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Here we describe variations in osteocytes derived from each of the three bone layers that comprise the turtle
shell. We examine osteocytes in bone from four extant turtle species to form a morphological ‘baseline’, and
then compare these with morphologies of osteocytes preserved in Cenozoic and Mesozoic fossils. Two different
morphotypes of osteocytes are recognized: flattened-oblate osteocytes (FO osteocytes), which are particularly
abundant in the internal cortex and lamellae of secondary osteons in cancellous bone, and stellate osteocytes
(SO osteocytes), principally present in the interstitial lamellae between secondary osteons and external cortex.
We show that the morphology of osteocytes in each of the three bone layers is conserved through ontogeny.
We also demonstrate that these morphological variations are phylogenetically independent, as well as indepen-
dent of the bone origin (intramembranous or endochondral). Preservation of microstructures consistent with
osteocytes in the morphology in Cenozoic and Mesozoic fossil turtle bones appears to be common, and occurs
in diverse diagenetic environments including marine, freshwater, and terrestrial deposits. These data have
potential to illuminate aspects of turtle biology and evolution previously unapproachable, such as estimates of
genome size of extinct species, differences in metabolic rates among different bones from a single individual,
and potential function of osteocytes as capsules for preservation of ancient biomolecules.

© 2012 Elsevier Inc. All rights reserved.
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Introduction

Bone is the result of phylogenetic, functional, and structural influ-
ences [1] evidenced in the hierarchical levels of bone tissue: macrostruc-
ture (cancellous and cortical bone), microstructure (Haversian systems,
osteons, and lamellae), and nanostructure (mineral, collagen, and non-
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collagenous proteins) [2]. Of the three types of cells comprising bone,
osteocytes are the most abundant, making up 95% of all cells in bone
([3] and references therein), yet little is known of osteocyte biology
and function. Recent studies have begun to elucidate the role of
osteocytes in bone formation, bone function, bone maintenance and
bone pathology [4–12], but many questions regarding the fundamental
biology of these cells remain. Issues that are still poorly understood in-
clude: 1) the potential variation in the morphology of osteocytes in
bones with different origins (intramembranous vs endochondral) and
their different roles in vertebrate body plans, (e.g., do osteocytes function
differently in long bones vs bony flat plates); 2) what temporal limits
exist on osteocyte preservation in the bonymatrix, and whether preser-
vation is dependent on taxon, bone type, geologic time, depositional en-
vironment or other factors; and 3) if these cells persist and can be shown
to be endogenous to the organisms, can chemical/molecular analyses of
these remnants shed light on the physiology, phylogeny, and/or ecology
of extinct organisms across geological time. Turtles are an ideal organism
to inform on these issues, because their bony shell is unique among ver-
tebrates, in that their carapace is endochondral in origin, while the plas-
tron has an intramembranous origin [13] (see Graphical abstract).
Additionally, their shell consists of bones with three well differentiated
bone types or layers [14], and a robust and continuous fossil record
extending approximately up to 230 million years (Ma).

Osteocyte lacunae and associated lacunocanalicular network (LCN)
have been described in many fossil specimens [15–17], including non-
avian dinosaurs from the Late Cretaceous (80 Ma) ofMongolia. Two dif-
ferentmorphs of these structures have been identified: flattened-oblate
and stellate [18].More recently, three dimensional osteocytes and blood
vessel morphs have been isolated from the bone matrices of various
Mesozoic (dinosaurs) and Cenozoic (mammals-birds) vertebrates
[19,20], but an in-depth examination of turtle bone for such preserva-
tion has not been previously conducted.

Here we describe osteocytes from four extant turtle taxa: sea
turtle Caretta caretta (Cryptodira, Chelonidae), box turtle Terrapene
carolina (Cryptodira, Testudinidae), freshwater turtle Trachemys scripta
(Cryptodira, Emydidae), and freshwater side-necked turtle Podocnemis
expansa (Pleurodira, Podocnemididae). We then examine the preserva-
tion of osteocytes in Cenozoic and Mesozoic fossils closely related to
these extant species, and describe morphological variation in osteocytes
from each of the three layers of bone that forms the shell—external cor-
tex (EC), cancellous bone (CB), and internal cortex (IC). Finally, we com-
pare these morphologies with osteocytes recovered from long bones
(femora and humeri).

Materials and methods

Sampling

Complete skeletons of each extant species were donated for re-
search from the Amphibian and Herpetological collections from the
North Carolina Museum of Natural Sciences. We studied carapace and
plastron elements of C. caretta, Tr. scripta, and P. expansa, as well as
the right femur of T. carolina and C. caretta. Specimens used for compar-
ing osteocyte morphology are described in the caption of Fig. 4.

Bone histology

Eleven bone thin sections (Table 1) were taken following the proce-
dure described in Ref. [21], briefly summarized here and applied for
both fossil and extant bones. Bone fragments were embedded in Silmar
resin (Fiber Glass Florida, Inc., Florida) and allowed to polymerize. Sec-
tions were cut with a Covington saw to an approximate thickness of
1.5 mm and adhered to glass microscope slides (Fisherfinest,
3″×1″×1mm) with Loctite Heavy Duty epoxy. After drying, sections
were ground with an EcoMet 4000 Grinder/Polisher to 60–150 μm
(below this range the osteocytes generally are lost, leaving just the

empty lacunae), polished with grit paper decreasing in coarseness from
120 to 4000, and examined and documented with a Zeiss Axioskop 2
plus biological microscope and a Zeiss Axioskop 40 petrographic polariz-
ing microscope. Images were collected using Axiovision software pack-
age (version 4.7.0.0).

Isolation of osteocytes

For isolation of extant osteocytes, small pieces of bone (~1 cm3)
were first placed in 50 ml tubes with ethylenediaminetetraacetic
acid (EDTA; 0.5 M pH 8.0, filtered using a 0.22 μm filter) and sub-
jected to gentle agitation for at least 10 days, using a VWR Scientific
3-D rotator waver to remove the mineral phase. Slices (~2 mm
thick) of demineralized bone were transferred to microcentrifuge
tubes (2 ml). EDTA was exchanged with E-pure water through
multiple (at least 10) rinses. After demineralization, bone slices
were incubated with collagenase A (Clostridiopeptidase, external cor-
tex lyophilizate) to selectively remove collagen while leaving other
features intact. For digestion, 80 μl of enzyme was diluted to 2 ml with
D-PBS buffer solution and incubated with bone slices at 37.5 °C for at
least 24 h with gentle shaking, centrifuged for 4 min at 2000 rpm, and
then rinsed 2 times with PBS buffer. PBS was removed with e-pure
water and drops of 5 μl were placed in glass slide with marked circular
spots, cover slipped, and observed with a Zeiss Axioskop 2 plus biolog-
ical microscope-fluorescence filter, using a 63× oil immersion lens.

Isolation of fossil osteocytes was performed in laboratories dedicat-
ed to analyses of ancient samples at North Carolina State University. To
avoid contamination, these lab facilities are isolated from areas used to
examine extant tissues. Clean room garb is required and all solutions
and equipment remain in this dedicated lab area, never contacting re-
centmaterial. Bone fragments were placed in cell culture plates (Costar,
6 wells) and incubated for 20 days in EDTA (0.5 M pH 8.0, 0.22 μm fil-
tered),with four changes of solution. After this prolongeddemineraliza-
tion, approximately 100 μl was deposited on a glass slide, cover slipped,
observed and photographed using a Zeiss Axioskop 2 plus biologicalmi-
croscope (40× and 63× oil lens).

Results

Osteocyte morphology in turtles

Two morphologically distinct types of osteocytes can be identified
in ground sections of extant and extinct turtle bone or in isolated
osteocytes after demineralization of each of these morphs specifically
associated with variations in bone tissue (Figs. 1–3). These two
morphologies are also conserved through ontogeny for each bone type,
and for both shell elements (carapace and plastron), as is supported

Table 1
Bone thin sections of extant and fossil turtles studied, and stored at the North Carolina
State University Paleontology Lab collection (NCSUPL).

Geologic time/location Thin section catalogue number/bone

Present/North Carolina USA Caretta caretta NCSUPL32/right costal 4
Present/North Carolina USA Caretta caretta NCSUPL51/left femur
Present/North Carolina USA Trachemys scripta NCSUPL22/left costal 5
Present/North Carolina USA Terrapene carolina NCSUPL23/left femur
Present/North Carolina USA Terrapene carolina NCSUPL52/right costal 4
Present/Peru Podocnemis expansa NCSUPL30/left costal 5
Early Miocene (~23 Ma)/Panama Rhinoclemmys sp.—NCSUPL05/left costal 4
Campanian (~80 Ma)/Mongolia Mongolemys elegans adult—NCSUPL02/left

costal 4
Campanian (~80 Ma)/Mongolia Mongolemys elegans juvenile—NCSUPL01/right

costal 7
Campanian (~80 Ma)/Mongolia Mongolemys elegans hatching—NCSUPL03/left

hyoplastron
Campanian (~80 Ma)/Mongolia Mongolemys elegans hatching—NCSUPL03/left

costal 6
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from hatchling, juvenile, and adult specimens of Mongolemys elegans
from the Late Cretaceous (80 Ma).

Flattened osteocytes (FO) (Figs. 1a–b)

Flattened (FO) osteocytes average 80–100 μm length and 5–15 μm
width, and have long canaliculi processes (40–50 μm length) oriented
perpendicular to the long axis of the osteocyte. FO1 osteocytes (Fig. 1a)
are primarily found in the internal cortex of both carapace and plastron
between layers of parallel-fibered lamellar bone, and occasionally in
large secondary osteons. Thefilipodiamay have secondary ramifications,
but these are always shorter than the primary. The slightly shorter and
wider variants of FO2 osteocytes (Fig. 1b) are abundant in the lamellae
of primary and secondary osteons. These osteocytes may also exhibit
more filipodia facing towards the Haversian canal at the center of the
osteon, a pattern also observed in secondary osteons of equine bone [6].

Stellate osteocytes (SO) (Fig. 1c)

SO osteocytes are generally rounder (35–50 μm length; 30–40 μm
width), some can be almost perfectly circular in shape. SO osteocytes
are particularly abundant in the interstitial lamellae between osteons,
where woven bone is also sometimes observed, and also in the exter-
nal cortex of the carapace and plastron. The filipodia are more ran-
domly distributed around the body of the osteocyte, and in most
cases secondary and tertiary ramifications are present.

Osteocytes in ground sections

Both morphs of osteocytes described above are also observed in
ground sections, indicating that demineralization does not affect the
morphology or size of the osteocytes. Long bones of turtles, particu-
larly the femur of extant turtles C. caretta and T. carolina are charac-
terized by having both FO2 osteocytes in secondary osteons and SO
osteocytes in interstitial lamellae between osteons of cancellous
bone (Fig. 2a), and predominant SO osteocytes in cortical bone,
where primary osteons are dominant (Fig. 2b). A ground section of
costal bone (carapace) of the extant freshwater turtle T. scripta
shows the abundance of FO1 osteocytes at the internal cortex
(Fig. 2c), while FO2 and SO osteocytes are more prevalent in cancel-
lous bone. FO1 osteocytes are more or less restricted in this area to
the laminar bone of large secondary osteons (Fig. 2d), and the exter-
nal cortex is characterized by SO osteocytes exclusively, which also
shows abundant, densely distributed Sharpey's fibers (SF, Figs. 2e–f).

The same pattern of osteocyte morphology vs bone layer de-
scribed above for the extant T. scripta is also observed in a costal
bone from a hatchling of the fossil freshwater turtle M. elegans
(Figs. 2g–i); and, as in T. scripta, Sharpey's fibers are abundant at
the external cortex. From the same hatchling specimen of M. elegans,
a ground section of the hyoplastron shows that the morphology and
size of osteocytes for similar layer of bone (EC, CB, and IC) in both
carapace and plastron are identical (Figs. 2j–l).

The morphology of osteocytes for the EC, CB, and IC is also inde-
pendent of the lineages or taxa, as is shown by the ground section
of an adult specimen of the fossil freshwater turtle Rhinoclemmys sp.
from the Early Miocene (23 Ma) of Panama (Figs. 3a–f). In ground
sections it was also possible to visualize the arrangement of the
osteocyte-lacunae in fossils. That is the case for the hyoplastron
from an adult specimen of Mongolemy elegans (Fig. 3g), where, in
the IC, osteocyte bodies and their long-branchy filipodia occupy ap-
proximately 90% of the total bone volume. In some cases, connection
of osteocytes via filipodia (Fig. 3h) can be observed directly.

Under polarized light, osteocytes from fossil turtles demonstrate
isotropy, in contrast to the bone matrix. Figs. 3i–j, osteocytes in the
CB of an adult specimen of the fossil M. elegans, is representative of
this feature in all specimens observed.

Fig. 3k, shows the relationship between SO and FO1 osteocytes in
the IC in a section of costal bone from an extant side-necked turtle
(P. expansa) from South America. The arrangement consists of at
least three layers of lamellar bone dominated by FO1 osteocytes with
two layers of SO osteocytes between them (Fig. 3l), the layers with
FO1 osteocytes are also darker than the layers with SO osteocytes.

Osteocytes in Mesozoic and Cenozoic turtles

Osteocytes in bone of Mesozoic and Cenozoic turtles are morpho-
logically indistinguishable from osteocytes derived from two extant
species, T. scripta (Figs. 4a–d) and T. carolina (Figs. 4e–f), although
all fossil specimens show a red tint, while extant cells are virtually
transparent. Osteocytes derived from the three layers of the bony
shell of Mesozoic and Cenozoic turtles retain the same pattern of dis-
tribution as observed in ground sections. Fig. 4 shows: 1) Middle–Late
Miocene (~13 Ma) osteocytes from a freshwater podocnemidid from
Colombia (Figs. 4g–i); (2) Early Miocene (~23 Ma) freshwater-
terrestrial Rhinoclemys sp., from Panama (Figs. 4j–l); (3) Early Eocene
(~55 Ma) freshwater (indet.) podocnemidid turtle from Colombia
(Fig. 4m); (4) Campanian (~80 Ma), freshwater M. elegans from
Mongolia (Figs. 4n–w); (5) Campanian (~80 Ma), brackish
bothremydid from North Carolina, USA (Figs. 4x–y); (6) Campanian
(~80 Ma), brackish trionychid, from North Carolina, USA (Fig. 4z1);
and (7) Late Jurassic (~150 Ma), freshwater-terrestrial Annemis sp.,
fromMongolia (Fig. 4z2). Occasionally, the cells demonstrate internal
contents similar in morphology to nuclei (e.g. Figs. 4g, j, r, z2, arrows).

Discussion

Turtle osteocytes retain the typical stellate morphology men-
tioned by Ref. [22], also reported in non-avian dinosaurs [16] and
other vertebrates [23,24]. One notable difference, however is that
FO1 osteocytes (Fig. 1a) are more abundant in the turtle shell than
in any other vertebrate, possibly due to the proximity of the internal
cortex to the soft body of the turtle. The very flat shape of FO1 osteo-
cytes observed in this layer of lamellar bone may be the result of the
density and constrained orientation of collagen fibers [6], consistent
with low rates in bone deposition. We hypothesize that the distinc-
tive stratified arrangement between FO1 and SO osteocytes in the in-
ternal cortex of the extant species P. expansa (Figs. 3k–l) helps the
bone to dissipate overload in the region dominated by SO osteocytes,
and at the same time facilitates the beginning of bone resorption.

Fig. 1. Osteocytemorphotypes in turtle bone a. Flattened-oblate osteocyte (FO1 osteocytes)
dominant morphotype of the internal cortex. b. Slightly wider and shorter variation of FO
osteocytes (FO2), abundant in lamella of primary and secondary osteons. c. Stellate
osteocytes (SO osteocytes) are the dominant morphotype of external cortices and regions
between secondary osteons in cancellous bone.
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The presence of lamellar woven bone in the regions with SO
osteocytes could facilitate ossification. Bone formation is particularly
important at the external cortex of both carapace and plastron, because
this area of the turtle shell ismost at risk of damage fromenvironmental
factors; particularly if the thin keratinous protective layer is removed by
biotic or abiotic factors, (e.g. attack by predators, disease or infection, or
abrasion).

The morphology of osteocytes in the turtle shell is independent of
type of bone formation (endochondral (carapace) or intramembranous
(plastron)), but rather is determined more by bone type (lamellar or
woven), and arrangement of the three different bone layers EC, CB,
and IC. Surprisingly, these morphological differences are independent

of ontogenetic stage, as was observed in hatchling, juvenile, and adult
specimens of the fossil turtle M. elegans. In addition, the morphology
of osteocytes in turtles is independent of phylogeny, with a consistent
pattern of distribution across taxa from both major groups of turtles;
pleurodires or side-necked turtles (i.e. P. expansa) and cryptodires or
hidden-necked turtles (i.e. T. scripta,M. elegans, and Rhinoclemmys sp.).

The data presentedherein indicate thatmorphological preservationof
osteocytes is not uncommon in Cenozoic andMesozoic fossil turtle bone.
Cellular preservation is independent of sedimentary environments,
because osteocytes are observed in fossil turtles found in marine,
freshwater, and terrestrial deposits. We hypothesize that rather than en-
vironmentally influenced, the morphological preservation of osteocytes

Fig. 2. Transmitted light images of ground sections of turtle bone. Extant sea turtle Caretta caretta, NCSUPL32/femur. a. Cancellous bone (CB), 20×, showing large bone resorption
cavities in the cancellous bone around the central axis of the bone (red arrows), with FO2 osteocytes. b. Cortical bone, primary osteons are circular to slightly elongated in shape,
matching the shape of the Haversian canals, and SO and FO2 osteocytes predominate, inset represents higher magnification view of region circled in b. c–e. Extant freshwater turtle
(Trachemys scripta, NCSUPL22) left costal 5. c. Internal cortex (IC); d. CB (red arrows pointing resorption cavities); e. External cortex (EC); f. High magnification view or region out-
lined in e. EC. Fossil freshwater turtle Mongolemys elegans Campanian (~80 Ma), hatchling /NCSUPL03/left costal 6, g. EC; h. CB; i. higher magnification view of IC. Same fossil spec-
imen, left hyoplastron, j. IC; k. CB; l. EC. Abbreviations: FO1, flattened-oblate osteocyte. FO2, flattened-oblate osteocyte, slightly wider and shorter than FO1. SO, stellate osteocyte. po,
primary osteon. rc, resorption cavity. sf, Sharpey's fibers. NCSUPL, North Carolina State University Paleontology Lab microstructural bone collection.
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in the fossil record may be attributed to their tridimensional encapsula-
tion inside the bone mineral phase, which protects them from external
or environmental factors promoting decay. Alternatively, preservation
of osteocytes in the fossil record may be favored by high levels of
intracellular osteocalcin [4], as this protein facilitates and promotes
the binding of the mineral phase of bone [25] to the organic phase, in-
creasing its preservation potential in the fossil record ([26] and reference
therein). Chemical evidence supporting preservation and localization of
osteocalcin to fossil osteocytes would support this hypothesis.

The best preserved osteocytes were derived from the shells of
some of the older specimens, those from M. elegans, Late Cretaceous

(Campanian, ~80 Ma) fromMongolia. These osteocytes demonstrate tri-
dimensionalmorphology, and their lack of birefringence under polarized
light (double refraction) is consistent with an organic source (Figs. 4i–j).
Because most minerals demonstrate birefringence [27] and because
common carbonatemineralswould be chelated during EDTA incubation,
the hypothesis of an osteocyte “mineral morph” is not consistent with
the data, and instead, an organic origin is supported [20]. Although
these data are insufficient to support the hypothesis that osteocytes
from Mongolemys retain any original biomolecules, they do show that
these osteocytes differ in composition from the mineral matrix in
which they are embedded.

Fig. 3. Rhinoclemmys sp. Panama Canal/Early Miocene (~23 Ma), NCSUPL09/costal 5, a. EC, b. Close up for the area enclosed by the black circle in a, c. CB, d. close up for the area
enclosed by the black circle in c, e. IC, f. Close up for the area enclosed by the black circle in e. g. FO2 osteocytes in Mongolemys elegans Mongolia/Campanian (~80 Ma)/
NCSUPL02/left hyoplastron, adult specimen, CB 63× oil immersion, scale bar 50 μm. h. Close up for the area enclosed by the black circle in g, showing filipodia connections between
osteocytes, and secondary branching of filipodia. i. Same specimen as in g, but different visual field, CB polarized light (PL)-20×. j. Close up for the area enclosed by the black circle in
i, osteocytes keep the orange-brownish color from TL, while the mineral phase shows birefringence. k. Extant freshwater, side-necked turtle Podocnemis expansa NCSUPL30/costal 5,
IC. l. Schematic diagram of the arrangement between FO1 and SO osteocytes in k, red arrows represent SO and their preferential orientation, black arrows show distribution of FO1,
shaded areas approximate the boundaries between different layers of SO and FO1 Abbreviations: see Fig. 2 caption abbreviations.
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Fig. 4. Osteocytes isolated from extant and fossil turtles after demineralization and, in the case of extant material, post‐digestion. All photographs were taken under transmitted
light and 63× oil lens. a–d. Osteocytes from the extant freshwater turtle Trachemys scripta. e–f. Osteocytes from the extant terrestrial turtle Terrapene carolina. g–i. Middle–Late
Miocene (ca.13 Ma) osteocytes from a freshwater podocnemidid from La Venta/Colombia. j–l. Early Miocene (ca. 23 Ma) freshwater-terrestrial Rhinoclemmys sp., from Panama.
m. Early Eocene (ca. 55 Ma) freshwater podocnemidid indet turtle from Bogotá Fm/Colombia. n–w. Campanian (ca.80 Ma), freshwater Mongolemys elegans from Mongolia. x–y.
Campanian (ca. 80 Ma), brackish water bothremydid from North Carolina, USA. z1. Campanian (ca.80 Ma), brackish water Trionychid, from North Carolina, USA. z2. Late Jurassic
(ca.150 Ma), freshwater-terrestrial Annemis sp., from Mongolia. Blue arrows indicate internal structures similar to nuclei.
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Current and future research in fossil turtle osteocytes

Ongoing efforts to characterize the chemical composition of these
fossil osteocytes, using multiple analytical methods (e.g. high resolution
mass spectrometry and in situ immunohistochemistry) are directed at
the recovery of protein sequence from these specimens for phylogenetic
analyses. Furthermore, Transmission ElectronMicroscopy (TEM) and fo-
cused ion beam/scanning electron microscopy (FIB/SEM) will discern
whether organelles are preserved in some of these fossil osteocytes,
yielding a better understanding of their 3D morphology and providing
insights into possible preservation mechanisms.

We are also comparing the density of osteocytes (number
osteocytes/mm2 or mm3 of bone) in the three different layers of the
turtle shell, to quantitatively test the hypothesis that osteocyte density
varies with bone type. These data will provide a test of the hypothesis
advanced by Refs. [28,29], that osteocyte density is inversely propor-
tional to body mass (g) and directly proportional to metabolic rate
(kJ/day or hour). If our data support this hypothesis, we predict giant
extinct turtles like Stupendemys (Miocene ~6 Ma) and Archelon (Late
Cretaceous ~80 Ma) will exhibit a relatively low density of osteocytes,
consistent with low metabolic rates, and that this will be unaffected
by environmental differences (freshwater vs marine). We also predict
that extant and fossils specimens, with similar body mass from the
same genus of turtle, will exhibit similar osteocyte densities. If signifi-
cant within-taxon variation is observed over time, it may indicate that
other physiological, evolutionary, or environmental factors influence
osteocyte density. A good candidate to test this hypothesis is the
genus of freshwater turtle Trachemys, which has a fossil record that
can be track for at least 10 Ma back from the Present.

Finally, the size of the lacunae in fossils once housing osteocytes has
been used to establish genome size (C value) in vertebrates [30],
supporting a positive correlation between C values and osteocyte-
lacunae size [31]. This correlation has been used to propose genome
size for extinct non-avian dinosaurs [32,33]. Turtles are an excellent
group of animals to explore the osteocytes size-paleogenome size hy-
pothesis, because some extant species for which the C-value is known,
(e.g. T. scripta [34]), also have fossil record back in time for at least
5 Ma. Future research on this topic could shed light about rates of
genomic divergence between lineages of turtles, morphology vs genome
evolution in a deep time scale, and whether the most basal turtles differ
from their potential ancestors with respect to genome size.
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