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Correlation between Hox code and
vertebral morphology in the mouse:
towards a universal model for Synapsida
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Abstract

Background: The importance of the cervical vertebrae as part of the skull–neck system in facilitating the
success and diversity of tetrapods is clear. The reconstruction of its evolution, however, is problematic because
of the variation in the number of vertebrae, making it difficult to identify homologous elements. Quantification of
the morphological differentiation in the neck of diverse archosaurs established homologous units of vertebrae (i.e.
modules) resulting from Hox gene expression patterns within the cervical vertebral column. The present study aims
to investigate the modularity of the cervical vertebral column in the mouse and to reveal the genetic patterns and
changes underlying the evolution of the neck of modern mammals and their extinct relatives. In contrast to
modern mammals, non-mammalian synapsids are characterized by a variable cervical count, the presence of
free cervical ribs and the presence of a separate CV1 centrum. How might these evolutionary modifications
be associated with changes in the Hox code?

Results: In combination with up-to-date information on cervical Hox gene expression including description of
the vertebral phenotype of Hox knock-out mutants, the 3D landmark-based geometric morphometric approach
demonstrates a correlation between Hox code and vertebral morphology in the mouse. There is evidence that the
modularity of the neck of the mouse had already been established in the last common ancestor of mammals, but
differed from that of non-mammalian synapsids. The differences that likely occurred during the evolution of synapsids
include an anterior shift in HoxA-5 expression in relation to the reduction of cervical ribs and an anterior shift in HoxD-4
expression linked to the development of the highly differentiated atlas-axis complex, whereas the remaining Hox genes
may have displayed a pattern similar to that in mammals on the basis of the high level of conservatism in the axial
skeleton of this lineage.

Conclusion: Thus, the mouse Hox code provides a model for understanding the evolutionary mechanisms
responsible for the great morphological adaptability of the cervical vertebral column in Synapsida. However,
more studies in non-model organisms are required to further elucidate the evolutionary role of Hox genes in
axial patterning of the unique mammalian body plan.
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Background
The evolution of a morphologically distinct and func-
tional neck consisting of a series of cervical vertebrae
(CV) had a great impact on the ecological diversification
of tetrapods due to its involvement in a number of vital
functions [1–3]. These functions most notably include
feeding behavior and locomotion, but also sexual display
and combat behavior (“necking”) [2–6]. Despite the great
numerical and morphological variety in the cervical ver-
tebral column, tetrapods share a common developmental
regulatory program that mediates axial patterning during
embryogenesis [7–9]. During the process of somitogen-
esis, morphologically similar segmental units (somites)
form in the paraxial mesoderm and subsequently differ-
entiate into morphologically distinct vertebrae (reviewed
in [10]). Differentiation of the somites into vertebrae is
controlled by the combinatorial expression of Hox genes
(reviewed in [11]). Evolutionary changes in the vertebral
column have been associated with changes in the spatio-
temporal patterns of Hox gene expression [7–9]. For in-
stance, expression of the Hox-C6 gene starts at the first
thoracic vertebra in a variety of tetrapod species that
differ in cervical count [7, 8, 12]. It corresponds to the
transition from cervical to thoracic vertebrae (i.e. cervi-
cothoracic transition) in mouse (seven CV), chicken (14
CV), goose (17 CV), crocodile (nine CV) and turtle
(eight CV) [7, 8, 12]. Even within the cervical vertebral
column of tetrapods, differences in the number of verte-
brae and, thus, in the morphological regionalization of
the neck correspond to modifications in Hox gene ex-
pression domains (expansion of a Hox gene’s expression
domain and/or a shift of gene expression) [13].
In contrast to non-mammalian tetrapods, mammals are

highly constrained in the number of cervical vertebrae (al-
most exclusively seven CV) and their neck kinematics rely
on interspecific variation in vertebral morphology, but not
in vertebral count [1, 2], Although phylogenetically di-
verse, there is evidence for a common Hox code in living
placental mammals, because they appear to display similar
patterns of morphological differentiation within the neck,
which is thought to reflect a common developmental
regionalization [14, 15]. On basis of the high level of con-
servatism in the axial skeleton of the mammalian lineage,
it may be possible that this applies to synapsids in general.
Therefore, the first step to test the hypothesis is to analyze
the relation between Hox code and vertebral morphology
in mouse. Johnson and colleagues [16] studied the relation
between the change in the number of active Hox genes
and the 2D shape change between vertebrae in mouse and
found a correlation between both. Since then, the Hox
code is more completely characterized; the present study
thus aims to expand on previous work by summarizing
up-to-date information on Hox gene expression, including
information on the vertebral phenotype of Hox knock-out

mutants (as direct evidence for the relationship between
genotype and phenotype). Furthermore, the present work
applies a 3D vertebral shape analysis, which was not
feasible in the past. This makes it possible to test if the 3D
method will show the similar pattern in shape change
between vertebrae in the mouse neck as revealed by the
2D study. In a second step, the morphological changes in
the axial skeleton and potentially associated genetic modi-
fications during synapsid evolution will be discussed. The
differences may be linked with shifts in Hox gene expres-
sion, whereas similarities may indicate a similar Hox gene
expression pattern on the basis of the high level of conser-
vatism in the axial skeleton of this lineage. As a result, this
will reveal if the morphological variation within the cer-
vical vertebral column of the mouse may serve as a Hox
gene expression pattern proxy in synapsids in general.
Reconstruction of Hox gene expression patterns based

on vertebral morphology has only recently become pos-
sible [13, 17]. The correlation between anterior Hox gene
expression and the quantifiable shape of the cervical verte-
brae of living archosaurs (crocodile, alligator, and chicken)
has shown that changes in the expression of the under-
lying genetic code can be deduced solely from vertebral
morphology [13]. Furthermore, the correlation observed
in extant crocodiles and birds allowed the reconstruction
of the hypothetical vertebral Hox code in an extinct rela-
tive, the dinosaur Plateosaurus, which lacks preserved
DNA and is known only from fossils [13]. Differences in
the morphological subunits (modules) within the neck
suggested that modifications in the expression of Hox
genes have occurred during archosaur evolution [8, 13].
Among mammals, the vertebral Hox code is solely

known for the model species mouse [7, 18] but the pres-
ence of the respective Hox genes in the genome of other
placental mammals, marsupials and monotremes is con-
firmed [19]. The conservation of Hox function across dif-
ferent species as shown by previous analyses [7–9, 20] and
the conservative number of cervical vertebrae in mammals
(virtually always seven CV) [21–23] suggest that the Hox
gene expression pattern as seen in the neck of the mouse
was already established in the last common ancestor of
mammals. Yet, the hypothesis that all living mammals
share the identical Hox code remains to be tested.
The aim of the present study is to investigate the mor-

phological modularity of the cervical vertebral column in
the mouse and to analyze the role of previously published
Hox gene expression in determining proper vertebral
morphology. Next, the correlation between anterior Hox
gene expression and the quantifiable shape of the cervical
vertebrae in mouse is tested. As a result, the observations
are discussed in the context of synapsid evolution in order
to evaluate if the mouse Hox code provides a universal
model for Synapsida. In contrast to modern mammals,
non-mammalian synapsids are characterized by a variable
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cervical count, the presence of free cervical ribs and the
presence of a separate CV1 centrum. Therefore, the
following hypotheses will be tested: (1) Is the fixation of
cervical count during evolution related to a mouse-like
Hox code? (2) Is the absence of free cervical ribs associ-
ated with a shift in HoxA-5 expression? (3) Is the evolu-
tionary fusion of the odontoid process to CV2 linked with
a shift in HoxD-4 expression? Ultimately, this will improve
our understanding of the evolutionary mechanisms
responsible for the great morphological adaptability of the
cervical vertebral column that has contributed to the
evolution of the unique mammalian body plan.

Methods
Quantitative morphological analysis
Morphological variability within the cervical vertebral
column of the mouse is evaluated by a landmark-based
geometric morphometric analysis (following the proced-
ure described in [13]). To date, this procedure represents
the best possible method for identifying morphological
modules in vertebral series comprising less than 15 verte-
brae (as compared to the linear regression method
described in [17] since the general rule of thumb is a mini-
mum number of at least 10 to 20 observations for a
regression analysis [24].
The morphometric approach allows the statistical as-

sessment of shape changes between successive vertebrae.
A series of 15 homologous landmarks are digitized on the
three-dimensional scans of the cervical vertebrae (CV2 to
CV7) using the software LANDMARK v. 3.0 [25] (Fig. 1).
The 3D data (specimen TMM M-8671 from the Texas
Memorial Museum) is available from the DigiMorph
digital library (http://www.digimorph.org/specimens/
Mus_musculus/heterozygous/adult/whole/). The homolo-
gous points capture the vertebral shape in three dimen-
sions characterizing the morphology of the vertebral
centrum and the neural arch (Table 1).
The atlas (first cervical vertebra) is not included in the

geometric morphometric analysis due to its highly

unique morphology. It lacks specific serial homologies
with postatlantal cervicals, and thus, several landmarks
cannot be applied to it.
Analysis and visualization of the geometric morphomet-

ric data is performed using the software MORPHOLO-
GIKA [26]. First, the 3D coordinates of all landmarks are
superimposed using a generalized Procrustes analysis
(GPA). The superimposition removes all information un-
related to shape [27]. Next, a relative warps (RW) analysis
is performed to reduce the dimensionality of the dataset.
With the applied settings, this method is equivalent to a
principal components analysis, and reveals similarity rela-
tionships among vertebrae within the cervical vertebral
column. The RW analysis constructs a morphospace in
which shape variation can be quantified. The shape
differences are visualized with three-dimensional thin-
plate splines.
Furthermore, a cluster analysis using the single linkage

algorithm in combination with the Euclidean similarity
index is performed on the superimposed landmark coor-
dinates. This joins the vertebrae based on the smallest
distance between them.
Eventually, the quantitative morphological analysis re-

sults in the establishment of the morphological subunit
pattern in the cervical vertebral column.

Hox gene expression and morphological proxies
Generally, the expression of Hox genes of the paralog
groups (PG) 3 to 6 are involved in mediating the develop-
ment of the cervical vertebral column (e.g. [28]). In par-
ticular, the anterior expression limits of Hox4 and Hox5
PG are responsible for the regional patterning in the neck
and are the focus of the present study. The somitic Hox
gene expression pattern in the cervical vertebral column
of the mouse is established by a literature survey. The sur-
vey focused on embryonic stages at which the somites are
developed along the full anteroposterior body axis and the
somitic Hox gene expression limits are thought to be well
established and stable during further development [7–9].

Fig. 1 Landmark set used in the 3D geometric morphometric analysis. The numbered 3D landmarks (red points) are shown on a schematically
illustrated mid-cervical vertebra of Mus musculus. Detailed definitions of the 15 homologous points are provided in Table 1
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To establish phylogenetic homology [29, 30] between
Hox gene expression in living archosaurs, the Hox gene
expression patterns were compared in relation to verte-
bral morphology in crocodilians and birds [13]. Given
the sister-taxon relationship of these two groups, finding
the same Hox gene expression boundaries coincide with
vertebral subunits are most parsimoniously explained as
implying homology between these modules [13]. These
results from living archosaurs were then used as phylo-
genetic bracket to hypothesize Hox gene expression
patterns from vertebral morphology in the most recent
common ancestor of birds and crocodilians, and in a
fossil representative of this clade [13]. On the basis of
the correlation between gene expression and phenotypic
changes noted above, the present study tests if the
morphological variation of the cervical vertebrae in
mouse may serve as a proxy for the mammalian cervical
Hox code.
Loss-of-function mutations in Hox4 and Hox5 PG and

their effect on the axial skeleton in the mouse are
collected from previously published works.

Results
Morphological variation within the cervical vertebral
column in mouse
The landmark-based geometric morphometric analysis
indicates a distinct morphological differentiation of the
neck in the mouse (Fig. 2). About 84% of the total vari-
ance in the sample is explained by the first two RWs
(Table 2) and, thus, the morphospace constructed from
RW 1 and RW 2 provides a reasonable approximation of

the total shape variation (Fig. 2). The scatter plot shows
that the axis (CV2) is in the second quadrant, the next
three cervical vertebrae (CV3-5) are in the fourth quad-
rant, whereas the last two cervical vertebrae (CV6-7) are
in the first quadrant. RW 1 that separates CV2 from the
postaxial vertebrae, is largely associated with shape dif-
ferences of the vertebral centrum, the pre-zygapophyses
and the neural spine. RW 2 that separates the anterior
group (CV3-5) from the posterior group (CV6-7), is
mainly related to shape differences of the vertebral
centrum and the post-zygapophyses (Fig. 2).
As confirmed by the cluster analysis, the RW analysis

allowed discrimination of the vertebrae in three different
subunits including the axis, three anterior and two
posterior vertebrae in the mouse.

Hox gene expression in the cervical vertebral column in
mouse
The somitic Hox gene expression pattern in the neck
of the mouse is summarized in Fig. 3 (see Table 3 for
references). The seven Hox genes of paralog groups 4
and 5 mediate the specification of the cervical verte-
brae and the three Hox genes of paralog group 6 are
involved in the development of the cervicothoracic
transition. The expression of HoxD-4 starts at CV1,
whereas the anterior expression limits of HoxB-4 and
B-5 are at CV2 [7, 31, 32]. The expression of HoxA-
4, C-4 and A-5 starts at CV3 [7, 9]. HoxC-5 is
expressed in the posterior part of the neck at CV6
[7]. The anterior expression limits of HoxA-6, B-6
and C-6 are at TV1 marking the transition from neck
to trunk [7, 32, 33]. Thus, there are three units of
postatlantal vertebrae in the neck that share the same
Hox code (Fig. 3).
The review of loss-of-function mutations in the mouse

shows how knock-out of Hox4 and Hox5 genes affect
the development of the axial skeleton (Table 4).

Discussion
Morphological modularity and vertebral Hox code in
living mammals
The morphological difference between the atlas (CV1)
and the successive vertebrae is evidently distinct and TV1
markedly differs from the cervical vertebrae by the pres-
ence of ribs connected to the sternum [34]. For the posta-
tlantal cervical vertebral column of the mouse, the present
analysis detected a morphological three-subunit pattern,
indicating that two distinct shape changes occur between
successive cervical vertebrae (between CV2-3 and be-
tween CV5-6). This is consistent with previous 2D studies
that investigated the shape changes along the vertebral
column of the mouse by means of traditional morphomet-
rics [35] and Fourier outline analysis [15, 36, 37], but

Table 1 Definition of landmarks (LM) applied to 3D scans of the
mouse vertebrae

LM Definition

1 dorsal-anterior edge of vertebral centrum

2 ventral-anterior edge of vertebral centrum

3 ventral-posterior edge of vertebral centrum

4 dorsal-posterior edge of vertebral centrum

5 anteriormost edge of articular facet of postzygapophysis

6 dorsal-posterior edge of articular facet of postzygapophysis

7 point of maximum curvature between postzygapophysis and
neural spine

8 posterior edge of neural spine

9 anterior edge of neural spine

10 point of maximum curvature between neural spine and
prezygapophysis

11 posteriormost point of articular facet of prezygapophysis

12 dorsal–anterior edge of articular facet of prezygapophysis

13 ventralmost point of vertebral centrum

14 lateralmost point of vertebral centrum

15 dorsalmost point of vertebral centrum
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extends these investigations by assigning the cervical
vertebrae to morphological modules.
Intriguingly, there is a striking correspondence be-

tween the anterior expression limits of Hox genes and
the morphological modularity of the vertebral column in
the mouse including the atlas, the axis, three anterior
and two posterior cervical vertebrae as distinct vertebral
subunits (Fig. 3.). Furthermore, loss-of-function experi-
ments elucidate the direct relation between Hox genes
and vertebral morphology (Table 4). For instance, the
knockdown of HoxA-4 results in a partial anterior trans-
formation of CV3 because it develops a CV2-type neural
spine [38, 39]. The effect of all mutations is confined
to the expression area of the respective Hox gene.
However, the effect of some mutations is restricted
particularly to the anterior expression area of the
respective Hox gene (Hox4 group), whereas other Hox
mutations affect more posterior expression areas
(Hox5 group) (Table 4). Since the expression of genes
other than the mutant Hox gene usually remains un-
affected, this highlights the relative contribution of
each gene to vertebral development (e.g. [40]).
In summary, the present results show that the morpho-

logical pattern is reflected in the Hox gene expression

pattern not only in living archosaurs [13], but also in the
mouse (this study).

Hox genes and the evolution of mammals
Numerical constraint
The high level of conservatism in the number of cervical
vertebrae in mammals is present early in their evolutionary
history significantly predating the origin of crown mammals
[41, 42]. Non-mammalian synapsids reflect the conserved
axial configuration of extant relatives since they display lit-
tle variation in cervical count [41, 43, 44]. Furthermore,
with a range of five to eight vertebrae in the non-
mammalian synapsid neck [41], the variation is within the
limits observed for modern mammals (e.g. five to nine cer-
vical vertebrae in sloths [45]). However, it has to be noted
that the numerical variation in modern mammals such as
sloths is likely to be secondary deviation and that the cervi-
cothoracic transition still occurs between vertebrae 7 and 8
[46–48]. In combination with the conservatism in mor-
phological modularity detected in the neck of different
mammalian species (this study, [14–16, 49]), the constraint
in cervical count indicates that the Hox code responsible
for the development of the cervical vertebral column was
likely established subsequent to the divergence of the mam-
malian lineage.
Previous studies reported on how changes in the cer-

vical vertebral column correlate with changes in the Hox
gene expression pattern in living archosaurs [8, 13]. The
present work on mammals provides further evidence for
the strong link between the Hox code and quantifiable
vertebral morphology. Due to the high conservatism in
the number of cervical vertebrae, the developmental and
morphological modularity detected in the neck of the
mouse may serve as a model for the early mammalian

Table 2 Percentage of total variance explained and cumulative
variance per relative warp (RW)

RW Variance [%] Cumulative variance [%]

1 54.12 54.12

2 29.63 83.75

3 9.10 92.85

4 4.98 97.83

5 2.17 100.00

Fig. 2 Relative warps (RW) analysis results. The plot shows the shape differences of the cervical vertebrae along RW 1 and RW 2 for Mus musculus.
Thin-plate splines (3D in left lateral view) visualize the variation between landmark configurations of the vertebrae from the mean shape
(zero point). As confirmed by the cluster analysis, the morphological analysis allowed discrimination of the vertebrae in three different subunits
(indicated by color coding)
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neck (Fig. 3). Indeed, there is empirical evidence suggest-
ing that the fixation of cervical count occurred in the
Triassic [14, 21]. This may be associated with the similar
morphological modularity and, thus, the equivalent Hox
gene expression pattern as observed in the mouse
(Fig. 3).
The detected morphological modularity in the neck of

the mouse appears to be a general pattern typical for living
mammals with seven cervical vertebrae [14, 15, 37, 50].
This strongly conserved modularity may be explained by a
combination of numerical and functional constraints

resulting in a evolutionary-developmental trade-off. On one
side, the number of cervical vertebrae in mammals is highly
conserved and, thus, restricts variation. On the other side,
the head-neck system is a vital functional system and dis-
plays morphological adaptations to fundamental functional
demands, which also limits variation. Fundamental func-
tional specializations include the atlas–axis complex, which
is specialized for facilitating mobility of the head, and the
cervicothoracic transition, which forms the junction of the
highly mobile cervical vertebral column to the relatively
stiff thoracic vertebral column [2, 51]. Indeed, the

Fig. 3 Hox code and vertebral morphology through deep time. a Effect of single loss-of-function mutations in Hox4 and Hox5 paralog group on
the cervical vertebral column in the mouse. b Overview and schematic illustration of characteristic features in the cervical vertebral column during
synapsid evolution. The correlation between somitic Hox gene expression pattern and morphological modularity in the neck of Mus musculus
(top right) allows to hypothesize about the Hox code in fossil relatives on basis of major morphological changes. Major morphological and
reconstructed genetic changes are indicated in blue. The mouse Hox code is based on references provided in Table 3. c The correlation between
somitic Hox gene expression pattern and morphological modularity in the neck of the crocodile serves as outgroup configuration (based on [13]).
The crocodilian Hox code is based on references [8, 9, 13]
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comparative morphological analysis of rat and bat vertebrae
revealed that CV2 in rat and bat are very similar, as isCV6
between both species [15]. In contrast, CV3–5 are morpho-
logically very characteristic of each species [15].

Atlas-axis complex (CV1-2) and HoxD-4
In mammals, the cervical vertebral column typically
forms a S-shaped curvature with one flexure in the
anterior region (CV1–3) and the other in the posterior
region (CV6–TV1) [2]. At rest, the cervical vertebral
column of quadrupedal mammals is maximally flexed at
the craniocervical transition [51, 52]. In order to facili-
tate mobility in the anterior cervical region, the first two
vertebrae (CV1–2) display almost universally, highly spe-
cialized conditions [1, 53]. This functional specialization
is closely linked to the evolution of a distinct neck by
the separation of the pectoral girdle from the skull and,
thus, already present early in the evolutionary history of
tetrapods [53]. The plesiomorphic state is that the indi-
vidual elements of the two first cervical vertebrae (neural
arches, centra, and intercentra) remain discrete [43, 53].

Table 3 References for somitic Hox gene expression pattern in
the mouse. The literature survey focused on embryonic stages
at which somitic Hox gene expression limits are thought to be
well established and stable during further development

Gene Embryonic day Reference

HoxA-4 E9-13.5 [7]

HoxB-4 E9-13.5 [7]

HoxC-4 E9-13.5 [7]

HoxD-4 E12.5 [31]

HoxA-5 E11 [9]

HoxB-5 E12.5-13.5 [32]

HoxC-5 E9-13.5 [7]

HoxA-6 E11.5-12.5 [33]

HoxB-6 E12.5-13.5 [32]

HoxC-6 E9-13.5 [7]

Table 4 Single and multiple loss-of-function homozygote mutations in Hox4 and Hox5 paralog group (PG) and effect on the axial
skeleton in the mouse, in particular focusing on the cervical vertebral column. Mutations in Hox3 and Hox6 PG also affect vertebral
development, but are usually confined to the atlanto-occipital and thoracic region [75, 76]. Ref. = references

Gene Old
namea

Mutation
target

Homeotic transformation Modifications Ref.

Hox4 PG
(excl. HoxC-4)

- CV2-5 (partial) anterior transformation CV2-5 developing C1-type characteristics [40]

HoxA-4 Hox-1.4 CV3 partial anterior transformation CV3 developing CV2-type neural spine [38, 39]

CV7 posterior transformation cervical ribs at CV7

HoxB-4 Hox-2.6 CV2 partial anterior transformation CV2 developing anterior arch and extra
ventral tubercula

[77]

HoxC-4 Hox-3.5 CV7 partial posterior transformation cervical rib heads on CV7 [78]

TV3 anterior transformation prominent spinous process on TV3

TV8 anterior transformation vertebrosternal ribs on TV8

HoxD-4 Hox-4.2
/-5.1

CV1-CV3 anterior transformation fusion of neural arches at CV1-3 [79]

CV2 anterior transformation CV2 developing anterior arch, CV1-type
lateral articular surfaces

CV7 posterior transformation cervical ribs at CV7

Hox5 PG - CV3-TV2 anterior transformation CV3-TV2 developing C2-type characteristics [63]

CV7 anterior transformation CV7 developing CV6-like transverse foramina

HoxA-5 Hox-1.3 CV6 anterior transformation absence of ventral tubercula on CV6 [61, 62]

CV7 partial posterior transformation cervical ribs on CV7

LV1 anterior transformation thoracic ribs on LV1

HoxB-5 Hox-2.1 CV6 anterior transformation absence of ventral tubercula on CV6 [32]

CV7 anterior transformation CV7 developing CV6-like ventral tubercula,
transverse foramina

TV1 anterior transformation absence of ribs on TV1

shoulder girdle rostral shift of shoulder girdle forelimbs shifted anteriorly

HoxC-5 Hox-3.4 - - - -
aafter Scott MP: A rational nomenclature for vertebrate homeobox (HOX) genes. Nucleic Acids Res 1993, 21:1687-1688
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Only in mammals, the atlas becomes a ring-shaped
structure solely formed by the neural arch and the inter-
centrum of the first cervical vertebra, and the axis
develops an anterior extension (odontoid process) by
incorporation of the centrum of CV1 [43, 54–56].
Although non-mammalian synapsids already possessed a
typical ring-shaped atlas and a odontoid-like structure,
the later is first not fused to CV2 [57]. The fusion of the
odontoid process to CV2 as seen in modern mammals
occurs sometime in the Mesozoic since cynodonts
display the odontoid as a fused structure [43].
In mouse, the morphological differentiation of the

atlas–axis complex is mediated by the expression of
HoxD-4 which starts at the CV1, and that of HoxB-4
and HoxB-5 which both start at CV2 (Fig. 3). In archo-
saurs (represented by chicken and crocodilian), however,
only the anterior expression limit of HoxB-5 is at CV2,
whereas HoxD-4 shares its anterior expression limit with
HoxB-4 at CV3 [7–9, 13]. Since archosaurs do not de-
velop the high degree of specialization of the atlas–axis
complex seen in mammals, this may indicate that the
shift of HoxB-4 and HoxD-4 expression likely occurred
in Mammaliformes resembling the pattern of the mouse
(Fig. 3). Strikingly, HoxD-4 mutations affect the develop-
ment of CV1-3 (Table 4).

Posterior unit (CV6-7) and HoxC-5
The base of the neck is the second cervical vertebral
region of high mobility, particularly in dorsoventral dir-
ection [2, 51]. Typically, it is markedly extended at rest-
ing position contributing to the lordotic curvature of the
cervical vertebral column [51, 52]. In both archosaurs
and mammals, the anterior expression limit of HoxC-5 is
at the penultimate cervical vertebra [7, 8, 13], irrespect-
ive of the cervical count (Fig. 3). This indicates that the
association between HoxC-5 and the posterior cervical
vertebrae is established early during the evolution of a
distinct neck in tetrapods and, thus, a posterior expres-
sion of HoxC-5 is likely present in synapsids as well. The
same appears to be true for the expression of the Hox6
PG genes, which marks the cervicothoracic transition in
species with varying numbers of cervical vertebrae.
The effect of a single loss-of-function mutation in

HoxC-5 on the axial skeleton can not be evaluated since
it has not been studied to date. However, triple Hox5
mutations affect the development of cervical and anter-
ior thoracic vertebral column (Table 4).

Cervical ribs and HoxA-5
In contrast to the rudimentary, fused cervical ribs in mo-
dern mammals [58], most Mesozoic mammals possessed
freely articulating cervical ribs [14, 42, 59]. This suggests
differences in the genetic code because Hox genes are in-
volved in the specification of rib-bearing and rib-free

vertebrae. For instance, the Hox 10 group specifies the
rib-less lumbar vertebral region [60]. Hox10 loss-of-
function mutants (disruption of all three paralogous
genes) completely lack lumbar vertebrae, but display the
entire lumbosacral region homeotically transformed to a
thoracic-like morphology including ectopic ribs [60]. With
regard to the neck, HoxA-5 is involved in mediating the
development and suppression of cervical ribs [9, 12, 13,
61, 62]. Single mutation experiments in the mouse re-
vealed that disruption of HoxA-5 results in homeotic
transformations of the axial skeleton confined between
CV3 and TV2 (Table 4, Fig. 3a) and one of the most fre-
quent morphological modifications is the development of
a pair of ribs on CV7 [61–63]. Additionally, comparative
analyses with living non-mammalian tetrapods provide
support for the rib-promoting and rib-suppressing role of
HoxA-5 [8, 9, 13]. Alligator and crocodile possess free cer-
vical ribs and the expression limit of HoxA-5 starts in the
posterior cervical vertebral column [8, 9, 13] which con-
trasts with the more anterior expression limit of HoxA-5
observed in the mouse (Fig. 3). Therefore, it is possible
that the Hox code in the neck of non-mammalian synap-
sids and early mammals includes a posterior expression of
HoxA-5. Given the loss of free ribs on the cervical verte-
brae (by reduction and fusion), which occurred in the
Cretaceous [14, 42, 59], the anterior expression limit of
HoxA-5 may be shifted in Mammaliformes resembling the
pattern of the mouse (Fig. 3).
However, it should be noted that the HoxA-5 loss-of-

function mutants did not develop ribs in the entire cer-
vical vertebral column and still retained rib-free cervical
vertebrae (CV3 to CV6) [61–63]. This leaves the ques-
tion open if other Hox genes share some function of
HoxA-5 and, thus, may compensate for the HoxA-5 ver-
tebral phenotype. To date, we lack information in terms
of the cervical vertebral column, but multiple mutants in
the Hox5 group revealed partial functional redundancy
among the Hox genes in the other parts of the animal
body, such as the lung [64, 65] and the forelimb [66].
For instance, mice with mutations of the HoxA-4 gene
[38], the HoxA-5 gene [61] and the HoxA-6 [39] display
a overlapping phenotype (cervical ribs on CV7). Further-
more, overexpression of HoxA-4 results in suppression
of rib formation at CV7 [38]. However, this is not
necessarily an argument against the postulated posterior
expression of HoxA-5 in non-mammalian synapsids and
early mammals, but emphasizes the combinatorial
nature of Hox gene activity in axial patterning.
Conclusive evidence for the HoxA-5 hypothesis in the

mammalian ancestor, however, may be drawn from
future analyses on the Hox gene expression pattern in
monotremes, which are among the only living mammals
that retained cervical ribs [67]. Indeed, except for some
differences in the HoxC cluster, monotremes appear to
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have the identical Hox gene inventory as marsupials and
placental mammals [19], but to date, there is no informa-
tion on the pattern of gene expression. Intriguingly, the
ossification of cervical ribs occurs late (long after the
thoracic ribs) in monotremes, which is in contrast to non-
mammalian tetrapods [68]. Thus, it has been suggested
that the occurrence of this delay in monotremes is linked
to developmental changes involved in the disappearance
of cervical ribs and that these changes could have been
already established in the mammalian ancestor [68].
A parallel case observed for birds may provide further

support for the evolutionary HoxA-5 hypothesis. In
birds, whose cervical ribs are present, but fused to the
vertebrae, the cervical ribs ossify late as in monotremes
[68, 69]. In contrast to mammals and crocodilians, the
anterior expression limit of HoxA-5 is in the middle
region of the neck in the chicken [9] and HoxA5 knock-
down results in defects of the cervical ribs [70].
Altogether, the functional link between HoxA-5 and

cervical ribs is evident and, thus, it is reasonable to con-
clude that a shift in the expression pattern of HoxA-5
occurred at some point during the evolution of mam-
mals. However, more studies in non-model organisms
are required to further elucidate the evolutionary role of
HoxA-5 in axial patterning.

Conclusions
In contrast to non-mammalian tetrapods, in which
the variation in vertebral count also plays a central
role, neck kinematics in mammals are almost exclu-
sively related to interspecific variation in vertebral
morphology [2, 51, 71] because the number of cer-
vical vertebrae is highly constrained (virtually always
seven CV) [22, 23]. For instance, longer vertebrae
and flexible intervertebral joints generally allow for a
higher degree of neck mobility [23, 72], whereas
shorter vertebrae and fusion or additional processes
between vertebrae increase stiffness and provide a
firm and unyielding support to the skull [23, 73, 74].
Despite these significant morphofunctional differences,
the pattern of shape change within the neck appears
to be consistent among diverse mammal taxa [this
study, 14, 15, 48, 58]. On basis of the correlation
between Hox code and vertebral morphology, the
modularity detected in the neck of the mouse is a
reasonable model for mammals with seven cervical
vertebrae. Morphological differences in the pattern of
shape change within the neck between modern mam-
mals and non-mammalian synapsids indicate that
modifications in the Hox code likely occurred during
the evolution of synapsids, including an anterior shift
in HoxA-5 expression in relation to the reduction of
cervical ribs and an anterior shift in HoxD-4 expres-
sion linked to the development of the highly

differentiated atlas-axis complex. Thus, the present
study provides a reliable basis for further research on
the evolution of the vertebral column in mammals in-
cluding future morphological analyses in fossils as
well as Hox gene expression studies in non-model
mammalian species.

Acknowledgements
I thank Prof. Oliver W. M. Rauhut (SNSB-Bayerische Staatssammlung für Geologie
und Paläontologie, Munich, Germany) and Prof. Gert Wörheide (Ludwig-
Maximilians-Universität, Munich, Germany) for valuable discussions. Dr. Timothy
Rowe (University of Texas at Austin, USA) and Ms. Megan Demarest kindly
provided high-resolution CT data of the studied mouse skeleton. Dr. Jessica A.
Maisano (High-Resolution X-ray CT Facility & DigiMorph.org, Department of
Geological Sciences, The University of Texas, USA) is thanked for support. I am
indebted to Ann C. Burke for many useful suggestions and corrections to the
text, and four anonymous colleagues for useful reviews.

Funding
Not applicable.

Availability of data and material
All data generated or analyzed during this study are included in this
published article [and its supplementary information files].

Authors’ contributions
Not applicable.

Competing interests
The author declares that he/she has no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 9 December 2016 Accepted: 16 May 2017

References
1. Gadow HF. The evolution of the vertebral column. A contribution to the

study of vertebrate phylogeny. London: Cambridge University Press; 1933.
2. Slijper EJ. Comparative biologic-anatomical investigation on the vertebral

column and spinal musculature of mammals. Verh K Ned Akad Wet
Afdeeling Natuurkd Tweed Sectie. 1946;42:1–128.

3. Berthoz A, Graf W. Vidal PP (Eds.): The Head-neck Sensory Motor System.
Oxford: Oxford University Press; 1992.

4. Rockwell H, Evans FG. Pheasant HC: The comparative morphology of the
vertebrate spinal column. Its form as related to function. J Morphol.
1938;63:87–117.

5. Kardong KV. Vertebrates: Comparative anatomy, function, evolution. 7th ed.
New York: McGraw-Hill Education; 2015.

6. Gambaryan PP. How mammals run: anatomical adaptations. New York: John
Wiley & Sons; 1974.

7. Burke AC, Nelson CE, Morgan BA, Tabin C. Hox genes and the evolution of
vertebrate axial morphology. Development. 1995;121:333–46.

8. Böhmer C, Rauhut OWM, Wörheide G. New insights into the vertebral Hox
code of archosaurs. Evol Dev. 2015;17:258–69.

9. Mansfield JH, Abzhanov A. Hox expression in the American alligator and
evolution of archosaurian axial patterning. J Exp Zool (Mol Dev Evol).
2010;314:1–16.

10. Christ B, Huang R, Scaal M. Amniote somite derivatives. Dev Dynam.
2007;236:2382–96.

Böhmer Zoological Letters  (2017) 3:8 Page 9 of 11



11. Wellik DM. Hox patterning of the vertebrate axial skeleton. Dev Dynam.
2007;236:2454–63.

12. Ohya YK, Kuraku S, Kuratani S. Hox code in embryos of Chinese soft-shelled
turtle Pelodiscus sinensis correlates with the evolutionary innovation in the
turtle. J Exp Zool (Mol Dev Evol). 2005;304:107–18.

13. Böhmer C, Rauhut OWM, Wörheide G. Correlation between Hox code and
vertebral morphology in archosaurs. Proc Roy Soc Lond B Biol Sci. 2015;282:
20150077.

14. Buchholtz EA, Bailin HG, Laves SA, Yang JT, Chan MY, Drozd LE. Fixed
cervical count and the origin of the mammalian diaphragm. Evol Dev. 2012;
14:399–411.

15. Johnson DR, McAndrew TJ, Oguz Ö. Shape differences in the cervical and
upper thoraic vertebrae in rats (Rattus norvegicus) and bats (Pteropus
poiocephalus): can we see shape patterns derived from position in column
and species membership? J Anat. 1999;194(Pt 2):249–53.

16. Johnson DR, O'Higgins P. Is there a link between changes in the vertebral “hox
code” and the shape of vertebrae? A quantitative study of shape change in
the cervical vertebral column of mice. J Theor Biol. 1996;183:89–93.

17. Head JJ, Polly PD. Evolution of the snake body form reveals homoplasy in
amniote Hox gene function. Nature. 2015;520:86–9.

18. Kessel M, Gruss P. Murine developmental control genes. Science.
1990;249:374–9.

19. Liang D, Wu R, Geng J, Wang C, Zhang P. A general scenario of Hox gene
inventory variation among major sarcopterygian lineages. BMC Evol Biol.
2011;11:25.

20. Gaunt SJ. Conservation in the Hox code during morphological evolution. Int
J Dev Biol. 1994;38:549–52.

21. Buchholtz EA. Crossing the frontier: a hypothesis for the origins of
meristic constraint in mammalian axial patterning. Zoology.
2014;117:64–9.

22. Galis F. Why do almost all mammals have seven cervical vertebrae?
Developmental constraints, Hox genes, and cancer. J Exp Zool (Mol Dev Evol).
1999;285:19–26.

23. Owen R. The principle forms of the skeleton and the teeth. London:
Houlston & Stoneman; 1855.

24. Harrell Jr FE. Regression Modeling Strategies. With Applications to Linear
Models, Logistic Regression, and Survival Analysis. New York: Springer; 2001.

25. Wiley DF. Landmark. 3.0 edition. University of California, Davis: Institute for
Data Analysis and Visualization (IDAV). 2005.

26. O'Higgins P, Jones N: Morphologika2. 2.5 edition: Hull York Medical School; 2006.
27. Rohlf FJ, Slice D. Extensions of the Procrustes method for optimal

superimposition of landmarks. Syst Zool. 1990;39:40–59.
28. Mallo M, Wellik DM, Deschamps J. Hox genes and regional patterning of

vertebrate body plan. Dev Biol. 2010;344:7–15.
29. Nixon KC, Carpenter JM. On homology. Cladistics. 2012;28:160–9.
30. Witmer LM. The extant phylogenetic bracket and the importance of

reconstructing soft tissues in fossils. In: Thomason J, editor. Functional
morphology in vertebrate paleontology. Cambridge: Cambridge University
Press; 1995. p. 19–33.

31. Gaunt SJ, Krumlauf R, Duboule D. Mouse homeo-genes within a subfamily,
Hox-1.4, -2.6 and -5.1, display similar anteroposterior domains of expression
in the embryo, but show stage- and tissue-dependent differences in their
regulation. Development. 1989;107:131–41.

32. Rancourt DE, Tsuzuki T, Capecchi MR. Genetic interaction between hoxb-5
and hoxb-6 is revealed by nonallelic noncomplementation. Genes Dev.
1995;9:108–22.

33. Toth LE, Slawin KL, Pintar JE, Nguyen-Huu MC. Region-specific expression of
mouse homeobox genes in the embryonic mesoderm and central nervous
system. Proc Natl Acad Sci U S A. 1987;84:6790–4.

34. Nickel R, Schummer A, Seiferle E. Lehrbuch der Anatomie der Haustiere I:
Bewegungsapparat. Stuttgart: Parey; 2003.

35. Shinohara H. The mouse vertebrae: changes in the morphology of mouse
vertebrae exhibit specific patterns over limited numbers of vertebral levels.
Okajimas Folia Anat Jpn. 1999;76:17–32.

36. O'Higgins P, Johnson DR. The inheritance of vertebral shape in the mouse.
II. A study using Fourier analysis to examine the inheritance of patterns of
vertebral variation in the cervical and upper thoracic vertebral column. J
Anat. 1993;182(Pt 1):65–73.

37. O'Higgins P, Milne N, Johnson DR, Runnion CK, Oxnard CE. Adaptation
in the vertebral column: a comparative study of patterns of metameric
variation in mice and men. J Anat. 1997;190(Pt 1):105–13.

38. Horan GS, Wu K, Wolgemuth DJ, Behringer RR. Homeotic transformation of
cervical vertebrae in Hoxa-4 mutant mice. Proc Natl Acad Sci U S A.
1994;91:12644–8.

39. Kostic D, Capecchi MR. Targeted disruptions of the murine Hoxa-4 and
Hoxa-6 genes result in homeotic transformations of components of the
vertebral column. Mech Dev. 1994;46:231–47.

40. Horan GS, Ramirez-Solis R, Featherstone MS, Wolgemuth DJ, Bradley A,
Behringer RR. Compound mutants for the paralogous hoxa-4, hoxb-4, and
hoxd-4 genes show more complete homeotic transformations and a
dose-dependent increase in the number of vertebrae transformed. Genes
Dev. 1995;9:1667–77.

41. Müller J, Scheyer TM, Head JJ, Barrett PM, Werneburg I, Ericson PGP, Pol D,
Sánchez-Villagra MR. Homeotic effects, somitogenesis and the evolution of
vertebral numbers in recent and fossil amniotes. Proc Natl Acad Sci U S A.
2010;107:2118–23.

42. Crompton AW, Jenkins Jr FA. Mammals from reptiles: a review of
mammalian origins. Ann Rev Earth Planet Sci. 1973;1:131–55.

43. Romer AS. Osteology of the Reptiles. Chicago: The University of Chicago
Press; 1976.

44. Hirasawa T, Kuratani S. A new scenario of the evolutionary derivation of the
mammalian diaphragm from shoulder muscles. J Anat. 2013;222:504–17.

45. Varela-Lasheras I, Bakker AJ, van der Mije SD, Metz JA, van Alphen J, Galis F.
Breaking evolutionary and pleiotropic constraints in mammals: On sloths,
manatees and homeotic mutations. Evodevo. 2011;2:11.

46. Hautier L, Weisbecker V, Sanchez-Villagra MR, Goswami A, Asher RJ. Skeletal
development in sloths and the evolution of mammalian vertebral
patterning. Proc Natl Acad Sci U S A. 2010;107:18903–8.

47. Buchholtz EA, Stepien CC. Anatomical transformation in mammals:
developmental origin of aberrant cervical anatomy in tree sloths. Evol Dev.
2009;11:69–79.

48. Asher RJ. Müller J (Eds.): From Clone to Bone: The Synergy of Morphological
and Molecular Tools in Palaeobiology. Cambridge: Cambridge University
Press; 2012.

49. Böhmer C, Rauhut OWM, Wörheide G. Comparative shape analysis of the
neck in extinct and extant archosaurs: implications for vertebral evolution in
sauropodomorph dinosaurs. J Vert Paleontol. 2011;61A:73–4.

50. Arnold P, Forterre F, Lang J, Fischer MS. Morphological disparity, conservatism,
and integration in the canine lower cervical spine: insights into mammalian
neck function and regionalization. Mamm Biol. 2016;81:153–62.

51. Graf W, de Waele C, Vidal PP. Functional anatomy of the head-neck
movement system of quadrupedal and bipedal mammals. J Anat.
1995;186:55–74.

52. Vidal PP, Graf W, Berthoz A. The orientation of the cervical vertebral column in
unrestrained awake animals. I Resting position Exp Brain Res. 1986;61:549–59.

53. Evans FG. The morphology and functional evolution of the atlas-axis
complex from fish to mammals. Ann N Y Acad Sci. 1939;39:29–104.

54. Bergmann C. Einige Beobachtungen und Reflexionen über die
Skelettsysteme der Wirbeltiere. Göttinger Studien. 1845;1:191–254.

55. Jenkins Jr FA. The evolution and development of the dens of the
mammalian axis. Anat Rec. 1969;164:173–84.

56. Jenkins Jr FA. The postcranial skeleton of African cynodonts. Problems in
the early evolution of the mammalian postcranial skeleton. Bull Peabody
Mus Nat Hist. 1971;36:1–216.

57. Kemp TS. The atlas-axis complex of mammal-like reptiles. J Zool. 1969;159:
223–48.

58. Cave AJE. The morphology of the mammalian cervical pleurapophysis. J
Zool. 1975;177:377–93.

59. Rose KD. The Beginning of the Age of Mammals. Baltimore: The Johns
Hopkins University Press; 2006.

60. Wellik DM, Capecchi MR. Hox10 and Hox11 genes are required to globally
pattern the mammalian skeleton. Science. 2003;30:363–7.

61. Jeannotte L, Lemieux M, Charron J, Poirier F, Robertson EJ. Specification of
axial identity in the mouse: role of the Hoxa-5 (Hox1.3) gene. Genes Dev.
1993;7:2085–96.

62. Aubin J, Lemieux M, Tremblay M, Behringer RR, Jeannotte L. Transcriptional
interferences at the Hoxa4/Hoxa5 locus: importance of correct Hoxa5
expression for the proper specification of the axial skeleton. Dev Dynam.
1998;212:141–56.

63. McIntyre DC, Rakshit S, Yallowitz AR, Loken L, Jeannotte L, Capecchi MR,
Wellik DM. Hox patterning of the vertebrate rib cage. Development.
2007;134:2981–9.

Böhmer Zoological Letters  (2017) 3:8 Page 10 of 11



64. Boucherat O, Montaron S, Berube-Simard FA, Aubin J, Philippidou P,
Wellik DM, Dasen JS, Jeannotte L. Partial functional redundancy
between Hoxa5 and Hoxb5 paralog genes during lung morphogenesis.
Am J Physiol Lung Cell Mol Physiol. 2013;304:L817–830.

65. Hrycaj SM, Dye BR, Baker NC, Larsen BM, Burke AC, Spence JR, Wellik DM.
Hox5 genes regulate the Wnt2/2b-Bmp4-signaling axis during lung
development. Cell Rep. 2015;12:903–12.

66. Xu B, Hrycaj SM, McIntyre DC, Baker NC, Takeuchi JK, Jeannotte L, Gaber ZB,
Novitch BG, Wellik DM. Hox5 interacts with Plzf to restrict Shh expression in
the developing forelimb. Proc Natl Acad Sci U S A. 2013;110:19438–43.

67. Jenkins FA. Monotremes and the biology of Mesozoic mammals. Neth J
Zool. 1990;40:5–31.

68. Weisbecker V. Monotreme ossification sequences and the riddle of
mammalian skeletal development. Evolution. 2011;65:1323–35.

69. Maxwell EE. Comparative embryonic development of the skeleton of the
domestic turkey (Meleagris gallopavo) and other galliform birds. Zoology.
2008;111:242–57.

70. Chen JW, Zahid S, Shilts MH, Weaver SJ, Leskowitz RM, Habbsa S, Aronowitz D,
Rokins KP, Chang Y, Pinnella Z, et al. Hoxa-5 acts in segmented somites to
regulate cervical vertebral morphology. Mech Dev. 2013;130:226–40.

71. Gal JM. Mammalian spinal biomechanics. I. Static and dynamic mechanical
properties of intact intervertebral joints. J Exp Biol. 1993;174:247–80.

72. English AW. Limb movements and locomotor function in the California sea
lion (Zalophus californianus). J Zool. 1976;178:341–64.

73. Buchholtz EA. Vertebral osteology and swimming style in living and fossil
whales (Order: Cetacea). J Zool. 2001;253:175–90.

74. Galliari FC, Carlini AA, Sánchez-Villagra MR. Evolution of the axial skeleton in
armadillos (Mammalia, Dasypodidae). Mamm Biol. 2010;75:326–33.

75. Manley NR, Capecchi MR. Hox group 3 paralogous genes act synergistically
in the formation of somitic and neural crest-derived structures. Dev Biol.
1997;192:274–88.

76. Condie BG, Capecchi MR. Mice homozygous for a targeted disruption of
Hoxd-3 (Hox-4.1) exhibit anterior transformations of the first and second
cervical vertebrae, the atlas and the axis. Development. 1993;119:579–95.

77. Ramirez-Solis R, Zheng H, Whiting J, Krumlauf R, Bradley A. Hoxb-4 (Hox-2.6)
mutant mice show homeotic transformation of a cervical vertebra and
defects in the closure of the sternal rudiments. Cell. 1993;73:279–94.

78. Saegusa H, Takahashi N, Noguchi S, Suemori H. Targeted disruption in the
mouse Hoxc-4 locus results in axial skeleton homeosis and malformation of
the xiphoid process. Dev Biol. 1996;174:55–64.

79. Horan GSB, Kovàcs EN, Behringer RR, Featherstone MS. Mutations in
paralogous Hox genes result in overlapping homeotic transformations of
the axial skeleton: evidence for unique and redundant function. Dev Biol.
1995;169:359–72.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Böhmer Zoological Letters  (2017) 3:8 Page 11 of 11


	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Quantitative morphological analysis
	Hox gene expression and morphological proxies

	Results
	Morphological variation within the cervical vertebral column in mouse
	Hox gene expression in the cervical vertebral column in mouse

	Discussion
	Morphological modularity and vertebral Hox code in living mammals
	Hox genes and the evolution of mammals
	Numerical constraint
	Atlas-axis complex (CV1-2) and HoxD-4
	Posterior unit (CV6-7) and HoxC-5
	Cervical ribs and HoxA-5


	Conclusions
	Acknowledgements
	Funding
	Availability of data and material
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Publisher’s Note
	References

