HISTORICAL BIOLOGY
https://doi.org/10.1080/08912963.2018.1508288

Taylor & Francis
Taylor &Francis Group

ARTICLE

W) Check for updates

First evidence of globuli ossei in bird (Aves, Spheniciformes). Implications on

paleohistology and bird behaviour

Jordi Alexis Garcia Marsa®®, Claudia P. Tambussi®< and Ignacio A. Cerda®

2Laboratorio de Anatomia Comparada y Evolucién de los Vertebrados, Museo Argentino de Ciencias Naturales “Bernardino Rivadavia”, Buenos
Aires, Argentina; PCONICET, Argentina; Centro de Investigaciones en Ciencias de la Tierra (CICTERRA), UNC, CONICET, Cérdoba, Argentina;
dInstituto de Investigacién en Paleobiologia y Geologia, Universidad Nacional de Rio Negro, Museo Carlos Ameghino, Cipolletti, Rio Negro,

Argentina

ABSTRACT

Globuli ossei are subspherical structures of endochondral origin that are inserted in the hypertrophic
cartilage of long bones, and are related to paedomorphic phenomena. These structures are here described
for the first time in Aves, concretely in a postcranial bone of an extinct Spheniciformes from Antarctica
(Delphinornis arctowskii). Although it is difficult to infer the significance of the presence of these structures,
they appear not to be related to adaptations to aquatic life or depend on the small size or ontogenetic stage
of the specimen. A pathological origin for these structures lacks evidence sustaining this hypothesis. The
data provided in this contribution reveals that the presence of globuli ossei in vertebrate long bones is not
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always linked with adaptations to aquatic life and/or paedomorphic processes.

Introduction

Cellular diversification of the skeletal tissues has played a
preponderant role in the evolutionary history of the verte-
brates so that their study is of singular importance. During
the endochondral ossification, which is one of the essential
embryological processes of bone formation, one of the poten-
tial results is the formation of globuli ossei. They are sub-
spherical structures resulting from the partial conversion of
tissue-skeletal cells (Cervantes-Diaz et al. 2016).

During the endochondral ossification the chondroclasts that
resorpt calcified cartilage left trabeculae on which osteoblasts are
deposited (Francillon Vieillot et al. 1990, Quilhac et al. 2014).
The death of chondrocytes results in chondrocytic lacunae.
Posteriorly the chondrocytic lacunae are invaded by new cells
coming from the blood/marrow system. These new cells differ-
entiate into osteoblasts, which produce new bone matrix inside
the empty chondrocytic lacunae (Quilhac et al. 2014). These
structures are known as globuli ossei. During the resorption,
the globuli ossei are inserted in a hypertrophic cartilage zone
(Francillon Vieillot et al. 1990, Quilhac et al. 2014).

Excluding birds, globuli ossei have a wide occurrence among
tetrapods (e.g., Haines RW 1938; Gussen 1968; Buffrénil et al.
2014). Its occurrence is significant because they can provide
information about bone growth and/or about some mechanisms
regarding secondary adaptations to aquatic life. In the first case,
the formation and amount of globuli ossei have been linked to
slow longitudinal growth of long bones (Haines, 1942; De
Ricqles 1979). In cases in which globuli ossei (and calcified
cartilage in general) occur in the shaft of the postcranial bones
of tetrapods during relatively advanced ontogenetic stages, they
have been associated with a delay or inhibition of endochondral
osteogenesis (Buffrénil et al. 1990). Such reduction in the

condroclastic activity has been interpreted as one of the possible
mechanism for the increasing of bone mass by reduction of
medullary cavity called osteosclerosis (e.g. Buffrénil et al. 1990,
2010). Skeletal osteosclerosis in long bones has been reported in
several groups of aquatic vertebrates, including ##penguins (De
Ricqlés and De Buffrénil 2001; Ksepka 2008, Ksepka et al. 2015;
Cerda et al. 2014) and has frequently been considered as evi-
dence of secondary adaptation to aquatic life (De Ricgleés and De
Buffrénil 2001). However, the osteosclerotic condition reported
for penguins is due to a secondary infilling of the medullary
cavity and is not related to a reduction or inhibition of the
chondroclastic activity (Cerda et al. 2014, Ksepka 2008, Ksepka
et al. 2015). Hence, remains of calcified cartilage including
globuli ossei have never been reported in the shaft of postcranial
bones of penguins nor any other bird.

The present study documents for the first time the presence
of globuli ossei in a postcranial element of a fossil penguin,
specifically in a tarsometatarsus of Delphinornis arctowskii,
which also represents the first identification of this structure
in birds. The specimen come from Eocene sediments of La
Meseta Formation, Antarctica which contains the major taxo-
nomic and body size diversity of stem Sphenisciformes, includ-
ing 10-15 species (Myrcha et al. 2002; Jadwiszczak 2006;
Tambussi et al. 2006; Jadwiszczak and Mors 2011; Reguero
et al. 2013; Acosta Hospitaleche et al. 2017). In this paper, a
description of the structures is here performed, and its impli-
cations for ontogeny and behaviour are discussed.

Materials and methods

The tarsometatarsus of Delphinornis arctowskii (MLP 93-X-1-92)
here studied is part of previously published sample (Cerda et al.
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2014), which includes tarsometatarsi of eight specimens of differ-
ent fossil penguins (Palaeceudyptes gunnari, P. klekowski,
Anthropornis  grandis, A. nordenskjoeldi, Archaeospheniscus
wimani, Marambiornis exilis, Delphinornis arctowskii and D. lar-
seni). The preparation of the histological sections was carried out
at Departamento de Geologia de la Universidad Nacional de San
Luis (Argentina). The specimen was prepared for thin sectioning
using the methods outlined in Chinsamy and Raath (1992).
Because this is a destructive method, all specimens were photo-
graphed, and standard measurements were taken before section-
ing. Two sections obtained at level of the midshaft of the
tarsometatarsi where examined for D. arctowskii MLP 93-X-1-
92. The samples are housed at Museo de La Plata (MLP).

The MLP 93-X-1-92 was recovered from the Anthropornis
nordenskjoeldi Biozone (Tambussi et al. 2006), Submeseta
Allomember, Facies Association III, La Meseta Formation,
Priabonian, ~ 34.2Ma, based on 87/86Sr dates (Marenssi
et al. 1998). Osteological nomenclature follows Baumel and
Witmer (1993).

Results

The tarsometatarsus studied here is conformed by four dis-
tinct medullary cavities which are located in the internal areas
of the os metatarsale 1I, III and IV and below the sulcus
longitudinalis dorsalis lateralis. The os metatarsale III has
the largest medullary cavity, which is partially divided by
bony trabeculae of irregular shape.

Because a detailed histological study of the complete sam-
ple has previously been carried out (Cerda et al. 2014), we
only provide here a general characterization of the tissues and
emphasis will be placed on the microstructure of the globuli
ossei. At microanatomical level, the tarsometatarsus is com-
posed of a compact cortex that surrounds four distinct
medullary cavities (Figure 1A), which occupy 30.3% of the
cross section of tarsometatarsus diaphysis. At histological
level, the cortical bone is composed of both primary and
secondary bone tissue. The primary bone consists of well-
vascularised fibro-lamellar bone. The vascular channels in the
bone are organized as primary osteons, which are mostly
longitudinally and radially oriented. Secondary bone recon-
struction is high, and several specimens exhibit dense
Haversian bone tissue in their cortices (mostly at the mid
and perimedullary regions of the compacta). The medullar
cavities are entirely or partially coated by a thick layer of
endosteally deposited lamellar bone tissue (inner circumfer-
ential layer).

Globuli ossei (Brandt 1852; see also Buffrénil et al. 1990),
are embedded in primary bone and recorded in a reduced
area located at the dorsal side of the os metatarsale III
(Figure 1B). They are grouped in numerous clusters of vitr-
eous appearance and are finely granulated. Some globuli ossei
have been infilled with calcite. These globules are bone struc-
tures that are small and rounded in contour, conforming
excrescences that protrude from the lamellar deposits to
bone matrix (previously cartilage) and fill the empty chon-
drocyte lacunae. Globuli ossei are demarcated by a small
cementing line. The clusters are connected to the main base

sometimes by a broad base, and sometimes only by a narrow
stalk, and some of these bosses contain one or more cells.

The globuli ossei diameter (& = 20 to 30um) is correlated
with known parameters for other taxonomic groups. These
histological features are congruent with previous reports of
globuli ossei in postcranial bones of other fossil and extant
tetrapods, including non-amniotes (e.g. Sanchez et al. 2010;
Buffrénil et al. 2014; Quilhac et al. 2014), mammals (e.g.
Buffrénil et al. 1990, 2008; 2010), lizards (Bailleaul et al. 2011)
and non-avian archosaurs (Haines RW 1938).

Discussion

The presence of globuli ossei (and calcified cartilage in general) in
the shaft of long bones have been commonly associated with
osteosclerosis in vertebrates that are secondarily adapted to aqua-
tic life (De Ricqlés and De Buffrénil 2001; Houssaye 2009).
Although penguins show osteosclerotic long bones, the presence
of globuli ossei reported here does not appear to be linked to such
skeletal mass increasing. Osteosclerosis produces an increase in
the internal compactness of the bone without modifying external
dimensions. This condition may result from incomplete endo-
chondral ossification, inhibition of secondary remodelling, or
filling of internal cavities (Houssaye 2009; Quilhac et al. 2014).
This increase of bone mass is due to the secondary infilling of the
medullary cavity with lamellar bone of endosteal origin (Cerda
et al. 2014 and literature cited) as seen in different extant and
extinct penguins (e.g., Pygoscelis adeliae, Aptenodytes forsteri,
Aptenodytes patagonicus, Spheniscus demersus, Spheniscus sp.,
Anthropornis wimani, Anthropornis gunnari, Palaeeudyptes gun-
nari, Palaeospheniscus patagonicus; Meister 1962; Chinsamy et al.
1998; Jadwiszczak and Acosta Hospitaleche 2013; Cerda et al.
2014; Ksepka et al. 2015). Osteosclerosis has not been reported
in taxa retaining a well-developed medullar cavity, as
Marambiornis exilis, Delphinornis larseni and D. arctowskii
(Cerda et al, 2014). Because globulli ossei are present in D.
arctowskii, a taxon with well-developed medulla, their presence
do not appear to be correlated with this later anatomical feature.
The growth dynamics of the long bones could be other
possible explanation for the presence of calcified cartilage
with globuli ossei. Quilhac et al. (2014) indicated that the
local occurrence of globuli ossei in the long bones of post-
metamorphic urodeles is correlated with a low rate of long-
itudinal growth. Following this hypothesis, the presence of
globuli ossei in the tarsometatarsus of Delphinornis arctowskii
and the absence in other bones, could be explained by rela-
tively low rate of growth in comparison with other bone
elements. However, this hypothesis does not explain the
absence of globuli ossei in the tarsometatarsi of taxa sampled
by Cerda et al (2014). Variation in body size that could be
invoked to explain such absence. In this sense, the small body
size of Delphinornis arctowskii (11.5 kg, Jadwiszczak, 2001)
implies a relatively slow growth rate in comparison with
larger penguins. Nevertheless, globuli ossei are also absent
in the tarsometatarsus of the tiny Marambiornis exilis with a
low body mass estimation (6.1 kg; Jadwiszczak, 2001).
Finally, globuli ossei have been occasionally associated to
osteological pathologies. During imperfect osteogenesis of otic
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Figure 1. (A) View of the bone histology of tarsometatarsus cortex of Delphinornis arctowskii (MLP 93-X-1-92). (B) Detail of (A) remarking the inner circumferential
layers (icl) surrounding the medullar cavity (mc), and with a big rectangle delimiting area where are present the globuli ossei, which are embeded in the fibro-
lamellar matrix; and small rectangle delimiting the (C) detail image. (C) Detail of the globuli ossei well preserved (go.1.) and globuli ossei alterated by the calcite
action (go.2.), as well as other structures, the osteocyte lacunae (oc), the primary osteons (po) and ancient cartilage (ac) where are embeded the globuli ossei of D.
arctowskii (MLP 93-X-1-92). Both images were taken under normal transmission light.

capsule, the poor formation of collagen leads to abnormally thin
bony trabeculae (Milroy and Michaels, 1990). In the case of
osteopetrosis, the otic capsule is greatly expanded by increasing
of globuli ossei, as result of pathological osteoclast function
(Milroy and Michaels, 1990). The relative scarcity and patchy
distribution of globuli ossei in Delphinornis arctowskii, appears
not to be associated with a pathological origin.

Conclusions

The presence of globuli ossei in tarsometatarsus of an Eocene
penguin is documented for the first time. Although it is no
possible to infer the significance for the presence of these
structures in the tarsometatarsus of D. arctowskii, it appears
to be clear that are not related with adaptation to aquatic life,
small body size or ontogenetic stage. A pathological origin for
these structures is also discarded. A detailed investigation on

the ossification process of the tarsometatarsus and other long
bones in extant penguin taxa could provide insights on the
nature of the globuli ossei in this group of diving birds.

The link between certain histological structures and the
animal way of life must be taken with caution and discussed
in a broader context.
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