same scale by standardising the void [as background] and
skeletal bone [as material] for all specimens) and colour-coded using an interval gradient rendering
high density material yellow and low density material blue in dorsal, lateral and ventral view (top to
bottom, respectively). Scale bar = 5 mm.
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MA, USA) and VGStudio Max 3.0 (Volume Graphics, Heidelberg, Germany). The
cross-sectional thickness of the segmented osteoderms were measured using the wall-
thickness analysis module in VGStudio Max and visualised using an inverse rainbow
colour gradient on a standardised scale (ranging from 0.00 to 1.00 mm thickness; Fig.
1A–C). The greyscale histograms of the tomograms were calibrated to the same scale
for all specimens in VGStudio Max by standardising the grey values of the background
(void) and material of interest (dermal bone), and the relative density of the segmented

Figure 2. Transverse cross section tomogram of (A) Gekko gecko (SHSVM-H-0001-2014), (B)
Tarentola mauritanica (CAS 126344) and (C) Geckolepis maculata (CAS 126344). All cross sec-
tions are from the parietal-frontal suture point of the skull. Imbricating osteoderms are present
within Geckolepis maculata (white arrow). Scale bar = 2 mm.
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osteoderms were measured and visualised at every voxel using a colour interval gradient,
rendering high density material yellow and low density material blue (Fig. 1D–F). Trans-
verse cross sections of the X-ray tomograms were examined at the parietal-frontal suture
point of the skull for all taxa (Fig. 2), as osteoderms in gekkotans, and most other lizards,
are typically robust in this region. Three dimensional stereolithography (STL) shape data
are available to view and download from Duke University’s morphological data archive
(http://morphosource.org/Detail/ProjectDetail/Show/project_id/318).

Additionally, an adult Geckolepis maculata specimen (UMMZ 207363; 67 mm snout
to vent length (SVL)) was used for histological cross sectioning and clearing and staining
of the integument. Scales of G. maculata were compared with a commercially obtained
adult Teratoscincus keyserlingii (AMB 9211; 91 mm SVL). Excised patches of integument
were removed from the dorsum of the trunk (scapular region) and head (parietal region) of
G. maculata and the dorsum of the trunk of T. keyserlingii. Scales of both G. maculata and
T. keyserlingii were decalcified for 15 hours in Formical-2000™ (Decal Chemical Corp,
Tallman, New York, USA), dehydrated and embedded in paraffin wax to investigate
their histological composition. Using a rotary microtome, transverse sections of isolated
scales were cut at 6 µm thickness and subsequently affixed onto slides (following decalci-
fication and dehydration, the excised patches of integument divided into isolated scales).
Sections were stained with Masson’s trichrome (modified from Humason 1979 and
Garvey 1984; Griffing 2016). Following the methodology of Vickaryous et al. (2015),
we cleared and stained excised patches of skin containing multiple scales with Alizarin
red to identify the presence or absence of mineralised tissue within the dermis (osteoderms)
and subsequently characterised their pattern and shape within the integument using light
microscopy.

RESULTS

Computed Tomography

Osteoderms were identified in CT scans of three gekkotan taxa, Gekko gecko (Fig. 1A, D),
Tarentola mauritanica (Fig. 1B, E) and Geckolepis maculata (Fig. 1C, F), but were absent
in Gekko smithii and Teratoscincus przewalskii (Fig. 2). The average cross-sectional thick-
ness of osteoderms in theG. gecko specimen examined is 0.6 mm (Fig. 1A), which is much
greater than the average cross-section thickness of osteoderms in the T. mauritanica and
G. maculata specimens (<0.1 mm; Fig. 1B and C, respectively). The disparity in osteo-
derm thickness may be explained by the much larger body size of Gekko gecko
(Table 1). The osteoderms of G. gecko and T. mauritanica have been previously described
in detail (Vickaryous et al. 2015), and our CT reconstructions are consistent with these
descriptions in that the osteoderms on the dorsum of the head range from plate-like to gran-
ular elements. The plates that develop from separate centres of ossification are heavily
fused and very dense in G. gecko, whereas the osteoderms in T. mauritanica are
unfused and lower in volumetric density. The osteoderms in the frontal and supraorbital
region of T. mauritanica are enlarged plates in comparison to the remainder of the head
and these are the first osteodermal elements to appear in the ontogeny of this species (Vick-
aryous et al. 2015). The osteoderms overlie the entire dorsum of the head in both species,
become less dense laterally, and are absent on the venter of the head of G. gecko and are
present in very low volumetric density on the venter of the head of T. mauritanica. The
unfused osteoderms of T. mauritanica are relatively flat in cross section (Fig. 2B), while
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the densely interlocking osteoderms of G. gecko are knob-like and form a rugose surface
(Fig. 2A), resembling the beaded osteoderms of Heloderma (Vickaryous & Sire 2009).
Gekko smithii exhibits no evidence of osteoderms, as documented by Vickaryous et al.
(2015) using cleared and stained specimens. Teratoscincus przewalskii, a representative
of the only other gekkotan genus known to possess bodywide cycloid scales, also lacks
osteoderms, but is one of the two gecko genera to possess parafrontal bones in the supraor-
bital region of the eye (Bauer & Russell 1989; Griffing 2016).

The osteoderms of Geckolepis maculata are lower in volumetric density than in both
G. gecko and T. mauritanica, as illustrated by the density gradient (Fig. 1D–F). Unlike
the plates and granules in G. gecko and T. mauritanica, the entirety of each cycloid
scale appears to be ossified—although at a differential density within and between individ-
ual scales (but see Histology and Clearing and Staining results). The centre of each scale is
generally densest, while the periphery, which overlaps and is overlapped by other scales, is
less dense. The osteoderms of G. maculata are on the dorsum, lateral surface and venter of
the head in similar distribution and relative densities, however, the labial scales appear to

Figure 3. Sagittal section through a dorsal scale of Geckolepis maculata (UMMZ 207363) and
Teratoscincus keyserlingii (AMB 9211). (A) 40× magnification of an entire G. maculata scale, scale
bar = 500 µm; (B) 200× magnification of anterior portion of G. maculata scale. Osteoderms are
embedded within the dermis (black arrow), scale bar = 50 µm; (C) 200×magnification of T. keyserlingii
scale. Dermis is comprised of a thick, collagenous layer without osteoderms, scale bar = 50 µm.
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contain no ossifications. The transverse cross section of G. maculata illustrates the heavily
imbricate osteoderms (Fig. 2C), in contrast to the non-overlapping osteoderms of G. gecko
and T. mauritanica (Fig. 2A,B).

Histology

Osteoderms were confirmed to be present in both the head and trunk scales of Geckolepis
maculata through histology (Fig. 3A,B), whereas no osteoderms were present in the
cycloid scales of Teratoscincus keyserlingii (Fig. 3C). Osteoderms of G. maculata are
distributed throughout the length of the scale excluding the tip and base (Fig. 3A),
embedded directly beneath the epidermis and within the stratum superficiale of the
dermis. No stratum laxum is present within the dermis, and there is poor differentiation
between the stratum compactum and stratum superficiale. Small gaps, ranging from
5–15 µm in length, are present between the individual plates. The osteoderms do not
co-ossify with underlying dermal bones. The elements themselves are irregular in shape
and very thin (approximately 8–14 µm thick; Fig. 3B), unlike the robust, block and
sphere-like osteoderms exhibited in histosections of G. gecko and Tarentola (Bauer &
Russell 1989; Vickaryous et al. 2015). We were unable to determine if osteodermine, a
capping layer of enamel-like tissue (de Buffrénil et al. 2011, Vickaryous et al. 2015), is
present within Geckolepis maculata.

Clearing and Staining

Osteoderms were confirmed present in the cleared and stained head and trunk scales of
Geckolepis maculata. The scales were Alizarin red-positive (Fig. 4A), indicating the

Figure 4. (A) Cleared and stained cycloid scale and osteoderms of Geckolepis maculata (UMMZ
207363). Inset is 100× magnification of cycloid scale illustrating highly interlocking osteoderm tes-
serae. Scale bar = 500 µm. (B) Reproduction of Geckolepis polyepis cycloid scale and osteoderms
from the dorsum of the trunk (from Schmidt 1911).
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presence of mineralisation, while the scales of Teratoscincus keyserlingii were Alizarin
red-negative. Removal of the epidermis revealed the presence of very small, interlocking
osteoderms that are expressed across the length and breadth of each scale excluding the
peripheral edge (Fig. 4A), similar in morphology to the description and illustrations of
Schmidt (1911; Fig. 4B). Many centres of ossification are present and the polygon-
shaped elements directly abut one another, and in some cases fuse, forming a large plate
of tightly interlocking tesserae that corresponds in overall shape to the epidermal scale.

DISCUSSION

Our µCT and histological investigation confirm the presence of osteoderms within the
integument of Geckolepis maculata, as earlier proposed by Schmidt (1911), therefore
resolving a longstanding controversy. The osteoderm plates appear to be tightly interlock-
ing tesserae (Fig. 4A), although they seemingly develop as small individual elements
(Fig. 3), and aggregate during ontogeny to cover the length and breadth of each scale
excluding the peripheral edge (Fig. 1C, F). Our histological cross-sections of Geckolepis
osteoderms illustrate gaps between the mineralised plates and are likely at an earlier
stage of maturation, while the resolution of our µCT data is too low to identify the fine-
scale structure of the interlocking tesserae. There may be variation in the degree of osteo-
derm fusion across the body of Geckolepis, but this is unassessed in this study. We also
verify and describe the osteoderms of G. gecko and T. mauritanica, further demonstrating
the utility of µCT for visualising and quantifying squamate osteoderms (Maisano et al.
2002; Bever et al. 2005; Greenbaum et al. 2012; Stanley et al. 2016). The three osteo-
derm-bearing gekkotan taxa investigated in this study are distantly related (Geckolepis
maculata and Gekko gecko are within Gekkonidae and T. mauritanica is within Phyllodac-
tylidae; Gamble et al. 2015), therefore suggesting that osteoderms have independently
evolved at least three times within Gekkota. The disparate osteoderm morphology
between the two gekkonid taxa further supports this hypothesis. Although our study
only assessed head osteoderm morphology in detail, Schmidt (1911, 1912) reported the
presence of osteoderms across the entire body, and Scherz et al. (2017) have identified
osteodermal elements that extend the whole body circumference in other species of Geck-
olepis using µCT (see Figure 5 in the online supplemental data).

Previous work has questioned Schmidt’s reports of osteoderms within Geckolepis due
to the extreme skin fragility within the genus (Angel 1942; Vickaryous et al. 2015);
however, Sensale et al. (2014) recently predicted that lepidosaurian osteoderm growth
and development is less energy demanding than in synapsids and archosaurs. Furthermore,
the osteoderms of Geckolepis are very small and of low volumetric density, and we suggest
that osteoderm regeneration succeeding skin autotomy may be more energetically feasible
in Geckolepis compared to taxa that are heavily-armoured. Vickaryous et al. (2015) con-
firmed that at least some species of Tarentola have the ability to regenerate caudal osteo-
derms following tail autotomy, although the distribution and shape of the regenerated
osteoderms differ from the original, coinciding with other morphological modifications
in the regenerated tail (Bellairs & Bryant 1985), such as non-tubercular scalation. Interest-
ingly, the regenerated osteoderms of Tarentola are more similar in morphology to the flat,
thin osteoderms observed in our histological sections of G. maculata than the original,
spherical osteoderms of Tarentola (Vickaryous et al. 2015). The presence of osteoderms
and fragile skin appear to reflect conflicting strategies for defence; therefore, it may be
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possible that osteoderms in Geckolepis do not function as armour. Alternatively, Geckole-
pis osteoderms may function as thermoregulation structures or deposits of labile calcium
for eggshell formation, as has been proposed for archosaur osteoderms (Seidel 1979;
Dacke et al. 2015).

Squamate osteoderm morphology is highly variable, including a vermiform form in
varanids (McDowell & Bogert 1954; Erickson et al. 2003), a flat, imbricating, squamous
form in anguids, scincids and cordyliforms (Camp 1923; Zylberberg & Castanet 1985;
Levrat-Calviac et al. 1986; Estes et al. 1988; Zylberberg et al. 1992; Gauthier et al.
2012), and a non-imbricating granule, plate or bead-like form in xenosaurids, lanthanotids,
shinisaurids and helodermatids (Camp 1923; Gao & Norell 2000; Maisano et al. 2002;
Bever et al. 2005; Conrad 2008; Gauthier et al. 2012). The osteoderms of the anguid,
Anniella is morphologically distinct, as each plate possesses branching, finger-like pro-
cesses (Bhullar & Bell 2008). Squamous osteoderms can be further categorised as either
compound, possessing many centres of ossification forming an interlocking plate
(observed in scincids and gerrhosaurids; Camp 1923; Estes et al. 1988; Richter 1994),
or simple, possessing a single centre of ossification (observed in anguids and cordylids;
Zylberberg & Castanet 1985; Zylberberg et al. 1992; Krause et al. 2003). Gekko gecko
and Tarentola spp. have been previously described to possess plate-like and granular osteo-
derms, but the osteoderms of Geckolepis maculata are morphologically similar to the
imbricating, squamous form observed in scincids and cordyliforms. The G. maculata
osteoderms are tightly interlocking tesserae and therefore form a compound plate;
however, the individual tessera are extremely small in comparison to the individual
elements observed in scincids or gerrhosaurids. The osteoderm plate morphology of
minute tightly interlocking tesserae is somewhat similar in morphology to caecilian
dermal ossifications (Zylberberg & Wake 1990). Osteoderm morphology has been pre-
viously used as a taxonomically informative character (Camp 1923; Estes et al. 1988;
Read 1986; Conrad 2008; Gauthier et al. 2012), but the disparity between gekkotans in
the presence or absence of osteodermine (Vickaryous et al. 2015) and overall form (this
study) suggests that osteoderm morphology is homoplastic and an unreliable taxonomic
character. The scalation disparity between Gekko gecko and Tarentola (small, juxtaposed,
granular scales interspersed with tubercles) versus Geckolepis (imbricating cycloid scales)
suggests that epidermal anatomy and osteoderm morphology are more tightly correlated
than osteoderm morphology and ancestral history.

Schubert & Christophers (1985) and Schubert et al. (1990) proposed that regional
integumentary loss in Geckolepis is promoted by a pre-formed zone of splitting that
exists beneath the skin, between the entirety of the integument and an underlying
layer of connective tissue and subcutaneous fat tissue. These authors further suggested
that a network of myofibroblasts exist within the zone of splitting that actively initiates
integumentary autotomy. These reports were questioned by Bauer et al. (1989) and
Bauer & Russell (1992), as other gekkotans that perform regional integumentary loss
possess a pre-formed zone of weakness within the outer layer of the dermis and experi-
ence integumentary loss intradermally, rather than subdermally. Although not examined
in this study (the fragility of Geckolepis integument prevented the histological section-
ing of a complete patch of skin, therefore we examined isolated scales), we expect the
architecture and mechanism of integumentary loss in Geckolepis to be largely consistent
with those previously identified across a phylogenetically diverse sample of geckos
(Bauer et al. 1989, 1992, 1993; Bauer & Russell 1992); however, further research is
required.
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We were unable to confirm the presence of osteoblasts or osteocytes within the histo-
logical sections of Geckolepis maculata. Schmidt (1911) also failed to identify osteoblasts
and suggested these mineralizations may be formed from calcified tissue. Vickaryous and
Hall (2008) similarly demonstrated that osteoderms develop within alligators in the
absence of osteoblast cells, osteoid, and periosteum, but rather develops “via the direct
transformation of the preexisting dense irregular connective tissue.” Osteoderms have
been demonstrated be highly variable in histological structure and process of development
(Vickaryous & Hall, 2008; Vickaryous & Sire 2009); therefore, we reason that the position
within the dermis and composition of mineralized tissue demonstrates that these elements
within Geckolepis maculata are osteoderms. Our results suggest that osteoderms have
independently evolved at least three times within Gekkota, and two lineages possess
plate-like and granular osteoderms (Gekko gecko and Tarentola), whereas G. maculata
possesses an imbricating, squamous osteoderm morphology similar to that of scincids
and cordyliforms. Future research directions include investigating the formation and onto-
geny of Geckolepis osteoderms, determining the distribution and density of Geckolepis
osteoderms across the venter of the trunk, the limbs and tail, verifying the skin-loss mech-
anism in Geckolepis, and examining the regeneration capability of Geckolepis osteoderms
following skin autotomy.
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