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a b s t r a c t

The integument of extant armadillos (Xenarthra, Cingulata) is a unique organ in which complex glandular
systems are associated with pilose follicles, dermal ossifications, and cornified scales. Up to date, papers
have focused on neither comparative morphology of the skin (dorsal and ventral) nor chronology of
the development of interspecific homolog structures. In order to clarify the way in which events occur
during development of the integument structures, maturity of other tissues (e.g. skeletal tissues) should
be considered. Therefore, we will be able to identify events that have been pre- or post-displaced during
ontogenetic development. The aim of this paper is to describe in a developmental and comparative
framework the integumentary system of neonates of Dasypus hybridus and Chaetophractus vellerosus. In
order to understand the morphology of the different integumentary structures serial histological sections
were prepared. Staining techniques included H–E, Masson Trichrome, PAS, orcein and reticulin. To study
ossification of postcranial elements, the specimens were cleared and double-stained with alcian blue
and alizarin red. Determinations of ossification centers and their progress were recorded through the
early uptake of alizarin. The dorsal dermis of neonates from D. hybridus is clearly differentiated into a
superficial and deep layer, as in fetuses of Dasypus novemcinctus. In C. vellerosus, however, these layers
could not be identified. This suggests a less connective tissue differentiation in the latter species at this
stage. Osteoderms in D. hybridus are well differentiated unlike C. vellerosus where no condensations of

osteoprogenitory cells are observed. Conversely, pilose follicles and glandular tissues are less developed
in D. hybridus. Regarding postcranial elements, ossification centers are less advanced in C. vellerosus than
D. hybridus, this is particularly notorious for the vertebral column, sternal, and pelvic girdle elements.
Asynchronies between neonates of both species observed on integumentary and postcranial skeletal
tissues could match with specific adaptive strategies related to distribution in different environments,
and/or different postnatal care.

sellsc
© 2012 Deutsche Ge

ntroduction

Osteoderms (bone mineralizations in the dermis) are widely
istributed among different groups of tetrapods (Sire et al. 2009;
ickaryous and Sire 2009). They are well represented among
mphibians and reptiles (Moss 1969; Vickaryous and Sire 2009). In
odern mammals, osteoderms are restricted to armadillos (Dasy-

odidae), being among the most conspicuous features of the group.

They form a protective dorsal cover, over which epidermal

ornified scales lie. The scarce dorsal hairs emerge through osteo-
erm foramina and through the spaces between cornified scales

∗ Corresponding author at: Conicet, División Paleontología Vertebrados, Museo
e La Plata, 1900 La Plata, Buenos Aires, Argentina. Tel.: +54 221 4257744.

E-mail address: ckrmpotic pv@fcnym.unlp.edu.ar (C.M. Krmpotic).

616-5047/$ – see front matter © 2012 Deutsche Gesellschaft für Säugetierkunde. Publis
oi:10.1016/j.mambio.2012.02.008
haft für Säugetierkunde. Published by Elsevier GmbH. All rights reserved.

(Scillato-Yané 1982). Osteoderms cover the dorsum of the head
(cephalic shield) and trunk (dorsal shield or carapace), and sur-
round the tail (caudal shield), except for the naked-tailed armadillo
Cabassous. The dorsal carapace is divided into a scapular buckler,
a region of movable bands, and a pelvic buckler (Fig. 1). Further-
more, osteoderms may be also in the integument of the rostrum,
ventral region of the trunk, and limbs. However, in these areas no
continuous shields are formed (though incipient in some species
of Dasypus), and the relationship with cornified scales is variable
(Ciancio and Carlini 2008; Carlini et al. 2009). Variability in osteo-
derm ornamentations has been important to establish phylogenetic
relationships within the group (e.g. Ameghino 1889; Scillato-Yané

1982; Carlini and Scillato-Yané 1996; Ciancio and Carlini 2008;
Carlini et al. 2009).

The fact of being the only living mammals with dermal ossi-
fications makes the integument of armadillos a unique structure

hed by Elsevier GmbH. All rights reserved.

dx.doi.org/10.1016/j.mambio.2012.02.008
http://www.sciencedirect.com/science/journal/16165047
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ig. 1. Adult of Dasypus hybridus. Shows the head shield, portions of the dorsal shiel
b, movable bands; pb, pelvic buckler; sb, scapular buckler.

n which complex glandular systems are associated with pilose
ollicles, dermal ossifications, and cornified scales. Histologically,
steoderms are formed by compact bony tissue with primary
nd secondary osteons. Furthermore, they show concentric bony
aminae around large cavities which host adipose tissue, pilose
ollicles, and sweat and sebaceous glands (Fernández 1931; Hill
006; Krmpotic et al. 2009). Likewise, in such cavities, elements
f red bony medulla were identified (Weiss and Wislocki 1956;
ickaryous and Hall 2006; Krmpotic et al. 2009). This histolog-

cal pattern would be general for Dasypodidae; however, strong
ifferences have been observed between Dasypus sp. (Dasypodi-
ae) and Chaetophractus villosus (Euphractinae) (Ciancio et al. 2007;
rmpotic et al. 2009).

Some papers have dealt with certain aspects of the integument
n young specimens, fetuses and embryos of Dasypus novemcinc-
us (Fernández 1922; Cooper 1930; Vickaryous and Hall 2006),
nd to a lesser extent, in Chaetophractus villosus (Fernández 1931).
owever, a comparative framework dealing with morphology and
evelopmental chronology of the skin structures (dorsal and ven-
ral) is yet to be studied. On the other hand, in order to clarify the
ay in which events occur during development of the compared

tructures, maturity of other tissues (e.g. skeletal, muscular, ner-
ous systems) should be considered. In this way, we can identify
vents that have been pre- or post-displaced in the ontogenetic
rajectory during evolution.

Armadillos show a peculiar combination of features in postcra-

ial skeleton different from other mammals: a reduction in number
f thoracolumbar vertebrae (Sánchez-Villagra et al. 2007; Galliari
t al. 2010); supplementary or xenarthral intervertebral articula-
ions on the posterior region of the dorsal vertebrae (Gaudin 1999);

Fig. 2. Newborns used in this study. Left lateral view. (A) Dasypus hy
caudal shield. Abbreviations: cs, cephalic shield; cds, caudal shield; ds, dorsal shield;

synsacrum formed by the fusion of ilium and ischium to the sacral
vertebrae and to a variable number of caudal vertebrae that become
sacralized (Rose and Emry 1993; Szalay and Schrenk 1998); ossified
sternal ribs and tibia-fibula represented by the fusion of the ends
of these elements (Flower 1885).

Noteworthy, the axial skeleton, and even the pelvic girdle,
shows different stages of structural relationships with the dorsal
carapace; thus, additional information about the development of
the postcranial skeleton is relevant to establish the overall maturity
of the neonates.

The aim of this paper is to describe in a developmental and
comparative framework the integumentary system of neonates of
Dasypus hybridus and Chaetophractus vellerosus.

Material and methods

Three neonates 0–2 days old were used in this study, two of
Chaetophractus vellerosus (PIMUZlab#2008.136; AAC-146) and one
of Dasypus hybridus (JG-0209-D2), housed in the Department of
Vertebrate Paleontology of the Museo de La Plata (Fig. 2). The
specimens were obtained from farmers who hunt these species
in their fields because they are considered harmful to agricultural
practices, and keeps the viscera, neonates and juveniles for us to
study (farmers record the capture and death dates). One specimen
of C. vellerosus (PIMUZlab#2008.136) was partially disarticulated,
and neither size measurements nor photographs could be taken.

Neonates were fixed in formaldehyde 5% and preserved in ethanol
70%. Small portions (25–30 mm2) of the cephalic shield and differ-
ent regions of the dorsal carapace of each specimen were taken. For
decalcification purposes, some samples were immersed in Bouin

bridus JG-0209-D2 and (B) Chaetophractus vellerosus AAC-146.
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Fig. 3. Dasypus hybridus. Histological details of dorsal epidermis showing differ-
ent strata. (A and B) H–E 40×. (C) PAS 40×. (D) Reticulin 40×. Abbreviations: bm,
16 C.M. Krmpotic et al. / Mamm

olution for a week long period, and others with EDTA (2.8%) decal-
ifying solution for 5 days, solutions were daily renewed. Once
ecalcified, tissues were dehydrated with increasing concentra-
ions of ethanol from 70% to 100%. Afterwards, materials were
oaked in paraffin. More than 400 serial histological sections 3 �m
hick were made, parallel to the sagittal plane. Serial sectioning
llows a more reliable interpretation of the integumentary struc-
ures. In order to obtain as much as possible information from the
ifferent components of the skin, sections were stain with Haema-
oxylin & Eosin (H–E), Masson Trichrome, PAS, orcein and reticulin
echniques. All the histological techniques were realized follow-
ng the protocols described in Bancroft and Stevens (1990). To
tudy postcranial elements, only two of the three specimens were
sed (Fig. 2). These specimens were processed through a clearing
nd double-staining technique, to show cartilage and bone. We
ollowed a protocol modified from Dingerkus and Uhler (1977)
escribed by Prochel (2006), which involves chemical treatment,

ncluding the use of trypsin for enzymatic clearing, staining with
lcian blue to color cartilage, and alizarin red for bone. Determina-
ion of ossification centers and their progress was recorded through
he early uptake of alizarin. Samples were observed with a Nikon
MZ645 stereomicroscope.

erminology

Regarding pilose follicles, the terms primary and secondary
ilose follicles are widely used in the literature on mammals. This
erminology is quite confusing, and commonly refers only to differ-
nces in size. Furthermore, according to Cooper (1930), these terms
mply not only differences in size, but also, to a certain extent, a
equential order. Consequently, and due to the arrangement of the
ilose follicles in the osteoderms of Dasypodidae, we will use the
erms marginal pilose follicles (MF), to designate those large folli-
les set on the posterior and lateral margins of the osteoderms, and
urface pilose follicles (SF), for those small ones, emerging from
he foramina of the external surface of the osteoderms. In the case
f follicles of the ventral skin, in which osteoderms are lacking,
he larger follicles were considered MF, and the smaller ones, SF
approximately one third of the first).

esults

asypus hybridus

arapace
On the dorsal epidermis of this species, different strata can

e distinguished from basal to external: stratum basale, stratum
pinosum, stratum granulosum, stratum lucidum, and stratum
orneum (Fig. 3A and B). The stratum basale shows cubic or
olumnar keratinocytes with circular or oval nuclei, some of them
ith melanin granules (Fig. 3B). In addition, cells of pale cyto-
lasm, probably melanocytes, are identified. The overlying stratum
pinosum shows polyhedral cells with rounded nuclei, and is
ormed by approximately three to four cellular layers that become
ompressed toward the surface (Fig. 3A and B). The stratum granu-
osum (Fig. 3B) is not continuous; cells with keratohyalin granules
re differentiated mainly near the pilose follicles. This stratum is
ompletely absent in the epidermis below the developing cornified
cales (Fig. 3A). The stratum lucidum is only observed underlying
he developing cornified scales. The cells have eosinophilic and
efringent cytoplasm with very condensed nuclei (Fig. 3A). The

tratum corneum has a variable thickness, scarcely stains with
–E, and has a yellowish color in the regions where the corni-
ed scales develop. However, in areas where developing cornified
cales are absent, it is quite eosinophilic (Fig. 3B). The basal
basal membrane; cs, corneal scale; m, melanocyte; sb, stratum basale; sc, stratum
corneum; sg, stratun granulosum; sl, stratum lucidum; ss, stratum spinosum.

membrane becomes strongly evident with PAS and reticulin (Fig. 3C
and D), which implies the presence of reticular fibers from the retic-
ular lamina of the basal membrane; glycoproteins from the basal
lamina (Fig. 3C).

The dermis is formed by two clearly different layers: the super-
ficial layer, in contact with the basal membrane of the epidermis,
and the deep underlying layer (Fig. 4A). The first is very rich in
cells, shows less collagen bundles untidily arranged, though most
of them perpendicular to the epidermis (Fig. 4B). In the deep layer,
thick collagen bundles are seen parallel to the epidermis (Fig. 4C),
and oriented craniocaudal and mediolaterally. In longitudinal sec-
tions of the mobile bands region, large neurovascular ingressions
are seen in the dorsal part of the deep layer of the dermis, which

continue in the superficial dermis among the primordia of the
future osteoderms (Fig. 4A). PAS and reticulin techniques showed
a large amount of reticular fibers in both layers, although they are
richer in the superficial layer (Fig. 4D and E). Sections stained with
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ig. 4. Dasypus hybridus. Histological details of dorsal dermis. (A) Trichromic 10×.
b, collagen bundles; dl, deep layer; ef, elastic fibers; in, neurovascular ingressions;

rcein showed scarce elastic fibers, which are more abundant in
he hypodermis (Fig. 4F).

Regarding pilose follicles, both the MF and the SF are externally
urrounded by a sheath of connective tissue, which is always laxer
han the adjacent connective tissue (Fig. 5A and C). The MF are still
mmature and present associated sweat glands (Fig. 5A). In few
ections an associated immature sebaceous gland was identified
Fig. 5A). The MF are composed by the external root sheath, the
nternal root sheath, and the hair shaft (Fig. 5A and B).

The external root sheath has two layers of large cells, which are
carcely colored with H–E (Fig. 5A). Between these cells and the
xternal sheath of connective tissue lies the basal membrane, which
s called glassy membrane. Internally, the internal root sheath
Fig. 5A and B) is formed by: the Henle layer, a single row of scaly
ells with flattened nuclei, the Huxley layer, formed by polyhedral
ells with flattened nuclei, and the cuticle. The hair shaft is formed
y partially cornified cells (Fig. 5A). At the distal end of the MF the
anal of the hair is closed while at the proximal end the pilose bulb
urrounds the dermal papilla. Melanocytes are absent among the
erminative cells of the bulb. The MF do not reach the hypodermis,
nd the pilose bulb is placed in the deep layer of the dermis. The
pocrine sweat gland associated with the MF is well developed;
ts deep portion exceeds even the follicle length. Its distal (superfi-
ial) two thirds are straight, but the proximal end is rolled up. The

ecretory glandular unit is in the deep layer of the dermis and is
ormed by one internal layer of cubic cells surrounded by a basal

embrane (the complex structure described here of this gland can
e seen in serial sections).
C) Trichromic 40×. (D) PAS 40×. (E) Reticulin 40×. (F) Orcein 40×. Abbreviations:
icular fibers; sl, superficial layer.

Several SF are observed, all of them in equivalent developmental
stages, associated with sweat and sebaceous glands (Fig. 5C and D).
The external root sheath is similar to that of the MF, and is separated
from the external sheath of connective tissue by the glassy mem-
brane (Fig. 5D). The layers of the internal root sheath could not be
differentiated. The hair shaft is formed by cornified cells (Fig. 5C).
At the distal end the canal of the hair is closed. At its proximal
end, germinative cells of the bulb are identified, and melanocytes
are absent. The pilose bulb reaches the deep layer of the dermis.
Associated to the SF there is a well developed sweat gland, which
penetrates in the dermis deeper than the pilose follicle (Fig. 5D).
The distal portion of the sweat gland, the duct, is straight, and the
proximal portion, the secretory portion, is rolled up. Lateral evagi-
nations are seen at both sides of the follicle, which correspond to
developing sebaceous glands (Fig. 5C).

Osteoderm primordia shows bony tissue, and cartilaginous
condensations were not observed in any case. They develop in
the superficial layer of the dermis (Fig. 5E). A large amount of
osteoblasts surround them (Fig. 5F). Osteoblasts that form the clos-
est layers to the osteoderms are the largest. The ventral surface of
the primordia is in contact with the deep layer (Fig. 5E). The long
axis of the primordia is parallel to the epidermis, and is formed
by trabeculae of regular bony tissue with numerous osteocytes. In
sections stained with Masson’s trichrome thick bundles of colla-

gen fibers penetrate from the dermis into the osteoderm (Fig. 5F).
Osteoderm primordia are PAS positive, whereas the periosteum
is recognized with reticulin staining, because of the presence of
numerous reticular fibers (Fig. 5G).
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Fig. 5. Dasypus hybridus. (A and B) Histological details of marginal pilose follicles. (C and D) Histological details of superfical pilose follicles. (E–G) Histological details of the
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ermis with osteoderm primordia. (A–C) H–E 40×. (D) PAS 40×. (E) H–E 10×. (F) T
xternal root sheath; gm, glassy membrane; Hnl, Henle layer; hs, hair shaft; Hxl,
eriosteum; sbg, sebaceous gland; shct, sheath of connective tissue; swg, apocrine

entral skin
The ventral epidermis shows the same strata than the dorsal

ne (Fig. 6A and B). The stratum basale is formed by a layer of
eratinocytes with rounded nuclei, some of which have melanin
ranules in the cytoplasm. Furthermore, cells with pale cytoplasm,
robably melanocytes, are identified. The stratum spinosum is
ormed by four layers of cells. The stratum granulosum has a sin-
le layer of cells (Fig. 6B), and is only interrupted in the epidermis
nderlying the cornified scales. The stratum corneum is yellow-

sh where cornified scales develop, and eosinophilic in between
hem.

The dermis cannot be clearly divided in layers, instead the
ermis grades from superficial into deep (Fig. 6C). In the deep

ayer, collagen fibers are seen parallel to the epidermis. Orcein
echnique shows elastic fibers (Fig. 6D). The MF differs from SF
n size, whereas MF is larger than SF (Fig. 7A). In the largest
ollicles the external sheath of connective tissue is well devel-
ped. The external root sheath (Fig. 7A) is a pluristratified layer
f cells with oval euchromatic nuclei and pale cytoplasm, which
xtend in the proximal two thirds of the follicle. The internal
oot sheath with the Henle and Huxley layers may be observed.
he hair shaft is formed by cornified cells (Fig. 7B). A large
mount of melanocytes are seen in the pilose bulb (Fig. 7A). The
ebaceous gland associated to this follicle has vacuolized cells
Fig. 7C). The sweat glands bear secretory units with a large
umen (Fig. 7D). Cross-sections of the pilose follicles show the
xternal sheath of connective tissue, the glassy membrane, the

xternal root sheath, formed by several layers, the internal root
heath, the hair shaft, and the medulla (Fig. 7E). In some cases
he hair canal is open and the hair shaft emerges to the surface
Fig. 7B).
mic 40×. (G) Reticulin 40×. Abbreviations: b, pilose bulb; dp, dermal papilla; exrs,
y layer; inrs, internal root sheath; ob, osteoblasts; os, osteoderm primordium; p,
gland; see also preceding figures.

The smallest follicles are generally associated with a single seba-
ceous gland (in some cases two), and with very well developed
sweat glands; in the latter their secretory units are located deeper,
near the dermal papilla (Fig. 7F).

Chaetophractus vellerosus

The major differences between Dasypus hybridus and
Chaetophractus vellerosus neonates are summarized in
Tables 1 and 2.

Carapace
Four strata are differentiated in the dorsal epidermis: stratum

basale, spinosum, granulosum, and corneum. The stratum basale
shows cubic keratinocytes with circular nuclei and cytoplasmic
melanin granules, and melanocytes (Fig. 8A). Above the stratum
spinosum shows polyhedral cells with rounded nuclei (three to
four layers). The stratum granulosum is formed by a single (Fig. 8A)
layer of flattened cells with granules of keratohyalin (discontinu-
ous in small areas), and is always more conspicuous (up to two
layers) near the pilose follicles. The stratum lucidum is absent. The
stratum corneum is well developed and eosinophilic (Fig. 8A). No
developing cornified scales are observed. The basal membrane is
evidenced by reticulin and PAS techniques (Fig. 8B and C).

The dermis shows no clear-cut differentiation in superficial and
deep layers (Fig. 8D). PAS and reticulin techniques show a large
amount of reticular fibers, especially on the dermis immediately

below the epidermis (Fig. 8B and C), and elastic fibers are also
present (Fig. 8E).

Several MF are observed in advanced developmental stages,
with associated sebaceous glands, surrounded by a sheath of
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ig. 6. Dasypus hybridus. Histological details of ventral epidermis and dermis. (A and B) H

able 1
ain differences in the epidermis and dermis of the dorsal integument between D. hybrid

Dorsal integument

Epidermis and dermis

Stratum corneum Stratum lucidum

Dasypus hybridus Eosinophilic in
between developing
corneal scales.
Yellowish zones
corresponding to
developing corneal
scales.

Present, underlying
developing corneal
scales.

Chaetophractus vellerosus Eosinophilic. No
evidence of developing
corneal scales.

Absent

able 2
ain differences in the follicles and associated glands of the dorsal integument between

Dorsal integument
Follicles and associated glands

Marginal pilose follicles

Dasypus hybridus The hair shaft consists of cornified cells with v
nuclei, absent melanocytes, and closed hair ca
internal radicular sheath is composed by large
and well differentiated layers. In association w
sweat glands that show a straight distal (supe
segment (two thirds of the length), and a rolle
proximal segment.

Chaetophractus vellerosus Cornified hair shaft, large amount of melanocy
open hair canal. Internal radicular sheath with
cells, and well differentiated layers. In associa
immature sebaceous glands only.
–E 40×. (C) Trichromic 10×. (D) Orcein 40×. Abbreviations: see preceding figures.

us and C. vellerosus.

Stratum granulosum Dermis Osteoderm primordia

Single layer of cells,
except in zones
surrounding pilose
follicles (two layers).
Absent in epidermis
underlying developing
corneal scales.

Mature, superficial and
deep strata well
differentiated. Large
amount of collagen
fibers, reticular fibers,
and scarce elastic
fibers.

Present

Single continuous
layer, except in zones
surrounding pilose
follicles (two layers)

Immature. Large
amount of collagen,
reticular, and elastic
fibers.

Absent

D. hybridus and C. vellerosus.

Surface pilose follicles

isible
nal. The
cells,
ith

rficial)
d up

Immature; hair shaft parcially cornified, without
melanocytes. External radicular sheath composed by
large cells. Internal radicular sheath undifferentiated.
In association with immature sebaceous glands. Sweat
glands rolled up only in the proximal segment.

tes, and
small

tion with

Immature; hair shaft cornified, large amount of
melanocytes. External radicular sheath with small
cells. Internal radicular sheath with well differentiated
layers. In association with mature sebaceous glands
with vacuolized cells. Sweat glands are rolled up in the
medial and proximal segments.
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ig. 7. Dasypus hybridus. Histological details of marginal and superficial pilose follic
–E 40×. Abbreviations: me, medulla; mf, marginal follicle; sf, superficial follicle; v
onnective tissue (Fig. 8F). Each MF shows an external root sheath,
ith two layers of small, quadrangular cells, and an internal

oot sheath (Fig. 8G). In the latter, the Henle layer (formed by
single layer of flattened cells), the Huxley layer (formed by
ventral integument. (A and B) H–E 10×. (C) H–E 40×. (D) H–E 10×. (E) H–E 40×. (F)
olated cells; see also preceding figures.
two layers of larger cells with circular nuclei), and the cuti-
cle, are present (Fig. 8G). The hair shaft is completely cornified
(Fig. 8F). At the distal end, the canal of the hair is open and the
hair shaft emerges. At the proximal end the pilose bulb shows
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ig. 8. Chaetophractus vellerosus. (A–E) Histological details of epidermis and derm
uperficial pilose follicles. (A) H–E 40×. (B) PAS 10×. (C) Reticulin 10×. (D) Trichro
bbreviations: ch, canal of the hair; see also preceding figures.

erminative cells and a large amount of melanocytes (Fig. 8G), and
he pre-medullar and pre-cortical epithelia are identified. Between
he sheath of connective tissue and the external root sheath lies
he glassy membrane. The dermal papilla is surrounded by the
ilose bulb (Fig. 8F), which reaches the deep part of the dermis.
small sebaceous gland is observed at the distal end of these MF

Fig. 8F).
The SF are associated with one sweat gland and two seba-

eous glands (Fig. 8H and I). Externally, the glassy membrane
evelops. In the SF the external and internal root sheaths are

dentified. The hair shaft is completely cornified (Fig. 8H and
). The canal of the hair is open with an emerging hair shaft
Fig. 8H). The sweat gland is extremely developed, surpassing
he length of the SF (Fig. 8I). It has a straight distal portion

ut its middle and proximal portion immediately rolls (Fig. 8I).
he well developed sebaceous glands rest at both sides of the
ilose follicle, and have many vacuolized cells (Fig. 8H and I). The
onnection with the SF is ventral to the opening of the sweat
nd G) Histological details of marginal pilose follicles. (H–J) Histological details of
0×. (E) Orcein 10×. (F) H–E 10×. (G) H–E 40×. (H) Orcein 10×. (I and J) H–E 40×.

gland. The sebaceous glands extend up to the level of the pilose
bulb.

Neither osteoderm primordia nor condensation of osteoprogen-
itory cells are identified at neonatal stage.

Ventral skin
Like the dorsal skin, the ventral epidermis is formed by four

strata (Fig. 9A). The stratum basale shows keratinocytes with
rounded nuclei. The stratum spinosum is four layers thick with
cubic cells that become flattened at the superficial layers. The stra-
tum granulosum is continuous, well differentiated, and formed by
one to three layers of cells. The underlying basal membrane is very
rich in reticular fibers as shown in Fig. 9B. The most superficial der-
mis is somewhat more cellular than the deepest one, and a large

amount of collagen and reticular fibers are identified (Fig. 9C). Pilose
follicles are organized in sets of approximately six units (Fig. 9D).
Three of them are MF, distinguished by their large size; the rest
would be SF. They show the external and internal root sheaths well
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ifferentiated (Fig. 9D). Each follicle is associated with a sebaceous
land, but no sweat glands could be identified.

asypus hybridus and Chaetophractus vellerosus

ostcranial skeleton
Vertebral column. In both species the ossifications of the verte-

rae have already started along the whole column. Nevertheless,
ssification is more advanced in D. hybridus than in C. vellero-
us (Figs. 10 and 11). This is shown in the cervical region
Figs. 10A and 11A), where in D. hybridus the ossifications of the
eural arches at both sides of the vertebrae are closer than in C.
ellerosus. A similar pattern is observed along the thoracic, lum-
ar and sacral regions. In fact, the last vertebrae from the thoracic
egion of D. hybridus have their neural arches almost complete. It
s noteworthy that in the last 3–4 vertebrae of the presumptive
ynsacrum, and first caudals, an extra ossification center appears
t both sides of each element (Figs. 10A and 11A). At this ontoge-
etic stage no fusion between vertebral elements and pelvic girdle

s observed. In the caudal region of both species all the vertebral
odies are ossified at birth.

Ribs and sternum. Vertebral ribs are entirely ossified in neonates
f both species. Nevertheless, sternal ribs show no ossifications
Figs. 10B and 11B). Ventrally, the sternum of D. hybridus is partially
ssified. The omosternum has one advanced ossification center;
osteriorly, there are two ossification centers on the midline of the
wo first mesosternal elements. The xiphisternum has one cen-
ral ossification (Fig. 10B). In C. vellerosus, the omosternum has
ne central ossification, less advanced than in D. hybridus. The first
esosternal element has two ossification centers clearly separated

n the midline, whereas the second has a single center at one side,
ot central. Finally, the xiphisternum has a single central ossifica-

ion (Fig. 11B). The rest of the sternum is not ossified.

Girdles and limbs. Both in D. hybridus and C. vellerosus ossifica-
ion has started in the body of the scapula and clavicle. Likewise,
ssification centers have been recorded in the diaphyses of the
is. (D) Histological details of ventral dermis with marginal and superficial pilose
see preceding figures.

elements corresponding to stylo- and zeugopodium. All the carpal
elements of the autopodium of D. hybridus are cartilaginous. Ossi-
fication has started in all metacarpals and phalanges, except for
those of the fifth finger. In C. vellerosus, all metacarpals and pha-
langes have started ossification; however, carpal elements remain
cartilaginous. In the pelvic girdle of both species the main elements
began ossification, although, as shown in Figs. 10B and 11B, the
ossifications are more advanced in D. hybridus than in C. vellerosus.
Ilium and ischium are almost in contact in D. hybridus, whereas in C.
vellerosus they are widely separated. The elements of the stylo- and
zeugopodium of the hindlimb began ossification in both species. In
the autopodium both the astragalus and calcaneum are ossified,
whereas the remaining tarsals are still cartilaginous. Metatarsals
and phalanges of all fingers are ossified, except for the fifth proximal
phalange of D. hybridus.

Discussion

In this paper we focused on a comparative morphological
description between different structures of the dorsal and ventral
skin of neonates from Dasypus hybridus and Chaetophractus vellero-
sus, which have never been described in this ontogenetic stage.
Likewise, this is the first comparative study of the integumentary
system (dorsal and ventral skin) in armadillos, which identifies
interspecific differences in the maturity of tissues at birth. Histo-
logical results are compared to those reported in previous papers
for other species and ontogenetic stages. It is important to high-
light that only three specimens have been used in this study and
conclusions should be interpreted cautiously.

Different papers have dealt partially with the ontogeny of the
integumentary system of Dasypus novemcinctus (e.g. Fernández
1922; Cooper 1930; Vickaryous and Hall 2006). Vickaryous and Hall

(2006) described the changes observed in the epidermis and der-
mis of the dorsal integument, in three embryonic stages, but they
only treated superficially other integumentary associated struc-
tures. They focused, as well as Fernández (1922), on osteoderm
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Fig. 10. Postcranial ossifications in Dasypus hybridus neonate. (A) Dorsal view; left arrow: magnification of the cervical region, right arrow: magnification of the sacroischial
and more proximal caudal region. (B) Left lateral view; left arrow: magnified ventral view of the thorax, right arrow: magnified pelvic girdle corresponding to the right side;
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he latter image was flipped horizontally to obtain the specular homolog for better ex
lement; 7th, seventh cervical vertebrae; At, atlas; Ax, axis; Cl, clavicle; Il, ilium; Is,

evelopment. The ontogeny of the pilose follicles and the glandu-
ar structures of the dorsal and ventral skin have been described

ainly by Cooper (1930) and specifically in Chaetophractus villosus
y Fernández (1931). Regarding juvenile specimens, only Cooper
1930) studied the histology of the integument of a neonate from
. novemcinctus and of a 1-week-old specimen. Adults from this
pecies are partially described by Hill (2006) and Vickaryous and
all (2006). In C. villosus, adult specimens have been described by
ernández (1931) and Krmpotic et al. (2009).

With respect to the epidermis of the neonates studied here, the
tratum granulosum of the ventral skin is much more developed
han the dorsal. Likewise, it is absent in the epidermis underlying
he developing cornified scales of Dasypus hybridus. It is notewor-
hy that in the dorsal skin of the neonate of C. vellerosus (without
eveloping cornified scales) the stratum granulosum is almost con-
inuous. The stratum lucidum was observed under the developing

cales, which are only present in D. hybridus neonate.

A large amount of reticular fibers were seen in the dermis of
. hybridus and C. vellerosus. Elastic fibers are scarce in the dor-
al integument and proportionally more abundant in the ventral
on purposes. Abbreviations: 1st, first mesosternal element; 2nd, second mesosternal
m; Lo, lateral ossification; Om, omosternum; Pb, pubis; Xi, xiphisternum.

skin of both species. This result agrees with those found in fetuses
of Dasypus novemcinctus (Vickaryous and Hall 2006), pangolins
(Meyer et al. 2010), and reptiles with osteoderms (Vickaryous and
Hall 2008), which demonstrates that the absence of these fibers is
related to dermal rigidness.

The dorsal dermis of neonates from D. hybridus is clearly divided
into superficial and deep layers, as in fetuses from Dasypus novem-
cinctus (Vickaryous and Hall, 2006). Alternatively, in C. vellerosus
these layers could not be identified, which suggests a less connec-
tive tissue differentiation at this stage.

Osteoderms are differentiated in D. hybridus. In C. vellerosus,
however, there are no traces of osteoprogenitory cell condensa-
tions whatsoever that could suggest the beginning of osteoderm
formation. Vickaryous and Hall (2006) stated that before birth,
osteoderms of D. novemcinctus have already began formation in
each shield. In agreement with our observations in C. vellerosus,

Fernández (1931) was not able to identify dermal ossifications in
neonates of C. villosus. Concerning the mechanism of osteogene-
sis, Hill (2006) proposed, on the basis of previous works and his
own observations in adults of D. novemcinctus and several fossil
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Fig. 11. Postcranial ossifications in Chaetophractus vellerosus neonate. (A) Dorsal view; left arrow: magnification of the cervical region, right arrow: magnification of the
s gnified
t olog f

s
I
a
t
i
t
a
b
s
o
t
a
a
a
a
I
a
a

D
w
a
g
c

acroischial and more proximal caudal region. (B) Left lateral view; left arrow: ma
he right side; the latter image was flipped horizontally to obtain the specular hom

pecies, that osteoderms develop through metaplastic ossification.
n this mechanism, bony tissue is formed without the activity of

periosteum in a strict sense. Dense fibers of connective tissue
ransform directly into bony tissue without previous differentiation
nto osteoblasts (Moss 1969; Vickaryous and Sire 2009). Alterna-
ively, other contributions (Vickaryous and Hall 2006; Vickaryous
nd Sire 2009) claim that ossification of osteoderms is intramem-
ranous. This implies that osteogenesis begins inside the superficial
tratum of the dermis, as a cell aggregation that differentiates into
steoblasts, which start secreting osteoid. With osteoblasts growth,
he bundles of collagen are trapped or incorporated (Vickaryous
nd Sire 2009) into the osteoderm. Although in Dasypus osteoderms
re already formed, a large amount of osteoblasts are seen, which
re not present in metaplastic ossifications (Moss 1969; Vickaryous
nd Sire 2009). Hence, we believe ossification is intramembranous.
n Chaetophractus vellerosus, however, osteoderm primordia are
bsent therefore it is impossible to identify the ossification mech-
nism in the studied specimens.

Regarding the pilose follicles, MF and SF are distinguished. In
. hybridus sebaceous glands are sometimes associated with MF

hile sweat glands are always present. Alternatively, sebaceous

nd sweat glands are associated with SF. In C. vellerosus, also both
landular types are associated with the SF, but contrarily, only seba-
eous glands are associated with MF. As mentioned above, MF and
ventral view of the thorax, right arrow: magnified pelvic girdle corresponding to
or better exposition purposes. Abbreviations: see Fig. 10.

SF are much more developed in C. vellerosus. Vickaryous and Hall
(2006) made no distinction among different types of pilose follicles,
and observed only sebaceous glands in association. On the contrary,
Cooper (1930) stated that sweat glands develop before sebaceous
glands and are associated both with primary follicles (MF in this
paper) and secondary follicles (SF). This author described pilose
follicles and associated glands of a neonate from D. novemcinctus,
which show a similar developmental pattern to that observed in
this paper for D. hybridus.

Little attention has been focused on the development of postcra-
nial skeleton for D. hybridus. Fernández (1915) while referring to
early embryos and fetuses, enumerates the appearance of anlagen
of some skeletal elements such as vertebral bodies, ribs, sternum,
girdles, stylopodium and zeugopodium. He also referred to car-
tilaginous stages of some of these elements. In C. vellerosus, no
previous references for this subject are reported. In a recent paper,
Hautier et al. (2011) deal with postcranial skeletal ossifications in
armadillos, Dasypus novemcinctus specifically, but they only ana-
lyzed prenatal data.

Both specimens show ossification of all the vertebral ribs and

partially ossified sternum; however, sternal ribs are not yet ossi-
fied. This is relevant because adult armadillos have a thoracic cavity
formed by completely ossified ribs and sternum (Flower 1885; Rose
and Emry 1993). On the pelvic girdle, no fusion between elements
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f the vertebral column with the ilium and ischium are observed,
aving in mind that these armadillos have a synsacrum when adults
Flower 1885; Rose and Emry 1993). However, lateral ossifications
re observed at the level of postsacral vertebrae, which in turn
ill become fused to the girdle. These ossifications are likely to be

ncluded within the synsacrum, and hence, this would be formed
ot only by vertebrae and girdle elements, but also by independent
ssifications lateral to the vertebral series. Regarding the elements
orming the forelimbs, there are some differences between both
enera. In Dasypus the distal carpals 1 and 2 are separated, whereas
n Chaetophractus they are fused. In adult Dasypus novemcinctus the
fth finger is reduced to a small vestigial element (Schulthess 1920;
osta and Vizcaíno 2010). In the neonate of D. hybridus no ossifica-
ions are recorded here, but there are two cartilaginous elements. In
haetophractus vellerosus the five fingers are well developed. If we
ear in mind that the reduced structures begin their formation in

ate stages of development (Alberch et al. 1979), the delayed ossifi-
ation of the fifth finger in D. hybridus with respect to the remaining
ngers, would be related to its reduction.

onclusions

The stratum granulosum is never related to developing cornified
cales in the epidermis of neonates of Dasypus hybridus. In C. vellero-
us the cornified scales have not yet started their development, and
ence it cannot be determined whether this stratum will be lost. A

uture contribution should focus on the study of the stratum gran-
losum in different ontogenetic stages of both species in relation
o developing cornified scales.

In D. hybridus osteoderms are partially developed at birth,
hereas in C. vellerosus no osteoderms traces were found, not

ven osteoblast condensations. Previous authors (Vickaryous and
all 2006; Vickaryous and Sire 2009) claim that osteoderms of
asypodidae are formed through an intramembranous ossification.
ccording to this mechanism, dermal ossifications need an “extrin-
ic support” to begin their development. From this standpoint, the
elay in the appearance of osteoderms in neonates of C. vellerosus
espect to those of D. hybridus would be related to the different
egree of maturation of the dermis. On the contrary, pilose follicles
nd glandular tissues are less developed in D. hybridus.

Asynchronies between neonates of both species observed in
he integumentary and postcranial skeletal tissues could match
ith adaptive strategies related to distribution in different envi-

onments, or to different postnatal care. Neonates of Dasypus
ovemcinctus, dasypodinae congeneric with D. hybridus “. . .are fully
ormed at birth, with eyes open and with a complete though not
ery hard armor. They are able to walk in a more or less uncertain
ashion within a few hours after birth.” (sic Newman 1913). Instead,
oung Chaetophractus villosus, euphractine congeneric of C. vellero-
us, open their eyes between 16 and 30 days after birth, and they
carcely drag themselves looking for suckle at birth (Olocco-Diz and
uggan 2004). The maturity degree of the neonates observed at
steoderms and postcranial ossifications level seems to be closely
elated to its locomotion capabilities and hardness of carapaces
Newman 1913; McBee and Baker 1982; Layne 2003; Olocco-Diz
nd Duggan 2004). In this way, considering these characters and
heir relationships with the definition of the altricial–precocial
pectrum of previous works (Derrickson 1992), D. hybridus may
e considered as a precocial species and C. vellerosus as essentially
ltricial. However, the maturity of the pilose follicles in C. vellero-
us is not considered a character that reflects altriciality (Derrickson

992). In this sense, differences in the development of the pilosity
f neonates for these species may be related to environmental con-
itions of their habitats. Geographical distribution of both species

s different: Dasypus hybridus inhabits more temperate climates,
Biology 77 (2012) 314–326 325

whereas Chaetophractus vellerosus is recorded in arid to semi-arid
ones, with broader thermal ranges (Abba and Cassini 2008).
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