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ARTICLE INFO ABSTRACT

Affif{e history: A transmission electron microscope (TEM) study was initiated on samples of geologi-
Rece“’e‘é]‘fmecer‘f‘ber 2010 | cal ages ranging from Devonian to Jurassic to analyse the ultrastructure of the organic
Accepted after revision 5 April 2011 matrix in fossil bones that have preserved a histological structure after demineralisa-
Available online 28 June 2011 . . . s .
tion. All samples show a network of variably well-preserved fibrils. Within the sampling,
the best results were obtained in two specimens: the scales of the Devonian sar-
copterygian tetrapodomorph Eustenopteron foordi, and the humerus of Jurassic dinosaur
Lappentosaurus madagascariensis. Despite an extended time difference between both spec-

Written on invitation of the Editorial Board.

Ic(zjl'l\;v;ergs. imens, their fossil bone is composed of a plywood-like structure in which the fibrils are
Fossil bone very closely packed. These observations support the hypothesis that dense initial packing
Vertebrates of collagen fibrils favours the preservation of the fossil bone.

TEM © 2011 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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RESUME
Mots clés : L’étude ultrastructurale de la trame organique persistant aprés déminéralisation a été
C011ag§ﬂe réalisée au microscope électronique a transmission sur des os fossiles dont I'dge varie
Os fO'SSIIF du Dévonien au Jurassique. Les échantillons retenus présentent un réseau composé de
?\/Ae]_:r;emes fibrilles plus ou moins bien conservées. Les meilleurs résultats obtenus concernent les

Paléohistologie

écailles du sarcoptérygien tétrapodomorphe Eustenopteron foordi datant du Dévonien et
I’humérus du dinosaure Lappentosaurus madagascariensis datant du Jurassique. Ces deux
spécimens distants par I'age possédent tous deux des os fossiles formés par une structure
en contreplaqué : une organisation spatiale ot les fibrilles de collagéne sont trés proches
les unes aux autres et reliées entre elles. Les résultats obtenus montrent que les os fossiles
les plus compacts ont une trame organique mieux préservée du point de vue ultrastruc-
tural, ce qui plaiderait en faveur de I'hypothése du réle de la densité osseuse comme facteur
intrinséque favorisant la préservation des os fossiles.
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1. Introduction

Numerous histological studies refer to remarkable
preservation of fossil bone including the persistence of
the birefringence pattern observed in fresh bone where
it reflects the original alignment of apatite crystals with
their c-axes parallel to the collagen fibrils (for a review,
see Fawcett, 1994). In bone, the organic matrix (mainly
collagen fibrils) and the mineral (crystals of carbonated
hydroxyapatite) are interrelated, forming a complex mate-
rial (Glimcher and Krane, 1968; Weiner and Traub, 1986).
The intimate association of bone mineral with the organic
matrix appears to protect the collagen molecules in fossil
bone; conversely, collagen provides protection for hydrox-
yapatite crystals so that bone hydroxyapatite crystals and
collagen fibrils ensure a mutual protection affording a
greater stability to both components in fossil remains
(Collins et al., 1995, 2002; Eglinton and Logan, 1991;
Trueman and Martill, 2002; Trueman et al., 2008).

Ultrastructural analyses using transmission electron
microscope (TEM) have usually been carried out for study-
ing extant osseous tissues; this technique is not commonly
done for fossil bone. TEM analyses of well-preserved fos-
sil bone have shown that collagen molecules (mostly type
I collagen) can be preserved down to the ultrastructural
level (Armitage, 2001; Doberenz and Wickoff, 1967; Isaacs
et al,, 1963; Pawlicki, 1985; Pawlicki et al., 1966; Rimblot-
Baly etal., 1995; Shackleford and Wickoff, 1964; Zylberberg
etal., 2010; Zocco and Schwartz, 1994). Most of these elec-
tron microscope studies were carried out on replicas, even
those using a TEM. Thus, demineralisation of the samples
was not necessary.

Other ultrastructural studies reporting the presence
of collagen concern fossils often dating from the Pleis-
tocene (Armstrongetal., 1983; Jans et al.,2002; Shackleford
and Wickoff, 1964). Although collagen molecules in fos-
sils may remain structurally intact for a long time, there
is now evidence of subtle degradation that depends not
only on intrinsic factors such as composition and spatial
organisation, but also on extrinsic factors such as soil pH,
temperature, burial conditions, and postdepositional his-
tory (i.e. Fernandez-Jalvo et al., 2002; Jans et al., 2002;
Schweitzer et al., 2008).

Given that type I collagen is the main component (from
90 to 95%) of the bone organic matrix (Robey, 2002), a
brief review of its structure and composition may be use-
ful. Type I collagen is a fibrillar protein that has a strong
affinity for hydroxyapatite. Collagens are structural pro-
teins of the extracellular matrix arranged into a triple
helix (Rossert and de Combrugghe, 2002; Van der Rest,
1991). Each a chain contains an obligatory amino-acid
sequence Glycine-X-Y. Thus, every third residue is glycine,
the smallest amino-acid. X corresponds to a modified
amino-acid hydroxyproline. Collagen also incorporates a
specific modified amino-acid hydroxylysine. Due to this
particular peptide sequence, each « chain is coiled in a left-
handed helix; the three a chains are twisted together to
form a right-handed triple helix where Gly residues are in
the centre of the triple helix. The triple helix is stabilised
by intramolecular bonds and water bridges (Rossert and de
Combrugghe, 2002). Type I collagen is a heterotrimer made

of two identical «1(1) chains and one a2(I) chain. Type I
collagen molecules aggregate by lateral packing into fibrils
that present, through electron microscopic examination,
the characteristic cross-striation with a repetitive axial
period of about 64 nm. The axial periodicity is explained
by a quarter staggering of the molecules in the fibril where
they are separated from each other by a gap (Van der
Rest, 1991). The initial mineral deposition occurs in the
gap region of the fibril. The crystallites are thin platelets
elongated along the collagen fibrils. The crystallites are
regularly stacked within the fibrils. In heavily mineralised
bone, the crystals can grow and contact each other to
form extensive multicrystalline arrays (Weiner and Traub,
1986). According to Lees (1989), the mineralised collagen
possesses unusual features that influence its diagenesis,
and apatite may be bound to collagen through calcium
bridges. Previous studies lead to consider that a close pack-
ing of collagen fibrils may be an intrinsic factor increasing
the resistance of bone during fossilisation through the for-
mation of hydrogen bonding and cross-linking (Eglinton
and Logan, 1991).

The aim of the present study is to observe whether
organic residues remain in fossil bones after demineral-
isation treatments appropriate to transmission electron
microscopy examination. To address this problem, it was
tempting to compare the ultrastructure of the organic
matrix of fossil bones that differ in the spatial organisation
of bone and ranging from compact twisted plywood-like
structure to less compact lamellar bone. The terminology
of Francillon-Vieillot et al. (1990) concerning bone histol-
ogy was used in the present study. The present preliminary
work reports the results obtained on samples dating from
the Devonian to the Jurassic.

2. Materials

The present study was carried out on specimens dat-
ing from the Upper Devonian up to the Middle Jurassic
(Fig. 1): the tetrapodomorph Eustenopteron foordi, (MNHM
06-615A), scale, Late Devonian (Escumenac Bay, Que-
bec, Canada); the seymouriamorph Microphon exiguus (PIN
[Paleontological Institute of Moscow]| 4548, lent by M.
Shishkin), rib, Late Tatarian, Middle Permian (Bulanov,
2003); the temnospondyl Onchiodon frossardi, ventral
scales, Early Permian, Buxiéres-les-Mines Allier, France
(lent by ].-S. Steyer); a second temnospondyl, a Dis-
sorophoide indet. (R. Reisz, private collection), femur,
Early Permian, Oklahoma, U.S.A.; a third temnospondyl,
Eryosuchus garjainovi (PIN 2865, lent by M. Shishkin), rib,
Middle Triassic; a fourth temnospondyl, Tupilakosaurus
wetlugensis, (PIN 1025, lent by M. Shishkin) rib, Early Trias-
sic, Wetluga River, Nizhei Province; the amniote Captorhi-
nus aguti, (Armand de Ricqlés, private collection) femur,
Early Permian, Oklahoma U.S.A.; the sauropodomorph
dinosaur Lappentosaurus madagascariensis, (Armand de
Ricqlés private collection) humerus, Middle Jurassic,
Andromany, Madagascar. The phylogeny was compiled
from Laurin (1998) for the main stegocephalian taxa, Yates
and Warren (2000) and Laurin and Soler-Gijén (2006) for
higher-level temnospondyl relationships (both implied the
same relationships between the four temnospondyl taxa),
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Fig. 1. Time-calibrated tree showing the stratigraphic distribution of the
examined taxa. Abbreviations: Neo.: Neogene; Oligoc.: Oligocene; Paleoc.:
Paleocene; Paleog.: Paleogene.

Fig. 1. Arbre calibré dans le temps montrant la distribution strati-
graphique des taxons examinés. Abréviations: Neo.: Néogéne ; Oligoc. :
Oligocéne ; Paleoc. : Paléocéne ; Paleog. : Paléogéne.

and Laurin and Reisz (1995) for the position of turtles. Con-
troversies render part of this phylogeny uncertain, both
concerning the position of Lissamphibia (Ruta and Coates,
2007) and of turtles (Rieppel and Reisz, 1999), but the
choices that we have made are supported by recent anal-
yses (Lyson et al., 2010; Marjanovic and Laurin, 2009).
The tree was drawn using the Stratigraphic Tools (Josse
et al., 2006) of Mesquite (Maddison and Maddison, 2010).
The geological timescale follows Gradstein et al. (2004).
Tetrapoda is considered a crown-group; for this point

and other nomenclatural issues, see Laurin and Anderson
(2004).

The bones display varied shades and colors indicating a
range of postmortem diagenetic influences.

3. Methods

Small samples of the fossils examined in the present
study were cleaned with a solution of 2.5% formic acid,
rinsed in ethanol, air-dried, and embedded in Epon 812. The
polymerisation was performed at 60°C. The blocks con-
taining the fossil samples were sectioned using an Isomet
diamond saw to obtain ground sections. These ground sec-
tions are free slivers of about 10 wm thick. Some samples
were not retained after examination with a light micro-
scope of the Epon ground sections. Thus, we discarded
the scales of O. frossardi, which are too small (Fig. 2a). We
also discarded the femur of the Dissorophoidea indet. from
the Early Permian, a group of terrestrial, medium-sized
temnospondyl (Laurin, 2008), because ground sections do
not show histological structures (Figs. 2b, c). The rib of
M. exiguus was not retained, for the same reason. Only
the samples whose demineralised ground sections showed
a preserved micromorphology were submitted to further
preparation for TEM examination.

Both surfaces of the ground sections selected for TEM
observation were covered with a thin layer of Epon
that was polymerised to prevent the breaking up of
the tissues weakened during the demineralisation proce-
dures for TEM examination. These ground sections were
observed by light microscopy under natural and polarised
light. The demineralising agents tested include nitric acid,
hydrochloric acid, citric acid, formic acid, and ethylene
diamino tetracetic acid (EDTA). The best results were
obtained with organic acids and EDTA added in a fixative
mixture. EDTA is a demineralising agent that has long been
used for ultrastructural studies of extant osseous tissues
(Hancox, 1972; Scott and Kyffin, 1978) and that has more
recently been used for demineralisation of fossil calcified
tissues (Armstrong et al., 1983; Schweitzer et al., 2005).
The fixative solution was composed of 1.5% paraformalde-
hyde and 1.5% glutaraldehyde in a 0.1 M cacodylate buffer
and 0.1 M citric acid or 0.5% formic acid or 5% EDTA. The
demineralising solution was changed every two days for
one to six months depending on the samples. The dem-
ineralisation was stopped when the samples became less
opaque and more flexible. The demineralised ground sec-
tions were postfixed in a solution of 2% osmium tetroxide
in the cacodylate buffer, then dehydrated in a graded
series of ethanol solutions, left at least 12 hours in a 1/1
ethanol-Epon mixture and embedded in Epon. Semi-thin
sections (1 m thick) were stained with a buffered tolu-
idine blue solution (pH 4) that revealed the presence of
preserved organic matrix but did not allow discrimination
between collagen and other proteins. The sections were
examined by light microscopy using natural and polarised
transmitted light and Nomarski differential interference
contrast (DIC) to select appropriate areas for TEM exami-
nation. Ultrathin sections (100 nm thick) were stained with
uranyl acetate and lead citrate and observed in a Philips
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Fig. 2. Temnospondyls. (a) Onchiodon frossardi. Ventral scales. Ground section. Transmitted natural light. The scales distributed in the sediment are very
small (asterisks). (b) Dissophorophoidea. Longitudinal section of femur. Ground section. Transmitted natural light. The cortex and the spongiosa show no
structural organisation. (c) Same. Ground cross-section observed with polarised light.

Fig. 2. Temnospondyles (a) Onchiodon frossardi. Ecailles ventrales. Lame mince. Lumiére naturelle transmise. Les écailles réparties dans le sédiment sont
de petite taille (astérisques). (b) Dissophorophoidea. Coupe longitudinale de fémur. Lame mince. Lumiére naturelle transmise. Aucune structure n’est
perceptible dans le cortex ou dans la spongiosa. (c) Méme élément, coupe transversale observée en lumiére polarisée.

EM 201 and a Jeol Leo TEMs with an operating voltage of
80kV.

4. Results
4.1. Light microscopic examination.

All the fossils retained for TEM examination showed
birefringent structures in mineralized ground sections
observed with polarised light. However, the birefringence
remained visible after demineralization, to an extent that
depended on the tissue organisation and on the species.

4.2. TEM examination

The oldest fossil examined was the Devonian sar-
copterygian Eusthenopteron foordi, whose scales were
removed from slabs containing skeletal remains that show
a very good preservation. Vertical sections show that the
scales are composed of two layers: a superficial layer that
will be described first covers the much thicker basal plate
(Fig. 3a). In the present study, vertical sections refer to
sections perpendicular to the skin surface. The superficial
layer forms thick tubercles (Fig. 3a), as recently reported
(Zylberberg et al., 2010). The basal plate is composed of
superimposed plies about 10-12 pm thick (Fig. 3b). Each
ply is made of closely packed parallel collagen fibres that
are oriented in the same direction. The fibre direction varies
from one ply to the next by a specific angle of rotation.
The successive odd and even plies form a twisted plywood
structure (Giraud et al., 1978; Meunier, 1984). Osteocyte
lacunae are present in both layers. Cells are abundant, as
observed in the sections of scales embedded in Epon for
TEM observation (Fig. 3c).

These sections also show that variations of the fibril
directions were preserved in sections embedded in Epon
and submitted to demineralisation for TEM examination
(Fig. 3c). Staining of semi-thin sections with toluidine
blue indicates that organic material stained in blue is pre-
served within the scales, even though the scales are not
completely demineralised. The mineralised areas are not
stained with toluidine blue (Fig. 3d). Semi-thin sections of
scales observed with Nomarski optics show abundant frac-
tures (Fig. 3e). The basal plate has a surface covered with
ripples parallel to each other (Fig. 3f).

At the ultrastructural level, long, compact structures are
composed of closely packed fibrils (Fig. 3 g). Adjacent fib-
rils are linked to each other by regularly spaced bridges
(Fig. 3 g, insert). The fibrils are about 100 nm thick, but
they lack the specific striation that characterises the type
[ collagen fibrils present in the osseous tissues of extant
vertebrates; however, a regular banding can occasionally
be observed in these scales. Mineral, still present in thin
sections after demineralisation procedures, forms patches
associated with the fibrils (Fig. 3 h).

TEM observations were also obtained on the femur
of C.aguti, a Permian captorhinid, a basal eureptile. The
C.aguti femur shows a well-preserved bone organisation
after demineralisation. Longitudinal ground section of the
epiphyseal and metaphyseal areas show the thin cortex of
compact bone surrounding the trabeculae of the central
spongiosa (Fig. 4a). Numerous osteocyte lacunae (Fig. 4b;)
are seen within the matrix of the bone trabeculae made
of lamellar bone (Fig. 4b,). Semi-thin sections are stained
with toluidine blue in both the cortical (Fig. 4c) and the
trabecular bone (Fig. 4d). Empty osteocyte lacunae are
randomly distributed. Deep blue stained rings surround
circular empty spaces that most probably correspond to
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Fig. 3. Eusthenopteron foordi scales. (a) Transmitted natural light. Vertical ground section showing two main layers: the ridged external layer (el) and the
stratified basal plate (bp). (b) Polarised light. Vertical ground section through the basal plate showing details of the superimposed plies. (c) Transmitted
natural light. Epon frontal thick section after demineralisation. Note the preservation of the scale organisation. The shape of the osteocyte lacunae and their
canaliculi (arrow) are related to the orientation of the surrounding fibres (double-headed arrow). (d) Transmitted natural light. Semi-thin vertical section of
partially demineralised scales. Toluidine blue staining. The organic matrix is stained in grey and the mineral remnants are black. (e) Nomarski interference
optical micrograph. Semi-thin vertical section of a demineralised scale showing the abundant fractures. (f) Nomarski interference optical micrograph.
Semi-thin vertical section of a demineralised scale showing the rippled surface of the basal plate. Micro-organisms, probably bacteria, are visible (arrow).
(g) TEM. Demineralised scale. Basal plate. Closely packed fibrils are roughly parallel to each other and are connected by bridges. Insert: detail of bridges
connecting two adjacent fibrils (arrows). (h) TEM. Partially demineralised scale. Some fibrils show a discernible periodic striation (arrows).

Fig. 3. Eusthenopteron foordi. Ecailles. (a) Lumiére naturelle transmise. Lame mince. Coupe transversale de la plaque basale montrant deux couches super-
posées : la couche externe (el) et la plaque basale stratifiée (bp). (b) Lumiére polarisée. Coupe transversale montrant des détails de I'empilement des
couches formant la plaque basale. (c) Lumiére naturelle transmise. Coupe épaisse frontale d’épon aprés déminéralisation. L'organisation de I'écaille est bien
préservée. La forme des lacunes ostéocytaires et des canaliculi (fleche) sont en relation avec I'orientation des fibrilles (fleche a deux tétes). (d) Lumiére
naturelle transmise. Coupe semi-fine partiellement déminéralisée et colorée par le bleu de toluidine. Coupe transversale d’écaille. La matrice organique
est colorée en gris, alors que les dépdts minéraux apparaissent en noir. (e) Photo par interférence optique Nomarski. Coupe semi-fine transversale d'une
écaille déminéralisée montrant de nombreuses fractures. (f) Nomarski. Coupe semi-fine transversale d’une écaille déminéralisée montrant I'aspect ondulé
de la surface de la plaque basale. Des micro-organismes, probablement des bactéries, sont visibles (fleche). (g) MET. Ecaille déminéralisée. Plaque basale.
Des fibrilles étroitement associées et approximativement paralléles les unes aux autres, sont réunies par des ponts. Encart : Détail des ponts réunissant des
fibrilles adjacentes (fléches). (h) MET. Ecaille partiellement déminéralisée. Certaines fibrilles montrent une striation périodique (fléches).

canals that housed blood vessels, observed only in cortical
bone. At the ultrastructural level, the extracellular matrix
is composed of a network of very thin fibrils (Fig. 4e).
Thin sections of the cortical bone show that blood vessel
canal sections are surrounded by rings of more electron-
dense material corresponding to the blue stained rings
observed in light microscopy. This electron-dense mate-
rial contains elongated mineral crystals whose size and
morphology differ from those of hydroxyapatite crystal-
lites in bone. Nevertheless, the crystals are approximately
oriented along the axes of the fibrils (Fig. 4f).

Triassic bones were examined in the temnospondyls
Tupilakosaurus wetlugensi and Eryosuchus garjaino, in both
cases using ribs. Demineralisation has not dissolved the

mineral that remains in some areas of the ground sections
in samples of T. wetlugensis (Figs. 5ai, a,) and E. garjainov
(Figs. 5 hq, hy). Ground sections of the rib of T. wetlugensis
show that the axes of the abundant osteocyte lacunae
are parallel to each other (Fig. 5b;) and to the bundles
of closely packed fibrils (Fig. 5b,). Semi-thin sections of
the ribs of T. wetlugensi show two distinct areas separated
by a clear-cut line (Fig. 5c¢). A completely demineralised
area contains abundant osteocyte lacunae. The other
area, stained with toluidine blue, is partially mineralised
(Fig. 5¢). These two parts differ also at the ultrastructural
level. The demineralised area is composed of a fairly
dense amorphous material. Ribbons are made of a dense
meshwork (Fig. 5d). In the partially mineralised area,
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Fig. 4. Captorhinus aguti femur. Permian. (a) Transmitted natural light. Longitudinal Epon ground section of the femur after demineralisation. (b) Detail of
the spongiosa in transmitted natural light (b;) and polarised light (b, ) The spongiosa shows well-preserved trabeculae and osteocyte lacunae (arrow). (bz)
Polarised light shows lamellar bone in the trabeculae. (c) Transmitted natural light. Semi-thin section. Toluidine blue staining. Abundant osteocyte lacunae
are observed. Dense material showing a great affinity for toluidine blue is located around the vessels (v). (d) Transmitted natural light. Semi-thin section at
the level of the trabeculae. Toluidine blue staining. (e) TEM. Same area as in (¢). An electron-opaque material surrounds the empty spaces formerly occupied
by the vessels. (f) TEM. Detail of the electron-opaque areas. Parallelepipedic crystals are coaligned with fibrils.

Fig. 4. Captorhinus aguti. Fémur. Permien (a) Lumiére naturelle transmise. Lame mince d'une coupe longitudinale du fémur incluse dans I'’épon aprés
déminéralisation. (b) Détail de la spongiosa en lumiére naturelle transmise (b;) et lumiére polarisée (b,). Les trabécules de la spongiosa sont bien
conservés. Des lacunes ostéocytaires sont visibles (fleche). (c) Lumiére naturelle transmise. Coupe semi-fine. Bleu de toluidine. Les logettes ostéocy-
taires sont nombreuses. Un matériel dense montrant une grande affinité pour le bleu de toluidine est situé autour d’espaces correspondant aux vaisseaux
sanguins (v). (d) Lumiére naturelle transmise. Coupe semi-fine au niveau des trabécules, colorée au bleu de toluidine. (e) MET. Méme région que (c). Un
matériel opaque aux électrons entoure les espaces occupés par les vaisseaux sanguins sur le vivant. (f) MET. Détail des zones opaques aux électrons. Des
cristaux ayant une forme de parallélépipéde ont la méme orientation que les fibrilles auxquelles ils sont associés.

the fibrils oriented approximately parallel to each other
form a network associated with crystals (Fig. 5e). The
closely packed fibrils form bundles (Fig. 5f) within which
a weak striation is discernable (Fig. 5g). The fibrils are
interconnected by irregularly-spaced rods.

The ground sections of E.garjainov show abundant
osteocyte lacunae randomly distributed within the matrix
(Fig. 5i1) where polarised light does not show a pecu-
liar organisation (Fig. 5i,). Toluidine blue stains only the

demineralised part of the semi-thin section; the unstained
areas are still at least partially mineralised (Fig. 5j). Empty
spaces correspond to the vessels (Fig. 5j). At the ultrastruc-
tural level, the matrix appears to be made of a network of
electron-dense fibrils (Fig. 5k). The fibrils show an irregular
banding. They appear to contain small crystals (Fig. 51).
The humerus of the Jurassic dinosaur Lapparen-
tosaurus madagascariensis differs from the geologically
much older Caguti femur. Indeed, the humerus of
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Fig. 6. Ground section. Cross-section of the diaphysis in Lapparentosaurus madascariensis. Humerus. Jurassic. Transmitted natural (a;) and polarised light
(az). Several generations of secondary osteons overlap each other. (b) TEM. Fibrils oriented in parallel to each other show a periodic striation similar to
the one of modern collagen. (c) TEM. Electrolucent and electron-dense zones causing the periodic striation of the fibrils are themselves made of successive
electron-lucent and electron dense bands (arrows) as in fibrils of extant collagen.

Fig. 6. Lame mince. Coupe transversale de la diaphyse de 'humérus de Lapparentosaurus madascariensis. Jurassique. Lumiére naturelle transmise (a;) et
lumiére polarisée (a;). Plusieurs générations d’ostéones secondaires se chevauchent les uns les autres. (b) MET. Des fibrilles paralléles les unes aux autres
ont une striation périodique qui s'apparente a celle du collagene actuel. (c) MET. Les zones opaques aux électrons et les zones transparentes aux électrons
qui forment la striation périodique sont elles-mémes constituées de bandes claires et sombres aux électrons, comme dans les fibrilles de collagéne actuel.

L. madagascariensis is much denser and is composed of
a secondary haversian bone where osteons overlap each
other as observed in ground sections (Figs. 6

ai, ay). Examination at the ultrastructural level reveals
that the matrix contains patches where striated fibrils ori-
ented in parallel (Fig. 6b) are organised in bundles as in
modern osseous tissue. The periodic striation of the fibrils
is due to sequences of electron-dense and electron-lucent
zones that are themselves made of thin striations as in fib-
rils of extant collagen (Fig. 6¢).

5. Discussion

The present preliminary study, although it concerns
only a few specimens ranging in age from Devonian
to Jurassic, shows that organic residues are frequently
preserved after at least a partial or a complete deminer-

aspects of these organic residues suggest that they repre-
sent the remains of bone organic matrix rather than the
bacterial biofilms described by Kaye et al. (2008) at the
surface of fossil samples. Biofilms contain pyrite framboids
(Maclean et al., 2008) that were not observed in our sam-
ples. Indeed, TEM examination carried out in the present
study shows that reasonably well-preserved fibrils are
identified within all specimens. However, the character-
istic banding of type I collagen is distinguishable in few of
the studied specimens. Pawlicki et al. (1966), Doberenz and
Wickoff (1967), and Schweitzer et al. (2005, 2007) stated
that collagen in fossil bone lose its ability to be stained and
its characteristic banding, but our observations show that
collagen in fossil bone can frequently be stained and retains
part of the banding pattern. Fibrils show striations in the
scales of the Devonian sarcopterygian E. foordi and in the
humerus of the Jurassic dinosaur L. madagascariensis. The

alisation of fossil bone ground sections. The ultrastructural banding observed in L. madagascariensis resembles that of

Fig. 5. Ribs of the Triassic temnospondyls Tupilakosaurus wetlugensis (a-g) and Eryosuchus garjainov (h-1). (a;) Transmitted natural light. Ground section
before demineralisation showing two parts, one of which is composed of compact bone surrounding a central spongiosa. (a, ) The same ground section after
demineralisation. (b) Detail of the compact bone in ground section observed with natural transmitted light (b;) and with polarised light (b, ). The abundant
osteocyte lacunae (b; ) have their axes roughly oriented in parallel with the fibrillar bundles (by). (¢) Transmitted natural light. Semi-thin section. Toluidine
blue staining reveals two areas: one composed of a loose meshwork, and another, denser and intensively stained region. (d) TEM. The loose meshwork
contains an amorphous material of variable density. (e) TEM. The dense part contains a fibrillar network within which mineral crystals are entrapped. (f)
TEM. Fibrils are closely packed in the bundles (arrow). (g) TEM. Detail of a bundle within which the fibrils show a weak striation (arrow). (h; ) Transmitted
natural light. Ground section before demineralisation shows heterogeneous opacity. (h,). The same ground section after demineralisation. Large areas of
sample lost their opacity during demineralisation. (i) Ground section. Detail of the organisation within the bone. (i; ) Transmitted natural light showing the
random distribution of osteocyte lacunae. (i) Polarised light. The fibrils show no preferential direction. (j) Transmitted natural light. Semi-thin section.
Toluidine blue staining. Only one part of the section is stained. Holes (asterisk) correspond to vessels. (k) TEM. Fibrils are organised in a dense (white
asterisk) or loose (black asterisk) network. (1) TEM. Detail of fibril structure (arrow).

Fig. 5. Cotes des temnospondyles triasiques Tupilakosaurus wetlugensis (a-g) et Eryosuchus garjainov (h-1). (a; ) Lumiére naturelle transmise. Lame mince
avant déminéralisation montrant deux régions, I'une composée d’os compact bordant une spongiosa centrale. (a; ) Méme lame mince aprés déminéralisation.
(b) Lame mince. Détail de I'os compact. (b; ) Lumiére naturelle transmise. (b,) Lumiére polarisée. Les nombreuses logettes ostéocytaires (b ) ont leur grand
axe orienté parallélement a celui des faisceaux fibrillaires (b, ). (c) Lumiére naturelle transmise. Coupe semi-fine. Bleu de toluidine. Deux régions différent par
leur affinité pour le colorant. L'une est composée d’un réseau peu dense et I'autre, d’'un réseau plus dense et plus vivement coloré. (d) MET. Un réseau lache
est constitué d'un matériel amorphe plus ou moins dense. (e) MET. La partie plus dense contient un réseau fibrillaire au sein duquel les cristaux sont inclus.
(f) MET. Les fibrilles forment des faisceaux compacts (fléche). (g) MET. Détail d’un faisceau composé de fibrilles montrant une discréte striation (fleche).
(hy) Lumiére naturelle transmise. Lame mince avant déminéralisation montrant une opacité hétérogene. (h,) Méme lame mince aprés déminéralisation.
Des régions plus étendues de la lame mince ont perdu leur opacité. (i) Lame mince. Détail de I'organisation de I'os. (i;) Lumiére naturelle transmise. Les
logettes ostéocytaires sont réparties sans ordre. (i) Lumiére polarisée. Les fibrilles n’ont pas de direction préférentielle. (j) Lumiére naturelle transmise.
Coupe semi-fine. Coloration par le bleu de toluidine. Seule une partie de coupe est colorée. Les espaces vides (astérisque) correspondent aux vaisseaux
sanguins. (k) MET. Des fibrilles forment un réseau dense (astérisque blanche) ou un réseau lache (astérisque noire). (1) MET. Détail de la structure des
fibrilles (fléche).
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the fibrils of modern collagen and it is in the range of the
characteristic 64 nm banding, as reported by Rimblot-Baly
et al. (1995). Differences in the banding between the fos-
sil and the extant material noted by Wickoff et al. (1963)
and Shackleford and Wickoff (1964) can be related, on one
hand, to a change in the collagen molecule and, on the
other hand, to the processing involved in the preparation of
the fossil bone for electron microscopical examination. For
comparison of the banding in fossils from different sources,
the samples have to be prepared under identical conditions
and viewed in the same microscope. The electron micro-
scope itself must be calibrated for a valid measurement of
the banding of material (Armstrong et al., 1983). Such mea-
surements are not in the scope of the present study, the
samples have been prepared under identical conditions,
but they have been examined with two different micro-
scopes.

The fibrils are often associated with mineral crystal-
lites, as observed in our partially demineralised samples
of fossil bones. Depending of their size, the crystallites are
inserted within the fibril, as in E. foordi, T. wetlugensis, and
Eryosuchus garjaini, or their axes are oriented in the same
direction as the fibrils, as in Captorhinus aguti. It has been
shown that in fossil bone, crystallites retain the orientation
of the bone crystals although they are larger (Dumont et al.,
2011; Hubert et al., 1996; Newesely, 1989; Trueman et al.,
2008; Wess et al., 2001; Zocco and Schwartz, 1994).

In the present work, fossil bone preservation does not
appear to depend on geological age and may instead
reflect the structure of fossil bone, particularly the arrange-
ment and density of the collagen fibrils. Indeed, the bones
of Eusthenopteron and Lapparentosaurus share a twisted
plywood-like structure in which collagen fibrils are very
closely packed (Giraud-Guille, 1988; Giraud et al., 1978).
TEM analysis of the postcranial dermal skeleton of E. foordi
did not enable ultrastructural observations of collagen fib-
rils in other elements such as lepidotrichia or enlarged
scales (Zylberberg et al., 2010). The ultrastructural preser-
vation of the twisted plywood-like structure of the basal
plate despite cracks and the presence of micro-organisms
may have been facilitated by high density of the fibrils
within the plies. In the plies where the fibrils are closely
packed, abundant bridges connecting fibrils are preserved,
even if these bridges may have formed during fossilisation
and may not correspond to the bridges composed of gly-
cosaminoglycans and glycoproteins found in fresh osseous
tissues (Fawcett, 1994; Rossert and de Combrugghe, 2002).
The fibrils show an occasional striation evoking that of the
type I collagen of bone. In L. madagascariensi, TEM reveals
an ultrastructural striation along the well-preserved fib-
rils similar to that of modern collagen. Conversely, only
a low concentration of peptide residues has been identi-
fied in bone from the same area by biochemical analyses
(Rimblot-Baly et al., 1995). It has already been noted
that the appearance of collagen fibrils under electron
microscopy does not always reflect the survival of intact
protein components since there is now evidence of subtle
degradation of collagen molecules that remain structurally
intact (Armstrong and Tarlo, 1966; Armstrong et al., 1983;
Nielsen-Marsh, 2002). Long-term preservation of organic
macromolecules may occur where recrystallisation rates

are particularly fast (Trueman et al., 2008). The rate of
collagen degradation in bone is slow because its mineral
component protects the collagen of the matrix by prevent-
ing helical expansion, which precedes fibril degradation.
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