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1 |  INTRODUCTION

The vertebral column forms the longitudinal axis of the body 
and has many functional roles: it encloses and protects the 
spinal cord, the embryonic notochord, and the dorsal aorta, 
and forms attachment sites for the axial musculature. In most 
extant vertebrates, a vertebral segment is composed of (a) the 
vertebral body, or centrum, which surrounds and often re-
places the notochord, (b) the neural arch, which extends dor-
sally around the spinal cord and (c) the haemal arch, which 
is restricted to the tail region and extends ventrally around 
the caudal artery and vein (Liem, Bemis, Walker, & Grande, 
2001). In living lissamphibians (salamanders, caecilians, and 
frogs), the vertebral column consists of a varying number of 
vertebrae, which, in all three orders, are composed of a sin-
gle, cylindrical vertebral centrum that is fused to the neural 

arch. Their vertebral column can be subdivided into a cervi-
cal region (only the first vertebra, the atlas), a trunk region 
(with varying numbers of vertebrae), a sacral region (a single 
element, the sacral vertebra) and a caudal region (number of 
vertebrae varies).

Congenital anomalies are common in lissamphibians and 
denote disruptions in early development affected by environ-
mental and/ or genetic factors (Johnson, Reeves, Krest, & 
Pinkney, 2010; Ouellet, 2000; Williams, Bos, Gopurenko, & 
Dewoody, 2008). For more than 200 years, external morpho-
logical malformations such as supernumerary limbs, amely 
(i.e. absence of limb(s)), polydactyly (i.e. increased number 
of fingers or toes) or abnormal webbing of toes have been 
reported frequently in the literature (among many others: 
Blaustein & Johnson, 2003; De Superville, 1740; Johnson, 
Lunde, Haight, Bowerman, & Blaustein, 2001; Lunde & 
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Abstract
The majority of reported pathologies in lissamphibians (salamanders, caecilians 
and frogs) include limb deformities such as missing limbs, multiple extra limbs and 
digits, or incomplete limb formation. However, comparatively little is known about 
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fections) in the vertebral column of salamanders. In the present study, we describe 
eight vertebral deformities in three cleared and stained specimens of Desmognathus 
fuscus. Two specimens display developmental deformities which range from a po-
tential non-segmented wedge vertebra to fully segmented hemivertebrae. The ver-
tebral pathology in the third specimens possibly results from a parasitic infection. 
Apparently, these osseous deformities were not severe enough to prohibit survival 
of the specimens.
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Johnson, 2012; Meteyer, 2000; Ouellet, 2000; Rothschild, 
Schultze, & Pellegrini, 2012; Silva-Soares & Mônico, 2017). 
In contrast, reports on axial deformities in lissamphibians 
are less frequent and often limited to scoliosis (Adolphi, 
1893, 1895, 1898; Buckley, Molnár, Németh, Petneházy, & 
Vörös, 2013; Kovalenko, 1992; Kovalenko & Danilevskaya, 
1991; Liu, Niu, Wang, Chen, & Li, 2016; Mutschmann, 
2009; Perpiñán et al., 2010; Pugener & Maglia, 2009; Trueb, 
1977). Congenital vertebral malformations are characterized 
by changes to the shape and/or the number of the vertebral 
elements which result from anomalous vertebral develop-
ment in the embryo (Erol et al., 2004; Kaplan, Spivak, & 
Bendo, 2005; McMaster, 1998; Pourquié & Kusumi, 2001). 
The resulting malformations can be categorized in (a) failure 
of formation, (b) failure of segmentation and (c) neural tube 
defects (Jaskwhich, Ali, Patel, & Green, 2000; Kaplan et al., 
2005). The first category (“failure of formation”) includes 
three different vertebral deformities: (a) hemivertebrae are 
characterized by a failure of chondrification and ossification 
of one lateral side; (b) wedge vertebrae display partial chon-
drification and ossification of one lateral side; and both (a) 
and (b) may lead to scoliosis, a lateral curvature of the verte-
bral column. In the second category, failure of segmentation 
may lead to congenital block vertebrae (Kaplan et al., 2005; 
Lonstein, 1999). Interestingly, vertebral malformations like 
hemi-, wedge- and block vertebrae have also been reported 
in fossil lissamphibians (Skutschas, Kolchanov, Boitsova, 
& Kuzmin, 2018) and among extinct temnospondyls, the 
presumed stem group of lissamphibians (Witzmann, 2007; 
Witzmann et al., 2014). Further osseous variants of vertebral 
elements can result from traumata and infections (Khurana, 
2009).

In this study, we describe different types of vertebral pa-
thologies found in Desmognathus fuscus, including a poten-
tial wedge vertebra and two fully segmented hemivertebrae. 
The morphological description may contribute to the knowl-
edge of skeletal malformations in salamanders.

2 |  MATERIAL AND METHODS

2.1 | Material

The material examined in this study consists of three larval 
specimens of Desmognathus fuscus which were obtained 
from the collection of the Field Museum of Natural History 
(FMNH 62703–1; FMNH 62703–5; FMNH 62703–6). The 
salamanders were collected in South Carolina, Lexington 
Country (USA) in 1950 and belong to the Plethodontidae (or 
lungless salamanders), which is the most specious and diverse 
family of salamanders (Amphibiaweb, 2020). Desmognathus 
fuscus possesses a biphasic life cycle in which aquatic lar-
vae metamorphose into semi-aquatic adults. The material 

was examined with a ZEISS SteREO Discovery.V20 stereo 
microscope using ordinary transmitted light in magnification 
ranging von 4.7x to 80.4x. Images were taken with a Leica 
DFC450 C digital microscope camera.

2.2 | Methods

The three specimens were cleared and double stained (Alcian 
blue and Alizarin red) to visualize cartilage and bone, respec-
tively. Prior to staining, specimens had been stocked in 70% 
ethanol for long-term storage. The specimens were skinned, 
eviscerated and subsequently stained in a 0.015% Alcian 
blue solution for approximately 12 hr at room temperature. 
Afterwards, they were washed in a decreasing ethanol se-
ries. Maceration was performed in trypsin (0.2%, Sigma) for 
several hours at 37°C. Bony skeletal elements were stained 
in 0.01% Alizarin red solution for approximately 4  hr and 
washed afterwards in a 30%-glycerine solution. For final 
storage, the specimens were moved to increasing concentra-
tions of glycerine. Finally, specimens were stored in 100% 
glycerol with a few crystals of thymol.

3 |  RESULTS

3.1 | Desmognathus fuscus—FMNH  
62703–1

The specimen is completely preserved, and the entire verte-
bral column is composed of 44 vertebrae. The vertebral ele-
ments (neural arches and vertebral centra) are fully ossified 
in the trunk region while they are mostly cartilaginous in the 
tail. A deformity is presented in the posterior caudal region, 
specifically in vertebral element number 38. The cartilagi-
nous centrum is spool-shaped and elongated along its ante-
rior–posterior axis (Figure  1a,b). Measuring 0.28  mm, the 
anomalous vertebra is distinctly longer than those on either 
side of it (vertebral element 37 measures 0.19  mm, verte-
bral element 39 measures 0.20 mm). The posterior border is 
slightly deformed and has an asymmetrical shape. Notably, 
the succeeding vertebral element number 39 conforms in 
shape so that the malformation does not affect the shape of 
the spine. The specific nature of the deformed vertebral el-
ements remains indeterminable, and we can only speculate 
about the aetiology: one possibility could be an abnormal and 
accelerated bone growth of the vertebral body due to a post-
traumatic pathology (e.g. infection). Another interpretation 
would suggest that the vertebral element number 38 consists 
of two vertebrae that failed to separate during early develop-
ment (failure of segmentation). Thereby, the anterior vertebra 
is normally developed and consists of a cylindrical centrum, 
neural and haemal arches. The posterior vertebra, however, 
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failed to develop normally (no neural and haemal arches) and 
is solely composed of the centrum in which one lateral side is 
narrower than the other (failure of formation).

3.2 | Desmognathus fuscus—FMNH  
62703–5

The specimen is only incompletely preserved and the verte-
bral column is solely composed of the anterior 31 vertebrae. 
The vertebral elements (neural arches and vertebral centra) 
are fully ossified in both the trunk and caudal region. The 
specimen possesses two congenital anomalies along its ver-
tebral column (Figure 1c). The first malformation is located 
in the trunk region in vertebral element number 11. The ossi-
fied centrum is reduced in size and has a wedge-shaped mor-
phology (Figure 1d,e). The neural arch is only incompletely 
preserved and the existing half articulates with its preced-
ing (vertebral element number 10) and subsequent (vertebral 
element number 12) vertebrae. The second malformation is 
located in the caudal region on the vertebral element number 

25. Similarly, the vertebra is small, wedge-shaped, and one 
lateral side is only incompletely ossified (Figure 1f,g). The 
two vertebral elements are interpreted as fully segmented 
hemivertebrae. They display a complete failure of ossifica-
tion of the left lateral vertebral anlage (failure of formation), 
but they are clearly separated from the surrounding vertebral 
elements. Both anomalous vertebral elements are non-incar-
cerated which result in two sideways curvatures of the spine 
(Figure 1c).

3.3 | Desmognathus fuscus—FMNH  
62703–6

The specimen is completely preserved, and the entire verte-
bral column is composed of 48 vertebrae. The vertebral ele-
ments (neural arches and vertebral centra) are fully ossified 
in the trunk region while they remain partially calcified in the 
tail. The specimen possesses five osseous pathologies which 
are located in the trunk and caudal region on the vertebral 
elements 11, 14, 17, 19 and 21 (Figure 1h). These vertebral 

F I G U R E  1  Osseous pathologies of the vertebral column of Desmognathus fuscus. (a & b): Potential non-segmented wedge vertebra (FMNH 
62703–1), in dorsal (a) and ventro-lateral (b) view. (c) Vertebral column of FMNH 62703–5, in dorsal view. Arrows indicate the two congenital 
malformations along the vertebral column. (d & e): First, fully segmented hemivertebra of FMNH 62703–5, in dorsal (d) and lateral (e) view. (f & 
g): Second, fully segmented hemivertebra of FMNH 62703–5, in dorsal (f) and ventro-lateral (g) view. (h): Vertebral column of FMNH 62703–6, 
in dorsal view. Arrows indicate the five vertebrae with possible parasitic infections. (i): Close-up of (h), in ventro-lateral view. Scale bars equal 
1mm in (c) & (h), in all others 0.1 mm. Abbreviations: ant, anterior; CE, centrum; HA, haemal arch; NA, neural arch; post, posterior; #, number of 
vertebral element along the spine [Colour figure can be viewed at wileyonlinelibrary.com]

(a)

(d) (e) (f)

(g) (h)

(b) (c)
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centra are characterized by a single, small bump of bone 
on their ventral side. A fracture can probably be excluded 
due to the uniform appearance of the bumps and their high 
frequency along the vertebral column. One could speculate 
that these osseous pathologies are a result of an infectious 
disease, generated, for example, by a parasite (Blaustein & 
Johnson, 2003; Perpiñán et al., 2010).

4 |  DISCUSSION

The three Desmognathus fuscus specimens examined in this 
study form a small percentage of the material collected in 
1950. The vertebral columns of these three animals are char-
acterized by congenital malformations (failure of formation 
& failure of segmentation) and a potential infectious disease. 
Unfortunately, we cannot deduce if the developmental anom-
alies were affected by environmental and/or genetic factors 
and if the frequencies of deformities were abnormally high 
in the collected material. However, these osseous deformities 
were apparently not severe enough to prevent the specimens’ 
survival.

Developmental abnormalities and injuries in the lissam-
phibians skeleton have been reported in the scientific lit-
erature for more than 200 years (Ouellet, 2000). Thereby, 
the majority of documented morphological deformities en-
compass external anomalies of the eyes, head, limbs and 
mouth. Internal anomalies and traumata (e.g. of the verte-
bral column), however, are more difficult to detect and can 
only be diagnosed via radiographic examination or differ-
ent clearing and staining techniques. Although our study 
is only limited to three abnormal individuals, we presume 
that the frequency of vertebral congenital malformations 
in lissamphibians is distinctly higher than previously doc-
umented in the literature. Although the vertebral column 
is one defining feature of vertebrates, it should be noted 
that different centrum developmental patterns exist. In am-
niotes, for example, vertebral development is rather con-
served and characterized by "strict resegmentation," that is 
a distinct vertebral centrum results from cells of the caudal 
portion of one sclerotome and the cranial portion of the ad-
jacent sclerotome (Christ, Huang, & Scaal, 2007; Fleming, 
Keynes, & Tannahill, 2003; Fleming, Kishida, Kimmel, & 
Keynes, 2015; Pourquie & Kusumi, 2001). In teleost fishes, 
on the contrary, centrum formation can be induced by the 
notochord (Nordvik, Kryvi, Totland, & Grotmol, 2005) or 
formed by the so-called "leaky-resegmentation," in which 
the centra are formed from cells originated from numer-
ous somites (Morin-Kensicki, Melancon, & Eisen, 2002). 
Lissamphibians are characterized by a small amount of 
sclerotomal cells and resegmentation was first docu-
mented in caecilians by Wake and Wake (2000) which was 

followed by its discovery in salamanders by Piekarski and 
Olsson (2014). Vertebral formation in frogs is still with-
out evidence of resegmentation (Blanco & Sanchiz, 2000; 
Handrigan & Wassersug, 2007; Wake & Lawson, 1973). 
Interestingly, centrum formation and the ossification se-
quence of vertebral centra and neural arches are highly plas-
tic not only in lissamphibians (Arntzen, Beukema, Galis, & 
Ivanović, 2015; Danto, Witzmann, Kamenz, & Fröbisch, 
2019; Jockusch, 1997; Lanza, Olgun, Gentile, Üzüm, & 
Avci, 2006), but also in early tetrapods (including temno-
spondyls as the presumed stem group of lissamphibians and 
the amniote-stem groups like embolomeres, “lepospon-
dyls” and seymouriamorphs) and stem-tetrapods (Danto, 
Witzmann, Pierce, & Fröbisch, 2017; Pierce et al., 2013). It 
would be interesting to test (a) if vertebral development in 
these groups is more susceptible to harmful environmental 
factors and (b) if the high level of genetic plasticity among 
these groups result in high frequencies of congenital mal-
formations. To this day, reports of vertebral malformations 
in extinct tetrapods are rare, whereby the frequency seems 
to be higher in anamniote fossils (Janensch, 1934; Johnson, 
1988; Lovelace, 2014; Lydekker, 1889; Rothschild et al., 
2012; Turner & Sidor, 2018; Voss, Asbach, & Hilger, 2011; 
Witzmann, 2007; Witzmann et al., 2008, 2014). A future 
challenge would be to conduct large-sample-size studies 
of lissamphibians and early tetrapods in terms of intraspe-
cific variation and congenital deformities of the vertebral 
column. That way, it would also be possible to determine 
in which region of the vertebral column these deformities 
occur and if there is an evolutionary and/or developmental 
constraint.

5 |  CONCLUSIONS

While amniotes display a rather conserved vertebral devel-
opment, centrum formation and ossification sequence of the 
vertebral centra and neural arches are highly variable in lis-
samphibians. We describe several vertebral deformities in 
Desmognathus fuscus, a plethodontid salamander, including 
congenital anomalies and posttraumatic pathologies. We hy-
pothesize that the frequency of vertebral congenital malfor-
mations in lissamphibians is distinctly higher than previously 
documented in the literature. However, further investiga-
tions on different salamander taxa are required to verify this 
hypothesis.
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