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Key Sentence :

Developmental folding of the embryonic body wall finishes up the body plan of a turtle
Turtle-specific regulation, not turtle-specific genes, alters developmental pathway and creates the shell
Tongue is an invention of jawed vertebrates

Relationships between evolution of the heart and tongue

Key Word : vertebrates; evolution; Evo-Devo; comparative morphology; comparative embryology; molecular
developmental biology; comparative genomics; skeletomuscular systems; central and peripheral nervous systems;
homology; phylotypic stage; head segmentation; ear ossicles; diaphragm; hypobranchial muscle system; cranium;
paleontology; fossils; developmental constraints; origin of animal body plans.

Outline

Evolution can be viewed as series of changes introduced to developmental programs by means of genomic
variations of organisms. The ultimate goal of our research project is to reconstruct the mechanical background of
development behind evolutionary novelties in vertebrates, such as jaws and turtle carapace, by comparing
developmental processes and patterns between different animal species to identify the changed portion of
development, by constructing phenocopies to modify a part of developmental programs of model animals, and by
integrating the experimental data with fossil data, phylogenetic trees based on molecular data, and variety of
genomes in animals.

1. Evolutionary acquisition of the turtle shell.

The turtle shell consists of carapace, or the dorsal part, and plastron, or the ventral part. Of these, the carapace is
generally understood as being formed by fusion of vertebral column and ribs. Although the superficial bony plate
of the carapace was once suggested to be of exoskeletal origin, we have recently made sure that it arises mainly
from the endoskeletal rib, to which no exoskeletal components are added through development (Hirasawa,
Nagashima, Kuratani). Therefore, the turtle carapace is formed of skeletal elements that are also found generally
in other vertebrates. However, the turtle body plan uniquely exhibits a reversed topographical relationship
between the scapula (= shoulder blade) and the ribs (unlike in human anatomy, the turtle scapula is found beneath
the ribs), suggesting that morphogenetic process of turtle embryo involves some radical change that are never seen
in other vertebrate embryos. By comparative embryological analyses, we found that the body wall of a turtle
embryo experiences a unique folding’, by which its scapula anlage becomes encapsulated by the laterally growing
ribs (Nagashima, Sugahara, Takechi, Ericsson, Kawashima-Ohya, Narita, Hirasawa, Kuratani), and that there are
some turtle-specific gene expressions along the line of above noted folding (called, carapacial ridge, CR: Kuraku,
Kuratani). In addition, CR per se has a function of expanding the array of ribs along the round contour of the
carapace (Nagashima, Kuraku, Uchida, Ohya, Kuratani). We also found that the upstream factor for the function
of the CR is likely to be Wntba, as a byproduct of turtle genome project (Pascual-Anaya, Kuratani, Irie and others).
To understand why the rib growth is arrested specifically in turtles to permit the body wall folding, we are
currently performing RNAseq analyses to identify genes and their functions that are responsible in making
embryonic environments (axis and body wall) distinct from each other. This project would also allow us to
understand the developmental bases for anatomical architecture of ourselves with a completed ribcage.

2. Evolutionary novelties in the vertebrate skeletomuscular system.

In the oral cavity of jawed vertebrates (gnathostomes), there is a protrusion called the ‘tongue’, and there is a
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muscle to move this structure. The tongue muscle, however, does not belong to the head, but is developmentally
derived from occipital and cervical somites in the embryo, and is innervated not by a typical cranial nerve, but by
the hypoglossal nerve that is generally regarded as a modified spinal nerve. In jaweless vertebrates such as
lampreys, what is called the tongue is not identical to ours, but is derived from the mandibular arch, which in
jawed vertebrates, differentiates into the jaw. The tongue muscle homologue in the lamprey does not reside in the
oral cavity, but is located in the pharyngeal wall to function as a pharunx constrictor. We found recently that this
condition is very similar in another group of jawless vertebrates, the hagfish (Oisi, Fujimoto, Ota, Kuratani). Thus,
it appears very likely that migration and spatial distribution of rostral somites-derived myoblasts are highly
restricted in jawless vertebrates, as compared to those in jawed vertebrates. Behind this difference, either
migratory activity of myoblasts themselves, or molecular level properties of embryonic environments that serve as
migratory pathways would differ between the two animal lineages. As a candidate to explain such difference, the
secondary heart fields (SHF) in the jawless vertebrates would have equally restricted function and distribution as
compared to jawed vertebrates; the hypoglossal cord (anlage of tongue muscles) as well as the hypoglossal nerve
axons grow along the margin of the SHF in gnathostomes, whereas, no such relations can be found in the lamprey
and hagfish. It has also been reported recently that the developmental movement of the lateral plate (SHF is a part
of it) prefigures the morphology of the tongue muscle primordium. We are currently comparing the mesodermal
distribution and gene expressions between the lamprey and gnathostomes, to identify the key innovation that has
lead to the acquisition of the musculated tongue in jawed vertebrates. In addition to the tongue muscle we have
put forth hypotheses to explain acquisition of the trapezius muscle group and accessory nerve that innervates this
muscle in jawed vertebrates (Tada, Kuratani), and the diaphragm and phrenic nerve that are specific to mammals
(Hirasawa, Kuratani). Both of these structures mark the innovative evolutionary changes to generate large taxa,
providing hints to understand the origins of most basic parts of animal body plans.
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