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Abstract: The axial skeleton of all vertebrates is composed of individual units known as vertebrae. 

Each vertebra has individual anatomical attributes, yet they can be classified in five different groups, 

namely cervical, thoracic, lumbar, sacral and caudal, according to shared characteristics and their 

association with specific body areas. Variations in vertebral number, size, morphological features 

and their distribution amongst the different regions of the vertebral column are a major source of 

the anatomical diversity observed among vertebrates. In this review I will discuss the impact of 

those variations on the anatomy of different vertebrate species and provide insights into the genetic 

origin of some remarkable morphological traits that often serve to classify phylogenetic branches or 

individual species, like the long trunks of snakes or the long necks of giraffes. 
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1. Introduction 

Despite the remarkable anatomical diversity observed among vertebrate species, 

they all have an axial skeleton composed of segmental units, the vertebrae. The diversity 

observed in the number, size and specific attributes of the different vertebrae and in their 

specific assembly in the vertebral column reflects different adaptation strategies to the 

wide variety of ecological niches conquered by vertebrates. In this review, I will discuss 

different aspects of vertebrate body diversity, mostly focusing on the axial skeleton and 

aiming at providing an account of the possible mechanisms behind the development of 

some prominent features that often serve as defining hallmarks of a given species. 

Somites represent the first sign of segmentation along the main body axis. These are 

paired epithelial structures at both sides of the developing spinal cord that generate the 

vertebrae and ribs, the body dermis and the skeletal muscles of both the body and the 

limbs [1]. Somites are generated sequentially in a rostral to caudal progression through 

the process of somitogenesis, occurring at the caudal end of the growing body axis. Somi-

togenesis has been extensively described in many excellent reviews [2–5] and will not be 

discussed here. 

The total number of somites, and thus vertebrae, produced during embryonic devel-

opment varies widely among vertebrates but is fairly constant within a given species. This 

variability represents one of the major sources of morphological diversity across verte-

brate phylogeny. It should be noted that in amniotes somitic contribution to vertebral for-

mation starts with somite pair 5, as more anterior somite pairs participate in the develop-

ment of the occipital bone [6]. In anamniotes only the first three somite pairs contribute to 

skull elements [7,8]. This is an important consideration as it directly influences evaluation 

of the impact that differential regional regulation of somite differentiation has on verte-

bral identity. 
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Somites are morphologically similar when they are first produced during somitogen-

esis, but generate vertebrae with distinct individual features that, again, are highly con-

served within a given species but vary significantly across vertebrate phylogeny. While in 

general unique anatomical identities can be attributed to each vertebral unit, subsets of 

them share features that led to their classification into five different groups, namely cer-

vical, thoracic, lumbar, sacral and caudal, which can be applied to most vertebrate species. 

The distribution of the vertebrae among these different groups, normally known as the 

axial formula [9], is another of the major sources of diversity among vertebrate clades. 

A large number of expression and genetic studies have shown that both the individ-

ual and regional identity of the different vertebrae mostly results from the activity of 

genes of the Hox family. Given their important role in generating morphological diversity 

I will provide a brief outline of their main features, but extensive reviews on their function 

can be found elsewhere [10–12]. 

In vertebrates the different members of the Hox gene family are located in clusters 

that are thought to have resulted from sequential duplications of the genome during the 

emergence of vertebrates [13]. The number of clusters vary across vertebrate phylogeny. 

For instance, mammals, which often serve as the main reference, contain four clusters, 

named A to D [13], whereas teleost fishes, like the zebrafish (Danio rerio), have seven clus-

ters [14]. The individual Hox genes (39 in mammals) are classified in 13 paralog groups 

according to sequence homologies and their position within the cluster, distributed from 

1 to 13 in a 3’–5’ orientation within the cluster [13]. The genomic arrangement of Hox genes 

impacts their spatial and temporal expression during embryonic development: lower 

number paralogs are the first to be activated in anterior embryonic regions, followed al-

most sequentially by Hox genes of increasing paralog numbers at more posterior embry-

onic regions as the embryo extends at its caudal end [13]. This type of regulation results 

in the expression of different combinations of Hox genes at different axial levels, which is 

thought to play a significant role in the generation of distinct segmental identities along 

the main body axis [13]. 

2. The Neck: Different Solutions to Similar Problems 

Neck size varies substantially among vertebrate species. The main source of this var-

iation results from the number of vertebral units allocated to this region of the axial skel-

eton. Amphibians and snakes occupy one end of the spectrum, containing between one 

and three cervical vertebrae, whereas birds are placed at the other end, containing a vari-

able but always rather large number of cervical vertebrae, championed by swans with 

their 25 units (Figure 1) [7,15–17]. Mammals are located at the middle of the scale, mostly 

adhering to the seven cervical vertebrae rule with the exception of manatees and sloths 

[18]. The origin of this variability has been traced to Hox genes. Comparative studies of 

Hox gene expression in embryos from species with different numbers of neck vertebrae, 

including snakes (Pantherophis guttatus), lizards (Aspidoscelis uniparens), caecilians (Ichthy-

ophis cf. kohtaoensis), chickens (Gallus gallus), geese (Anser anser), mice (Mus musculus), al-

ligators (Alligator mississippiennsis) and frogs (Xenopus laevis) [15,17,19–21], showed a 

strong correlation between the somite level at which Hox genes of paralog groups 5 and 6 

become activated and the anatomical position of the neck to trunk transition in the verte-

bral column. Experimental support for this hypothesis was provided by genetic experi-

ments in the mouse. In particular, it has been shown that anterior expansion of Hoxb6 

expression anticipated the transition into trunk structures with the concomitant reduction 

of the neck size [22]. Conversely, global inactivation of Hox group 5 or group 6 genes both 

moved the neck to trunk transition posteriorly by one or two segments [23]. While these 

null phenotypes look somewhat milder than what might be expected, it is likely that this 

derives from functional redundancy between genes in these two paralog groups. Indeed, 

trans-heterozygote animals for the Hoxb6 and Hoxb5 genes indicated their functional co-

operation in skeletal patterning processes [24]. 
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The diversity in the number of neck vertebrae might thus reflect species-specific var-

iations in the activation mechanisms of Hox5 and Hox6 paralog genes. So far, a large part 

of our knowledge about the mechanisms regulating Hox gene expression comes from ge-

netic experiments in mice and embryonic stem cells and, therefore, it is not possible to 

provide a properly documented account of differential activation mechanisms among 

species with different neck vertebral counts. However, the identification of regulatory 

mechanisms involving chromatin structure as a crucial component in the sequential acti-

vation of Hox genes [12,25–28] provides some indications on possible mechanisms for this 

differential regulation. In particular, it has been shown that the 3’ and 5’ parts of the Hox 

clusters are embedded within two adjacent topologically associating domains (TADs) [29–

31], three dimensional chromatin territories marking the genomic space thought to allow 

interactions between genes and regulatory elements [32,33]. Hox gene activation is con-

trolled by regulatory landscapes within each of the two TADs [12]. Sequential Hox activa-

tion thus requires that at a given point transcriptional regulation switches from elements 

within the 3’ TAD to those in the 5’ TAD [28,30]. This switch might play a relevant role in 

the Hox5 and Hox6 activation profiles observed in different species. In particular, the bor-

der between the two Hox-associated TADs is located at the level of the Hox5 and Hox6 

paralogs, and it has been shown that the integrity of this border is important to guarantee 

proper Hox gene regulation [29,34]. Detailed experiments in mice also showed that acti-

vation of Hoxa5 and Hoxa6 is associated with a change in Hox regulation from WNT- to 

Cdx-dependent mechanisms [35]. It is thus possible that the difference in the number of 

cervical vertebrae results from variations in the mechanisms eliciting the switch between 

TAD regulatory landscapes, which could result from distinct intrinsic properties of Cdx 

or WNT-related factors, or of their downstream effectors. Understanding whether these 

or other mechanisms are involved in this process will require direct evaluation in different 

species. 

Not all neck size variabilities are associated with a different number of vertebrae al-

located to this segment of the axial skeleton. Mammals, for instance, contain a fixed num-

ber of cervical vertebrae, but their relative neck size varies extensively among clades. A 

study including 352 species revealed that with few exceptions, the relative size of the 

mammalian cervical column correlates inversely with the animal’s body mass [36]. Gi-

raffes represent the best known exception to this inverse allometry and provide a para-

digmatic example to illustrate the generation of long necks through a substantial size in-

crease of their cervical vertebral units [37]. Importantly, the cervical vertebrae are the only 

elements of the giraffe axial skeleton whose size deviates significantly from that observed 

in the homologous bones from related species with shorter necks [37] (Figure 1), indicat-

ing a very precise regional restriction of the mechanisms responsible for the increased 

vertebral size. Despite the fascination that the long necks of giraffes have generated over 

the years, we are still far from providing a convincing account of the mechanisms that 

generate this remarkable anatomical feature. Some possible explanations have been sug-

gested from the genomic sequence analysis of two giraffe species (Giraffa camelopardalis 

and Giraffa tippelskirchi) [38,39]. One such hypotheses stemmed from the significant gi-

raffe-specific nucleotide changes observed in some members of the NOTCH, WNT and 

FGF pathways. Given the substantial involvement of these pathways in the temporal dy-

namics of somitogenesis and, eventually, somite size [4], it was suggested that the regula-

tory balance between these pathways during giraffe somitogenesis would produce larger 

somites. Specific attention was given to FGF signaling because experimental alterations in 

its activity during chicken somitogenesis were paralleled by significant changes in somite 

size [40]. This suggested the possibility that functional modifications in Fgfrl1, one of the 

most divergent genes in giraffe [38], could have readjusted the dynamics of somitogenesis 

in a way that favors production of larger somites. Recent genetic data, however, linked 

the giraffe-specific Fgfrl1 features not to the size of cervical vertebrae but to their remark-

able resistance to high blood pressure [39]. An alternative mechanism for the production 
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of the large vertebrae involves differential growth of the skeletal elements derived from 

otherwise similarly sized neck somites. 

 

Figure 1. Two different mechanisms for neck size increase. (A) In birds, neck size is mostly related 

to the number of cervical vertebrae, illustrated here with the cervical region of a swan (Cygnus olor), 

which contains up to 25 cervical vertebrae. B,C Most mammals have seven cervical vertebrae and 

neck size differences depend on the size of their individual cervical vertebrae. Giraffes (B) (e.g., 

Giraffa camelopardalis) are the paradigmatic example for a long necked mammal. Importantly, com-

parison with its closely phylogenetically related okapi (Okapia johnstoni) (C) shows that the change 

in vertebral size is restricted to the cervical region, as their thoracic vertebrae are of equivalent sizes 

(with the exception of the first thoracic of giraffes). Cervical vertebrae are colored in blue, thoracic 

vertebrae in green and the head in gray. 

Irrespective from the specific mechanism, however, full understanding of the origin 

of giraffe’s large cervical vertebrae must also account for its precise regional specificity. 

Hox genes, and most particularly those of paralog groups 3 and 4, are prime candidates to 

fulfill this role, as they have been shown to shape the anatomy and size of the cervical 

vertebrae in the mouse [41–43]. Significant sequence changes in giraffe Hox genes when 

compared to okapi (Okapia johnstoni) were only found in Hoxb3 [38], thus making it un-

likely that intrinsic properties of these genes justify the production of the large cervical 

vertebrae. Hox genes might still control selective growth of cervical vertebrae through sig-

nificant functional changes in their downstream effectors. For instance, considering that 

the NOTCH, WNT and FGF signaling pathways are also involved in skeletal growth and 

remodeling processes [44–46], it would be possible that the giraffe specific changes in 

these pathways enhance their capacity to promote skeletal growth. If any of these factors 

are part of specific regulatory networks downstream of Hox3 or Hox4 proteins, the activ-

ity of these Hox genes in the giraffe embryo could then promote a regional specific increase 

of the cervical vertebrae. This or other possible hypotheses for the origin of the skeletal 

neck pattern of giraffes will require direct experimental validation. 

Neck vertebral development in cetaceans took a route opposite to that of giraffes: 

they also have seven vertebral units, but are very small and fused [18], a structural char-

acteristic thought to facilitate swimming by providing stability at the expense of head mo-

bility. The origin of this cervical pattern is essentially unknown but could be related to 

variations in similar processes as those producing long cervical elements in giraffes but 

with an opposite value. Independent of the mechanisms, the presence of the same number 

of cervical vertebrae in giraffes and cetaceans, regardless of their totally different relative 

size in the adult animal, highlights the inability of mammals to adapt to environmental 

pressures requiring changes in neck size by modifying the number of vertebral elements, 

relying instead on alternative mechanisms. Indeed, the seven cervical rule seems to be 
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broken only by manatees and sloths [18,47], and even for sloths, recent data suggest that 

although they have 8–10 vertebrae before the first segment associated with a sternal rib, 

ossification criteria indicate that only the first seven vertebrae fit the cervical parameters 

[48], which would place sloths back into adhering to the seven cervical rule. 

There are two main lines of thought to explain this remarkable developmental con-

strain. One of them links it to the presence of a muscular diaphragm, a mammalian-spe-

cific feature playing a fundamental role in their respiratory mechanics and thought to 

have allowed the development of distinctive mammalian physiological traits, including 

elevated body temperature and high resting metabolic rates [47,49]. The developmental 

module that generates and guides migratory pathways of the muscle precursors for the 

diaphragm are tightly coordinated with those guiding forelimb muscle development, in-

volving adjacent somites of the prospective cervical region [50]. It has been suggested that 

the tight functional links between these two processes reduces the capacity of the system 

to allow significant changes without fatally interfering with fundamental features of 

mammalian physiology [49]. The observation that the diaphragm of manatees differs in 

its position from those in other mammals, likely associated with the unique position of 

their lungs along the animals back [51], seems to provide some support to the diaphragm-

based hypothesis. The other line of thought stems from the observation of increased inci-

dence of malformations potentially linked to altered Hox gene expression, like ectopic cer-

vical ribs, in children suffering from congenital cancers [52]. It was then proposed that in 

mammals changes in Hox gene expression required to modify the number of cervical ver-

tebrae would be associated with an increased production of malignances that would in-

terfere with fixing the new developmental traits, an effect less likely to happen in birds or 

reptiles, given their apparently increased resistance to cancer compared to mammals [52]. 

It should be noted that, while neck length variation in birds derives to a large extent 

from the number of cervical vertebrae, which vary from 10 to 25, it has also been shown 

that the size of the individual elements also contributes to the neck length diversity ob-

served across avian phylogeny, which, contrary to what is observed in mammals, shows 

general positive allometry with body size [53]. 

3. Trunk Size and Shape: Extreme Differences 

In general terms, it can be considered that the trunk is the body region holding most 

of the organs of the cardiovascular, digestive, excretory and reproductive systems, 

roughly corresponding to the thoracolumbar and sacral regions of the axial skeleton. 

Trunk length varies widely among vertebrates, from spanning the length of just a few 

vertebrae in frogs to more than 300 in some snakes. 

In general, the neck to trunk transition in the axial skeleton is marked by the position 

of the first vertebra containing a moveable rib attached to the sternum. Therefore, the po-

sition of the first trunk vertebra and neck length are two sides of the same process. The 

new question is then what determines where the trunk ends. As discussed for the neck 

size, the correlation between activation of specific Hox paralog groups and anatomical 

transitions in the axial skeleton, together with the role of these genes in specifying seg-

mental identities, suggested their possible involvement as key determinants of trunk size 

variability among vertebrates. These correlations also brought these genes to center stage 

in the quest for the origin of the snake body plan, which has been a major driver of re-

search on the mechanisms behind anatomical diversity among vertebrates. Indeed, the 

finding that activation of Hox paralog groups 10–13 was strongly delayed in snakes com-

pared to other vertebrates, correlating with the end of trunk structures [17,20], was con-

sistent with this hypothesis. Similarly, a more posterior activation of the same Hox pa-

ralogs in mutant mice with extended trunks was also indicative of a connection between 

Hox genes and trunk size [54–56]. However, extensive genetic evidence in mice seems to 

argue against a causal role of Hox genes in this process, as major changes in Hox gene 

expression, either through their single or combined inactivation or by gain of function 
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approaches, failed to produce significant changes in trunk size, as estimated by the dis-

tance between the fore and hind limb buds, despite generating in some cases major verte-

bral identity changes along the anterior posterior axis [10]. 

Contrary to what was observed for Hox genes, genetic inactivation of various factors 

involved in the TGF signaling pathway resulted in significant expansions of the trunk 

region, often at the expense of the development of more caudal areas of the body (Figure 

2). Collective analyses of those experiments identified Gdf11, acting through the Tgfbr1 

and Acvr2b receptors, as the key activator of the trunk to tail transition and, thus, a major 

player in the establishment of trunk length [54,55,57–62]. While most genetic experiments 

were performed in mice, recent data indicate that the role of Gdf11 to control the end of 

trunk development is likely a general feature across vertebrate phylogeny. In particular, 

it has been shown that its expression closely correlates with the position of the transition 

to tail development in different vertebrate species [56,63]. In addition, experimental mod-

ulation of Gdf11 activity was able to change the position of the trunk to tail transition in 

animals other than mice [63,64]. 

 

Figure 2. Trunk elongation in the absence of Gdf11 signaling. The figure shows a mouse wild type 

(A) and a Gdf11-/- embryo (B) at embryonic stage 11.5, to illustrate the increase in size of the interlimb 

region (as estimated by the number of somites), which represents the trunk region, in Gdf11 mutant 

embryos. 

An extension of the trunk region has also been reported for mice lacking all three 

miR196 genes [65]. Interestingly, experimental miR196 up- or downregulation during 

zebrafish embryonic development produced small trunk contractions or expansions, re-

spectively, further linking miR196s to trunk size regulation [66]. miR196 genes are located 

within the Hox clusters and have been reported to be able to control expression of some 

Hox genes [67]. Hox genes also showed abnormal patterns in miR196 global mutants that 

correlate with the changes in the axial skeleton [65]. However, it is not clear whether these 

changes in Hox expression patterns derive from direct regulation by miR196 and if changes 

in Hox gene expression are the cause or the consequence of the extended trunk region in 

the miR196 mutants. In this regard, there are some indications suggesting that miR196s 

could control the Gdf11 pathway, as the global miR196 mutant phenotype resembles fea-

tures observed in some Gdf11 heterozygous mice and Gdf11 expression was significantly 

reduced in miR196 mutant embryos [65]. Direct experimental analyses will be required to 

determine whether or not miR196 and Gdf11 are indeed functionally connected and the 

nature of such an eventual connection. 

While interference with Gdf11 signaling or inactivation of the miR196 family changed 

trunk size, they had no significant effect on overall extension of the body axis [54,65]. 

These observations indicate that changes in these activities are not sufficient to generate 
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the typical snake body plan. Indeed, a combination of experimental and modeling ap-

proaches led to the identification of two additional processes that might play significant 

roles in the production of the elongated trunks of snakes. One of these processes consist 

of an extended period of Oct4 (Pou5f1) activity in the epiblast of snake embryos, most 

likely resulting from major changes in the regulation of its expression [56], which might 

be the key to guarantee the continuous production of tissue required to extend the body 

axis through the trunk area. The possibility of direct experimental intervention in snake 

embryos is very reduced, thus limiting the extent of direct validation that can be done 

with these embryos, but transgenic experiments in mice provided some support for this 

hypothesis [56]. A second process that might have contributed to the large vertebral count 

characteristic of snakes is the accelerated somitogenesis that results in the generation of a 

larger number of segments forming trunk vertebrae [16]. These somites are smaller than 

those of embryos in other vertebrate species but generate vertebrae with dimensions 

equivalent to those of other vertebrates of similar size, and therefore, the expansion of 

each individual segment during differentiation results in a significant global elongation 

of their main body axis. 

The basic body layout generated by Oct4 and Gdf11 signaling (the involvement of 

additional factors cannot be ruled out) leads to the production of body structures through 

the coordinated action of downstream factors that guarantee the production of the tissues 

appropriate to the different body areas. This is the stage where the contribution of Hox 

genes is essential by regulating the layout of vertebral patterns fitting the specific require-

ments of the different body regions along the main body axis [68]. The specific attributes 

of the trunk-associated skeleton are not uniform, varying significantly across vertebrate 

phylogeny and often adjusted to facilitate particular characteristics of the animal physiol-

ogy or behavior. Mammals provide a good example for this. Their trunk skeleton is the 

most clearly regionalized among vertebrates, typically composed of a closed rib cage (tho-

racic region) consisting of ribs connecting the vertebra with the sternum in the ventral 

midline, often followed by a ribless lumbar region before the sacrum that marks the end 

of trunk structures. The number of thoracolumbar vertebrae in mammals is not as strict 

as that in their neck but still stays within a relatively short range, from 19 in even-toed 

ungulates to 24 in African elephants [69]. Interestingly, it has been argued that the specific 

anatomy and evolutionary conservation of the vertebral structure of this area results from 

adaptation to the type of locomotion of the species. It is thought, for instance, that the 

presence of a ribless and flexible lumbar region is important to allow fast and agile move-

ments, features that are not so important in slower and sturdier animals [69]. Indeed, ele-

phants lack the ribless lumbar domain characteristic of most other mammals. 

Birds also have a unique configuration of their trunk axial skeleton, adapted to pro-

vide their wings and legs the strong support required to facilitate their flying and bipedal 

walking mechanics. It is composed of a compact rib cage with a reduced number of ribs 

followed by the synsacrum, a structure formed by the fusion of their lumbar, sacral and 

the last thoracic units [70], which also fuse with the pelvic girdle to provide the strong 

attachment for the hindlimbs required for a bipedal walk with a gravity center rostral to 

the leg position. 

Snakes show a totally different type of trunk axial skeleton, consisting of a large num-

ber of rib-containing vertebrae extending all the way to the anal region. The number of 

trunk vertebrae varies both among snake species and often within a given species, show-

ing sexual dimorphism, with females normally containing a larger number of trunk ver-

tebrae that produce longer trunks, a trait thought to favor fecundity [71]. Importantly, 

snakes do not have a sternum. Therefore, contrary to mammals, birds or limbed lizards, 

snakes lack a closed rib cage and their ribs end freely within the soft tissues at the ventral 

part of the body, a feature that might be essential to allow the extreme body expansion 

required for their feeding strategies. 

Subregionalization of the trunk axial skeleton depends, to a large extent, on differen-

tial Hox gene expression and most specifically from genes of paralogs 7–11, as revealed by 
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genetic experiments [10,11]. A paradigmatic example is provided by Hox10 genes that are 

essential for generating the ribless lumbar domain of mammals [72,73]. Matching expres-

sion data with skeletal patterns in non-mammalian species suggests a conservation of Hox 

gene involvement in subregionalization of the trunk axial skeleton [17,20] beyond mam-

mals. An unpredicted illustration of this idea was provided by experiments in snakes, 

where precise morphometric analyses of individual vertebrae revealed the existence of 

subtle subregionalization along the anterior posterior axis, roughly corresponding to spe-

cific domains of Hox gene expression, thus challenging the classical conception of absent 

regionalization in the snake axial skeleton [74]. However, snake experiments also revealed 

that Hox patterning activity of skeletal elements cannot be just assumed from their expres-

sion and that additional hidden layers might shape their function, which can be rather 

divergent among species. In particular, the snake Hoxa10 and Hoxc10 genes were found to 

be expressed well within the somitic area generating rib-containing vertebrae of the trunk 

[17,20], an observation at odds with the known role of Hox10 genes in the genesis of ribless 

lumbar vertebrae revealed by genetic experiments in mice [72,73]. This apparent discrep-

ancy was shown to result from a single nucleotide polymorphism in an essential Hox-

responsive enhancer that made it insensitive to the rib-blocking activity of Hox10 proteins 

[75], thus allowing the vertebral bodies of the caudal trunk area to acquire lumbar-type 

features, while still being attached to full grown ribs. Interestingly, the same polymor-

phism in the homologous enhancer of elephants seems to be in the origin of the presence 

of ribs in the vertebral region corresponding to the lumbar area in other mammals [75]. 

While it is assumed that Hox genes can also play an important role in the production 

of the bird-specific trunk axial skeleton [15], its clear deviation from mouse patterns makes 

it difficult to understand what this role would be. Genetic experiments in mice showed 

the essential role for Hox paralog group 11 to generate the characteristic fusion between 

sacral vertebrae in mammals [72]. This would suggest the involvement of these genes in 

the generation of the synsacrum. While expression data in chicken embryos with well-

developed hindlimbs placed Hox11 gene activation posterior to the somite levels generat-

ing the lumbosacral region [15], at earlier stages their expression overlaps with the region 

that will give rise to the vertebrae contributing to the synsacrum [76]. In the mouse, it has 

been shown that patterning activity of some Hox genes is provided in the presomitic mes-

oderm when somites are being formed rather than in the somites themselves [73]. There-

fore, if the same principle applies to Hox11 genes in chicken embryos, these genes could 

also play a significant role in the formation of the synsacrum. 

Turtles deserve special mention in the context of the trunk axial skeleton, as their 

carapace represents an extreme modification of their ribs, their vertebral bodies and their 

associated muscle and dermal derivatives of the somites [77]. In particular, during early 

stages of turtle somite differentiation, their rib primordia grow laterally, likely driven by 

signals from a specialized structure in the lateral wall of the embryo, eventually covering 

the developing limb buds dorsally [77,78]. Development of the muscle precursors is also 

affected, probably because of a turtle specific modification in the Myf5 gene [79], and the 

intercostal muscles between the ribs are replaced by a calcified dermal structure that com-

pletes the carapace structure [80]. 

4. The Tail Is Not Just a Tail 

The tail represents the body region extending from the main body axis posterior to 

the anus. When considering the axial skeleton, the basic components of the tail are the 

caudal vertebrae. In amphibians, mammals and reptiles tail size is directly related to their 

caudal vertebral count, which can vary from just a few fused elements, like the coccyx of 

humans, to more than one hundred in some lizard species, like the long tailed grass lizard 

(Takydromus sexlineatus). However, differently to the neck or trunk, tail size is not always 

a direct read out of the extension of their vertebral column but depends on other features. 

In birds, for instance, caudal feathers are the main determinant of tail size and shape di-

versity, often including sexual dimorphism, adapted to facilitate the flying mechanics of 
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the different species, and being often involved in mating strategies [81]. This diversity is 

not a consequence of variations in the size of their tail axial skeleton, which is rather sim-

ilar among species and composed of a few small caudal vertebrae followed by the py-

gostyle, a skeletal element made of 4–7 fused vertebral elements [70] that provides the 

attachment point for the caudal feathers. 

Another source of tail size and shape variation is provided by the caudal fin of fishes, 

an appendage extending the body axis beyond the position of the last caudal vertebra 

representing itself a major source of anatomical diversity among fish clades [82]. In gen-

eral, caudal fins contain a skeleton composed of several fin rays, bony or cartilaginous 

elements attached in different ways to the caudal vertebrae. Fin rays vary widely among 

clades in number, size, shape, stiffness and their connection to the axial skeleton [82,83]. 

There are three major types of caudal fins on the basis of their general structure [84]. 

Sharks have a heterocercal type of caudal fin, i.e., its dorsal lobe is bigger than the ventral 

lobe. In this configuration the vertebral column is bent dorsally entering the dorsal lobe 

[82]. Teleost, like the zebrafish, have a homocercal type of caudal fin, meaning that they 

have dorsal and ventral fin lobes of a similar size. While the homocercal fin is externally 

symmetric, its vertebral skeleton is still dorsally bent at the caudal end, becoming associ-

ated with a series of new skeletal elements mostly of ventral origin, which also vary 

among species, that serve as one of the main supporting structures for the fin rays 

[82,85,86]. Finally, lungfish have a diphycercal type of fin, in which lobes are truly sym-

metric, as they arise from dorsal and ventral sides of the axis [84]. Even within these three 

main types of caudal fins the diversity among species is very high in both the internal 

structure and mobility, adapted to facilitate the distinct swimming profiles of different 

species [82,83]. 

Aquatic mammals, including sirenians and cetaceans, also have a fan-shaped struc-

ture at the posterior end of the tail, the fluke, which, similar to the caudal fin of fishes, 

facilitates the animal’s propulsion in an aquatic medium. Despite their shared function, 

flukes and caudal fins are not homologous structures. They are oriented differently rela-

tive to the body: the caudal fin extends vertically along the dorsoventral body axis, 

whereas the flukes are lateral (horizontal) extensions of the tail. Structurally, the fluke is 

composed of dense fibrous connective tissue [87], lacking the intrinsic skeletal or muscle 

elements that can be observed in the different types of caudal fins [88,89]. These differ-

ences might actually result from their developmental identity. The developmental origin 

and the growth and patterning processes involved in caudal fin formation are similar to 

those of the other fish medial and lateral fins, making them bona fide non-paired append-

ages of fishes [89]. The control of the fluke’s formation is essentially unknown. They are 

not modified hindlimbs. Indeed, while adult sirenians and cetaceans do not have 

hindlimbs, a limb bud is actually induced in the embryo at a more anterior position rela-

tive to the fluke, but have their development halted, leaving in place just a small hip bone 

within the muscular tissue at the end of the abdominal cavity [90,91]. So far, the few de-

scriptions of fluke’s development do not show any of the elements known to regulate limb 

development that would classify them together with vertebrate paired appendages [92], 

thus fitting with the absence of any skeletal or muscle tissue typical of those appendages. 

Therefore, caudal fins and flukes cannot be considered homologous structures, and con-

sidering the phylogenetic distances between sirenians and cetaceans, it is possible that 

their flukes also resulted from two independent events. Caudal fins and flukes thus rep-

resent a prime example of convergent evolution to adapt the animal’s mobility to an 

aquatic medium. 

During embryonic development, axial extension through the trunk and tail regions 

differs in several ways. A major difference between the two stages of axial extension is the 

association of neck and trunk development with the process of gastrulation and tail elon-

gation with the activity of the tail bud [93–95]. In fish, tail development is also associated 

with caudal fin morphogenesis [82,85], starting with the formation of a fin bud in the ven-

tral part of the developing tail, which repositions to the posterior end of the tail as it grows 
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and differentiates [96]. The caudal fin primordium contains signaling centers homologous 

to those guiding fin and limb development [89,96] that provide dorsoventral and lateral 

polarity to the fin. On the basis of the localization of such centers, it has been suggested 

that the dorsal margin of the caudal fin primordium is equivalent to the anterior margin 

of paired fins or of the limb bud, generating a dorsoventral polarity, whose implementa-

tion could be a key determinant of caudal fin morphological diversity [89,96]. 

In most vertebrate species tail size in the adult animal is directly associated with the 

embryo’s capacity to keep extending the body axis and generating somites after finishing 

the production of trunk structures. Frogs provide a notable exception to this general rule: 

during the tadpole stage it contains a long and fully developed tail that shares many struc-

tural characteristics with the tail of other tetrapods but adapted to facilitate swimming. In 

the transition to the adult body pattern during metamorphosis, the tail is completely lost, 

generating a tail-less adult frog [7]. 

In mammals, the switch from the primitive streak to tail bud-dependent develop-

ment is triggered by Gdf11 acting on the Tgfbr1 receptor [57,97]. While trunk and tail 

development share several of the growth control mechanisms, including those involving 

T (Brachyury), the Cdx genes or FGF and WNT signaling [98,99], the switch from the prim-

itive streak to tail bud development is associated with a change in the factors at the top of 

the regulatory hierarchy, eventually impacting the final tail size. Contrary to trunk devel-

opment, tail bud growth is Oct4-independent, relying instead on Lin28/let7 driven mech-

anisms [100–102]. Indeed, persistent Lin28 expression in the tail bud produced significant 

extension of the tail, whereas its inactivation resulted in tail shortening. The switch from 

trunk to tail development in zebrafish, and possibly also in other anamniotes, seems to 

depend on a different set of control factors, including a shift to a BMP-dependent network 

[103,104]. 

Genetic experiments in mice indicate that Hox genes of paralog group 13 might be a 

central component of the network bringing tail growth to an end, at least in part by down-

regulating Lin28 activity in tail bud progenitors [101,105,106]. Importantly, both Lin28/let7 

and Hox13 activities seem to affect extension through the tail bud but to have little effect 

on trunk extension [100,101], indicating different intrinsic characteristics of the trunk and 

tail progenitors. Whether the mechanisms triggering the end of tail extension identified 

in mice also operate in other vertebrate species remains to be determined. Studies in 

chicken embryos showed that expression of Hox13 genes follows patterns resembling 

those observed in mice and that these genes are able to slow down axial extension when 

prematurely activated in the progenitor zone of chicken embryos [76]. It is thus possible 

that the mechanisms observed in mice are also operative at least in chickens. However, 

recent work showed a positive involvement of Hox13 genes in the axial elongation of 

zebrafish embryos [107], which seems to be in contradiction with the data from the mouse 

and chicken. The origin of this discrepancy is not totally clear, but it possibly reflects dif-

ferences among species. In particular, while in zebrafish, axial truncation was observed 

upon combined downregulation of Hoxd13a and Hoxa13b [107], in the mouse, double in-

activation of Hoxa13 and Hoxd13 genes truncated the limb autopod, but no alterations in 

axial development were reported [108,109]. Conversely, Hoxb13 inactivation in the mouse 

resulted in tail extension [106], indicating its involvement in stopping rather than promot-

ing axial elongation, also fitting with the tail truncation observed upon premature activa-

tion Hoxb13 in the mouse progenitor zone [101]. It is therefore possible that mouse and 

zebrafish embryos use different regulatory networks to extend their tail bud, which could 

reflect the reported differences in axial extension mechanisms between mice and zebrafish 

[104]. Indeed, while tail extension in mouse and zebrafish embryos share some regulatory 

features, like the requirement of Brachyury or the Cdx genes [110–112], genetic data sug-

gest that in what concerns Hox13 genes zebrafish tail development is more akin to distal 

limb formation than to axial extension in mammals. Interestingly, it has been described 

that Hoxb13 becomes activated during the initial stages of axolotl (Ambystoma mexicanum) 

tail regeneration [113], compatible with a role in promoting tail extension rather than with 
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being a stop signal. It is therefore possible that Hox13 genes influence axial extension dif-

ferently in different vertebrate clades. 

5. Concluding Remarks 

The diversity of morphological patterns in the axial skeleton observed across verte-

brate phylogeny essentially derives from two main factors: a differential period of active 

axial elongation and specificity in the mechanisms regulating somite differentiation. I 

should point out that somite differentiation routes are also in the origin of sources of di-

versity in the axial skeleton that had not been included in this review, like anatomical 

features typical of fish vertebrae that are not present in tetrapods [114]. As discussed in 

this review, some of the key regulators of axial length and morphological diversity of the 

vertebral elements have been identified. However, we still know very little about how 

these factors operate to produce highly reproducible and distinct species-specific morpho-

logical patterns involving both shape and size. Hox genes are a good example for this: we 

know that they play central roles in the control of segmental identity but, after decades of 

work, how they actually regulate those processes is still largely unknown. In addition, 

direct analysis of the emergence of specific traits is often hampered by the total or partial 

inability to access the relevant tissues or by experimental limitations. The neck vertebrae 

of giraffes are a good example of such constraints. The standard method to bypass these 

limitations include testing relevant hypothesis using other vertebrate species accessible to 

complex genetic or grafting techniques. The limitations of such approaches are obvious 

and became further highlighted by recent reports showing the essential contribution of 

the global cellular environment to the activity of key regulators of developmental pro-

cesses [115,116]. For instance, using in vitro systems, it has been shown that conserved 

processes like the segmentation clock or motor neuron induction run at different paces in 

mouse or human tissues. Swapping the key regulator of the process under evaluation be-

tween mice and humans did not affect the global behavior of the cells. This indicates that 

intrinsic properties of key control genes might play a limited role in the regulation of spe-

cies-specific features, showing instead that they can adapt to a heterologous cell environ-

ment and acquire functional characteristics resembling those of the host species. If this is 

a general biological principle, it might indicate that, for instance, a potential regulator of 

the size of the giraffe’s cervical vertebrae might not reproduce the phenotype when intro-

duced into mouse embryos. It is therefore likely that understanding the origin of morpho-

logical diversity among species will require fundamental changes in experimental para-

digms allowing direct experimental evaluation in the cellular context of the species under 

analysis. It is possible that the incorporation of emerging alternative experimental ap-

proaches, like in vitro surrogate systems that recapitulate complex embryological pro-

cesses, often to a remarkable level of detail [117–119], might open opportunities to explore 

developmental processes in species currently not susceptible of direct experimental anal-

yses. 
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