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Abstract

The turtle shell provides a fascinating model for the investigation of the evolutionary modifications of

developmental mechanisms. Different conclusions have been put forth for its development, and it is suggested

that one of the causes of the disagreement could be the differences in the species of the turtles used – the

differences between hard-shelled turtles and soft-shelled turtles. To elucidate the cause of the difference, we

compared the turtle shell development in the two groups of turtle. In the dorsal shell development, these two

turtle groups shared the gene expression profile that is required for formation, and shared similar spatial

organization of the anatomical elements during development. Thus, both turtles formed the dorsal shell

through a folding of the lateral body wall, and the Wnt signaling pathway appears to have been involved in

the development. The ventral portion of the shell, on the other hand, contains massive dermal bones.

Although expression of HNK-1 epitope has suggested that the trunk neural crest contributed to the dermal

bones in the hard-shelled turtles, it was not expressed in the initial anlage of the skeletons in either of the

types of turtle. Hence, no evidence was found that would support a neural crest origin.
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Introduction

The turtle shell has been used as a model to understand the

evolution of developmental mechanisms (reviewed by

Kuratani et al. 2011). Its dorsal portion is termed the

carapace, and contains ribs and vertebrae (Fig. 1, left).

The skeletons are surrounded marginally with dermal

bones. The rostral margin of the carapace is occupied by a

nuchal plate, the lateral margin by peripheral plates, and

the caudal margin by suprapygal plates and a pygal plate

(Fig. 1, left). In many chelonian species, these bony struc-

tures are covered with keratinous tissue, whereas in some

species, such as the soft-shelled turtles, the epidermis of

the shell is not keratinized and the peripheral, suprapygal

and pygal plates are often lost (Ogushi, 1911). On the

other hand, the plastron is composed of nine dermal bones

(Fig. 1, right). A pair of rostralmost bones, or the

epiplastron, is the homologue of a clavicle. The entoplas-

tron is more medially located, and is homologous to the

interclavicle. The remaining caudal elements can be

compared to gastralia (Parker, 1868; Gegenbaur, 1898;

Goodrich, 1930; Zangerl, 1939, 1969; Romer, 1956; Gaffney,

1990; Claessens, 2004; also see Ogushi, 1911).

The main reason that the turtle shell has been used as

one of the evo-devo models is that the turtle shell, or rib

cage, encases the shoulder girdle, standing in contrast to

the situation with other tetrapods, in which the girdle is

outside the rib cage (reviewed by Burke, 1989, 2009;

Rieppel, 2001; Gilbert et al. 2008; Kuratani et al. 2011; Na-

gashima et al. 2012a,b). Due to this reversed topology, the

turtle carapace has been regarded as a typical example of

an evolutionary novelty (reviewed by Hall, 1998; Rieppel,

2001; Gilbert et al. 2001, 2008). Because there is no interme-

diate pattern between the two topologies, inside or outside

the ribcage, the evolution of the turtle was believed to

have been saltatorial (Rieppel, 2001; Theißen, 2006, 2009;

Carroll, 2012). Until the discovery of Odontochelys (Li et al.

2008), the oldest well-known fossil turtle, Proganochelys,

had supported this deduction, as it already had a fully

developed shell (Gaffney, 1990).
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To explain the inside-out morphology, Ruckes (1929)

emphasized the importance of the repatterning of the

turtle ribs during early development, and hypothesized that

the turtle makes a specialized dermis – the carapacial

dermis – that captures the rib anlagen and brings them

dorsally and laterally over the scapular anlage, resulting in

the topological change between the skeletal elements.

Burke (1989, 1991) proposed that the redirection of the rib

growth trajectory was caused by the carapacial ridge (CR)

(Fig. 2; reviewed by Burke, 2009). The CR appears on the

lateral aspect of the flank of turtle embryos and forms the

leading edge of the developing carapace. Histologically, it

consists of an aggregated mesenchyme with overlying

thickened epidermis, a configuration which resembles the

distal tip of the tetrapod limb bud (Burke, 1989). The distal

limb bud is known as the site of epithelial–mesenchymal

interaction. The reciprocal inductive interaction between

fibroblast growth factor (FGF) 8 emanated from an epider-

mis (apical ectodermal ridge; AER) and FGF10 from the

underlying mesenchyme is essential for the limb outgrowth

and proximodistal patterning of the limb skeleton

(reviewed by Tabin & Wolpert, 2007, and references

therein).

Following these studies, the paracrine hypothesis pro-

posed that a reciprocal interaction between the CR and ribs

played a pivotal role in the topological shift (Cebra-Thomas

et al. 2005). As in the limb bud, Fgf10 expression was

reported in the CR mesenchyme (Loredo et al. 2001), and

Fgf8 in the distal tip of ribs in the hard-shelled turtle

Trachemys scripta (Cebra-Thomas et al. 2005). The hypothe-

sis explains that in other amniotes the rib precursor cells

migrated ventrally between the muscle plates, the elon-

gated myotome, into the lateral body wall, whereas in

turtles, FGF10 from the CR attracted rib precursor cells

laterally and dorsally, and the ribs moved through the mus-

cle plate to enter the CR. A positive feedback loop between

the FGFs secreted from the CR and the ribs, similar to

that of the limbs, maintained the CR and caused the

co-ordinated growth of the carapacial plate and the ribs. In

support of the theory, it was reported that FGF inhibitor

caused the degeneration of the CR with the extension of

the ribs into the lateral body wall, whereas chicken ribs

were attracted to FGF10-soaked beads (Cebra-Thomas et al.

2005). This hypothesis is based on co-option (review by True

& Carroll, 2002) – the recruitment of limb developmental

programs into the turtle flank (Loredo et al. 2001) – and

can explain the rapid evolution of turtles (reviewed by Gil-

bert et al. 2008; also see Pennisi, 2004; Nagashima et al.

2012a,b).

However, a study used the soft-shelled turtle Pelodiscus

sinensis reported that the CR did not express the Fgfs, and

that it expressed genes related to the Wnt signaling path-

way: cellular retinoic acid-binding protein (Crabp)-I, Sp-5,

lymphocyte enhancer factor (Lef)-1 and Apcdd-1 (Kuraku

et al. 2005). In addition to these, expression of hepatocyte

growth factor (HGF) was found in the vicinity of the CR

(Kawashima-Ohya et al. 2011). Inhibition of these signaling

cascades abolished the CR, implying the involvement of the

genes to the development of the CR (Nagashima et al.

2007; Kawashima-Ohya et al. 2011). Contrary to those previ-

ous views, Nagashima et al. (2007) contended that the CR

could not attract migrating rib precursor cells, and instead

functioned in the turtle specific rostro-caudal expansion of

rib arrangement through its active growth (also see Burke,

1989). For the topological change between the skeletons,

the folding theory (Nagashima et al. 2009) argued that the

trajectory of turtle ribs was the same as that in other amnio-

tes, since ribs grow along the muscle plate even in turtles.

However, the turtle ribs are arrested in the axial domain,

expand laterally and rostrocaudally, and cover the shoulder

girdle caudodorsally by folding the lateral body wall

inward, resulting in encapsulation of the shoulder girdle

under the ribs. The folding occurred late in development,

not early as the former views assumed, and did not change

the topological relationships between the ribs, muscle plate

and shoulder girdle from those at the beginning of the

development. According to this theory, since the topology

between the anatomical elements is conserved between

turtles and other amniotes, it is possible to infer the gradual

evolution of turtles (Nagashima et al. 2009; reviewed by

Kuratani et al. 2011; Nagashima et al. 2012a,b).

For the different expression patterns of Fgfs, the species

differences in turtles have been suggested (Cebra-Thomas

et al. 2005; Gilbert et al. 2008; also see Lubick, 2013): the

paracrine hypothesis was based on the observation of

the hard-shelled turtle T. scripta, while the folding theory

the soft-shelled turtle P. sinensis. This proposal suggests a

possibility that these two groups of turtles utilized distinct

mechanisms to form the carapace, because Fgfs occupy a

vital position in the paracrine hypothesis. Actually, in the

hard-shelled turtles, the topologies between ribs, muscle

Fig. 1 The turtle shell. Inside views of the carapacial (left) and plastral

(right) skeletons of a hard-shelled turtle, Trachemys scripta elegans

(carapace length 7.3 cm). ent, entoplastron; epi, epiplastron; hyo,

hyoplastron; hypo, hypoplastron; nu, nuchal plate; pe, peripheral

plate; py, pygal plate; r, dorsal ribs; spy, suprapygal plate; v, dorsal

vertebrae; xip, xiphiplastron.
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plate, and shoulder girdle are presumed to have been

altered from those in other amniotes in early development

(Cebra-Thomas et al. 2005), whereas in the soft-shelled

turtles, they are reported to have been basically conserved

(Nagashima et al. 2009).

In the present study, to confirm the above possibility,

we observed the Fgfs expressions and the anatomical

organizations in T. scripta elegans, and compared them

with those in P. sinensis. During development of the CR

and rib anlagen in T. scripta, the Fgfs were not expressed

in these tissues, whereas Wnt5a and its related genes

were expressed either in or near the developing CR. In

T. scripta, the ribs developed along, rather than through,

the muscle plate, which was folded ventromedially inside

the shoulder girdle; a similar topological pattern to that

in P. sinensis. Thus, the developmental mechanisms of the

dorsal shell were conserved between the two turtle

groups.

The second argument has to do with the ontogenetic ori-

gin of dermal bones in the turtle shell. In chickens and mice,

the major dermal skeleton is the calvarium (dermal skull

roof), most of which is made up of a cephalic neural crest

(reviewed by Gross & Hanken, 2008); thus, it tends to be

accepted that the dermal bones were derived from neural

crest cells (Moss, 1969; Smith & Hall, 1990; also see Hall,

1998; Vickaryous & Sire, 2009). Some of the dermal bones in

Fig. 2 Development of Trachemys scripta.

(Left) Left lateral view of the embryos.

(Middle) Forelimb. (Right) Hindlimb. In G

stage 14, carapacial ridge (CR) appears as a

longitudinal ridge in the flank (arrowheads),

and in stage 15, the CR acquires a segmental

pattern (arrowheads). The ridge comprises the

margin of the carapace in the latter stages.

The morphology of the forelimb bud is

comparable to that in Chelydra serpentina

(Yntema, 1968) and Pelodiscus sinensis

(Tokita & Kuratani, 2001) at the same stage.

Namely, in G stage 13, the length is longer

than the width, and G stage 14 is an early

paddle stage with a digital plate, in G stage

15 the digital plate is well formed without a

digital groove, in G stage 16 digital ridges

appear, in G stage 17 the periphery of the

digital plate shows a slight serration and five

digits are apparent, and in G stage 18 the

periphery of the digital plate is serrated

deeply, similar to that of maple leaves. Scale

bars: 1 mm (left column), 200 lm (middle

and right columns).
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the turtle flank, the nuchal plate and plastral bones, are

suggested to be derivatives of the trunk neural crest (Clark

et al. 2001; Cebra-Thomas et al. 2007, 2013; Gilbert et al.

2007; reviewed by Gilbert et al. 2008; also see Pennisi, 2004).

According to this proposal, these trunk neural crest cells are

unique to turtles in that they appear dorsal to the neural

tube in the late developmental period and possess skeleto-

genic potency. Because the trunk crest cells in other amniote

model animals cannot form skeletons under normal condi-

tions (Le Douarin et al. 1977; Nakamura & Ayer-le Lievre,

1982; also see McGonnell & Graham, 2002; Abzhanov et al.

2003; reviewed by Gross & Hanken, 2008), it is hypothesized

that the turtle crest cells acquire the competence by losing

the Hox expression of the trunk – a co-option of skeletogen-

ic competence from the cephalic neural crest to the trunk

neural crest (Cebra-Thomas et al. 2007, 2013; Gilbert et al.

2008). This proposition is supported by expressions of mar-

ker genes and proteins, cell lineage analysis using lipophilic

dye, and in vitro culture of neural tube explant of T. scripta

(reviewed by Gilbert et al. 2008). In particular, the expres-

sion of the HNK-1 epitope, which is often used to recognize

early migrating neural crest cells in chickens, has been

adopted as the most important evidence.

This theory has, however, been confronted with data

showing that early anlagen of the plastral bones in

P. sinensis show no immunoreactivity for the antibody

(Kuratani et al. 2011). For this discrepancy, differences in

the fixatives used have been suggested (Kuratani et al.

2011). And again, this could be ascribed to the species

differences.

In this study, we observed the expression of HNK-1 epi-

tope in the two turtle species and in chickens as an out-

group species, and found that although the developing

plastral bones in T. scripta showed immunoreactivity,

their initial anlagen did not express the epitope as those in

P. sinensis. Considering the expression pattern in these

animals, the expression of the epitope in T. scripta plastral

bones appears to be a species-specific trait associated with

ossification, not with particular cell lineage.

Materials and methods

Sample collection

Fertilized eggs of Trachemys scripta elegans (red-eared slider) were

collected in the Suma aquarium in Kobe and were incubated at

27 °C. The embryos were staged according to a table established by

Greenbaum (2002). Fertilized eggs of Pelodiscus sinensis were pur-

chased from a local farm in Japan. The eggs were incubated at 30 °

C, and the embryos were staged according to a table established by

Tokita & Kuratani (2001). Fertilized chicken eggs were also obtained

from a local supplier and incubated at 38 °C. The embryos were

staged according to a method established by Hamburger & Hamil-

ton (1951). Animal care was entirely in accordance with the guide-

lines provided by Niigata University, and approval for the

experiments was obtained from the institutions.

Histology, immunohistochemistry and 3D reconst-

ruction

Embryos were fixed with Serra’s fixative (Serra, 1946). Hematoxylin

and eosin (HE) followed by 0.1% Alcian blue were used to stain

8-lm-thick paraffin sections. Immunohistochemistry was performed

using anti-CD57 (HNK-1, BD Pharminogen, San Diego, CA, USA;

1 : 40). A Vectastain ABC Elite kit (Vector Laboratories, Burlingame,

CA, USA) was used to visualize the immunoreaction. All images

were recorded with a DP70 digital camera (Olympus Corporation,

Shinjuku, Tokyo, Japan) attached to a light microscope. Histological

sections stained with HE-Alcian blue were reconstructed with AVIZO
�

(Visualization Sciences Group, Burlington, MA, USA).

cDNA cloning and in situ hybridization

Trachemys scripta elegans APCDD1, Fgf8, Fgf10, HGF, and Wnt5a

homologue genes were obtained by degenerate RT-PCR. We

designed primers based on the nucleotide sequence of putative

orthologue sequences found in the genome obtained by the

painted turtle Chrysemys picta bellii genome project (http://

genome.wustl.edu/genomes/detail/chrysemys-picta-bellii/). The iden-

tified sequences have been deposited in GenBank under

accession numbers AB896700–4. The in situ hybridization was

performed as described previously (Nagashima et al. 2007).

Results

Comparison of the developmental stages between

T. scripta and P. sinensis

First, we confirmed that the two developmental tables for

T. scripta (Greenbaum, 2002) (G stages) and P. sinensis

(Tokita & Kuratani, 2001) (TK stages) were comparable

during stages 13–18 based on external morphology and

histological characteristics in the shoulder region (compare

Fig. 2 and Tokita & Kuratani, 2001; also see below).

Although Greenbaum (2002) reported that the CR appears

in the G stage 15 as an ‘irregular longitudinal ridge’, the

ridge could be observed in G 14 as a continuous longitudi-

nal swelling (Fig. 2, arrowheads).

Gene expressions and morphological change

involved in carapace formation

The expressions of Fgfs mRNAs were examined in T. scripta

embryos. As with chickens (Crossley et al. 1996; S�anchez-

Guardado et al. 2013), Fgf10 and 8 were expressed in the

otic vesicle and in the AER of the hindlimb bud in G stage

13 embryos, respectively (Fig. 3A,B). Fgf10 expression was

not observed in the limb mesenchyme (Supporting Informa-

tion Fig. S1A). These expression patterns in the limb bud are

consistent with those in chickens. This is because the

morphology of the limb in G 13 T. scripta embryos is the

same as that in TK stage 13 P. sinensis (compare Fig. 2 and

Tokita & Kuratani, 2001), which is equivalent to Hamburger

& Hamilton stage (1951; HH stage) 24 chickens (Nagashima

© 2014 Anatomical Society
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et al. 2005), and chicken Fgf10 expression is already

decreased at this stage before the downregulation of Fgf8

(Ohuchi et al. 1997). These expressions confirm that the

experimental procedures were appropriate. These genes

were, however, expressed neither in the CR or in the rib

primordia from G stage 13–15 embryos (Figs 3C–F,

S1B-S1E; data not shown for G stage 13). On the other

hand, genes expressed in the CR and its vicinity in P. sinensis

(Kuraku et al. 2005; Kawashima-Ohya et al. 2011; Wang

et al. 2013) were expressed in the Trachemys embryos.

Namely, Wnt5a was expressed in the CR mesenchyme and

one of the target genes of the Wnt signaling pathway,

APCDD1 (Takahashi et al. 2002; Shimomura et al. 2010)

showed strong expression in the CR mesenchyme, whereas

HGF was weakly expressed in the lateral sclerotome

(Fig. 3G–I). These expression patterns in T. scripta were

almost identical to those in P. sinensis, although APCDD1

was negative in the CR epidermis.

The similarities of the gene expression patterns imply that

the two turtle species share the same developmental mech-

anisms in the carapace formation. To confirm the topologi-

cal relationships between the anatomical elements in

Trachemys, histological sections were reconstructed at the

brachial-thoracic level. In G stage 17 embryos, ribs had

already extended laterally and were restricted to the dorsal

axial domain (Fig. 4; Supporting Information Movie S1).

They were, however, observed along the muscle plate,

which was folded ventromedially. The shoulder girdle was

situated outside the muscle plate. This morphological pat-

tern is completely the same as that in P. sinensis embryos

(Nagashima et al. 2009). Thus, the carapace formation of

T. scripta also occurred via a folding of the lateral body

wall.

HNK-1 reactivity of turtle embryos

Trachemys scripta embryos were fixed with Serra’s fixative

because it was suggested that 4% paraformaldehyde in

phosphate-buffered saline could produce non-specific sig-

nals, whereas the former fixative contained acetic acid,

stabilizing the HNK-1 epitope (Kuratani et al. 2011).

In T. scripta embryos, the signals were observed in the

spinal nerve, dorsal root ganglia, sympathetic ganglia and

spinal cord (Fig. 5A–C), which are known to be positive for

the antibody in chickens and P. sinensis (Bronner-Fraser,

1986; Kuratani et al. 2011), guaranteeing the procedures

for immunostaining. The reactivity was found in the

mesenchyme dorsal to the neural tube in G stages 17–18

(Fig. 5A–F). The signal was narrow in G stage 17 (Fig. 5E)

but had expanded in the later stage (Fig. 5F). The staining

A B G

H

I

C E

FD

Fig. 3 Expressions of genes related to the

carapace development in Trachemys scripta.

(A–F) Expressions of Fgfs. (A,B) Positive

controls. In G stage 13 embryo, Fgf10 (A)

and Fgf8 (B) are expressed in the otic vesicle

(ov) and apical ectodermal ridge (aer) in the

hindlimb bud, respectively. (C–F) Fgf10 (C,D)

and Fgf8 (E, F) expressions in the carapacial

ridge (cr) and its adjacent area. (E, F)

Adjacent sections to (C,D), respectively. Note

that both in G stage 14 (C,E) and 15 (D,F),

these genes are not expressed in the CR and

ribs, whereas AER is positive for the Fgf8

probe (E). (G–I) Expressions of Wnt-related

genes. (H) Adjacent section to (G). Wnt5a

(G) and APCDD1(H) are expressed in the

mesenchyme of the CR, whereas HGF (I) is

expressed in the lateral sclerotome (sc). afg,

acoustico-facialis ganglion; c, coelom; mp,

muscle plate; n, notochord. Scale bars:

100 lm (A,C–F), 50 lm (B, G–I).
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was also observed in the mesenchyme near the ribs (Fig. 5G,

H) and the periphery of the ribs (Fig. 5I,J). The plastral

bones were also positive for the antibody (Fig. 5K,L). These

results were consistent with those in the previous reports

(Clark et al. 2001; Cebra-Thomas et al. 2007, 2013; Gilbert

et al. 2007). However, in G stage 17, the antibody did not

recognize the cell aggregation that will form the plastral

bones (Fig. 6A,B). This suggested that immunoreactivity in

the plastral bones is acquired secondarily during osteogene-

sis and does not represent a particular cell lineage. To verify

the assumption, the humerus was observed, because the

skeleton is derived solely from the lateral plate mesoderm

in chickens (reviewed by Tamura et al. 2001; Tanaka, 2013).

In the rim of the humerus, the signal was observed, which

was completely overlapped by the distribution of the intra-

membranous bone (Fig. 6C,D). Supporting the findings, the

Fig. 4 Three-dimensional reconstruction of

the shoulder region of G stage 17 Trachemys

scripta embryo. (Left) Lateral view. Rostral is

on the right. Note that the shoulder girdle is

rostro-lateral to the muscle plate. (Right)

Caudal view. Medial is on the left. The left

half of the embryo is eliminated. Note that

ribs grow along the muscle plate, which is

folded medially around the shoulder girdle.

ac, acromion; as, serratus anterior; cor,

coracoid; g, glenoid cavity; pl, plastron;

sc, scapular blade.

A B C

D E F

G I K

H J L

Fig. 5 Expression of the HNK-1 epitope in

Trachemys scripta embryos. Transverse

sections of T. scripta embryos are either

stained with HNK-1 and counterstained with

hematoxylin (A–G,I,K) or simply stained with

hematoxylin and eosin (HE) and then Alcian

blue (H,J,L). (A–C) Transverse sections at low

magnification. (D–L) Higher magnification of

the boxes in (A–C). (H,J, L) Adjacent sections

to (G,I,K), respectively. (D–F) The dorsal part

of the embryo showing the distribution of the

HNK-1 epitope. Note that the HNK-1 epitope

appears from G stage 17 (E) and the

expression domain expands in G stage 18 (F).

(G–J) Distribution of the HNK-1 epitope in the

ribs. A part of the mesenchyme surrounding

the ribs is HNK-1-positive (G,H). In G stage 18

(I,J), the epitope was observed in the cells

with a round nucleus in the periosteum

(arrowheads), whereas the cells with a long

nucleus are HNK-1-negative (arrows). (K,L)

Distribution of the HNK-1 epitope in the

plastron of the G stage 18 embryo.

Immunoreactivity was observed for the

osteoblast in the plastral bones and in the

adjacent mesenchyme. drg, dorsal root

ganglion; fl, fore limb; na, neural arch; nt,

neural tube. Scale bars: 500 lm (A–C),

100 lm (D–F), 50 lm (G,H,K,L), 20 lm (I,J).
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staining in the ribs was also restricted to the intramembra-

nous bone, particularly to cells with a round nucleus in the

periosteum (Fig. 5I,J, arrowheads), whereas it was not

found in cells with a long nucleus (Fig. 5I,J, arrows). From

their position and morphology, the former cells appeared

to represent active osteoblasts, whereas the latter more clo-

sely resembled inactive osteoblasts.

To investigate species differences of HNK-1 immunoreac-

tivity, P. sinensis embryos at several stages were stained. In

TK stage 11, HNK-1 antibody recognized the cell popula-

tion located in the dorso-lateral part of the neural tube

(Fig. 7A,B). This pattern coincided with the distribution

pattern of neural crest cells in the chicken (Bronner-Fraser,

1986), confirming that the antibody can react with

crest cells in the soft-shelled turtle. The plastron anlage in

P. sinensis appeared as a cell aggregation in TK stage 17

(Fig. 7 in Kuratani et al. 2011), and deposited bone matrix

in TK stage 18 (Fig. 7E). These developmental characteristics

are similar to those in G stage 17 and 18 in T. scripta,

respectively (Figs 6B and 5L). However, the mesenchyme

dorsal to the neural tube was not stained by HNK-1 in

P. sinensis –in either TK stage 17 or 18 (Fig. 7C; also see

Fig. 7 in Kuratani et al. 2011). Instead, some peripheral

nerves, spinal cord and intrinsic back muscles were found

to be positive for the antibody (Fig. 7C). Anlagen of the

plastral bones were also negative for the antibody in these

stages (Fig. 7D,E; Fig. 7 in Kuratani et al. 2011). The intra-

membranous bones of the ribs and humerus showed no

immunoreactivity in the soft-shelled turtle (Fig. 7F–I). As an

out-group comparison, the intramembranous bones and

dorsal mesenchyme of the neural tube showed no reacti-

vity in HH 32, 34, and 37 chicken embryos, although some

chondrocytes were positive for the antibody (Fig. 7J,K,

Supporting Information Fig. S2, and data not shown).

These results indicate that the plastral bones develop

from HNK-1 negative primordia in both turtle species, and

that T. scripta have unique expression patterns for the

NHK-1 epitope among amniotes in that the antibody recog-

nizes osteoblasts as well as the dorsal mesenchyme in the

particular developmental time window.

Discussion

For the turtle shell formation, different hypotheses have

been proposed based on differing results between the

hard-shelled turtles and the soft-shelled turtles (see above).

To investigate the cause of these discrepancies, we

compared their development. For the carapace formation,

the basis of the paracrine hypothesis was the expressions of

Fgfs in T. scripta (Loredo et al. 2001; Cebra-Thomas et al.

2005). In these experiments, Fgf10 antisense riboprobe

derived from the spiny soft-shelled turtle Trionyx spinifer-

ous was applied to T. scripta (Loredo et al. 2001) and the

expression of Fgf8 was examined with whole-mount in situ

hybridization (Cebra-Thomas et al. 2005). However, there

remains the possibility that the Fgf10 signal did not repre-

sent the exact expression due to species differences of the

riboprobe, and the whole-mount in situ hybridization

cannot identify the exact expression domain on a single-cell

level.

To overcome these disadvantages, we prepared the

riboprobes from T. scripta, and adopted the section in situ

hybridization. We were unable to detect the expression of

these Fgfs in the CR or the ribs of T. scripta (Figs 3C–F, S1B-

S1E). These results are consistent with those in P. sinensis

(Kuraku et al. 2005). Although Loredo et al. (2001) reported

the Fgf10 expressions both in the CR and in the limbs at the

same developmental stage (23-day embryo), because Fgf10

A

B

C

D

Fig. 6 Expression of the HNK-1 epitope in

Trachemys scripta embryos. Transverse

sections of T. scripta embryos were either

stained with HNK-1 and counterstained with

hematoxylin (A,C) or simply stained with HE

and then Alcian blue (B,D). (B,D) are adjacent

sections to (A,C), respectively. (A, B) Higher

magnification of the box (asterisk) in Fig. 5B,

showing distribution of the HNK-1 epitope in

the initial anlage of the plastral bones in the

G stage 17 embryo. Note that the anlage is

HNK-1-negative, whereas the peripheral

nerves are strongly stained with the antibody

(arrowheads). (C,D) Distribution of the HNK-1

epitope in the humerus (h) of the G stage 18

embryo. Note that the expression domain of

HNK-1 overlaps the area of the intramembra-

nous bone (arrows). Scale bars: 50 lm.
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expression in the limb bud has already been abolished at G

13 (Fig. S1A) before the CR development at G14 (Fig. 2) in

T. scripta, the observation appears to be due to the back-

ground staining.

Despite the non-expression of Fgfs, we observed the

expressions of Wnt signaling-related genes in T. scripta

(Fig. 3G–I), as with those seen in P. sinensis (Kuraku et al.

2005; Kawashima-Ohya et al. 2011; Wang et al. 2013).

Because the CR plays a role in carapace formation (Burke,

1989, 1991; Nagashima et al. 2007; reviewed by Kuratani

et al. 2011), this finding suggests that the developmental

mechanism of the carapace is shared between the two tur-

tle groups. Actually, a 3D reconstruction of the histological

sections showed that the musculoskeletal pattern in

A B D

C

F H J

G I K

E

Fig. 7 Expression of the HNK-1 epitope in

Pelodiscus sinensis and Gallus gallus embryos.

Transverse sections of P. sinensis (A–I) and

G. gallus (J,K) embryos were either stained

with HNK-1 and counterstained with

hematoxylin (A,C,D,F,H,J) or simply stained

with HE (B) and then Alcian blue (E,G,I,K).

(B,E,G,I, K) Adjacent sections to (A,D,F,H,J),

respectively. (A–I) Transverse sections of

P. sinensis. (A,B) TK stage 11 embryo. Cell

population dorso-lateral to the neural tube is

stained with the antibody. From its position,

these cells appear to be neural crest cells.

(C) The dorsal part of the TK stage 18

embryo, showing distribution of the HNK-1

epitope. Note that the dorsal mesenchyme is

negative for the antibody, which recognizes

only the spinal cord (nt), peripheral nerves

(arrowheads) and intrinsic back muscles (bm).

(D–I) Distribution of the HNK-1 epitope in the

intramembranous bones. (D,E) and (F–I) are

TK stage 18 and 20, respectively. Note that

the intramembranous bones (arrows) in the

plastral bone (D,E), ribs (F,G) and humerus

(H,I) of P. sinensis are negative for the

antibody. (J and K) Distribution of the HNK-1

epitope in the humerus of HH 37 G. gallus

embryo. The intramembranous bone (arrows)

is negative for the antibody. Arrowheads

show peripheral nerves for the positive

control. a, dorsal aorta; d, dermomyotome;

sc, sclerotome. Scale bars: 50 lm.
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T. scripta is similar to that found in P. sinensis and other

amniotes (Fig. 4; Movie S1; Nagashima et al. 2009). Thus,

what is unique to turtles is the axial arrest of ribs and the

marginal growth of the flank caused by the CR (Burke,

1989; Nagashima et al. 2007), and these enable turtles to

encase the shoulder girdle under the ribs by folding the lat-

eral body wall inward to form the carapace (reviewed by

Kuratani et al. 2011; Nagashima et al. 2012a,b).

The neural crest hypothesis for trunk dermal bones in tur-

tles is based mainly on the immunoreactivity to HNK-1

(Clark et al. 2001; Cebra-Thomas et al. 2007, 2013; Gilbert

et al. 2007; reviewed by Gilbert et al. 2008). HNK-1 anti-

body was prepared to recognize the epitope on human nat-

ural killer cells (Abo & Balch, 1981), which originated from

the mesoderm (reviewed by Moignard et al. 2013; Yu et al.

2013). Thus, the expression of the epitope does not always

show the neural crest derivatives, and vice versa (Luider

et al. 1992, 1993). Strictly speaking, HNK-1 is only applicable

to early migrating crest cells in chicken embryos, in which

the distribution of crest cells has already been confirmed by

cell lineage analyses, such as with chick-quail chimera (Le

Douarin, 1982). This is true for other so-called marker gene

and protein expressions, and a combination of these also

does not support derivation of cells. Hence, the usage of

HNK-1 for turtle embryos would be justified only when the

immunostaining in turtle embryos is similar to the distribu-

tion of early crest cells in the chicken (Fig. 7A; Bronner-Fra-

ser, 1986). However, the antibody can tell us nothing about

cell lineage either in the older embryos or in turtle-specific

structures.

Our experiments showed that the fixative was not the

cause of the different results between the two turtle species

for the HNK-1 immunoreactivity (see Kuratani et al. 2011),

but rather many of the signals in Trachemys appear to have

been species-specific traits associated with ossification

(Figs 5I–L and 6C,D). As for other examples of staining, such

as those in the dorsal mesenchyme (Fig. 5E,F), immature rib

(Fig. 5G,H), back muscles (Fig. 7C) and cartilage (Fig. S2),

the epitope would reflect some physiological characteristics

of the cell population, but these remain unexplained (also

see Nagase et al. 2000; Domowicz et al. 2003).

To analyze the developmental origin of the dermal

bones, long-term cell labeling is required. Cebra-Thomas

et al. (2007, 2013) have challenged the experiment by using

DiI. Unfortunately, because the lipophilic dye can easily con-

taminate the neighboring cells, it has been mistakenly con-

cluded from the DiI experiments that the fin mesenchymal

cells also originate from the neural crest (see Lee et al.

2013a, and references therein). The application of another

method, such as the introduction of green fluorescent pro-

tein, must be awaited (also see Nagashima et al. 2012b).

The neural crest hypothesis is a very intriguing because

the majority of the dermal bone in the head is derived from

the cephalic neural crest. The dermal skull roof, however,

also has a mesodermal contribution (reviewed by Gross &

Hanken, 2008). Moreover, the clavicle, which is the only der-

mal bone in the trunk region of mice, derives from the

cephalic neural crest and the trunk mesoderm (Matsuoka

et al. 2005). Recently, the dermal scales and fin ray of the

medaka (teleost trunk dermal bones) were shown to derive

from the trunk mesoderm (Shimada et al. 2013; also see Lee

et al. 2013b; Mongera & N€usslein-Volhard, 2013). Thus, the

dermal bones do not always originate from the neural crest.

For the plastral bones, a part of the rostral pair, the epiplas-

tron, could be derived from the cephalic neural crest

because these are homologous to the clavicle (Gegenbaur,

1898; Goodrich, 1930; Romer, 1956), but other dermal

bones potentially could derive from the mesoderm as well

as from the neural crest (reviewed by Kuratani et al. 2011;

Kuratani & Nagashima, 2012). Although the origin of the

plastron remains enigmatic, our study concluded that

HNK-1 immunoreactivity does not provide informative

evidence concerning the cell lineage of the plastral bones.

In conclusion, we found that the two turtle species

utilized almost the same developmental mechanisms in the

formation of their shells. Future studies will unveil the devel-

opmental origin of the plastral bones and the molecular

mechanisms necessary to cause the axial arrest of the ribs.
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