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Abstract

The salamander vertebral column is largely undifferentiated with a series of more
or less uniform rib-bearing presacral vertebrae traditionally designated as the trunk
region. We explored regionalization of the salamander trunk in seven species and two
subspecies of the salamander genus Lissotriton by the combination of microcomputed
tomography scanning and geometric morphometrics. The detailed information on
trunk vertebral shape was subjected to a multidimensional cluster analysis and a phe-
notypic trajectory analysis. With these complementary approaches, we observed a
clear morphological regionalization. Clustering analysis showed that the anterior trunk
vertebrae (T1 and T2) have distinct morphologies that are shared by all taxa, whereas
the subsequent, more posterior vertebrae show significant disparity between species.
The phenotypic trajectory analysis revealed that all taxa share a common pattern and
amount of shape change along the trunk region. Altogether, our results support the
hypothesis of a conserved anterior-posterior developmental patterning which can be
associated with different functional demands, reflecting (sub)species’ and, possibly,

regional ecological divergences within species.

KEYWORDS

1 | INTRODUCTION

The vertebral column forms the central axis of the vertebrate body
and has a crucial role in body support and locomotion. It is composed
of a number of repetitive, serially homologous skeletal elements—
the vertebrae. The homeobox (Hox) genes are known to be directly
involved in somite and vertebrae formation and play a key role in the
attainment of vertebral identity (Krumlauf, 1994; Mallo et al., 2010;
Woltering, 2012). It has been proposed that different vertebral
morphologies are governed by unique combinations of Hox genes
expressed in the somites (Kessel & Gruss, 1991; Wellik, 2007) with
the corollary that few Hox genes expression boundaries can be used

geometric morphometrics, high-dimensional clustering analysis, Lissotriton, micro computed
tomography, phenotypic trajectory analysis, regionalization, trunk vertebrae

as markers for regional differentiation of the axial skeleton (B6hmer
et al., 2015; Burke et al., 1995; Narita & Kuratani, 2005). For ex-
ample, the cervico-thoracic transition in amniotes is determined
by Hox-5 and Hox-6 genes and the formation of the lumbo-sacral
boundary is under control of the Hox-10 and Hox-11 genes (Wellik &
Capecchi, 2003). Recent morphometric studies have provided new
insight into presacral vertebral regionalization in amniotes (Head &
Polly, 2015; Jones et al., 2018, 2020; Terray et al., 2020). A subtle
morphological gradient along the anterior-posterior axis was found
in stem members of amniotes and in squamates, including snakes
and limbless lizards (Head & Polly, 2015). As these authors remarked
regionalization may not be restricted to amniotes. Salamanders,
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being the only group of lower vertebrates with a generalized tetra-
pod body plan, are an appropriate model to look into this hypothesis.

So far data on developmental pattering of vertebral column in
amphibians are scarce (Woltering et al., 2009; Worthington & Wake,
1972). The presacral vertebral column of salamanders is regarded as
poorly differentiated (Duellman & Trueb, 1994; Mivart, 1870) and
evolutionary changes reported are mostly numerical (Arntzen et al.,
2015; Bonett & Blair, 2017). The conservancy of presacral region has
been attributed to conflicting demands that are imposed by a bipha-
sic life cycle with different modes of locomotion, namely swimming
and walking (Bonett & Blair, 2017).

The salamander's presacral vertebral column is composed of the
atlas, a single vertebra that articulates with the skull, and a series
of rib-bearing vertebrae, traditionally designated as the trunk re-
gion (Figure 1a). Some differentiation within the trunk region was
described by Funk (1827). In his detailed account on the anatomy of
the fire salamander, he recognized the thoracic region (composed
of the first, second, and third trunk vertebrae) and associated this
morphological section with sternum support. Worthington and
Wake (1972) found in several salamander species that vertebrae
relative proportions (i.e., length) may vary among anterior and
posterior trunk vertebrae and alluded to a functional significance.
Finally, a quantitative analysis of morphological variation of the
presacral vertebral region in the salamander genus Ambystoma re-
vealed a subtle regional differentiation (Jones et al., 2018, 2020).
The regionalization in Ambystoma corresponds to the regional-
ization found in amniotes with three regions: the cervical region
consisting of the first three trunk vertebrae and related to brachial
plexus, followed by seven anterior dorsal and five posterior dorsal
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vertebrae, corresponding to the regions with “long” and “short” ribs
(Jones et al., 2018).

To investigate regionalization of trunk vertebrae in salamanders,
we choose a group of small-bodied newts of the Eurasian genus
Lissotriton that are well represented in museum collections. These
newts have overall similar habitat preferences, but show substan-
tial genetic and geographic differentiation among and sometimes
within species (Babik et al., 2005; Frost, 2021; Wielstra et al., 2018).
The number of trunk vertebrae in the genus is 12, exceptionally 13
(Arntzen et al., 2015). This conservancy in the number of vertebrae
allows for a comparative analysis of morphological variation and dif-
ferentiation because the serial homology of vertebrae is a reason-
able assumption. We applied microcomputed tomography scanning
(micro-CT scanning) and 3D geometric morphometrics techniques
to describe the shape of each trunk vertebrae, and to analyze the
differentiation of vertebrae along the trunk region of individuals
belonging to same taxon. Finally, we compared the differentiation
of trunk vertebrae between taxa in a phylogenetic context, to find
out whether the regionalization is phylogenetically conserved. If, for
example, the regionalization of the trunk is common to all taxa, then
vertebrae morphology is probably under strong developmental and

functional constraints.

2 | MATERIALS AND METHODS

We studied 118 adult male newts of seven species and two subspe-
cies of the genus Lissotriton with sample sizes of 7-25 specimens
per taxon. For species names, taxonomic authority, localities, sample

1413
vertebral

foramen

FIGURE 1 Three-dimensional surface model of a Lissotriton skeleton with (a) a schematic presentation of the musculature that connects
the skull (gray), the pectoral girdle (dark green), and the forelimb (orange) to the proximal part of trunk region (T1-T5) and (b) the second
trunk vertebra (T2) in detail. Brief anatomical descriptions of the 27 landmarks are given in Table S2
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sizes, and preservation status (ethanol preserved specimens or glyc-
erine preserved skeletons) see Table S1. For geographical distribu-
tion of the (sub-)species of the genus Lissotriton (after Arntzen et al.,
2009, 2009; lanella et al., 2017; Wielstra et al., 2018) and sample lo-
calities see Figure S1. The phylogenetic relationships of the studied
taxa are described by Pabijan et al. (2017) and Rancilhac et al. (2020).

Data gathering was performed with the SkyScan 1172 micro-CT
scanner (Bruker Corporation) under the following parameters:
26.33 uM resolution, 32 kV, 0.5 uM aluminium filter, 0.7 degrees ro-
tation steps, 175 ms exposure time, 180 degrees object scanning,
and a manual flat field correction set at 35 kV. The reconstructed im-
ages were supplied as input for three-dimensional visualization with
Avizo 9.5 software (FEI, Thermo Fisher Scientific).

For each specimen we constructed a three-dimensional surface
model of the entire trunk region (Figure 1a). Trunk vertebrae (thus,
all presacral vertebrae excluding the atlas) were numbered in antero-
posterior order, from T1 to T12 (T1-T13 in the studied populations of
Lissotriton v. vulgaris). Twenty-seven landmarks were applied to each
trunk vertebra with Avizo's landmark module. A visual representa-
tion of the landmark configuration is provided in Figure 1b and brief
anatomical descriptions of the landmarks are presented in Table S2.

The following procedures were executed in the R Statistical
Environment version 3.5.1 (Core Team, 2018). Digitized landmark
configurations were imported with the package “Arothron” (Profico
et al., 2021). Shape variables for each trunk vertebra were extracted
through a Generalized Procrustes Analysis (GPA) that accounts for
object symmetry (Klingenberg et al., 2002), using the package “geo-
morph” (Adams et al., 2021). To determine the clusters of morpho-
logically similar vertebrae, we used the “HDclassif” software package
(Bergé et al., 2012). The entire set of 1441 trunk vertebrae (with all
vertebrae pooled, irrespective of species or vertebral identity) was
used as input for the clustering analysis. To avoid possible recognition
of false clusters (see Rohlf, 2021), we used an unsupervized pattern
recognition analyses under model evaluation with the Bayesian infor-
mation criterion. This identified the “AjBQD” model as the best choice.

The clustering analysis assigns each vertebra in the dataset to
a defined cluster (vertebral morphotype) and the identifications
where subsequently summarized according to proportionality of
identified morphotypes along the antero-posterior axis (T1-T12 or
T13) and corresponding species, (Table S3). A principal component
analysis (PCA) was performed to visualize the relative position of the
identified morphotypes in morphospace and to explore variation in
vertebrae shape between morphotypes.

For a comparative analysis, we applied a phenotypic trajectory
analysis across taxa (PTA) (Adams & Collyer, 2009; Collyer & Adams,
2013). This analysis allows for pairwise statistical assessment of: (1)
trajectory size, that is the amount of species-specific shape change
along the trunk, (2) trajectory shape, that is the pattern of shape
change between vertebrae along the trunk region, and (3) trajectory
direction, that is the general orientation of shape changes in multi-
variate shape space. The PTA requires standardization of the num-
ber of trunk vertebrae used. All species in the dataset had 12 trunk
vertebrae, except for L. v. vulgaris, which has 13. Visual inspection
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of the proximity of trunk vertebral means of L. v. vulgaris in morpho-
space showed that vertebrae T7 and T8 are almost entirely over-
lapping and therefore deemed very similar in shape. A multivariate
analysis of variance (MANOVA) found no difference in shape of T7
and T8 (p = 0.995). Vertebra T7 was subsequently removed from the
analysis to facilitate the comparative analysis. The PCA, PTA, and
MANOVA were carried out with the software package “geomorph”
(Adams et al., 2021).

3 | RESULTS

The clustering procedure allocated the altogether 1441 trunk verte-
brae from nine Lissotriton (sub-) species into eight groups, which we
designated “morphotypes” A to H. The relative positioning of these
groups in shape space is presented in Figure 2. The first principal com-
ponent axis describes the variation in vertebra length and the size
and height of the vertebral foramen and accounts for 48.1% of the
total variance in the data. The second principal component axis de-
scribes the variation in neural spine height and accounts for 10.6%
of the observed variation. Along PC1 morphotype A is character-
ized by short and high vertebrae with a large vertebral foramen. On
the opposite end of this axis sits morphotype H with long and low
vertebrae that have a small vertebral foramen. Along PC2 types
A and H with low neural spines are most differentiated from mor-
photype E vertebrae that have high and rounded neural spines. The
C- and D-morphotypes have intermediate shapes, with medium high
neural spines that are rounded in the C-type and thick and square
shaped in the D-type. The D-type morphotype is separated along
PC3 that describes 6.3% of the total variance in vertebrae shape.
The B-morphotype is intermediate to types A and E and the F- and
G-morphotypes are intermediate to types E and H. The G- and
H-morphotypes are similar in overall shape, but are distinguished by
the relative positioning of the rib-bearers that are more posteriorly
pointed in the H- than in the G-type.

Across all taxa, the first vertebra (T1) has the A-morphotype, and
the second vertebra (T2) has the B-morphotype (Figure 3). The last
trunk vertebra has the H-type, except for L. graecus and two out
of three of the L. helveticus populations. The D-morphotype is only
found in L. boscai (with a single exception, see Table S3). In L. hel-
veticus, the discriminative power of the clustering analysis was low,
apparently because the three studied populations have different
morphologies. In the north of France, the E-type dominates (popula-
tion Marcillé la Ville), in the south of France (population Montignac
sur Vézere) the F-type is most frequent along the T5-T11 range, and
in Portugal (population Areinho) the C-type is most frequent. The F-
morphotype is dominant in L. graecus and L. kosswigi over the T3-T10
or T3-T12 range and is also found in the middle section (T5 and T6) of
L. v. meridionalis. Within the L. montandoni - L. vulgaris species group
- the G-morphotype prevails. The preponderance of the F-type
morphology appears a derived feature of the L. graecus - L. kosswigi
clade, as well as the elongation from 12 to 13 vertebrae in L. v. vul-
garis (Figure 3). Lissotriton vulgaris shows a well-differentiated trunk
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FIGURE 2 Principal component analysis (PCA) and vertebrae morphotypes: (a) Phenotypic clustering of 1441 vertebrae from nine
Lissotriton species and subspecies in eight morphotypes (A-H) expressed over the first (PC1) and second axes (PC2). The phenotypic
clustering is highlighted by 95% confidence ellipses. Three-dimensional surface models of the mean shape of each morphotype (in lateral
view) are presented adjacent to the corresponding cluster. (b) Morphotypes mean shapes in dorsal (top series) and anterior view (bottom

series)

region, characterized by C-type morphologies in the T3-T5 section,
G-type morphologies in the T5-T11 section (except the aforemen-
tioned F-type in L. v. meridionalis), and H-type morphologies for the
last one or last two trunk vertebrae.

The PTA showed that trajectory size (magnitude of shape changes
along the trunk region) and shape (pattern of shape changes along
the trunk region) are largely similar between species, subspecies,
and populations (p > 0.05 in all pairwise comparisons, Table S4a,b).
The path directions (general orientation of anterior-posterior shape
change in the multivariate shape space) were all significantly differ-
ent (p < 0.01), except for L. v. meridionalis and L. kosswigi (p > 0.05,
Table S4c). All phenotypic trajectories exhibit the same horse-shoe
shape, but differ in their position over the bivariate plot (Figure 4,
Figure S2). At the apex of the “horse shoe,” morphological change
switches abruptly from the first to the second PC-axis.

In comparison with the identified morphotypes derived from
the clustering analysis, the aberrantly shaped E-morphotype,
in the Marcillé

mainly represented la Ville population of L.

helveticus, is differentiated in the second principal component of the
PCA and PTA. The third principal component captured the aberrant
D-morphotype represented in L. boscai. Differentiations of the D- and
E-morphotypes found in the clustering analysis are prominently vis-
ible in PTA when comparing the second and third principal compo-
nents (Figure S2 and S2_3D).

4 | DISCUSSION

We analyzed morphological variation of the trunk vertebrae in small-
bodied newts (genus Lissotriton) by applying two complementary
statistical approaches. With either method (multidimensional cluster
analysis and PTA), we detected a marked regionalization of the trunk
region. The shapes of the first and second trunk vertebrae are the
most conserved (the A and B morphotypes), whereas the posterior
vertebrae are more variable, with taxon- and even population-specific
morphologies (Figure 3). Notwithstanding the observed morphological
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FIGURE 3 Summary of the distribution of the morphotypes (A-H) along the trunk in nine (sub-)species and three populations of the
genus Lissotriton along with documented habitat preferences (“r” stands for running water and “s” stands for stagnant water; details see
text). The phylogenetic tree is a composite of Pabijan et al. (2017) for the recent nodes and Rancilhac et al. (2020) for the deeper nodes.
Cell color codes are as in Figure 2. The typeface used represents the observed morphotype frequency (f) as follows: f = 1.00 is in bold type,
0.60<f<1.00 is in normal type, and 0.33<f<0.60 is in italics marked with an apostrophe (‘). The constituent data are in Table S3
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FIGURE 4 Phenotypic trajectories of shape changes along the trunk of the newt genus Lissotriton, expressed over the first (PC1) and
second principal component axes (PC2). Trajectories were calculated for nine (sub-)species. The three populations of the L. helveticus were
analyzed separately. Taxa are coded by colors as shown in the legend. Connected dots represent the mean vertebrae (T) shape from T1 to
T12, as is highlighted for L. helveticus from Marcillé la Ville, France. Three-dimensional surface models visualize the corresponding shape
changes

regionalization, the trajectories of shape change are similar among taxa
(Figure 4), from which we conclude that the regionalization of the pre-
sacral vertebrae is largely conserved.

4.1 | Developmental basis of trunk regionalization

The observed, weak regionalization of trunk region in Lissotriton
supports the hypothesis that regionalization is conserved across

the tetrapods (Head & Polly, 2015; Jones et al., 2018) but subtly ex-
pressed. Unfortunately, the data on Hox gene expressions in amphib-
ians are mostly related to the development of limb skeleton and not
the vertebral column (Mannaerta et al., 2006; Totok et al., 1998). If,
however, the generalized pattern of Hox expression (paralog groups 4-
10) operates across the tetrapods (Head & Polly, 2015; Wellik, 2007),
then the observed regionalization within the trunk region is presum-
ably the result of common development governed by these genes and
subsequently altered by different functional and ecological demands.
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4.2 | Trunk regionalization and functional demands
The regionalization of vertebral column reflects specific locomotor
adaptations and behavior. In salamanders, locomotion is achieved
by lateral bending and undulation of the spine, which is a part of
swimming as well as (terrestrial) stepping (Azizi, 2005; Karakasiliotis
et al., 2012). The proximal part of the trunk region is, however, also
involved in foraging, head digging, the bending of the spine, and it
supports the pectoral girdle. To reveal possible functional (locomo-
tor) constraints acting upon trunk region, we explored the relation-
ship between vertebrae and skeletal muscles involved in locomotion
and body support. The most detailed description of the musculo-
skeletal system is by Francis (1934) for Salamandra salamandra and is
here taken as a pars pro toto for salamandrid salamanders, including
Lissotriton.

The proximal trunk vertebrae (T1-T5) have different func-
tional demands compared with the subsequent trunk vertebrae
(Figure 1a). The muscles involved in head movement are the m.
rectus capitis posterior and the m. intertransversarius capitis inferior
that arise from the atlas and the transverse process of T1, respec-
tively. The latter muscle induces the lateral flexion of the spine
and turns the head from side to side. The differentiation and con-
servancy of T1 (the A morphotype shared by all individuals re-
gardless to the species or population of origin) can be related to
its physical connection with the cranium, in particular its specific
function in movement of the head. The specific morphology of
T2 (the B morphotype) is also shared by all individuals (vertebra
with a large vertebral foramen, but more elongated compared with
the A morphotype). The straight part of the m. thoraciscapularis
(m. serratus magnus) arises from T1 and T2 and inserts on the su-
prascapular and acts as a depressor of the scapula. The anatomi-
cal position (with a direct connection to T1) and slightly different
function most likely underlie the conservancy of T2. The oblique
part of m. thoraciscapularis arises from T2 to T5 and retracts the
scapula. The m. dorso humeralis that also arises from the anterior
vertebrae is involved in locomotion as a retractor of the humerus
(Figure 1a). Despite a similar function, the shapes of the vertebrae
T3, T4, and T5 are more variable. In the majority of (sub-)species
the T3, T4, and T5 belong to two different morphotypes. However,
in populations of L. boscai and L. helveticus, the vertebrae in the
T3-T5 section have a same morphotype as remaining trunk ver-
tebrae (Figure 3). The described variation suggests that different
species or population-specific ecological preferences and locomo-
tor requirements may alter the shape of these vertebrae.

The remaining dorsal musculature is uniform, completely seg-
mented, subdivided by myosepta that arise from the posterior edge
of the neural spine of each trunk vertebrae and innervated by spinal
nerves. The fibres of the m. dorsalis trunci connect the subsequent
vertebrae from the dorsal side. The most internal part of the ventral
musculature also connects the subsequent vertebrae, while the rec-
tus and the oblique portion of the ventral musculature extend from
the pelvic girdle to the sternum or the pectoral girdle, with the main
role in flexing the vertebral column. The muscles of the pelvic girdle

SCHOLTES ET AL.

and the hind limbs are interconnecting these skeletal elements and
attach on the post sacral vertebrae. Accordingly, the trunk verte-
brae are not directly functionally connected with the pelvis and hind
limbs. The uniformity in muscle arrangement between Té and the
end of the trunk region (T12 or T13), and the similarity in function
(bending and flexing the spine) coincide with the observed uniform
shape of the posterior trunk vertebrae. Most of the species con-
sidered here exhibit only one or two vertebral types in this range,
namely types F and H, or types G and H. The H morphotype charac-
terizes the last (one or two) trunk vertebrae that articulate with the
sacral vertebra. The observed differentiation of the trunk vertebrae
corresponds to their specific anatomical position and functional de-
mands and may be related to ecological and behavioral differences

associated with body support and locomotion (see below).

4.3 | Ecology and evolutionary changes in
Lissotriton vertebrae morphology

The hypothetical morphological series A-B-E-F-G-H (so without
morphotypes C and D see Figure 2) describes a gradual anteropos-
terior elongation of the vertebrae along with a decrease of neural
spine height (Figure 4). This series is (be it incompletely) represented
by all studies taxa, except for L. boscai that has the aberrant D-type
over the T3-T11 range, and L. helveticus that shows geographical
variation. Lissotriton boscai is a species that frequently inhabits small
streams (Caetano & Leclair, 1999) and the exceptional morphology
of its vertebrae with thick, square neural spines and with two par-
allel ridges for the attachment of dorsal trunk muscles may be re-
lated to these particular functional demands. Morphotype Cis found
over the length of the trunk (T4-T12) in L. helveticus from Areinho,
Portugal. This species prefers breeding in stagnant water bodies like
small ponds, road ditches, and water tanks, but can also be found
in slow flowing, temporal streams, especially toward the southern
parts of it range (Galan, 1999; Galan & Fernandez, 1993). This ob-
servation lends support to the hypothesis of an association between
the types of vertebrae morphologies and habitat preferences. A
phylogeographical component may also come into play, because
the Areinho population represent a distinct, western Iberian lineage
of L. helveticus (Recuero & Garcia-Paris, 2011). On the other hand,
both French populations also appear morphologically differentiated
with a markedly increased neural spine height (morphotype E) in the
northern population versus the more common F-type in the south,
yet presumably they share the regular Lissotriton aquatic habitat of
stagnant water and belong to the same phylogeographical lineage.
The shape of the mid-trunk vertebrae is largely clade-specific: the
three L. vulgaris subspecies and the phylogenetically closely related
L. schmidtleri (Figure 3) share the same (A-B-C-G-H) axial patterning,
be it that L. v. meridionalis additionally shows the F-type vertebrae
(A-B-C-F-G-H). The sister species L. graecus and L. kosswigi share
the same A-B-F phenotypical series. This configuration may be in-
terpreted as a synapomorphy, given that L. montandoni shares the
A-B-C-G-H configuration with the L. vulgaris group (Figure 3).
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4.4 | Conclusions

The novel, high-dimensional clustering approach provided a de-
tailed insight into morphological variation and differentiation in
vertebrae shape along the trunk and in the divergences in vertebrae
shape among taxa. It also assisted to define the boundaries between
sub-regions, which is an important step toward defining vertebrae
homology in salamander species with different and highly variable
number of trunk vertebrae. However, differentiation and region-
alization of trunk vertebrae in Lissotriton species is not the same as
described for Ambystoma (Jones et al., 2018). The differences may
reflect the deep evolutionary divergence of the Ambystoma and
Lissotriton lineages (Dubois et al., 2021), but may also be affected
by different methodological approaches. The clustering analysis
that we used discriminates vertebrae by their shape without taking
the position of the vertebra in the vertebral column into account.
Conversely, the likelihood-based segmented regression approach
(Jones et al., 2018) considers the vertebral column to be a series of
morphological gradients and takes positional information into ac-
count. We propose that both approaches have their merits and may
fruitfully be applied together to increase our understanding on the

regionalization and development of the vertebral column.
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