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onservatism in the mammalian axial skeleton, including that
exhibited by nonmammalian synapsids, is substantial (1). All
but a few of ∼5,000 living mammal species possess exactly seven
neck vertebrae; other presacral counts also show lower interspeciﬁc variation in mammals than in nonmammals (2–5). Only
three genera show departures from the cervical constant: manatees (Trichechus) and tree sloths (Choloepus and Bradypus). Recent progress in understanding the mammalian component of the
tree of life places these departures among afrotherians and
xenarthrans, two groups that are likely sister taxa (6, 7). These
exceptions to the rule of seven have intrigued the anatomists since
the 18th century. For example, in 1765, the Comte de Buffon (8)
noted the different number of neck and rib-bearing vertebrae in
Choloepus and Bradypus and considered them as “une erreur de la
nature; car de tous les animaux . . . aucun n’a tant de chevrons à la
charpente” (a “mistake of nature, because among all animals . . .
none has so many bones in its belfry”) (8).
The genetic basis of axial skeleton patterning across vertebrates
is relatively well-documented (9, 10), and stabilizing selection may
play an important role in the conservatism observed in many of
these species (11). Another explanation for departures from a
conserved vertebral count, one that does not exclude a role for
stabilizing selection, involves a level of independence of regions of
the axial skeleton derived from somitic vs. lateral plate mesoderm.
With the caveat that some somitic precursor cells migrate into the
lateral plate early in development, these tissue domains have been
dubbed primaxial (vertebrae and proximal ribs) and abaxial (limb
girdles), respectively (12). Buchholtz and Stepien (13) have proposed a primaxial–abaxial shift (PAS) to explain aberrant vertebral counts of sloths (Xenarthra and Pilosa). They observed that,
in cases of intraspeciﬁc variation, primaxial skeletal elements
appear to be shifted relative to abaxial elements in sloths with
atypical cervical vertebral counts.
Here, we present developmental data for mammals that bear
directly on the claim that a primaxial–abaxial shift has taken place
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in sloths. We propose criteria based on ossiﬁcation sequences to
distinguish between cervical and thoracic vertebrae. Neck vertebrae (i.e., those without ribs located cranial to the shoulder girdle)
are typically synonymous with cervical vertebrae among mammals. We argue that this is not the case in sloths, species of which
may show ribless thoracics in the neck or ribbed cervicals in the
thorax. We ﬁnd that ossiﬁcation sequences characteristic of true
cervical vertebrae are conserved across mammals, including in the
sloth neck, despite their morphological divergence. Thus, even
the few mammals that deviate from the rule of seven do so by
maintaining the identity of what remain cervical and thoracic
vertebrae based on developmental criteria.
Results
Ossiﬁcation of the Vertebral Column in Mammals. All mammals in

our dataset, except for sloths, show a highly consistent ossiﬁcation
pattern of centra relative to neural arches and of cervical centra
relative to those located more distally. Speciﬁcally, the neural
arches begin ossiﬁcation in the neck region, before or coincident
with the neural arches of the cranial thoracic region (Datasets S1,
S2, S3, and S4). In addition, neural arches ossify faster than centra
throughout the spine. The ﬁrst appearance of centra occurs after
the ossiﬁcation of the neural arches of the cranial-most ribbearing vertebra. Centra ossify ﬁrst among the rib-bearing and
lumbar series, adjacent or caudal to the developing clavicles and
scapula, followed by the spread of ossiﬁcation in both a cranial
and caudal direction. Most consistently, we observed late ossiﬁcation of caudal cervical centra relative to those of the rib-bearing
region in all mammals in this dataset except three-toed sloths, and
in most mammals, caudal cervical centra ossiﬁed after those in the
lumbar region as well. Only in the marsupials Sminthopsis macroura (14), Isoodon macrourus, and Macropus eugenii did cervical
centra ossify before lumbar ones but never before thoracic centra.
Among all nonsloths for which we have data (Datasets S1, S2, S3,
and S4), including monotremes, marsupials, and placentals, the
centra never precede ossiﬁcation of neural arches in the neck.
Skeletogenesis in Armadillos. For comparison with other xenarthran mammals, we present data on vertebral ossiﬁcation in
a cingulate xenarthran, Dasypus (long-nosed armadillos) (Dataset
S3). The neural arches of the atlas and axis are the ﬁrst vertebral
elements to ossify in Dasypus. Ossiﬁcation then appears in the
cranial thoracic region (Fig. 1A) and is quickly followed by the
upper neck and upper lumbar regions (Fig. 1B). Ossiﬁcation
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Mammals show a very low level of variation in vertebral count,
particularly in the neck. Phenotypes exhibited at various stages
during the development of the axial skeleton may play a key role in
testing mechanisms recently proposed to explain this conservatism.
Here, we provide osteogenetic data that identify developmental
criteria with which to recognize cervical vs. noncervical vertebrae
in mammals. Except for sloths, all mammals show the late ossiﬁcation of the caudal-most centra in the neck after other centra and
neural arches. In sloths with 8–10 ribless neck vertebrae, the caudal-most neck centra ossify early, matching the pattern observed in
cranial thoracic vertebrae of other mammals. Accordingly, we interpret the ribless neck vertebrae of three-toed sloths caudal to V7
as thoracic based on our developmental criterion. Applied to the
unusual vertebral phenotype of long-necked sloths, these data support the interpretation that elements of the axial skeleton with
origins from distinct mesodermal tissues have repatterned over
the course of evolution.

Fig. 1. Dorsal view of the skeleton in armadillos: (A) Dasypus kappleri (ZMB k28) crown rump length (CRL) = 43 mm. (B) Dasypus novemcinctus (ZMB 85893)
CRL = 43 mm. (C) Dasypus sp. (ZMB 6532) CRL = 46.5 mm. (D) Dasypus sp. (ZMB 12XII01) CRL = 50 mm. (E) Dasypus novemcinctus (ZMB 7b) CRL = 68 mm.
Vertebral neural arches are in red, vertebral centra are in blue, scapula and clavicle are in green, and ischium, ilium, and pubis are in orange. For clarity,
elements of the autopod have been removed.

spreads cranially from the upper lumbar region and caudally from
the upper thoracic region to meet at the middle of the rib cage
(Fig. 1C). The sacral and caudal neural arches are the last to ossify
(Fig. 1 D and E). Ossiﬁcation centers for vertebral centra ﬁrst
become evident in the cranial thoracic region, after ossiﬁcation of
neural arches is well underway in all presacral regions (Fig. 1C).
Centra then ossify in a caudal direction (Fig. 1 D and E). Ossiﬁcation in the neck region begins cranially, and C7 is the last
element to ossify its centrum, with the cervical centra delayed

relative to the cranial thoracic centra. The lower neck region
and sacrum are among the last elements to ossify (Fig. 1D), along
with the sacrum (Fig. 1E). All 34 stages of dasypodids in our developmental series show the pectoral girdle elements (scapula
and clavicle) adjacent to the cranial-most rib-bearing vertebrae.
Skeletogenesis in Three-Toed Sloths. As in other mammals, neural arches of the atlas and axis in Bradypus ossify ﬁrst (Fig.
2A), followed by those in the caudal neck region (Fig. 2B and

Fig. 2. Lateral view of 3D reconstruction of computerized tomography (CT) scans of skeleton in the three-toed sloth Bradypus: (A) Bradypus variegatus (ZMB
33812) CRL = 70 mm. (B) Bradypus variegatus (ZMB 41122) CRL = 80 mm. (C) Bradypus tridactylus (MNHN 1881-111) CRL = 100 mm. (D) Bradypus tridactylus
(ZMB 18834) CRL = 120 mm. Vertebral neural arches are in red, vertebral centra are in blue, scapula and clavicle are in green, and ischium, ilium, and pubis are
in orange. For clarity, right sides of the skeleton and elements of the autopod have been removed.
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Fig. 3. Dorsal view of the neck in (A) Bradypus variegatus (ZMB 33812) CRL = 70 mm. (B) Bradypus variegatus (ZMB 41122) CRL = 80 mm. (C) Bradypus tridactylus
(MNHN 1881-111) CRL = 100 mm. (D) Bradypus tridactylus (ZMB 18834) CRL = 120 mm. Vertebral neural arches are in red, vertebral centra are in blue, and scapula
and clavicle are in green. For clarity, elements of the autopod have been removed.
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Skeletogenesis in Two-Toed Sloths. All specimens of Choloepus
correspond to relatively late stages, and thus, most vertebrae were
ossiﬁed, including neck and upper thoracic centra (Dataset S4).
Following Buchholtz and Stepien (13), C. didactylus typically has
seven neck vertebrae, and C. hoffmanni has ﬁve or six neck vertebrae. In the primaxial skeleton, the distal sacral and caudal
vertebrae are the last elements to start ossiﬁcation. The small
centra of the atlas suggests that it is the last presacral element to
ossify, as in Bradypus (Datasets S1, S2, S3, and S4). In contrast to
Bradypus, the neck is thickly muscled and the clavicle is well-developed in adult two-toed sloths (13). The clavicle occupies
a forward position in front of neck vertebrae. The scapula is located adjacent to the boundary between rib-bearing and ribless
vertebrae. The rostral part of the ilium again occupied a variable
position, from V33 to V36.
Developmental Modularity of Neural Arches and Centra. Analysis of
integration of developmental events using a rank correlation
method (16) identiﬁed signiﬁcant modularity between the neural
arches and centra (Table S1). Comparisons of ossiﬁcation sequences between Bradypus and individual mammal species, or
composites thereof, showed that rank correlations are signiﬁcantly greater within neural arches or within centra than in randomly generated alternative partitions or across all vertebral
elements. For example, the comparison between Bradypus and
a composite Boreoeutheria showed a nonsigniﬁcant correlation of
0.161 among all vertebral elements, a correlation of 0.528 (P <
0.01) among neural arches, and a correlation of 0.825 (P < 0.01)
among centra. Centra were consistently more integrated than
neural arches in all placental mammal comparisons.

Discussion
Axial Shift in Sloths. All mammals in our sample show a conserved
pattern of ossiﬁcation sequences that distinguishes thoracic from
cervical vertebrae. Most conspicuously, centra of the cranialmost thoracic vertebrae ossify before those of the caudal-most
cervical vertebrae in all mammals with seven ribless vertebrae
in the neck. We, therefore, propose this difference in ossiﬁcation timing as a developmental boundary between cervical and
PNAS | November 2, 2010 | vol. 107 | no. 44 | 18905
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Datasets S1, S2, S3, and S4). Ossiﬁcation of neural arches then
proceeds to the middle of the thoracic series, followed by those
of the middle neck, with the distal sacral and caudal neural
arches ossifying last (Fig. 2C).
However, unlike any other mammal in our sample (Fig. 1A),
vertebral centra of Bradypus (Fig. 3A) begin ossiﬁcation before all
but the ﬁrst two neural arches. Furthermore, ossiﬁcation of the
centra ﬁrst appears among vertebrae of the lower neck, thoracic,
and lumbar region (Fig. 2 A and B). The atlas is the last neck
centrum to ossify, long preceded by that of the caudal-most ribless
neck vertebra (Figs. 2A and 3C). Thus, the ossiﬁcation spreads
from the second neck vertebra in a caudal direction and from the
last neck vertebra in a cranial direction to meet at the medial part
of the series (Fig. 3C). The youngest specimens of our sample
of Bradypus (Figs. 2 A and B and 3 A and B) are represented by
B. variegatus. The ossiﬁcation pattern of its caudal-most neck
vertebrae resembles the cranial-most rib-bearing vertebrae of
other mammals. That is, long-necked Bradypus shows ossiﬁcation
of its caudal neck centra simultaneously with ossiﬁcation of its
cranial rib-bearing vertebrae (Figs. 2A and 3A), not at the end of
osteogenesis as in other mammals (Figs. 1 C and D and Fig. 4).
In Bradypus, the neck is weakly muscled, and the clavicle is
absent in adults (15). However, we have observed rudimentary
clavicles in all of our Bradypus specimens that do not yet show
ossiﬁcation of middle neck centra (Fig. 3). The clavicle is located
above the cranial-most rib, adjacent to the ossiﬁed caudal-most
neck centra (Figs. 2A and 3A). With the ossiﬁcation of middle
neck centra in older specimens, the clavicle disappears. Scapulae
with at least two ossiﬁcation centers are located near the ﬁrst
pair of ribs (Fig. 3).
In the pelvic girdle, the ilium ossiﬁes ﬁrst, followed by the pubis
and ischium. A sacrum is not evident until well after central and
neural arches elsewhere in the vertebral column are ossiﬁed.
Lumbosacral and sacrocaudal transitions are correspondingly
recognizable only at a relatively late developmental stage. However, we observed that the rostral part of the Bradypus ilium occupied a variable position across specimens, from the 28th (V28)
to 30th vertebrae (V30).

Fig. 4. Summary of ossiﬁcation sequences in the ﬁrst 11 mammalian vertebral elements. For each taxon, circles indicate centra, and squares indicate
left and right neural arches. Colors represent the order of ossiﬁcation. Hox
expression boundaries in the mouse [redrawn from ﬁgure 5 in Wellik (25)]
and vertebral segment identity are shown at right. Note the conserved
timing of V7 centrum ossiﬁcation across mammals, including sloths, and the
overlap in Hox5-6 expression in the V6–V9 region of the sloth neck.

thoracic vertebrae. Specimens of Bradypus with 8–10 neck vertebrae also show a difference in the timing of centra ossiﬁcation,
but unlike other mammals, the site of this difference does not
correspond with the location of the ﬁrst rib. Thus, the caudal-most
neck vertebrae of sloths, traditionally considered to be cervical,
exhibit developmental similarities with the most anterior thoracic
vertebrae of other mammals (Fig. 4). The same pattern is observed in transgenic mice, which show an added cervical vertebrae
with disrupted anatomy (ﬁgure 2a in ref. 17). We interpret these
similarities in support of the PAS hypothesis that the neck of
Bradypus is composed of seven cervical plus one to three ribless
thoracic vertebrae.
Short-necked sloths (C. hoffmanni) possess ﬁve to six ribless
neck vertebrae. Manatees are known to typically possess six
ribless neck vertebrae (18). We predict that when data on their
axial skeleton ossiﬁcation sequences are available, they will show
one to two cranial-most rib-bearing vertebrae that are developmentally cervical. That is, they will exhibit late ossiﬁcation of their
centra, after that of more distal, rib-bearing vertebrae and coincident with more proximal cervical vertebrae.
Homeotic Changes. Following previous authors (7, 19, 20), a ho-

meotic transformation occurs when “one of the component parts
of the axial skeleton assumes the morphological appearance and
function of its neighbor either immediately preceding or immediately following it . . . in distinction from meristic variations
characterized by changes in total number of component parts” (p
407 in ref. 20). Therefore, intraspeciﬁc variation in sloths is
18906 | www.pnas.org/cgi/doi/10.1073/pnas.1010335107

homeotic when the overall vertebral number remains the same
but the vertebral identities within that number change.
Buchholtz and Stepien (13) argued that vertebral variation in
sloths does not qualify as homeotic, observing that the substantial
variation in the number of neck vertebrae in sloths is strongly
correlated with shifts in the position of the pelvis. Individuals with
more neck vertebrae show a more distally positioned pelvis (ﬁgure
1 j–l in ref. 13). Using the deﬁnition above (20), a change in overall
vertebral count (using the presacral count as a proxy) would
qualify as meristic, not homeotic. However, studies on Hox transgenic mice, often referred to as homeotic mutants, have shown
vertebral phenotypes similar to those seen in sloths, including
correlation of the number of neck vertebrae and ribs with a displacement of the pelvis (17, 21–23). Hence, as deﬁned in these
studies, the term homeotic is still potentially applicable to both
transgenic mice and sloths. Moreover, Buchholtz and Stepien (13)
did not include vertebral counts in the caudal region of sloths
(which are infrequently available in museum specimens) (24),
leaving open the possibility that changes in presacral number were
balanced in the postsacral region. Regardless of the strict deﬁnition of homeotic, we interpret our data as consistent with the PAS
hypothesis of Buchholtz and Stepien (13). Importantly, patterning
genes (e.g., Hox) inﬂuence phenotype differently in adult structures derived from primaxial vs. abaxial mesodermal sources (9).
It is also interesting to note that the transition from neck to ribbearing vertebrae in the three-toed sloth corresponds with the
overlap in expression of Hox5 and Hox6, as recognized in the
mouse (Fig. 4) (25). Hence, changes in the morphology of this
region are not caused by changes in Hox expression boundaries
but could be related to differing contributions of primaxial vs.
abaxial mesoderm during development. This emphasizes the importance of determining if and how mammals, such as sloths, may
depart from the primaxial or abaxial boundary identiﬁed in the
mouse (12), a possibility raised by Buchholtz and Stepien (13).
Sloth Vertebral Heterochrony. Although a simple craniocaudal sequence was ﬁrst proposed for the ossiﬁcation of the axial skeleton
(26, 27), this sequence has subsequently proven to be more variable (26, 27). Bagnall et al. (28) showed that ossiﬁcation centers of
humans ﬁrst appear in the cervical and lower thoracic/upper
lumbar regions for the neural arches and the lower thoracic/upper
lumbar regions for centra, corresponding to our observations
in most other mammals. Our observations on a large sample of
mammals conﬁrm previous ﬁnds on humans (28), rodents (29–
31), and bats (32) that the centra of the thoracic region ossify after
neural arches, except in sloths.
In addition to showing developmentally thoracic vertebrae in
the neck, sloths differ from other mammals in our dataset, including marsupials, in the late onset of neural arch ossiﬁcation.
To our knowledge, they are the only mammals to ossify vertebral
centra before neural arches in the upper thoracic region. Our
statistical analysis of modularity in neural arch and centra development further supports the idea that distinct developmental
pathways contribute to axial skeleton regulation. Several studies
have already identiﬁed different genetic inﬂuences on neural arch
and centrum ossiﬁcation (33–35). Koseki et al. (33) showed that
Pax-1 mutant mice are characterized by persistence of neural
arches in the thoracolumbar region where centra are absent,
a phenotype reminiscent of that reported in undulated strains of
inbred mice (ﬁgure 4 in ref. 36). Moreover, the skeletal abnormalities in this mutant phenotype are mild in the cervicothoracic
region (33). The fact that the cranial part of the vertebral column
is less altered among transgenic mice is consistent with our observation of a conserved pattern of ossiﬁcation sequence in the
cervicothoracic region among all mammals studied. Pax-1 expression was also observed in several other parts of the skeleton such as the ribs, sternum, shoulder girdle, and connection
Hautier et al.

Material and Methods

Comparisons are made between pairs of taxa, usually either sister species or
composite taxa, to represent nonterminal nodes, as described in detail by Poe
(16), Goswami (41), and Goswami et al. (42). Kendall’s τ was calculated separately for three sets: (i) neural arches and centra, (ii) neural arches only, and
(iii) centra only; 1,000 alternative partitions were generated to test the signiﬁcance of integration in the second and third sets. Comparisons were made
between Bradypus and individual mammal genera (Rhabdomys, Meriones,
Cricetus, Mogera, Cryptotis, Dasyurus, Isoodon, and Cercatetus) or Bradypus
and composite taxa (Rodentia, Lipotyphla, and Boreoeutheria).
Skeletons were imaged using high-resolution tomography (μCT) at the
University of Cambridge Department of Engineering, the Helmholtz Zentrum
(Berlin), the Natural History Museum (London), and VISCOM SARL (Saint Ouen
l’Aumône, France). The marsupial vertebral ossiﬁcation data were obtained
from projection images using a SkyScan 1172 Micro-CT scanner at the Electron
Microscopy Unit of Sydney University or a SkyScan 1072 at the Adelaide Microscopy Unit at Adelaide University. Threshold values between ossiﬁed parts
and soft tissues were substantial and easily allowed osteological reconstructions; 3D rendering and visualization were performed using Drishti v.1.0
(Drishti Paint and Render). All of the results obtained from 3D reconstructions
were checked through the acquisition of shadow images, comparable with
a conventional high-resolution X-ray as described in Weisbecker et al. (40).
Ossiﬁcation centers were readily apparent in both 3D reconstructions and
shadow X-rays. Using different visualization techniques (clear staining and
several CT scanners) to obtain ossiﬁcation information does not represent
a confounding issue, because differences in detection thresholds do not yield
erroneous sequences (40).

We sampled material from collections of the Museum für Naturkunde Berlin
(ZMB), the Natural History Museum London (BMNH), the Museum National
d’Histoire Naturelle in Paris (MNHN), the Museum of Zoology Cambridge
(UMZC), the Australian Museum (AUM), South Australian Museum (SAM), the
Macquarie University Marsupial Reproduction Laboratory (MUQ), and the
Paleontological Institute and Museum of the University of Zürich (PIMUZ). A
total of 20 unsexed sloth fetuses were examined, representing both extant
genera (Bradypus and Choloepus) and four species: B. tridactylus, B. variegatus, C. didactylus, and C. hoffmanni (38, 39). Species identiﬁcation was based
on collection data and cranial anatomy (38) and was possible for 15 of our 20
specimens (Datasets S1, S2, S3, and S4). Assignment to a relative developmental stage was based on size and number of discrete ossiﬁcation centers
throughout the skeleton following information by Bagnall et al. (28).
We also studied 34 fetuses of three species of the cingulate xenarthran
Dasypus: D. novemcinctus, D. septemcinctus, and D. kappleri. Species-level
identiﬁcation for some museum specimens was unavailable (Datasets S1, S2,
S3, and S4). The analysis also included data for several groups as listed in
Datasets S1, S2, S3, and S4: one monotreme (Ornithorhynchus), six marsupials
(Cercartetus, Dasyurus, Isoodon, Petaurus, Trichosurus, and Macropus), and
seven placentals (Mogera, Cryptomys, Talpa, Condylura, Capra, Rhabdomys,
and Loxodonta). The results of the ossiﬁcation sequences in xenarthrans were
compared with published accounts of other placental mammals, including
Homo sapiens (28), Meriones unguiculatus (29), Mesocricetus auratus (30),
Rattus norvegicus (31), and Myotis lucifugus (32). Marsupial specimens were
sourced from collections of the Australian and South Australian museums, as
listed in Weisbecker et al. (40) (Datasets S1, S2, S3, and S4).
To test the hypothesis that neural arches and centra comprise two independent developmental modules in terms of ossiﬁcation timing, we applied
the rank correlation-based method by Poe (16), which compares the observed
Kendall’s τ from a comparison of two taxa against a distribution of Kendall’s
τs generated from random alternative partitions of the two sequences.
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