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 2 

Abstract 28 

We describe the histological appearance of the osteoderms (ODs) of Heloderma 29 

suspectum and Varanus komodoensis using multiple staining and microscopy techniques to yield 30 

information about their morphology and development. Histological analysis showed that the 31 

ODs of H. suspectum are composed of three main tissue types, a superficial layer herein 32 

identified as osteodermine, capping a base composed of Sharpey-fibre bone and lamellar bone 33 

rich in secondary osteons (Haversian bone tissue). In contrast, ODs in V. komodoensis are 34 

composed of a core of woven bone surrounded by parallel-fibred bone without a capping tissue. 35 

Thus, between these two species, ODs differ both in terms of their structural composition and in 36 

details of their skeletogenesis. The histology of the mineralised tissues observed in these two 37 

reptile taxa provides insights into the mechanism of formation of lizard ODs and presents a 38 

direct comparison of the histological properties between the ODs of the two species. These data 39 

allow for greater understanding of the comparative histological appearance of the dermal bones 40 

of lizards and highlights their structural diversity. 41 
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Introduction 55 

Osteoderms (ODs), which literally means “bone in the skin”, are hard tissue organs 56 

embedded into the dermis of vertebrates (Moss, 1972), forming part of the dermal 57 

(integumentary) skeleton of tetrapods (Vickaryous & Sire, 2009). They are often referred to as 58 

“ossicles”, “bony plates” or “dermal armour” among other synonyms. The histological 59 

organisation of skeletally mature ODs provides information about their mode of development 60 

(Moss, 1972; de Buffrénil et al., 2010; de Buffrénil et al., 2011), evolutionary origin and 61 

homology across species (de Buffrénil et al., 2010). Previous work has shown that OD 62 

development is not homogenous across vertebrates (Vickaryous & Sire, 2009); the mode of 63 

development of some ODs in mammals, e.g. in Dasypus novemcinctus Linnaeus 1758, the nine-64 

banded armadillo, is comparable with intramembranously derived elements of the human skull 65 

(Vickaryous & Sire, 2009). However, in reptiles including dinosaurs (e.g. Horner et al., 2016), 66 

alligators (Vickaryous & Hall, 2008) and lizards (Zylberberg & Castanet, 1985; Levrat-Calviac & 67 

Zylberberg, 1986; Vickaryous et al., 2015), ODs have been postulated to arise via spontaneous 68 

mineralisation that forms within pre-existing dermal collagen arrangements, much like tendon 69 

ossification (Hall, 2015). 70 

Among living tetrapods, lizards (exclusive of snakes) include the largest number of OD-71 

bearing taxa. In this group, ODs are considered to represent a primitive trait of the basal 72 

tetrapods, lost in some later lineages (Levrat-Calviac and Zylberberg, 1986), and related to the 73 

latent ability of the dermis to generate a mineralised tissue (Main et al., 2005). OD expression 74 

within a clade is often variable, even within a single genus (Campbell, 1982). Lizard ODs have a 75 

heterogeneous tissue composition and have been described as containing woven bone 76 

(Zylberberg and Castanet, 1985), parallel-fibred bone (Vickaryous & Hall, 2008), lamellar bone 77 

(Zylberberg & Castanet, 1985; de Buffrénil et al., 2010) and Sharpey-fibre bone (Vickaryous & 78 

Hall, 2008; Vickaryous et al., 2015). This diversity in OD composition, morphology, arrangement 79 

and distribution makes lizards an ideal group in which to examine the differences in OD 80 

histology. 81 
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 A recently discovered highly-mineralised OD component, osteodermine, was first 82 

named in a fossil squamate (Glyptosaurinae) from the late Cretaceous (de Buffrénil et al., 2011). 83 

Since then, this material has been observed on the superficial surface of extant Tarentola 84 

annularis (Geoffroy Saint-Hilaire 1827) (Vickaryous et al., 2015) and Tarentola mauritanica 85 

(Linnaeus 1758) (Levrat-Calviac & Zylberberg, 1986) ODs. However, relatively little has been 86 

done to characterise osteodermine histologically, nor has there been much research as to the 87 

latent ability of squamates to mineralise dermal components (Haines and Mohuiddin, 1968). 88 

Indeed, the most recent review of tetrapod ODs (Vickaryous & Sire, 2009) highlighted the gaps 89 

in our current knowledge of the skeletogenesis and subsequent material composition of 90 

squamate ODs and called for further investigation into these. A recent study compared cell-91 

mediated mineralisation of ODs to that of heterotopic ossification in humans (Dubansky and 92 

Dubansky, 2018), emphasising the importance of understanding the ontogeny of ODs in the 93 

context of creating models for human disease. 94 

Varanus komodoensis Ouwens 1912 (Komodo Dragon) and Heloderma suspectum Cope 95 

1869 (Gila Monster) are two relatively closely related (Varanidae and Helodermatidae 96 

respectively) anguimorph squamates known to possess ODs. These ODs are distinctive among 97 

lizards, in that they are separated from one another by soft tissue, rather than forming a dense 98 

protective sheet of overlapping ‘tiles’ as in most scincoid and anguid lizards.  Nonetheless, there 99 

are differences in the gross morphology and arrangement of the ODs in H. suspectum and V. 100 

komodoensis. In the former, the ODs form a stud-like body covering of isolated, rounded 101 

mounds, and in the latter, slender, vermiform cylinders, as well as rosette and dendritic shaped 102 

ODs mesh into an arrangement that is more like ‘chain mail’ (Maisano et al., 2019).  This may 103 

reflect the contrasting activity patterns of the two species; the Komodo Dragon is an active 104 

predator of large mammals, whereas the Gila Monster is sluggish and spends most of its time 105 

underground.  106 

The ODs of H. suspectum have been described as being composed of a basal layer of 107 

bone, but having a capping tissue of unknown composition and origin (Moss, 1972; Vickaryous 108 
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& Sire, 2009). Our objectives were firstly to provide a detailed histological characterisation of 109 

ODs from the anguimorphs H. suspectum and V. komodoensis and secondly, to characterise the 110 

unknown capping tissue in H. suspectum to test if it is osteodermine and to determine whether it 111 

is present in the ODS of V. komodoensis, the histology of which is currently undescribed.  112 

Methodology 113 

Skin Samples: 114 

For the purposes of this study, samples of skin measuring roughly 10cm2, were 115 

dissected from the post-cranial dorsum of H. suspectum and V. komodoensis and frozen at -20oC. 116 

The lizard samples were provided by Zoological Society of London, London Zoo Pathology 117 

Department (to author Evans). 118 

Histology: 119 

Dissected skin samples were defrosted and fixed in 10% neutral buffered formalin for 120 

24 hours then placed in decalcification solution (1.9% glutaraldehyde, 0.15M EDTA, in 0.06M 121 

sodium cacodylate buffer, adj. 7.4pH) at 4oC, changing to fresh solution every 7 days, for 4 122 

weeks. Further decalcification was performed prior to embedding using a Sakura TDE™30 123 

Electrolysis Decalcifier System (Item Code 1427) and Sakura TDE™30 Decalcifier Solution (Item 124 

Code 1428) on default settings. Samples were embedded in paraffin wax and then sectioned 125 

either coronally or parasagittally, at 5μm thickness, with a HM Microm 355S automatic rotary 126 

microtome (Thermo Fisher Scientific, Waltham, MA.). These sections were stained with 127 

Haematoxylin and Eosin (H&E; Kiernan et al., 2010), Alcian blue (Klymkowsky and Hanken, 128 

1991), Masson’s trichrome (Calvi et al., 2012) or Elastic/Verhoeff Van Gieson (E.V.G./V.V.G.; 129 

Puchtler & Waldrop, 1979) (Supplementary Table 1). The slides were scanned using a Leica 130 

SCN400 scanner to create a digital image. 131 

Cross-Polarised Light Microscopy (CPLM): 132 

For cross-polarised light microscopy, samples were prepared as above for histology but prior to 133 

staining procedures, the dewaxed, unstained sections collected on glass slides were stained 134 

with 0.5% aqueous toluidine blue on a heated stage for 15s and the result observed through 135 
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crossed polars on a Zeiss LSM 510 Meta Laser scanning microscope. 136 

Multi-rotation Polarised Light Microscopy: 137 

Multi-rotation PLM was achieved by rotating crossed-polarising filters around a stationary 138 

sample –a new approach to increase the information content in polarised light microscopy of all 139 

tissues, introduced by Boyde et al. (2019). In the present study, the overwhelming PLM signal 140 

was attributable to the positive form birefringence of collagen. By sampling at close rotation 141 

intervals of 15º, the signal due to collagen fibre orientation was constant (to within 96.7%: cos 142 

15º = 0.9659) irrespective of its axis in the plane of section. For the present study, we used 143 

automated rotation of the polarising and analysing filters at six 15º intervals with Linearly 144 

Polarised Light (LPL) images recorded at each orientation. For reference, the objectives used 145 

were 4/0.13, 10/0.30, 20/0.50 and 40/0.75.  The images were merged using ImageJ in the 146 

colour circular sequence Red, Yellow, Green, Cyan, Blue, Magenta (importantly, ensuring that 147 

the intensities generated by the intermediate Y, C, M colours match those of the three primary 148 

colours, RGB). Colour in the composite image shows the orientation within the section plane, 149 

with 4 repeat cycles in 360º. Brightness was proportional to the cosine of the strike angle with 150 

respect to section plane, being brightest in plane, and black when perpendicular to that plane, 151 

i.e., parallel to the optic axis.  For this study, we used H&E and Masson’s Trichrome stained 152 

sections. The prior staining makes some difference to the light absorption, but did not 153 

contribute to the output colour in the combined images. 154 

X-ray Plate Imaging: 155 

Dissected samples were placed onto the plate detector of a Nomad Pro 2 X-ray system and 156 

exposed to X-rays from 30cm of distance with a tube voltage of 60KV and a minimum current of 157 

2.5mA, for a duration of 0.2 seconds. The digital file was scaled using ImageJ with a control 158 

image of a radiopaque ruler. 159 
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Results 160 

Selected histological stains (Supplementary Table 1) were implemented to aid the 161 

visualisation of the structural morphology of the ODs from both species. When viewed in the 162 

dorsoventral plane using X-ray plate imaging, ODs of H. suspectum appeared as non-163 

overlapping, circular shapes, roughly 2-4mm in diameter, regularly tessellated with hexagonal 164 

symmetry and displayed a rough, ornamented superficial surface (Supp. Fig. 1A). In parasagittal 165 

section (Fig. 1A), ODs of H. suspectum appeared lozenge-shaped with a vermiculate superficial 166 

surface, and a smooth deep surface, situated at the interface between the deep dermis (stratum 167 

compactum) and the superficial dermis (stratum superficiale) (Fig. 1B). In places, the apical 168 

surface of the OD resided in close contact (<20μm) with the stratum germinativum of the 169 

epidermis (Fig. 1A), while the basal surfaces were located at a greater distance from the 170 

Figure 1: Histological overview of H. suspectum OD in (A, D, G) parasagittal and (C, F, I) coronal 
sections stained with (A) Alcian blue, (B, C) H&E, (D-F) Masson’s trichrome and (G-I) Verhoeff van 
Gieson. Also (B, E, H) coronal sections of unmineralised dermis for comparison. S.F.B. = Sharpey-
fibre bone, L.B. = lamellar bone, OST. = osteodermine, S.C. = stratum compactum, S.S. = stratum 
superficiale, Asterisks = growth lines. Scale bars: All 200μm. 
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epidermis (Fig. 1C). Each OD was overlain by a single keratinised “scale” or “scute” (not to be 171 

confused with mineralised scales of fish), which stained bright red with Masson’s trichrome 172 

staining (Fig. 1D, outer most layer). 173 

In H. suspectum, each OD was composed of three distinct mineralised tissues: (1) 174 

osteodermine (OST.), (2) Sharpey-fibre bone (S.F.B.) and (3) lamellar bone (L.B.)  The base of 175 

each OD was composed of an ossified tissue that incorporates numerous thick collagen bundles 176 

passing from the adjacent stratum compactum. Based on comparisons of similar ossified tissues 177 

rich in large collagenous fibres (e.g., Witten and Hall, 2002; Vickaryous et al., 2015), we 178 

interpret this as Sharpey-fibre bone (S.F.B.). Weak staining with Alcian blue (Fig. 1A) indicated 179 

the presence of acid mucosubstances within the S.F.B., although no evidence of cartilage was 180 

observed. Masson’s trichrome staining (Fig. 1D, E, F) revealed the characteristic presence of 181 

numerous large bundles of collagen fibres with the S.F.B., some of which were under tension 182 

(i.e., stained red; as shown under experimental tension by Flint and Merrilees, 1976), while 183 

E.V.G. staining (Fig. 1G, H, I) showed that few elastic fibres were present. S.F.B. was cellular, as 184 

evidenced by various osteocytes, and showed evidence of repeating darkly stained lines, 185 

indicative of growth and/or mineralisation fronts (Fig. 1A, D, Asterisks). 186 

Invested within the S.F.B. were deposits of concentrically organised L.B. around 187 

endosteal surfaces of the medullary cavities and neurovascular canals, creating Haversian 188 

systems or secondary osteons (Fig. 1, L.B.). Unlike S.F.B., lamellar bone (L.B.) failed to stain with 189 

Alcian blue (Fig. 1A), but did show evidence of collagen bundles in tension (with Masson’s 190 

trichrome; Fig. 1C) and the presence of elastin fibres in the lumen of the canal (E.V.G. staining; 191 

Fig 1G). 192 

Capping each H. suspectum OD, residing in the non-mineralised stratum superficiale, was 193 

an unusual tissue herein identified as osteodermine (Fig. 1A, D, G, OST.). Matching previous 194 

reports (de Buffrénil et al., 2011; Vickaryous et al., 2015), H. suspectum osteodermine is 195 

collagen-poor, essentially acellular, and demonstrates evidence of periodic growth. H. suspectum 196 

osteodermine stained weakly for Alcian blue (Fig. 1A), indicating the presence of acid 197 
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mucosubstances, lacked intrinsic collagen (as revealed by Masson’s trichrome; Fig. 1D) and 198 

elastin (using E.V.G.; Fig. 1G), and showed evidence of periodic growth (Fig. 1, Asterisks). 199 

 In contrast to the robust, bead-shaped ODs of H. suspectum, those of V. komodoensis 200 

resembled smooth, slightly bent cylinders, roughly 2-4mm in length and partially overlapping 201 

one another (Supp. Fig. 1B). Accordingly, the morphology of these elements has been described 202 

as vermiform (e.g., Erickson et al., 2003). In addition to gross morphology, ODs in V. 203 

komodoensis also differ from those of H. suspectum at the level of serial histology. For example, 204 

in V. komodoensis, ODs were found invested within the deep dermis (stratum compactum) (Fig. 205 

2A, SC), while those of H. suspectum were located at the interface between the superficial 206 

Figure 2: Histological overview of V. komodoensis OD stained with Alcian blue in (A) parasagittal 
and (B) coronal section, stained with Masson’s trichrome in (C) parasagittal and (D) coronal 
section; and stained with Haematoxylin and Eosin in (E) parasagittal section and (F) coronal 
section. L.B. = lamellar bone, W.B. = woven bone, P.F.B. = parallel-fibred bone, S.C. = stratum 
compactum, S.S. = stratum superficiale, Asterisks = growth lines. Scale bars: (A) = 200μm, (B and 
C) = 100μm, (D) = 200μm, (E) = 100μm, (F) = 200μm. 
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(stratum superficiale) and deep dermal compartments. In addition, V. komodoensis ODs lacked 207 

Sharpey-fibre bone and osteodermine. Instead, they were primarily composed of: (1) woven 208 

bone (2) lamellar bone and (3) parallel-fibred bone. In section, V. komodoensis ODs had a 209 

conspicuous concentric arrangement of outer rings and an inner core (Fig. 2). The inner core 210 

region was composed of woven bone, exhibiting a densely packed arrangement of interlacing, 211 

randomly arranged mineralised collagen fibres. The woven bone core was negative for acid 212 

mucosubstances (Fig. 2A, B) and showed evidence of collagen fibres in tension (Fig. 2C, D). The 213 

outer rings were composed of parallel-fibred bone, with closely packed and regularly arranged 214 

collagen fibres. The periphery of each OD is surrounded by a thin layer of Alcian blue-positive 215 

osteoid (unmineralised bone; Fig. 2A, B). We also observed evidence of remodeling, with 216 

deposits of lamellar bone (L.B.) contributing the formation of an osteon (Fig 2E), as well as 217 

concentric lines of growth (Fig. 2F, Asterisks). 218 

To further investigate the relationship between ODs and the dermis, we used polarised 219 

light microscopy (Fig. 3). In H. suspectum ODs, the boundary between the mineralised (S.F.B.) 220 

and the non-mineralised stratum compactum (S.C.) was almost indistinguishable, with regularly 221 

interspaced bundles of collagen fibres of the dermis passing uninterrupted into the mineralised 222 

OD (Fig. 3A). In contrast, for V. komodoensis ODs there was a sharp boundary between bone and 223 

dermis, with only occasional Sharpey’s fibres anchoring the skeletal element into the 224 

surrounding skin (Fig. 3B white arrows). The same circumstances were observed in coronal 225 

sections of both species (Fig. 3C, D). 226 
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In H. suspectum, osteodermine failed to stain with toluidine blue and displayed 227 

monorefringence when viewed using polarised light, with evidence of concentrically arranged 228 

lines of arrested growth (Fig. 4A-D, OST.). As revealed by staining with Masson’s trichrome, 229 

intrinsic collagen fibres appeared to be virtually absent from the osteodermine matrix, whereas 230 

penetrating Sharpey’s fibres were observed passing radially through the otherwise vitreous 231 

matrix (Fig. 4C, D, white arrows). A “Maltese cross” indicative of a secondary osteon following 232 

bone remodeling (Stump, 1925), was observed in the L.B. region across multiple sections as a 233 

cross shaped, dark formation in transmitted light (Fig. 4A, B L.B., red arrows). Occasionally, we 234 

were able to identify vascular channels that were not encased by this L.B. and therefore did not 235 

produce a “Maltese cross” (Fig 4A, B). We were not able to identify a “Maltese cross” in any V. 236 

komodoensis sections.   237 

Figure 3: (A) Parasagittal section of H. suspectum OD, (B) parasagittal section of V. komodoensis OD, 
(C) coronal section of H. suspectum OD, and (D) coronal section of V. komodoensis OD. (A-D) All 
stained with H&E and visualised with multi-rotation polarised light microscopy. S.F.B. = Sharpey-
fibre bone, P.F.B. = parallel-fibred bone, W.B. = woven bone, S.C. = stratum compactum, white arrows 
= Sharpey’s fibres. Scale bars: (A) = 50μm, (B) = 50μm, (C) = 250μm, (D) = 50μm. 
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 238 

 239 

Discussion 240 

The primary objective of this study was to provide a detailed histological 241 

characterisation of ODs from the anguimorphs H. suspectum and V. komodoensis. The second 242 

objective was to characterise the histological appearance of osteodermine and to confirm its 243 

presence in Heloderma suspectum ODs.   244 

Objective one: comparison of the OD histology between Heloderma suspectum and Varanus 245 

komodoensis 246 

Histological results demonstrated several important differences in the staining and 247 

Figure 4: (A and B) Parasagittal sections of H. suspectum OD stained with toluidine blue visualised 
with cross-polarised light microscopy. (C) H. suspectum OD, parasagittal section stained with 
Masson’s Trichrome, visualised with multi-rotation polarised light microscopy and (D) same 
section as (C), visualised with light microscopy. S.F.B. = Sharpey-fibre bone, L.B. and red arrows = 
lamellar bone, OST. = osteodermine, S.C. = stratum compactum, S.S. = stratum superficiale, white 
arrows = Sharpey’s fibres. Scale bars: All 100μm. 
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structure of the mineralised materials present in the ODs of the two species. Whereas ODs of 248 

both H. suspectum and V. komodoensis are present within the dermis and are primarily 249 

composed of bone, their relative placement within the dermis and the structural organisation of 250 

the ossified matrix differs notably between the two species. In addition, H. suspectum develops a 251 

conspicuous capping tissue (herein identified as osteodermine) whereas V. komodoensis does 252 

not. Taken together, these data suggest that disparity in OD structure reflects fundamental 253 

differences in the functional role and evolutionary history of these elements. As explained in the 254 

introduction, Gila monsters are understood to be lethargic hunters, whereas Komodo dragons 255 

are active hunters. Therefore, it seems likely that differences in OD structural composition 256 

reflect the different ecological environments of the dermis within the distinct predatorial niches 257 

that these two species occupy. Accordingly, future studies are welcomed that attempt to 258 

elucidate a clear correlation between ecological environment and the histology of lizard ODs. 259 

Whereas the dermis represents the structural milieu of OD formation, there are 260 

differences across species in the relative position of the skeletally mature elements. As is the 261 

case seen in Varanus salvator (Erickson et al., 2003), the ODs of V. komodoensis were situated 262 

comparatively deep within the stratum compactum of the dermis, whereas those of H. 263 

suspectum were located at or near the interface between the stratum superficiale and 264 

compactum. A similar position has also been described for the OD (and osteodermine)-bearing 265 

geckos T. mauritanica and T. annularis (Vickaryous, et al., 2015). This raises the possibility that 266 

the formation of osteodermine may require proximity to the stratum superficiale (and possibly 267 

even the adjacent epidermis; de Buffrénil et al., 2011). For now, however, the developmental 268 

origins of osteodermine remain uncertain. 269 

Mineralised collagen was found to be present throughout the ODs of V. komodoensis, but 270 

whereas it stained green in Masson’s trichrome in the outer region, the inner region stained red 271 

indicating that the collagen is under tension within the core (Fig. 2D). H. suspectum ODs showed 272 

the reverse condition, where more green staining occurred within the base and core of OD 273 

compared to more red staining in the periphery and the complete lack of stain in the superficial 274 
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osteodermine regions (Fig. 1D). These differences in the distribution and tension of collagen 275 

within the osteoderms of the two species may affect the mechanical properties of the 276 

osteoderms under load and may be related to differences in the ecology of the two species.  277 

Both H. suspectum and V. komodoensis demonstrate a comparable orthogonal 278 

arrangement of large collagen bundles within the dermis (Fig. 1 and 2, S.C., S.S.), and ODs from 279 

both species demonstrate a conspicuous basophilic line demarcating the limit of mineralisation, 280 

similar to that reported for H. horridum (Moss, 1969). Both species of Heloderma, but not 281 

Varanus, preserve the same herringbone organisation of collagen within the matrix of the tissue 282 

we identify as Sharpey-fibre bone (Fig. 1C, F, I; Moss 1969). S.F.B. in Heloderma exhibited 283 

multiple lacunae, and occasionally horizontal repeating darker lines of growth towards the 284 

basal layers of the OD (Fig. 1A, D, Asterisks), indicating mineralisation may occur radially from 285 

an initial central point, as reported in alligator ODs (Vickaryous & Hall, 2008). Both squamate 286 

and crocodilian ODs (de Buffrénil et al., 2010, 2015) have been hypothesised to originate via the 287 

formation of an initial nucleus of mineralisation, the developmental origins of which are 288 

currently uncertain, followed by remodeling to yield lamellar bone of osteoblastic origin. This 289 

could also be the path of development followed in helodermatid ODs, but further developmental 290 

studies are required to determine whether this is the case.  291 

Unlike ODs in Heloderma, those of V. komodoensis did not demonstrate S.F.B. suggesting 292 

that the original arrangement of collagen fibres from the dermis of varanids were replaced 293 

and/or remodelled by newly laid fibres of parallel-fibred bone (Fig. 2E). Indeed, the mineralised 294 

collagen fibres of parallel-fibred bone were seen to be arranged in rings around a central core, 295 

with disruption to this lamellar orientation in the inner core where the collagen fibres became 296 

more woven and randomly orientated (Fig. 2D, F). When the parallel-fibred bone was compared 297 

to the mineralised mesh of orthogonal fibres observed in the S.F.B. region of H. suspectum (Fig. 298 

1C, F, I) it was evident that V. komodoensis ODs exhibit different mineralised collagen structures 299 

(Fig. 2D, F). Lamellar bone was identified surrounding internal vasculature in V. komodoensis 300 

ODs (Fig. 2E), but the ODs of V. komodoensis were rarely seen to be vascularised in comparison 301 
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to H. suspectum ODs. 302 

The results presented here provide evidence that the collagen structure of the dermis is 303 

not mirrored in the mineralised collagen observed within V. komodoensis ODs, as is the case in 304 

H. suspectum ODs. We observed a similarity between the radial concentric lines of arrested 305 

growth in the ODs of V. komodoensis (Fig. 2, Asterisks) and those of H. suspectum ODs (Fig. 1, 306 

Asterisks). These also resemble OD growth lines previously documented and used to estimate 307 

the age of specimens of Varanus salvator (Erickson et al., 2003). We showed that growth lines 308 

were also visible in osteodermine of H. suspectum ODs, as in Tarentola mauritanica ODs, where 309 

previous authors regarded them as an artefact of spheritic (globular) mineralisation (Levrat-310 

Calviac and Zylberberg, 1986). 311 

We observed L.B. in structures that resemble osteons and that display a “Maltese cross” 312 

formation when observed with polarised light microscopy and a “scalloped border” (Vickaryous 313 

& Hall, 2008) in histological staining.  This suggests remodelling of the H. suspectum OD may 314 

occur. The presence of osteons as Haversian structures, in direct association and contact with 315 

S.F.B., suggests multiple mechanisms of formation in the ontogenesis of H. suspectum ODs – an 316 

initial mineralisation (not yet understood), then remodeling to form secondary Haversian 317 

structures (de Buffrénil et al., 2011), followed by the deposition of the osteodermine cap 318 

(Vickaryous et al., 2015).  319 

Objective two: the histology of osteodermine and its distribution in Heloderma suspectum 320 

Based on the below criteria, we identify the capping material on the ODs of H. suspectum 321 

as osteodermine. Histologically, osteodermine is characterised as a vitreous, highly mineralised 322 

and cell-poor tissue that lacks intrinsic collagen (de Buffrénil et al., 2011; Vickaryous et al., 323 

2015). Osteodermine demonstrates weak staining for Alcian blue, indicating the presence of 324 

acid mucosubstances, but is not metachromatic with Toluidine blue; in addition, H. suspectum 325 

osteodermine is not birefringent under polarised light. As of the time of publication, 326 

osteodermine has now been identified in species of two distantly related genera: Heloderma 327 

suspectum (this study), Heloderma horridum (Moss, 1969), Tarentola mauritanica and Tarentola 328 
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annularis (Vickaryous et al., 2015), suggesting that the taxonomic distribution of this tissue 329 

remains to be recorded. Considering the homology of osteodermine across species, we were 330 

able to identify all the features previously used to define osteodermine in the sampled skin H. 331 

suspectum, and did not identify any additional, novel features in H. suspectum osteodermine. The 332 

ODs of H. suspectum are relatively large and are shown here as having very thick cap of 333 

osteodermine, thicker than in previously studied species (Vickaryous et al., 2015). H. suspectum 334 

is therefore a prime candidate species any for further research into this material. 335 

Conclusions 336 

The basal regions of H. suspectum ODs were found to be composed of Sharpey-fibre bone 337 

containing mineralised dermal collagen fibres, with lamellar bone sometimes found 338 

surrounding internal vasculature. Osteodermine was identified as the previously unnamed 339 

capping material (Moss, 1969). The ODs of V. komodoensis were found to be primarily composed 340 

of outer rings of parallel-fibred bone, with an inner core of woven bone, without evidence of 341 

osteodermine or Sharpey-fibre bone. Lamellar bone surrounding internal vasculature was 342 

observed once in V. komodoensis ODs but they are rarely vascularised in comparison to H. 343 

suspectum. The results presented here underscore the histological variability observed in ODs 344 

within lizards and suggest that the formation of ODs in Varanus spp. and Heloderma spp. may 345 

follow different developmental paths despite being relatively closely related. 346 
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 429 
Figure Legends 430 

Figure 1: Histological overview of H. suspectum OD in (A, D, G) parasagittal and (C, F, I) coronal 431 
sections stained with (A) Alcian blue, (B, C) H&E, (D-F) Masson’s trichrome and (G-I) Verhoeff 432 
van Gieson. Also (B, E, H) coronal sections of unmineralised dermis for comparison. S.F.B. = 433 
Sharpey-fibre bone, L.B. = lamellar bone, OST. = osteodermine, S.C. = stratum compactum, S.S. = 434 
stratum superficiale, Asterisks = growth lines. Scale bars: All 200μm. 435 
   436 
Figure 2: Histological overview of V. komodoensis OD stained with Alcian blue in (A) 437 
parasagittal and (B) coronal section, stained with Masson’s trichrome in (C) parasagittal and (D) 438 
coronal section; and stained with Haematoxylin and Eosin in (E) parasagittal section and (F) 439 
coronal section. L.B. = lamellar bone, W.B. = woven bone, P.F.B. = parallel-fibred bone, S.C. = 440 
stratum compactum, S.S. = stratum superficiale, Asterisks = growth lines. Scale bars: (A) = 441 
200μm, (B and C) = 100μm, (D) = 200μm, (E) = 100μm, (F) = 200μm. 442 
 443 
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Figure 3: (A) Parasagittal section of H. suspectum OD, (B) parasagittal section of V. komodoensis 444 
OD, (C) coronal section of H. suspectum OD, and (D) coronal section of V. komodoensis OD. (A-D) 445 
All stained with H&E and visualised with multi-rotation polarised light microscopy. S.F.B. = 446 
Sharpey-fibre bone, P.F.B. = parallel-fibred bone, W.B. = woven bone, S.C. = stratum compactum, 447 
white arrows = Sharpey’s fibres. Scale bars: (A) = 50μm, (B) = 50μm, (C) = 250μm, (D) = 50μm. 448 
 449 
Figure 4: (A and B) Parasagittal sections of H. suspectum OD stained with toluidine blue visualised 450 
with cross-polarised light microscopy. (C) H. suspectum OD, parasagittal section stained with 451 
Masson’s Trichrome, visualised with multi-rotation polarised light microscopy and (D) same 452 
section as (C), visualised with light microscopy. S.F.B. = Sharpey-fibre bone, L.B. and red arrows 453 
= lamellar bone, OST. = osteodermine, S.C. = stratum compactum, S.S. = stratum superficiale, white 454 
arrows = Sharpey’s fibres. Scale bars: All 100μm. 455 
 456 
Supplementary Figure 1: 457 
X-ray plate imaging of the dorsal skin of (A) Heloderma suspectum and (B) Varanus komodoensis. 458 
White indicates a denser material, black indicates a less dense material. The mineralised 459 
osteoderms thus appear white in comparison to the non-mineralised surrounding tissue. There 460 
are substantial differences in the overall shape and degree of tessellation between the two 461 
species. Scale bars: 5mm 462 
  463 
Suggested Cover Image: An uncropped version of the image shown in Figure 3C. Polarised 464 
light micrograph of a coronal section of H. suspectum osteoderm and surrounding dermis. False 465 
colour composite created from six images taken with crossed linearly polarising filters at 15º 466 
rotation intervals, merged in the colour circle sequence Red, Yellow, Green, Cyan, Blue, Magenta.  467 
Colour shows the orientation within the section plane, with four repeat cycles in 360º. 468 
Brightness is proportional to the cosine of the strike angle with respect to section plane, being 469 
brightest in plane, and black when perpendicular to that plane, i.e., parallel to the optic axis. 470 
Dark central patch corresponds to the region that was mineralised. Width of field = 3.04mm 471 
 472 
Table legends 473 
 474 
Supplementary Table 1: A list of included histological stains, a description of their general 475 
characteristics and colour interpretation of the results. 476 
 477 
 478 
Supplementary Material: 479 
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 489 

Histochemical stain 
 
H&E (Haematoxylin and 
eosin) 
 
 
 
Masson’s Trichrome 
 
 
 
 
E.V.G./V.V.G. 
(Elastic/Verhoeff Van 
Gieson) 
 
 
Alcian Blue 
 
 
 
 
 
Toluidine Blue 
 
 
 
 
 
 

Utility 
 
Shows general nuclear and 
cytoplasmic morphology. 
 
 
 
Shows collagen and keratin 
 
 
 
 
Shows elastic fibres 
 
 
 
Shows acid 
mucosubstances/ 
carboxylated 
glycosaminoglycans and 
acid mucins 
 
Standard Light: Shows 
general morphology/ 
mineralisation of bone 
matrix 
 
Polarised light: 
Arrangement, orientation 
of collagen  
 

Colour results 
 
Nuclei: Blue  
Cytoplasm, collagen: Pink 
Bone, osteoid: Pink-Purple 
 
 
Collagen: Green/Blue 
Nuclei: Black 
Muscle, cytoplasm, keratin: 
Red 
 
Collagen: Red 
Elastic fibres: Black 
 
 
Acid mucosubstances: Blue 
Nuclei: Red 
Cytoplasm: Pink 
 
 
 
Acidic tissue compounds 
(incl. DNA, RNA): Blue 
 
 
 
Collagen: Birefringent 
blue/orange 
 
 

Supplementary Table 1: A list of included histological stains, a description of their 
general characteristics and colour interpretation of the results. 
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Supplementary Figure 1: X-ray plate imaging of the dorsal skin of (A) Heloderma 
suspectum and (B) Varanus komodoensis. White indicates a denser material, black 
indicates a less dense material. The mineralised osteoderms thus appear white in 
comparison to the non-mineralised surrounding tissue. There are substantial differences 
in the overall shape and degree of tessellation between the two species. Scale bars: 5mm 
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Suggested Cover Image: An uncropped version of the image shown in Figure 3C. Polarised light 
micrograph of a coronal section of H. suspectum osteoderm and surrounding dermis. False colour 
composite created from six images taken with crossed linearly polarising filters at 15º rotation 
intervals, merged in the colour circle sequence Red, Yellow, Green, Cyan, Blue, Magenta.  Colour 
shows the orientation within the section plane, with four repeat cycles in 360º. Brightness is 
proportional to the cosine of the strike angle with respect to section plane, being brightest in 
plane, and black when perpendicular to that plane, i.e., parallel to the optic axis. Dark central 
patch corresponds to the region that was mineralised. Width of field = 3.04mm 


