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SUMMARY Turtles characteristically possess a bony shell
and show an extensive reduction of the trunk muscles. To gain
insight into the evolution of this animal group, we focused
on the underlying mechanism of the turtle-specific develop-
mental pattern associated with the somitic mesoderm, which
differentiates into both skeleton and muscle. We isolated
Myf-5, a member of the myogenic-transcription-factor-en-
coding gene family expressed in the myotome, from the
Chinese soft-shelled turtle Pelodiscus sinensis. We detected a
deletion of 12 sequential nucleotides in P. sinensis Myf-5
(PsMyf-5), which appears to be shared by the turtle group.
The expression pattern of PsMyf-5 in P. sinensis embryos

differed from those of its orthologs in other amniotes,
especially in the hypaxial region of the flank. We also
identified two isoforms of the PsMyf-5 protein, a normal form
similar to those of other vertebrates, and a short form
produced by a translational frameshift. The short PsMyf-5
showed weaker myogenic activity in cultured cells than that
of the normal protein, although the tissue distribution of
the two isoforms overlapped perfectly. We propose that
the unusual features of PsMyf-5 may be related to the
unique developmental patterns of this animal group, and
constitute one of the molecular bases for their evolutionary
origin.

INTRODUCTION

Turtles are characterized by their shells, which consist of a

dorsal bony covering called the carapace and a ventral plate,

the plastron. From the perspective of comparative anatomy,

turtles can be regarded as unique animals. Their thoracic ribs

have been shifted dorsally and laterally to form the carapace;

their proximal ribs develop superficially and their distal ribs

do not appear to grow into the hypaxial region. As a result of

these shifts, the topographical relationship between the ribs

and scapula is unusual in turtles (Hall 1998; Burke 1989, 1991;

Gilbert et al. 2001). In addition to this unusual rib pattern, the

muscular patterning of turtles shows unique features in the

trunk. In adult turtles, the hypaxial muscles of the trunk re-

gion, including the external and internal intercostal muscles,

are greatly reduced or lost (Ashley 1955; Kardon 2002). Al-

though the myotome apparently develops normally at the

dorsal epaxial region, it later differentiates into poorly or-

ganized muscle primordia, developing ventrally as dispersed

cells in the hypaxial region (Nagashima et al. 2005). How and

why the turtles underwent such enormous morphological

shifts and changes is not well understood.

From developmental perspectives, the evolution of the

turtle body plan can be viewed as changes in the program for

somite differentiation; the somite in amniotes differentiate in-

to dermis, skeletal muscles, as well as skeletal elements in a

coordinated manner (Brent and Tabin 2002). Clues to identify

this change would be found in experiments made so far in the

field of vertebrate developmental biology. In mice, mutations

in the Pax3 gene are often associated with defects in ribs,

which include fusion and truncation, in addition to the severe

hypaxial muscle defect (Henderson et al. 1999). Targeted in-

activation of myogenic regulatory factors (MRFs)-encoding

genes have also been shown to result in severe defects of the

hypaxial muscles and ribs in the trunk region (Braun et al.

1992; Rudnicki et al. 1992; Zhang et al. 1995; Tajbakhsh et al.

1996; Kassar-Duchossoy et al. 2004). In all the above mu-

tants, anomaly in the hypaxial muscle of the trunk region has

been suspected to induce the rib truncation, suggesting a

possibility that, in turtle evolution also, the change in myo-

tome formation may have initiated the morphological chang-

es that facilitated the development of turtle carapace.

In this study, we identified a gene for the MRF Myf-5 in

the Chinese soft-shelled turtle Pelodiscus sinensis. To gain in-

sight into the evolutionary background of this animal group,

we characterized this developmental regulatory gene in rela-

tion to mesodermal differentiation, as a possible mechanistic

factor contributing to the turtle-specific body plan. We report

some unusual features of this gene, including a deletion of 12

sequential nucleotides and a unique expression pattern rela-

tive to those of the other amniotes, especially in the hypaxial

region of the flank. Finally, we identified two isoforms of the
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protein and examined their expression patterns. Our findings

suggest that these unusual Myf-5 proteins might represent one

of the developmental factors involved in the unusual mor-

phology of the turtles.

MATERIALS AND METHODS

Embryos
Fertilized eggs of P. sinensis were purchased from several local

farms in Japan. The eggs were incubated at 301C and the embryos

were staged according to Tokita and Kuratani (2001). Fertilized

White Leghorn chicken eggs were also obtained from a local sup-

plier. The eggs were incubated at 381C and the embryos were

staged according to Hamburger and Hamilton (1951). For in situ

hybridization, embryos were fixed with 4% paraformaldehyde

(PFA) in phosphate-buffered saline (PBS) (Murakami et al. 2001).

For immunohistochemistry, embryos were fixed with Carnoy’s fix-

ative solution.

Isolation and characterization of cDNA and genomic

DNA encoding Myf-5
The degenerate primers degMyf5f1, 50-ATGGASRTGAYGGA-

YRGCTG-30, and degMyf5r1, 50-GAGCAGYTGGAGSTGGG-

GCT-30, were designed from conserved regions within the reported

sequences of amniote Myf-5 genes. Amplified cDNA fragments of

P. sinensis Myf-5 (PsMyf-5) were cloned into the pCRII-TOPO

plasmid vector (Invitrogen, Carlsbad, CA, USA) and sequenced

using an automatic sequencer (ABI Prism 3100, Applied Biosys-

tems, Foster City, CA, USA). cDNA sequences containing 50 and

30 untranslated regions (UTRs) were isolated using 50- and

30-RACE.

To determine the genomic sequence of the Myf-5 genes in

P. sinensis, Trachemys scripta (red-eared slider turtle), and Pelusios

castaneus (West African mud turtle classified into Pleurodira), par-

tial genomic DNA fragments were amplified by the polymerase

chain reaction (PCR). The primer sequences used for P. sinensis

Myf-5 and T. scripta Myf-5 were as follows: Psmyf5F4, 50-TGCA-

CCAGCCCCGTCTGGTC-30, and Psmyf5R4, 50-CGATCCAC-

GATGCTGGATAA-30. To isolate P. castaneus Myf-5, we used

degenerate primers 50- GGGCATGYAARGCNTGYAARMG-

NAAR-30 and 50-CGACGATGGANGTNARRCARTCNAR-30,

corresponding to the amino acid stretches WACKACKR and

LDCLSSIVD, respectively.

Chicken Myf-5 cDNAs were amplified using specific primers

designed from the registered sequence in GenBank (X73250).

Sequence analysis
Amino acid sequences that showed significant homology to human

Myf-5 (BC069373) with the BLAST program (Altschul et al. 1997)

were retrieved from the public databases: GenBank (release 150),

NCBI-refseq (release 06-01-14), SWISSPROT (release 48.8), and

PIR (release 80.0). An optimal multiple alignment of these amino

acid sequences and those obtained in this study was constructed

using the alignment editor XCED, in which the MAFFT program

is implemented (Katoh et al. 2002), together with manual inspec-

tion. Using regions that were unambiguously aligned without gaps,

molecular phylogenetic trees were inferred using the neighbor-join-

ing method (Saitou and Nei 1987) in XCED and the maximum-

likelihood method (Felsenstein 1981) in PAML (Yang 1997).

Among-site rate heterogeneity was taken into account (Yang 1994),

together with the shape parameters that maximize the likelihood of

the tree.

In situ hybridization
Antisense and sense RNA probes were generated by in vitro tran-

scription using the DIG RNA Labeling Kit (Roche, Basel,

Switzerland) according to the manufacturer’s protocol. Whole-

mount in situ hybridization was performed as described by Mu-

rakami et al. (2001). The stages of each embryos are matched by

comparison of their thoracic anatomy (Nagashima et al. 2005).

Reverse transcription (RT)-PCR
The following primers were used for RT-PCR to confirm the splic-

ing variants of PsMyf-5: pmyfE13, 50-CGACGGGACGACAAA-

AGCAC-30, and pmyfE3, 50-TCATGGGCCCTTCGTTCTCC-30.

Antibodies
Two polypeptides, DSQPATPRTSHSR (PsMyf5LC) and

TPPPSRQTPASIPSR (PsMyf5SC), were synthesized for antibody

production. Rabbits were immunized with the peptides. Antisera

were used directly to immunostain cultured cells and for immuno-

histochemistry. Antisarcomeric myosin heavy chain antibody

(MF20; DSHB) was used to stain differentiated myocytes.

Immunohistochemistry
For immunohistochemistry, embryos were embedded in paraffin

after fixation. Sections (8mm) were cut, and the deparaffinized sec-

tions were treated with anti-PsMyf5LC, anti-PsMyf5SC, and

MF20. Alexa Fluor 350-conjugated goat anti-mouse IgG, Alexa

Fluor 594-conjugated goat anti-rabbit IgG, and Alexa Fluor 488-

conjugated goat anti-rabbit IgG (Molecular Probes, Eugene, OR,

USA) were subsequently used for indirect fluorescent staining.

Cell transfection and immunostaining
The two types of PsMyf-5 cDNA were cloned into pcDNA3.1

(Invitrogen). NIH3T3 cells were grown in Dulbecco’s-modified

Eagle’s medium (DMEM) supplemented with 10% fetal bovine

serum (FBS). Cells were transfected with 3.2mg of Myf-5 expres-

sion plasmids on four-well culture slides (Becton Dickinson,

Franklin Lakes, NJ, USA) with Lipofectamine (Invitrogen), ac-

cording to the manufacturer’s protocol. The next day, the medium

was changed to fresh DMEM with 10% FBS. After 24h incuba-

tion, the cells were exposed to differentiation medium (DMEM

plus 2% horse serum) for an additional 48h. After fixation with

4% PFA in PBS for 5min, the cells were stained with MF20. Alexa

Fluor 488-conjugated goat anti-mouse IgG (Molecular Probes) was

subsequently used for indirect fluorescent staining.
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RESULTS

Phylogenetic analyses of Myf-5

To isolate P. sinensis Myf-5 cDNA, we designed degenerate

primers corresponding to the conserved regions within the

open reading frame (ORF) of the reported sequences of other

amniote Myf-5 genes. We isolated a 765bp cDNA and se-

quenced it. The sequence was deposited in DDBJ/EMBL/

GenBank under the accession number AB247184. Using the

deduced amino acid sequence, we constructed a molecular

phylogenetic tree based on the neighbor-joining method

(Saitou and Nei 1987; Fig. 1A). Because the tree topology is

consistent with the phylogenetic position of the turtles sug-

gested by a recent molecular phylogenetic analysis (Iwabe

et al. 2005), we identified the cDNA as the P. sinensis ortholog

of Myf-5.

Nucleotide deletion in turtle Myf-5

By comparing the amino acid sequences of Myf-5 among

vertebrates, we found a deletion of four sequential amino

acids in PsMyf-5 (Fig. 1B). To confirm whether the deletion

occurs before or after transcription, we isolated and se-

quenced the genomic DNA encoding of the P. sinensis Myf-5

gene. Because the deletion was also found in the genomic

sequence, we concluded that the deletion derives from a de-

letion of 12 nucleotides at the genomic level. The deletion

occurs near the beginning of the exon 3. To determine if the

deletion is specific to turtles, we isolated Myf-5 genomic

DNAs from two other species, Trachemys scripta and P.

castaneus. By analyzing these sequences, we detected deletions

in corresponding regions in these species (Fig. 1B). The

partial genomic sequences of Myf-5 in these turtles have

been assigned DDBJ/EMBL/GenBank accession numbers

AB247372–AB247374.

Comparative expression analysis of Myf-5 in turtle
and chicken embryos

We performed whole-mount in situ hybridization of P. sine-

nsis and chicken embryos to compare the expression patterns

ofMyf-5 (Fig. 2). In both types of embryos,Myf-5 expression

was initially detected in the dorsal part of the somite, corre-

sponding to the newly differentiating myotome (Fig. 2, A and

E). Signals expanded to the entire myotome as development

proceeded, and the level of expression was enhanced at later

stages (Fig. 2, B, C, F, and G). In the hypaxial part of the

chicken embryo trunk, the signal was detected in a segmental

pattern, as a continuum of the more dorsally located myo-

tomes (Fig. 2H), whereas no equivalent expression domain

was observed in the hypaxial part of P. sinensis embryos at the

corresponding stages (Fig. 2D). Further, Myosin heavy chain

(MyHC), a differentiation marker for myocytes, was detected

by MF20 antibody in the hypaxial part of the chicken trunk

as a segmental pattern, but not seen in the P. sinensis (Fig. 2,

I and J).

Alternatively spliced form of Myf-5

In the cDNA sequence analysis of PsMyf-5, two types of

Myf-5 transcripts were detected in P. sinensis. These two PCR

products were different in size. They were amplified with

primers that hybridize in the ORF and the 30-UTR of PsMyf-

5 (Fig. 3A), and the amplicons were cloned and sequenced.

The shorter product lacked 76bp of contiguous sequence

corresponding to the entire exon 2 of PsMyf-5 (Fig. 3, A and

B). To confirm the alternative splicing of PsMyf-5, we per-

formed PCR with a primer that specifically anneals to the

short-type transcript (psmyfE13; Fig. 3C). Only a 297bp PCR

product was amplified, even when the short and long mRNAs

coexisted (Fig. 3C).

The predicted amino acid sequences of the two putative

PsMyf-5 isoforms are identical in the N-terminal half of

the protein, from amino acids 1 to 168, which correspond to

the domains for DNA binding and dimerization. However, as

the result of a frameshift, the sequence of the C-terminal half

of the short isoform (PsMyf-5S) is completely different from

that of the long isoform (PsMyf-5L). To determine whether

the alternative splicing of Myf-5 is shared by other turtles, we

performed the same experiments using T. scripta cDNA. We

detected both types of Myf-5 splicing variants in T. scripta

(data not shown).

Localization of Myf-5 isoforms in developing turtle
embryos

To compare the expression patterns of Myf-5 isoforms in P.

sinensis embryos, we produced antisera directed against po-

lypeptides that are specific to each isoform (Fig. 4A), and

performed immunohistochemical analysis of P. sinensis em-

bryos. Interestingly, both isoforms were expressed in the

newly formed myotome (Fig. 4, B–G). Their expression over-

lapped perfectly throughout the developmental stages exam-

ined (Fig. 4, H–J). Their expression was also observed in the

muscles of other regions, including the neck and limbs, as well

as in the trunk (data not shown). MyHC was also detected by

MF20 in the myotomes that expressed both PsMyf-5 isoforms

(Fig. 4, K–M).

Short-type Myf-5 shows weak myogenic activity
compared with that of long-type Myf-5

As described above, PsMyf-5S lacks the transactivation do-

main in the C-terminal region. To compare the myogenic

activities of PsMyf-5L and PsMyf-5S, we expressed both

proteins transiently in NIH3T3 fibroblasts and assayed

the appearance of the specific muscle marker, MyHC,

using MF20 antibody. Figure 5 shows the transfected

cells stained for MyHC with MF20 antibody. In the
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Fig. 1. Sequence analysis of Myf-5 proteins and related sequences. (A) Molecular phylogenetic tree of vertebrate Myf-5 proteins and related
sequences. The tree was constructed from 104 amino acid residues with the neighbor-joining method, with among-site rate heterogeneity
taken into account (a50.39; see ‘‘Materials and Methods’’ for details). Bootstrap values were calculated with 100 replicates. GenBank
accession numbers are indicated in parentheses. Gray diamonds indicate gene duplications. In this tree, the human and zebrafish MyoD,
MRF4, and myogenin subtypes are used as outgroups. The probable root position of this tree is indicated as a broken line, based on a
preliminary phylogenetic analysis in which the invertebrate pro-orthologs of the four vertebrate subtypes, Myf-5, MyoD, MRF4, and
myogenin, were included. Phylogenetic analysis using the maximum-likelihood method produced a similar result, although it was not
statistically significant, probably due to the short sequence used in the analysis. (B) Alignment of the amino acid sequences deduced from
turtleMyf-5 sequences with those of other vertebrates. The amino acid residues from the beginning of the exon 2 to the middle of the exon 3
are aligned. Gaps are indicated as hyphens. Turtle sequences are shown in bold. The amino acid residues conserved throughout all species
are marked with asterisks. The phylogenetic tree, which is largely accepted, is shown on the left. The probable time of the deletion of four
amino acids in the turtle Myf-5 sequences is marked with a black circle on the tree. Amino acid sequences of Myf-5 genes in various
vertebrates were retrieved from GenBank and Ensembl (Hubbard et al. 2005). GenBank accession numbers for the turtleMyf-5 genes are as
follows: TsMyf-5, AB247372; PcMyf-5, AB247373.
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PsMyf-5L-transfected culture, many MF20-positive cells were

detected (Fig. 5B). On the other hand, when cells were

transfected with PsMyf-5S, very few MF20-positive cells were

observed (Fig. 5C). Interestingly, cotransfection of PsMyf-5L

and PsMyf-5S decreased the number of MF20-positive cells

compared with that in cells singly transfected with PsMyf-5L

(Fig. 5, B and D).

DISCUSSION

In a previous study using a chimeric analysis of P. sinensis and

chicken embryos, we showed that the occurrence of greatly

reduced hypaxial part of the trunk muscles in turtle is pre-

determined within the somites (Nagashima et al. 2005): im-

planted P. sinensis somites could differentiate into the muscles

which shows similar morphology to that of P. sinensis embryo

in the chicken embryo. This implies that the patterning of the

trunk muscles proceeds rather cell autonomously, and is not

induced by the surrounding tissues. To understand the devel-

opmental mechanism underlying the turtle-specific reduction

of the trunk muscles, we have isolated a muscle-related reg-

ulatory gene, encoding a transcription factor, mutations in

which lead to rib deformities in mice. We characterized the

sequence, transcription, embryonic expression, and provision-

al function.

In amniote development, Myf-5 is the first of the MRF

genes to be activated in both the epaxial and hypaxial myo-

tomes. In mouse and chicken embryos, Myf-5 expression

starts in the epaxial domain of the newly formed somites, and

is followed by the upregulation of myogenin, Mrf4, and

MyoD expression (Buckingham et al. 1992; Hacker and Gut-

hrie 1998; Hirsinger et al. 2001). Analyses of mice mutants for

MRFs, expressed both singly and in combination, have

shown that Myf-5 plays a crucial role in skeletal myogenesis

upstream of the other MRFs (Arnold and Braun 2000;

Kassar-Duchossoy et al. 2004). Furthermore, the homo-

zygous inactivation of Myf-5 leads to truncation of the ribs

(Braun et al. 1992; Tajbakhsh et al. 1996), reminiscent of the

turtle rib morphology, which is confined in the epaxial do-

main of the embryo. (For a discussion of the possible in-

volvement of other factors in this mutant, see Kaul et al.

2000.) Therefore, we isolated Myf-5 as a candidate gene that

might have undergone turtle-specific changes during evolu-

tion. If so, it might represent one of the possible develop-

mental factors underlying the curious and unique pattern of

somite derivatives in turtles.

In the present study, we have demonstrated some pre-

viously unknown features of turtle Myf-5. We identified a

sequential 12 nucleotide deletion in turtle Myf-5 by com-

paring it with the sequences of other vertebrate Myf-5 genes

(Fig. 1). This deletion is shared by Trachemys scripta, which

belongs to the Cryptodira, and by P. castaneus, which be-

longs to the Pleurodira (Fig. 1B), implying that the deletion

is a feature common to the turtle lineage, and not specific to

Pelodiscus. Therefore, it may have occurred in the common

ancestor of all extant turtles. Although the presence of this

deletion in the crocodilians has yet to be examined, absence

of the deletion in the chicken excludes the possibility that it

dates to the origin of the archosaurians. (For the phyloge-

netic position of turtles, see Zardoya and Meyer 2001;

Iwabe et al. 2005.) Therefore, it seems most likely that this

Fig. 2. Comparison of the expression patterns of Myf-5 in
Pelodiscus sinensis and chicken embryos. Expression patterns of
Myf-5 in stage 11 (A), 12 (B), 13 (C), and 14 (D) P. sinensis
embryos and in stage 17 (E), 21 (F), 24 (G), and 26 (H) chicken
embryos were examined by whole-mount in situ hybridization.
Although signal was detected in the ventral trunk region of the
chicken embryo (H, arrow), no expression was seen in the same
region of the P. sinensis embryo (D, arrow). For detection of
differentiated myocytes, stage 16 Ps embryo (I) and stage 28
chicken embryo (J) were stained with MF20.
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deletion is turtle-lineage specific. It also remains unclear

whether the deletion causes any changes in the activity of

Myf-5. Because this region corresponds to a part of the

transactivation domain of murine Myf-5 (Winter et al.

1992), its deletion in turtle Myf-5 may change its myogenic

activity. This question will be addressed in a future project.

We next showed that the expression pattern of PsMyf-5 in

P. sinensis embryos differs from that of its orthologs in other

amniotes, especially in the hypaxial region of the flank. It is

probable that the reduction of the hypaxial muscles in the

flanks of turtles may be related to the absence of Myf-5 sig-

nals in the turtle hypaxial region. Although MyoD is known

Fig. 3. Alternative splicing of Pelodiscus sinensis Myf-5. (A) Two types of products were identified by RT-PCR of Myf-5 mRNA from P.
sinensis embryos usingMyf-5-specific primers (Ps lane), whereas only one PCR product was isolated from chicken (Gg lane). The nucleotide
sequences of the two products of P. sinensis are described to the right of the gel. In the short fragment, there is a deletion of 76 sequential
nucleotides relative to the sequence of the long fragment. (B) Schematic representation of the two splicing variants of P. sinensis Myf-5. The
long isoform consists of exons 1, 2, and 3, and the short isoform consists of exons 1 and 3. (C) Production of the shortMyf-5 transcript was
confirmed by RT-PCR using the primer psmyfE13, which anneals specifically to the short transcript.
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to have a redundant function for Myf-5 (Braun et al. 1992;

Rudnicki et al. 1992; Kaul et al. 2000), we observed that

MyoD is also not expressed in the turtle hypaxial region

(data not shown). The absence of myogenic signals in the

flank region is consistent with the absence of Hox gene

expression in the turtle, which we reported previously (Ohya

et al. 2005). As Nowicki and Burke (2000) reported, Hox

signals are important for the migration of somite-derived

cells into the lateral plate. Therefore, the absence of Hox

signals in the hypaxial region may be related to the

disappearance of Myf-5- and MyoD-positive cells in turtle

embryos.

The third curious feature of PsMyf-5 is the two different

types of transcripts observed in this study (Fig. 3). Because the

position of the nucleotide deletion in the genomic sequence

corresponds to the start of exon 3 (Figs. 1B and 3B), it is

probable that some incorrect recognition of the splicing se-

quence occurs specifically in PsMyf-5, resulting in the two

variant transcripts. We also confirmed two similar types of

Myf-5 transcripts in another cryptodiran species, T. scripta,

Fig. 4. Distribution of the two types of Myf-5 isoforms in Pelodiscus sinensis embryos. (A) Schematic representation of the two types of
Myf-5 isoforms. The upper is the long isoform and the lower is the short isoform. In the short isoform, the colored C-terminal region
indicates the amino acid sequence that differs completely from that of the long isoform. Bars under each protein indicate the polypeptides
PsMyf5LC and PsMyf5SC, used for the production of antibodies. Triple immunofluorescent staining was performed with anti-PsMyf5LC
antiserum (B–D), anti-PsMyf5SC antiserum (E–G), and MF20 (K–M) in sections of stages 12, 13, and 14 P. sinensis embryos. Merged
images of anti-PsMyf5LC and anti-PsMyf5SC staining are shown (H–J).

Unique features ofMyf-5 in turtles 421Ohya et al.



which implies that the alternative splicing of Myf-5 was ac-

quired before the radiation of the turtles. It possibly correlates

with the evolution of turtles per se, as does the deletion event

in this gene. There is no report demonstrating or implying the

alternative splicing of Myf-5 in any other vertebrate, suggest-

ing that the transcription of this gene is highly constrained in

all animals with typical amniote body plans.

Interestingly, the expression patterns of both isoforms

overlap perfectly in turtle embryos during development (Fig.

4). It seems, therefore, that there is no special posttranscrip-

tional regulation that controls the spatiotemporal expression

of the two isoforms. In the short transcript of PsMyf-5, the

deletion of 76bp of exon 2 causes a frameshift that results in a

completely different amino acid sequence in the C-terminal

region from that of the long isoform. However, as the N-

terminal basic helix–loop–helix domain is conserved between

the two isoforms and the capacity for DNA binding and

dimerization with E2A proteins is expected to be retained in

the short isoform, it is probable that the short isoform has a

dominant negative activity in myogenesis. In fact, the short

PsMyf-5 protein reduced the myogenic activity of the long

isoform in cotransfected cultured cells (Fig. 5). Therefore, the

expression of PsMyf-5S by myotomal cells may decrease the

total myogenic activity in the myotome, thus functioning as a

dominant negative form of the original protein. However,

because the distribution of PsMyf-5S is the same as that of

PsMyf-5L, the presence of PsMyf-5S does not suffice to ex-

plain the specific reduction of muscles in the flank region.

The evolution of the body plan can be viewed as the result

of a series of changes in developmental patterning and in the

genes involved in that program. As we have shown, it seems

most likely that there were turtle-lineage-specific evolutionary

changes associated with Myf-5, and that these changes were

related to both regulatory and coding sequences. The results

presented here are consistent with the embryonic disappear-

ance of muscle, which allowed some mutations to be intro-

duced into MRF sequences and their functional dynamics.

MRF genes are thus extremely important to our understand-

ing of the developmental patterning of the turtle-specific body

plan and its origin. It remains unclear how the unusual fea-

tures of Myf-5 identified in this study contributed to the un-

usual muscle and rib morphology of the turtles. To resolve

this issue, functional experiments must be performed using

amniote embryos, and these will be addressed in our future

project.
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