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1 | INTRODUCTION

Micro-computed tomography is a powerful tool toward the detailed reconstruc-
tion of internal and external morphology, in particular for ossified and other
dense tissues. Here, we document and compare the level of calcification in the
skin of the head and the parotoids (the external skin glands) in males and
females of common and spined toads, Bufo bufo and B. spinosus. In some
anurans, including Bufo species, a specific acellular calcified tissue layer within
the dermis has been documented (the Eberth-Katschenko, or EK-layer). By a
combination of micro-computed tomography and classical histology, we
detected additional calcium deposits located in the dermal layer stratum spon-
giosum, positioned above the EK-layer. We showed that the level of calcifica-
tion and the presence of additional calcium deposits are size and sex related,
increasing in the order B. bufo males, B. spinosus males, B. bufo females to
B. spinosus females. The last of these groups is the least variable. Bufo spinosus
females have dense calcium deposits in the parotoids and the dorsal and ven-
tral skin. Three-dimensional volume renderings and cross-sectional slices
obtained by micro-CT scanning indicate that this approach is a promising tech-
nique for further studies on bufonid skin anatomy and geographic variation in
skin calcification.
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(Fox, 1986; Duellman and Trueb, 1994). Some anurans
possess a calcified layer between the aforementioned two

The amphibian skin consists of two layers, the outer epi-
dermis and the inner dermis. The dermis is composed of
two layers: the stratum spongiosum which contain loose
connective tissue with blood vessels and glands and
the stratum compactum made of collagenous fibers

layers (Elkan, 1968; Toledo and Jared, 1993a; Azevedo
et al., 2005). This structure is known by various names:
the Eberth-Kastschenko or EK-layer (Elkan, 1968),
ground substance (Elkan, 1976), calcified layer (Toledo
and Jared, 1993a, 1993b), mineralized dermal layer
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(Katchburian et al., 2001) and lamina calcarea
(Vickaryous and Sire, 2009). The layer may vary in size
and thickness depending on the body part as well as
between species and individuals (Elkan, 1968; Toledo
and Jared, 1993a; Mangione et al, 2011; Quinzio
and Fabrezi, 2012; Ponssa et al., 2017). Calcification
increases during ontogeny (Elkan, 1968; Quinzio and
Fabrezi, 2012; Chammas et al., 2014) and varies between
habitats (Toledo and Jared, 1993a; Barrionuevo, 2017;
Mari et al., 2022). The EK-layer is more abundant in the
dorsal than in ventral skin (Elkan, 1968; Azevedo
et al., 2005) and can be continuous or be distributed in
patches. The presence of the EK-layer may be associated
with terrestriality, especially in anurans from drier
regions (Elkan, 1968; Toledo and Jared, 1993a, 1993b). It
has been hypothesized that the EK-layer has a role in
protection against body water loss (Elkan, 1968; Toledo
and Jared, 1993b; Lillywhite, 2006; Mari et al., 2022) and
in mineral homeostasis (Moss, 1972; Verhaagh and
Greven, 1982; Bentley, 1984).

Micro-computed tomography (micro-CT) is an imag-
ing tool for the production of series of high-resolution
two-dimensional trans-axial projections (or “slices”) of
an object which are subsequently combined to produce a
three-dimensional (3D) image. We here employ micro-
CT together with traditional histological techniques to
describe the morphology and the level of calcification of
the skin of the head in the two European Bufo species.
The common toad, B. bufo (Linnaeus, 1758) and the
spined toad, B. spinosus Daudin, 1803 are distributed
over the western Palaearctic. Bufo bufo has a wide range
from the northeast of France and further across Europe
into the United Kingdom, Scandinavia, Russia, and the
Near East. Bufo spinosus has a range from the north of
Africa, across the Iberian Peninsula into the southwest
of France. The most recent common ancestor of the two
species is estimated to have lived in the Late Miocene, at
approximately 9.2 mya (Recuero et al., 2012). In spite of
a long-lasting independent evolutionary history and deep
genetic differentiation, the species are morphologically
similar. Bufo bufo is generally smaller than B. spinosus,
but the species show a substantial amount of geographi-
cal variation (Cvetkovic et al., 2009; Gingras et al., 2013).
In particular, toads from southern populations appear
similar with a large body size and a skin with numerous
well-developed warts that have keratinous spines (see de
Lange, 1973), yet they represent B. spinosus in the
western, and B. bufo in the central and eastern
Mediterranean regions. The species form a narrow
hybrid zone that runs from the Atlantic coast in
Normandy, France to the Mediterranean coast in Ligu-
ria, Italy (Arntzen et al.,, 2018). In most of this area
B. bufo and B. spinosus can be distinguished by morphol-
ogy, for example by the positioning of the parotoid

glands that run in parallel or are slightly divergent in
B. bufo and are more widely divergent in B. spinosus
(Arntzen et al., 2013). The species may also differ in
the amount of keratinization in epidermis (Arntzen
et al., 2013; Cadenovié et al., 2013). Both species show a
significant sexual size dimorphism with females being
larger than males (Arntzen, 1999; Liischer et al., 2001;
Dursun et al., 2022; Ivanovic et al., 2022).

Here, we measured the level of calcification of the
toad head skin and the parotoids. We used micro-CT for
the detailed reconstruction of dense tissues in the head
region. This approach is especially useful to study well
ossified bones (Waltenberger et al., 2021), including the
B. bufo and B. spinosus cranial skeleton (Ivanovic¢
et al., 2022). Other dense dermal structures such as osteo-
derms (Broeckhoven et al., 2017; Paluh et al., 2017;
Broeckhoven and du Plessis, 2018; Williams et al., 2022)
and epidermal enamel structures (Woodruff et al., 2022)
can also be explored with high precision while the mate-
rial is kept intact. To further investigate skin structures
that are visible on the micro-CT scans, we used tradi-
tional histology.

Because skin anatomy can be sexually dimorphic and
depend on body size (VanBuren et al., 2019), we tested
for differences between species and sexes in the level of
calcification of the head skin, and whether the level of
calcification was related to skull size. We expected higher
level of skin calcification in B. spinosus than in B. bufo.
As there is a pronounced sexual dimorphism in the
skull size of both species B. bufo and B. spinosus
(Arntzen, 1999; Liischer et al., 2001; Cadenovié
et al., 2013; Ivanovi¢ et al., 2022; Dursun et al., 2022), we
expected that sexual dimorphism would be confirmed for
the level of calcification as well.

2 | MATERIALS AND METHODS

Thirteen B. bufo females, 14 B. bufo males, nine
B. spinosus females and nine B. spinosus males preserved
in ethanol at the Naturalis Biodiversity Center, Leiden,
The Netherlands were scanned with a high-resolution
micro-CT scanner (Xradia Versa 520, Carl Zeiss X-Ray
Microscopy Inc., Pleasanton, CA, USA), with 80 keV
source voltage and 86-88 mA intensity. Collection and
locality information can be found in Supporting informa-
tion, Table S1. The 3D visualization of the data (also
known as “volume rendering”) was used to examine the
level of calcification with Avizo 9.5 software (FEI,
Thermo Fisher Scientific). Using the micro-CT scanner,
we recorded calcification of the dorsal and ventral head
skin, and the parotoids. Levels of calcification were
recorded as absent, light, medium and strong for the dor-
sal skin and parotoids (Figure 1) whereas calcification
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FIGURE 1
character states describing levels of

Illustration of the

calcification of the dorsal head skin and
the parotoid glands that can be found in
both sexes and species of European
toads (Bufo bufo and B. spinosus)
exemplifying the levels: (a) absent,

(b) light, (c) medium and (d) strong.

was recorded as present or absent for the ventral
head skin.

The dorsal head skin of two specimens, with the
lowest and highest level of skin calcification observed,
was studied by traditional histology. The selected
specimens were a B. bufo male (ZMA.RenA.9291_m3)
and B. spinosus female (ZMA.RenA.5345a; Figure 2)
(Supporting information, Table S1). Tissue was fixed in
4% neutral buffered formaldehyde (Centrohem, Serbia)
for 24 hr (Bancroft and Gamble, 2002). The tissue was
then dehydrated with increasing grades of ethanol solu-
tion (30-100%), cleared in xylene and embedded in His-
towax (Histolab Product AB, Goteborg, Sweden). Serial
cross tissue sections (5 pm thickness) were taken with a
rotary microtome (RM 2125RT Leica, Wetzlar,
Germany). For general skin morphology, Mayer's hema-
toxylin counterstained with eosin (H&E) staining was
performed on deparaffinized and rehydrated tissue sec-
tions. The results of this procedure include blue nuclei,
red cytoplasm and dark-red muscles. For the histological
visualization of calcium deposits in tissue sections we
used the commercially available Abcam Von Kossa kit
(ab150687) (Sheehan and Hrapchak, 1980) following
manufacturer's instructions. The results of this proce-
dure include black or dark brown calcium in mass
deposits, red nuclei and pink cytoplasm. Additionally,
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we used Masson's trichrome staining which may work
to distinguish cells from the connective tissue. The
results of this staining include dark brown to black
stained nuclei, red/reddish cytoplasm and muscle fibers,
as well as the blue appearance of collagen.

Digital images of stained sections were made on a
LEITZ DM RB light microscope (Leica Mikroskopie &
Systems GmbH, Wetzlar, Germany), with a LEICA
DFC320 CCD camera (Leica Microsystems Ltd., Heer-
brugg, Switzerland) and analyzed with Leica DFC Twain
Software (Leica, Germany).

2.1 | Statistical analysis

Fisher's exact test for count data was performed to test
for statistical significance in character states frequency
distribution. As an estimation of head size, we used skull
size data obtained from the same individuals (centroid
size values—CS; Supporting information, Table S1) from
Ivanovié et al. (2022). To test if the individuals with dif-
ferent levels of calcification of dorsal skin and parotoids
differ in skull size, we performed a nested ANOVA with
calcification level, species and sex nested within species
as factors and skull size as dependent variable. We did
not analyze the ventral skin in this test because
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Bufo bufo

(a) Dorsal skin Parotoid gland Dorsal skin

Dorsal skin

¢4

(b) Parotoid gland

calcification was observed in B. spinosus females only.
Statistical analyses were performed using R version 4.0.2
(R core team, 2020).

3 | RESULTS

Using the micro-CT technique we observed substantial
variation in the level of calcification of the toad's head
skin and parotoids (Table 1, Figures 1 and 2).
Bufo spinosus females stood out compared to conspecific
males and B. bufo on account of a strong calcification of
the dorsal and ventral skin, as well as the parotoids. A
low level of dorsal calcification characterized B. bufo
males with no detectable calcification of the parotoids as
a character state only observed in this group (Table 1).
Using traditional histological techniques we detected
and confirmed the presence of the EK-layer as well as
additional calcium deposits (ACDs) in the skin of
European toads. Sections of the dorsal skin revealed a
clearly visible epidermis and a dermis with two layers,
namely the stratum spongiosum and the stratum compac-
tum with the calcified EK-layer in between in both

Bufo spinosus

FIGURE 2 Volume renderings in
lateral (a) and frontal (b) view of the
head region in a Bufo bufo female and a
Parotoid gland B. spinosus female, with arrows pointing
to calcification sections of the skin and
the parotoids. Specimen collection
numbers are ZMA.RenA.9291_f20 and
ZMA.RenA.5345a, respectively. The
lower panel (c) shows a cross-section at
the position of the parotoids, with the
small orange arrows pointing to cross-
sections of cranial bones. Gray surfaces
in lateral view (a) represent the position
of a cross-sectional virtual slice
presented in (b) and (c).

TABLE 1 Character state distributions with the number of
individuals with the specific state of character observed for the level

of calcification in females and males of Bufo bufo and B. spinosus.

B. bufo B. spinosus

Females Males Females Males

Character State N=13 N=14 N=9 N=9
Parotoids  Strong 8 3 9 7
Medium 4 4 0 2
Light 1 3 0 0
Absent 0 4 0 0
Dorsal Strong 0 0 6 0
skin Medium 8 1 2 5
Light 3 6 1 3
Absent 2 7 0 1
Ventral Present 0 0 6 0
skin Absent 13 14 3 9

species (Figure 3). The ACDs were present in the stratum
spongiosum just above the EK-layer (Figure 3b,c,d). The
positive reaction obtained with the Von Kossa technique
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FIGURE 3
cross sections of dorsal skin from Bufo
bufo male (ZMA.RenA.9291_m3) and
B. spinosus female (ZMA.RenA.5345a),
with (a) B. bufo skin stained with
hematoxylin and eosin, (b) B. spinosus

Histological overview of

skin stained with hematoxylin and
eosin, (¢) B. spinosus skin stained with
Von Kossa kit and (d) B. spinosus skin
stained with Masson's trichrome. All
micrographs are 10x magnification
(bar = 200 pm). ACD, additional
calcium deposit; CH, chromatophores;
EK, Eberth-Katschenko layer; EP,

epidermis; M, muscle; SC, stratum
compactum; SS, stratum spongiosum.

TABLE 2 Relationship between skull size (CS) as dependent variable and calcification level, species and sex nested within species tested
by nested ANOVA.
Calcification level Species Species (sex)
Df, error F p Df, error F p Df, error F p
Dorsal skin 2,31 93.73 <0.0001 1,31 4.28 0.0470 5,31 4.58 0.0030
Parotoids 3,33 13.26 <0.0001 1,33 18.78 <0.0001 4, 33 12.85 <0.0001

confirmed that skin sections contained acellular calcium
phosphate deposits in the EK-layer and in the ACDs
(Figure 3c). Using the Masson's trichrome staining we
confirmed the presence of collagen fibers which were
clearly visible in the ACDs (Figure 3d). As judged by their
anatomical position, shape and clustering, the ACDs cor-
respond to superficial structures that are well-visible on
the micro-CT virtual cross sections and volume
renderings.

Species and sexes significantly differed in the level of
calcification (Fisher's exact test, p < 0.001) and pairwise
comparisons showed that groups differed from one
another (p < 0.05). A nested ANOVA indicated that the
level of calcification of the head skin was related to skull

size. The effects of species and sex on the calcification
levels were also significant, but less pronounced (Table 2,
Figure 4). For the parotoids, the effect of calcification was
similar for species and sex (Table 2).

4 | DISCUSSION

We used micro-CT as well as traditional histology to
study the level of calcification of the head skin in the
common (Bufo bufo) and the spined toad (B. spinosus).
We found that the species have the same general skin
morphology, including ACDs positioned above the EK-
layer, most pronounced so in B. spinosus females. The
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O B. bufo female
@ B. bufo male

601 [ ] B. spinosus female
[l B. spinosus male
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FIGURE 4 Mean skull size
(centroid size—CS) for Bufo bufo and
@ B. spinosus individuals with different
scores of dorsal skin calcification level.
Samples sizes and character state
distributions are presented in Table 1.

Absent Light Medium

Dorsal skin level of calcification

EK-layer and ACDs are separated from the underlying
skull bones and should not be confused with co-
ossification that was reported for some bufonids
(Duellman and Trueb, 1994; Navas et al., 2002; Paluh
et al., 2020; Mailho-Fontana et al., 2022). Similar ACDs,
in the form of irregular acellular structures dispersed in
the stratum spongiosum, have also been found in Rhinella
icterica (syn. Bufo ictericus) (Azevedo et al., 2005, 2006)
and Bufotes sitibundus (syn. Bufotes variabilis) (Mutlu
et al., 2019) and were described as a part of the EK-layer.
Compared with the above mentioned species, the ACDs
in B. spinosus are well-separated and positioned above
the EK-layer (Figure 3b,c,d). It has been claimed that the
EK-layer is the remnant of a dermal skeleton in an
anuran ancestor for which the arguments are that it has
the same position, embryonic origin and mineral compo-
nents as in osteoderms (Mangione et al., 2011). Yet other
authors noted that the calcified skin structures evolved
independently in many tetrapod lineages (Vickaryous
and Sire, 2009). There is, for example, a marked similar-
ity (homoplasy) in position and structure of osteoderms
in the gecko Geckolepis maculate (Paluh et al., 2017) and
the ACDs newly described in Bufo toads.

The ACDs are more abundant in B. spinosus than in
B. bufo and in females than in males. The highest con-
centrations are found at the level of the warts and the
parotoids. Despite substantial variation within species,
our results indicate that B. bufo and B. spinosus differ in
the level of calcification of skin and parotoids, with sig-
nificant effects of size and sex. Body size is affected by a

Strong

multitude of ecological and evolutionary factors, includ-
ing sexual selection, and may be correlated with physio-
logical and fitness traits (Blanckenhorn, 2000). In
amphibians, body size and skin permeability have cru-
cial roles in the regulation of water content (Ponssa
et al., 2017; VanBuren et al., 2019) and is often related
to climatic factors (Toledo and Jared, 1993b; de Brito-
Gitirana and Azevedo, 2005; Young et al., 2005). The
thickness of the skin could be indicative of its capacity
to minimize water loss (Kobelt and Linsenmair, 1986;
Lillywhite 2006) which is crucial for anuran survival.
In support of this notion is the substantial geographical
variation in body size and keratinized integument struc-
tures (cheek warts and spines) in B. bufo and B. spinosus
(de Lange, 1973; Liischer et al, 2001; Cvetkovié
et al., 2009; Cadenovié et al., 2013). Also, body size
could associate with sexual dimorphism in skin thick-
ness (VanBuren et al., 2019). We found that the level of
head skin calcification was positively related to skull
size which coincided with a marked, female biased sex-
ual size dimorphism (Arntzen, 1999; Liischer
et al., 2001; Cadenovié et al., 2013; Ivanovié et al., 2022;
Dursun et al., 2022). Yet, the calcification level of the
head skin and the parotoids cannot be solely explained
by size.

A female biased sexual dimorphism in the level of
dermal bones calcification (osteoderms) has been also
recorded in lizards (Broeckhoven and du Plessis, 2022). It
has been proposed that the higher level of calcification in
females serves as a mineral reserve necessary for eggshell
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formation (Broeckhoven and du Plessis, 2022). In
amphibians, the mineral storage hypothesis cannot be
directly related to reproduction. However, other physio-
logical processes and functional roles may underlie the
skin calcification dimorphism (Moss, 1972; Verhaagh and
Greven, 1982; Bentley, 1984).

If we assume that ACDs have similar functional roles
in homeostasis and protection from desiccation as the
EK-layer, the calcification of the skin might be related
to the habitat (Elkan, 1968; Moss, 1972; Toledo and
Jared, 1993a; Brito-Gitirana and Azevedo 2005;
Lillywhite 2006; Felsemburgh et al. 2009; Mari
et al., 2022) whereas Ponssa and coauthors (2017) noted a
strong phylogenetic signal of EK-layer thickness. Further
research is necessary to determine whether ACDs are
common to the genus Bufo and to discover how this trait
evolved across bufonids.

Although the B. bufo and B. spinosus specimens inves-
tigated herein represent just a part of the species distribu-
tion across Eurasia, we demonstrated a significant effect
of species, size and sexual dimorphism on the calcifica-
tion level of skin and parotoids. We envisage that a wider
sampling regime across the geographic range of both spe-
cies and ontogenetic series would help to unravel the
complex relationships between the parameters and pro-
cesses driving the female biased armouring in common
toads. Because micro-CT technique allows quantification
of the level of calcification without destruction of the
material, it would be an appropriate tool for studies of
larger series of collection material of whole specimens. In
addition, the less dense, soft tissues of the skin which
show little contrast in X-rays imagery could be visualized
by using iodine-based contrast-enhanced micro-CT imag-
ing (diceCT; Callahan et al., 2021) yielding detailed ana-
tomical insight of the skin ideally across the entire, large
clade of bufonids.
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SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.
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