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The evolutionary transition from paired fins to limbs involved the establishment of a
set of limb muscles as an evolutionary novelty. In parallel, there was a change in
the topography of the spinal nerves innervating appendicular muscles, so that distinct
plexuses were formed at the bases of limbs. However, the key developmental changes
that brought about this evolutionary novelty have remained elusive due to a lack of
data on the development of lobed fins in sarcopterygian fishes. Here, we observed
the development of the pectoral fin in the Australian lungfish Neoceratodus forsteri
(Sarcopterygii) through synchrotron radiation X-ray microtomography. Neoceratodus
forsteri is a key taxon for understanding the fin-to-limb transition due to its close
phylogenetic relationships to tetrapods and well-developed lobed fins. At the onset of
the fin bud in N. forsteri, there is no mesenchyme at the junction between the axial body
wall and the fin bud, which corresponds to the embryonic position of the brachial plexus
formed in the mesenchyme in tetrapods. Later, concurrent with the cartilage formation in
the fin skeleton, the fin adductor and abductor muscles become differentiated within the
surface ectoderm of the fin bud. Subsequently, the girdle muscle, which is homologous
to the tetrapod serratus muscle, newly develops at the junction between the axial body
wall and the fin. Our study suggests that the acquisition of embryonic mesenchyme at
the junction between the axial body wall and the appendicular bud opened the door to
the formation of the brachial plexus and the specialization of individual muscles in the
lineage that gave rise to tetrapods.

Keywords: Sarcopterygii, Dipnomorpha, Tetrapodomorpha, fish-tetrapod transition, migratory muscle precursor
cell, limb muscle, brachial plexus

INTRODUCTION

One of the pivotal challenges of the animals’ water-to-land transition is the difficulty in weight
support and locomotion on land under gravity constraints. The tetrapod limbs had evolved
from paired fins during the Devonian (Ahlberg, 2019), and were decisive for the success of
this transition. Although fossil transitional forms from the fin to the limb potentially bridge
the gap, tetrapod limbs differ from paired fins in mode of evolutionary change, or variational
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modality, thereby representing an evolutionary novelty (Wagner,
2014). The origin of this novelty involved the functional
integration of the musculoskeletal and nervous systems necessary
for terrestrial and aerial movement, and represents one of the
most drastic morphological changes in vertebrate evolution.

Attempts to understand the evolution of the limb and
the developmental basis of the morphological transition have
involved comparative anatomy, paleontology, and evolutionary
developmental biology. Since soft-tissues are poorly preserved
in the fossil record, much emphasis is currently placed on the
skeletal systems. In particular, the evolutionary origin of the digit
and wrist (i.e., the autopod) has been gradually unraveled through
paleontological studies of Devonian fossils (Shubin et al., 2006;
Cloutier et al., 2020) and through evolutionary developmental
studies focused mainly on the 5’Hox genes expressed in fin and
limb buds (Shubin and Alberch, 1986; Davis et al., 2007; Johanson
et al.,, 2007; Nakamura et al., 2016; Tanaka, 2016; Woltering et al.,
2020). These studies have dispelled any uncertainty about the
homologies of proximal (i.e., the stylopod and zeugopod) skeletal
elements in fins and limbs, and the morphological transitions
from one to the other have been traced in relation to the evolution
of tetrapod limb movement (Shubin et al., 2004, 2006; Pierce
etal., 2012; Miyake et al., 2016; Molnar et al., 2017; Ahlberg, 2019;
Wynd et al,, 2019).

Despite this progress, however, the process of the soft-tissue
evolution remains elusive. So far, morphologies of the muscles
(Braus, 1901; Shann, 1920, 1924; Diogo et al., 2016; Miyake
et al,, 2016; Molnar et al., 2017, 2018), spinal nerves (Fiirbringer,
1888; Braus, 1901; Hirasawa and Kuratani, 2018), and vascular
system (Ura, 1956; Saito, 1988a,b) have been compared between
fins and limbs, but their homologies are still, at least partly,
uncertain. In fossil taxa, data about muscle attachments can
provide clues for muscle morphologies (Sanchez et al.,, 2013;
Molnar et al., 2017), but it is quite difficult to capture the complete
picture of the musculoskeletal system of non-tetrapodomorph
and tetrapodomorph fishes, as well as early tetrapods. The
extant tetrapods possess a common set of limb muscles and
corresponding spinal nerves, and the topographies of both
systems have remained largely consistent during the evolution of
tetrapod crown groups. Recent studies on the evolution of limb
muscles (Molnar et al., 2017, 2018) suggest that the full set of
limb muscles was acquired in a stepwise manner in the early
evolution of limbed tetrapods. Also, the plexus of spinal nerves
formed at the base of the limb is likely an evolutionary novelty in
the tetrapod lineage (Hirasawa and Kuratani, 2018). Formation
of the limb-innervating plexus potentially facilitated the complex
control of movement by the columnar organization of neurons
in the spinal cord (i.e., the lateral motor column) (Murakami
and Tanaka, 2011; Jung et al, 2018), by enabling axons from
neurons at different cranio-caudal levels to innervate a single
muscle together.

From the developmental point of view, modes of migration
of somite-derived muscle progenitor cells have been compared
between tetrapods and fishes, in particular elasmobranchs, whose
fin muscles are arranged in parallel to the somites (Okamoto etal.,
2017; Turner et al., 2019). Although data on the mode of limb
muscle development in lissamphibians remains insufficient, at

least for amniotes there is ample evidence that the limb muscle
progenitor cells dissolve their somitic segmentation patterns
upon entrance to the limb bud (Dietrich et al., 1998; Gross et al.,
2000; Hirasawa and Kuratani, 2018). Almost simultaneously with
the migration of muscle progenitor cells into the limb bud, the
developing spinal nerves form the brachial plexus within the
mesenchyme at the junction between the axial body wall and the
limb bud (i.e., the plexus mesenchyme), which is required for
normal development of nerves innervating limb muscles (Wright
and Snider, 1996; Haase et al., 2002; Kramer et al., 2006). This
dissolution of the segmentation pattern of the musculature and
spinal nerves at the junction between the axial body wall and
limb bud may represent a developmental process required for
the establishment of limb muscles in extant tetrapods. On the
other hand, based on the descriptions of pectoral fin development
in the sturgeon (Mollier, 1897) and zebrafish (Grandel and
Schulte-Merker, 1998), no distinct mesenchyme develops at the
junction between the axial body wall and fin bud in these
actinopterygian fishes.

Because the tetrapod limb evolved from the lobed fin of
ancestral sarcopterygian fishes, the development of lobed fins
in extant non-tetrapod sarcopterygians including coelacanths
and lungfishes potentially provides clues to understanding key
evolutionary changes in muscle and nerve development. Among
the extant non-tetrapod sarcopterygians, in which lungfishes
are closer to tetrapods than coelacanths (Amemiya et al., 2013;
Betancur-R et al.,, 2017), the Australian lungfish Neoceratodus
forsteri provides the best model for developmental studies of lobe-
finned fishes; other species present problems either because of
the inaccessibility of large embryonic samples (e.g., coelacanths)
or secondary modifications in fin morphology (e.g., African
and South American lungfishes, having undeveloped filamentous
paired fins). Indeed, recent studies on the development of
the lobed fin in N. forsteri have revealed the developmental
mechanism of skeletal patterning (Johanson et al., 2004, 2007;
Woltering et al., 2020). However, our current understanding
of muscle and nerve development in lobed fins largely relies
on descriptions and illustrations from classical literature (e.g.,
Semon, 1898; Salensky, 1899; Greil, 1913), which are insufficient
for comparison with recent developmental studies. In this study,
we seek to provide a basis for future developmental studies by
describing the development of muscles in the pectoral lobed
fin of N. forsteri based on three-dimensional observations at
a cellular level.

MATERIALS AND METHODS

Fertilized Neoceratodus forsteri eggs were legally collected from
the Department of Biological Sciences, Macquarie University,
Sydney, Australia, and transported with the permission of CITES
(Certificate No. 2009-AU-564836) in 2009. The embryos and
larvae were fixed with 10% neutral buffered formalin after
Berlin blue dye injection to blood vessels by using a previously
described method (Kamei et al., 2010), and stored in 10% neutral
buffered formalin. All specimens are registered to the Iwate
Medical University Ura Ryozi Collection (IMU-UR; Table 1).
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TABLE 1 | List of specimens examined in this study.

Specimen No. Stage Total length (mm)
IMU-RU-SI-0010 41 8.5
IMU-RU-SI-0013 (Figure 1) 46 13.5
IMU-RU-SI-0017 (Figure 2) 47 (early phase) 16.0
IMU-RU-SI-0019 47 (late phase) 17.0
IMU-RU-SI-0022 47 (late phase) 17.0
IMU-RU-SI-0037 (Figure 3) 47 (late phase) 17.5
IMU-RU-SI-0038 48 (early phase) 19.0
IMU-RU-SI-0039 (Figure 4) 48 (mid-phase) 20.5
IMU-RU-SI-0040 48 (late phase) 24.0

In this study, embryos were staged according to the Kemp
(1982) stage table.

High-resolution X-ray tomography of the embryonic samples
was performed at the synchrotron radiation facility SPring-8
in Sayo-cho, Hyogo Prefecture, Japan. The entire body of each
embryo was placed in a polypropylene tube filled with normal
saline in the experimental hutch of the beamline BL20B2 and
scanned by means of propagation-based X-ray phase-contrast
tomography (Paganin et al., 2002) with a voxel size of 2.70 pm
at an energy of 15 keV. A visible-light conversion type X-ray
image detector was used to detect X-ray transmission images.
Incident X-ray image onto the detector was converted into visible
light image by a Gadox scintillator with a thickness of 15 pm.
Combinations of two camera lenses, 1st lens: a camera lens with a
focal length of 35 mm (AI AF Nikkor 35 mm {/2D; Nikon, Tokyo,
Japan); 2nd lens: a camera lens with a focal length of 85 mm (AI
AF Nikkor 85 mm f/1.4D IF; Nikon, Tokyo, Japan), were used to
form the image on a sSCMOS image sensor (ORCA Flash C11440-
22C; Hamamatsu Photonics, Hamamatsu, Japan). The distance
from the sample to the X-ray image detector was 600 mm. A total
of 1,800 projections covering 180° were taken with an exposure
time of 200 ms per projection. Slices were reconstituted by using
a filtered back-projection algorithm implemented on homemade
software (Uesugi et al., 2010).

The stacks of images were examined by using the image-
processing software package Fiji (Schindelin et al., 2012)
in orthogonal views. The images were reconstructed three-
dimensionally, using the Avizo software (Thermo Fisher
Scientific, Waltham, MA, United States). Each embryonic
component was manually labeled on the sections and
subsequently combined to generate a three-dimensional model.

RESULTS
Onset of the Pectoral Fin Bud

The earliest developmental stage we observed was stage 41
(Table 1). By this stage, the dorsal axial muscles have become
differentiated, and the pronephros has developed at the caudal
end of the pharynx. The prospective field of the pectoral fin
bud, which is observable lateral to the pronephros, consists of
the epidermis and mesenchyme, which together are as large as
the pronephric duct as previously observed by Hodgkinson et al.

FIGURE 1 | Developing right pectoral fin of Neoceratodus forsteri at stage 46
(total length = 13.5 mm). (A) Coronal section. (B) Transverse section.

(C) Lateral view. (D) Cranial view. (E) Caudal view. dam, dorsal axial muscle;
epd, epidermis; mes, mesenchyme; opc, operculum; prn, pronephros; sto,
stomach; vam, ventral axial muscle. Arrowheads indicate the respective
sectioned levels. The asterisk marks the junction between the axial body wall
and fin bud, where no mesenchymal tissue is observable at this
developmental stage. Scale bar = 100 pm.

(2009). At this stage, the mesenchyme, which later develops into
ventral axial muscles and fin buds, does not extend ventrally
to the pronephros.

At stage 46 (Figure 1 and Table 1), the pectoral fin bud
protrudes laterally at the junction of the lateroventral aspect of
the pronephros and the laterodorsal aspect of the ventral axial
muscles. At this stage, the fin bud consists of the epidermis and
mesenchyme, and the latter is homogeneous and structureless.
Dorsal to the fin bud, there is little space between the epidermis
and pronephros, and no mesenchymal tissue is observable.
Positional relationships among the pectoral fin, pronephros, and
ventral axial muscles are maintained throughout the observed
developmental stages (stages 46-48).

Differentiation of the Pectoral Fin

Muscles

Differentiation of the pectoral fin muscles occurs during stage 47.
Here, we divide stage 47 into two phases (Table 1) based on when
myotubes of the pectoral fin muscles become identifiable.

In the early phase of stage 47 (Figure 2), a mass of cartilage
develops at the base of the pectoral fin. A dense mesenchymal cell
mass (premuscle mass) surrounds the cartilage in the proximal
part of the fin bud (Figures 2B-D). In the cranial part of the
fin bud, a small number of mesenchymal cells (just five or
six cells across at the thickest) occupy the space between the
laterodorsal aspect of the pronephros and epidermis (Figure 2C).
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bar =100 wm.

FIGURE 2 | Developing right pectoral fin of Neoceratodus forsteri during the early phase of stage 47 (total length = 16.0 mm). (A) Coronal section. (B) Sagittal
section. (C-E) Transverse section. (F) Lateral view. (G) Cranial view. (H) Caudal view. ctl, cartilage; dam, dorsal axial muscle; epd, epidermis; ntc, notochord; opc,
operculum; prn, pronephros; sto, stomach; vam, ventral axial muscle. Arrowheads indicate the respective sectioned levels. The asterisk marks the cranial part of the
junction between the axial body wall and fin bud, filed by a small number of mesenchymal cells at this developmental stage, which later form the cleithrum. Scale

This mesenchyme becomes thinner caudally (Figure 2D), and in
the caudal part, there is little space between them (Figure 2E).

In the late phase of stage 47 (Figure 3), the primary
myotubes of the pectoral fin adductor (Figures 3A,B) and
abductor (Figures 3B,C) muscles become differentiated. The
cartilage of the scapulocoracoid, humerus, and ulna are now
recognizable separately (Figure 3B). It is identifiable that the

adductor and abductor muscles are connected proximally to
the scapulocoracoid and distally to the humerus and ulna,
while separation of superficial and deep layers (superficiales
and profunduses) of these muscles is not observable. At the
cranial part of the junction between the pectoral fin and trunk,
which corresponds approximately to the thickest part of the
mesenchyme intervening between the pronephros and epidermis
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FIGURE 3 | Developing right pectoral fin of Neoceratodus forsteri during the late phase of stage 47 (total length = 17.5 mm). (A-C) Coronal section. (D-F)
Transverse section. (G) Lateral view. (H) Dorsal view. () Cranial view. (J) Caudal view. abm, abductor muscle; adm, adductor muscle; clt, cleithrum; clv, clavicle;
dam, dorsal axial muscle; epd, epidermis; glb, glenoid buttress of the scapulocoracoid; hum, humerus; opc, operculum; prn, pronephros; scc, scapulocoracoid; sto,
stomach; uln, ulna; vam, ventral axial muscle. Arrowheads indicate the respective sectioned levels. Scale bar = 200 um.

during the early phase of stage 47 (Figure 2C), the cleithrum
develops as a dermal bone (Figures 3A-D) filling the space
between the pronephros and epidermis (Figure 3D).

Development of the Girdle Muscle

The axial skeleton develops from stage 47 onward. During the
late phase of stage 47, the vertebral elements, namely the neural
arch and basiventral arcualium, develop around the notochordal
sheath. Subsequently, at the beginning of stage 48 (Table 1),
the cranial rib extends toward the junction between the dorsal
and ventral axial muscles at a level caudal to the pronephros.
At this phase, no muscle tissue connected to the cleithrum
is recognizable.

Later, in the mid-phase of stage 48 (Table 1), the girdle
muscle, which corresponds to the retractor lateralis ventralis
pectoralis (e.g., Diogo et al., 2016) and to the retractor cleithri
muscle (Greil, 1913), becomes differentiated (Figure 4). This
girdle muscle is connected proximally to the distal end of
the cranial rib (Figures 4C,I), and distally to the medial
surface of the cleithrum (Figures 4D,E,I). No connection of

the girdle muscle to connective tissue associated with the axial
muscles is observable.

Subsequently, in the late phase of stage 48 (Table 1), the
pectoral fin adductor and abductor muscles subdivide into
superficial and deep layers (superficiales and profunduses), and
the superficial layers of both muscles expand their proximal
connections to the medial surface of the cleithrum.

DISCUSSION

Developmental Environment for the
Pectoral Fin Muscles and Their

Innervating Nerves

In this study, we wused synchrotron phase-contrast
microtomography to perform histological observations of
pectoral fin development in N. forsteri, in light of recent
knowledge of vertebrate development. As the examined embryos
and larvae possessed large yolk sacs and some mesenchymal
tissues characterized by low cell densities, they were not suited for
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lateral

cranial

dorsaIT
cranial

FIGURE 4 | Developing right pectoral fin of Neoceratodus forsteri at stage 48 (total length = 20.5 mm). (A-C) Coronal section. (D-F) Transverse section. (G) Sagittal
section. (H) Lateral view. (I) Enlarged image of the retractor laterralis ventralis pectoralis muscle in caudolateral view. (J) Cranial view. (K) Caudal view. abm, abductor
muscle; adm, adductor muscle; bva, basiventral arcualium; clt, cleithrum; clv, clavicle; dam, dorsal axial muscle; crr, cranial rib; epd, epidermis; glb, glenoid buttress
of the scapulocoracoid; lbom, levator arcuum branchialium five muscle (i.e., the dorsopharyngeus muscle in Greil, 1913); hum, humerus; na2, neural arch 2; na3,
neural arch 3; ntc, notochord; opc, operculum; prn, pronephros; pri, pleural rib 1; scc, scapulocoracoid; rad, radius; rim, retractor lateralis ventralis pectoralis
muscle (i.e., the retractor cleithri muscle in Greil, 1913); sto, stomach; uln, ulna; vam, ventral axial muscle. Arrowheads indicate the respective sectioned levels. Scale

bar =200 pm.

physical sectioning, which requires retention of heterogeneous
tissues on slide glass. On the other hand, virtual sectioning
by X-ray microtomography, as a non-destructive technique,
can keep the morphologies of all tissues intact, and enables
three-dimensional observation at a high resolution. Although
resolutions are generally higher in physically prepared sections
with staining, or the conventional histological technique,
technological advances in X-ray microtomography will
continue to provide indispensable contribution to comparative
morphology. Future morphological and histological studies

may request three-dimensional observations based on X-ray
microtomography data. In addition, since the technique used
in this study does not require any specific fixation nor chemical
treatment, it will be useful to obtain three-dimensional data prior
to other experiments, such as analyses on gene expressions.

Our results demonstrate that the pectoral fin of N. forsteri
develops adjacent to the pronephros, and that there is only
a small space available to accommodate the mesenchyme
between the axial body wall and fin bud (Figures 1B, 2C-
E). The minor mesenchyme intervening between the epidermis
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FIGURE 5 | A scenario for evolution of the plexus mesenchyme. In the
evolution leading to the crown tetrapods, the cleithrum gradually became
reduced, and concurrently, the full set of limb muscles was acquired in a
stepwise manner (Molnar et al., 2017). At this transitional phase, the brachial
plexus might become evolutionarily fixed, being accompanied with an
acquisition of the embryonic plexus mesenchyme, which replaced the
cleithrum-forming embryonic domain. The cleithrum and clavicle are gray,
endoskeletal shoulder girdle and limb skeleton blue, interclavicle black, and
position of the plexus mesenchyme (in embryonic development) purple.
Abbreviations: clt, cleithrum; clv, clavicle. The tetrapodomorph skeletons are
redrawn from Andrews and Westoll (1970), Coates (1996), Clack and Finney
(2005), Shubin et al. (2006), and Clack (2012).

and pronephros at the cranial part of the fin bud base
(asterisk in Figure 2C) later produces the dermal bone of the
cleithrum (Figures 3D,H-J), thereby substantially narrowing
the migratory routes of the somite-derived muscle progenitor
cells and spinal nerve axons. Based on these observations, it is
likely that the “plexus mesenchyme” (Wright and Snider, 1996)
does not develop in N. forsteri. Among extant tetrapods, the
mesenchyme occupying the space between the axial body wall
and limb bud is similarly small during forelimb development
in lissamphibians (Byrnes, 1898; Chen, 1935). In contrast to
N. forsteri, however, the lack of a cleithrum in lissamphibians
allows the mesenchymal environment to remain relatively large.
Although further comparative analyses between N. forsteri and
lissamphibians are needed, it is possible that the evolutionary
reduction of the cleithrum in the basal tetrapodomorph lineage
(Romer, 1924; Shubin et al., 2006; Molnar et al., 2017; Figure 5)
allowed the establishment of a novel developmental environment,
i.e., the “plexus mesenchyme.”

Muscles Connected to the Cleithrum
Our observations roughly show the developmental processes
of muscles connected to the cleithrum, including the girdle

muscle (retractor lateralis ventralis pectoralis or retractor cleithri)
and the superficial adductor and abductor muscles of the
pectoral fin.

As the girdle muscle is connected proximally to the distal end
of the rib and distally to the medial surface of the cleithrum,
it is likely homologous with the tetrapod serratus muscle,
which develops as an axial muscle (Valasek et al., 2010, 2011).
We demonstrate that the girdle muscle in N. forsteri develops
distinctly later than the dorsal and ventral axial muscles do
(Figure 4), but could not identify its primordial cells probably
due to rapid differentiation of the girdle muscle; similarly, the
detailed developmental process of the tetrapod serratus muscle
has also remained elusive (Pu et al., 2016). Nevertheless, in
N. forsteri, the girdle muscle develops through either dorsocranial
extension of the developing muscle from the junction between
the dorsal and ventral axial muscles at the level of the cranial
rib or differentiation of the mesenchyme occupying the space
medial to the cleithrum, because the cleithrum and the axial
muscles are separated at the corresponding developmental stage
(Figures 3, 4).

In N. forsteri, the superficial layers of pectoral fin adductor
and abductor muscles, which are homologous with the latissimus
dorsi and pectoralis muscles, respectively, become differentiated
substantially later than do the deep layers (Figure 3). In
limb muscle development, these superficial muscles (latissimus
dorsi and pectoralis) develop through an “in-out” process, in
which the muscle progenitor cells, upon entering the limb
bud, extend out from the limb bud onto the axial body
wall (Valasek et al., 2011). Based on our observations, in
N. forsteri, it is probable that the superficial adductor and
abductor muscles develop not through the “in-out” process,
as the fin bud is occupied by myotubes of the deep adductor
and abductor muscles and includes very few undifferentiated
muscle progenitor cells (Figure 3). This suggests that the “in-out”
developmental process of superficial limb muscles first evolved in
the tetrapodomorph lineage.

PERSPECTIVES AND CONCLUSION

The tetrapod limb is an evolutionary novelty: new muscles were
acquired in the early evolution of limbed tetrapods (Molnar et al.,
2017, 2018), and a new variational modality of neuromuscular
morphology was established during the fin-to-limb transition
(Hirasawa and Kuratani, 2018). Soft-tissue anatomy of fossil
vertebrates can often be reconstructed by using phylogenetic
bracketing approach (Witmer, 1995), but such approach is
ineffective for inferring a transitional state prior to an origin
of an evolutionary novelty. Therefore, the process of the soft-
tissue evolution during the fin-to-limb transition cannot be
deciphered solely through comparative morphological analyses
between extant and fossil taxa, although these analyses, together
with biomechanics, potentially contribute to an understanding
of functional transitions independent of the origin of the
evolutionary novelty. Instead, like the vertebrate jaw, another
example of evolutionary novelty (Shigetani et al, 2002), the
origin of the novel limb soft-tissue patterns will be elucidated by
analyzes of developmental genetic bases.
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In this study, we conducted three-dimensional observations
of the pectoral lobed fin of N. forsteri in light of recent knowledge
of vertebrate development, by using synchrotron radiation X-ray
microtomography. We found that the mesenchyme occupying
the junction between the axial body wall and fin bud is quite small
in N. forsteri, implying the absence of the “plexus mesenchyme”
seen in tetrapods. In addition, our observations highlighted the
late differentiation timings of the girdle muscle and superficial
adductor and abductor fin muscles separate from those of
the other axial muscles and deep adductor and abductor fin
muscles, respectively. These characteristics of pectoral lobed fin
development in N. forsteri will lead to a better understanding
of the fin-to-limb transition from the viewpoint of evolutionary
developmental biology.
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