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Abstract

The variety of morphology in animals or plants has evolved with very long-term, and fossil records

are the only direct evidence of their evolutionary processes. Although the morphological diversity is

produced by developmental process, it is difficult to find out only from fossil form. In Mollusca, their

various shell shapes have evolved ever since the Cambrian, but their developmental processes remain

unclear. In order to understand how various shell shapes are formed and have evolved in Mollusca, I sought

to reveal the molecular basis of initial shell formation and late embryonic shell growth using living species

as following five topics.

Firstly, I examined decapentaplegic (dpp) expression patterns in pond snail Lymnaea stagnalis,

and analyzed the functions of dpp using the Dpp signal inhibitor dorsomorphin in order to understand

developmental mechanisms and evolution of shell formation in gastropods in chapter 2. The dpp gene is

expressed in the right half of the circular area around the shell gland at the trochophore stage and at the

right-hand side of the mantle at the veliger stage in the dextral snails. Two types of shell malformations

were observed when the Dpp signals were inhibited by dorsomorphin. When the embryos were treated with

dorsomorphin at the 2-cell and blastula stages before the shell gland is formed, the juvenile shells grew

imperfectly and were not mineralized. On the other hand, when treated at the trochophore and veliger stage



after the shell gland formation, juvenile shells grew to show a cone-like form rather than a normal coiled

form. These results indicated that dpp plays important roles in the formation and coiling of the shell in this

gastropod species.

Second in chapter 3, I compared expression patterns of the dpp gene in the shell gland and mantle

tissues at various developmental stages between coiled-shell and non-coiled-shell gastropods. I analyzed

the expression patterns of dpp for the two limpets Patella vulgata and Nipponacmea fuscoviridis, and for

the dextral wild-type and sinistral mutant lineage of the pond snail Lymnaea stagnalis. The limpets had

symmetric expression patterns of dpp throughout ontogeny, whereas in the pond snail, the results indicated

asymmetric and mirror image patterns between the dextral and sinistral lineages. I hypothesize that Dpp

induces mantle expansion, and the presence of a left-right asymmetric gradient of the Dpp protein causes

the formation of a coiled shell. These results provide a molecular explanation for shell, coiling including

new insights into expression patterns in post-embryonic development, which should aid in understanding

how various shell shapes are formed and have evolved in the gastropods.

In chapter 2 and 3, I focused on the molecular basis of shell coiling in gastropods. However, coiled

shell morphologies have evolved not only in gastropods but also in cephalopods like Ammonoides and

Nautililods. In chapter 4, thus, as a first step to understand the molecular mechanism of shell coiling in

cephalopod, I therefore focused on Dpp expression pattern in the mantle of Nautilus and sought to compare



their patterns between gastropod and cephalopod. I revealed that a Dpp signal gradient indeed exists in the

mantle edge of the coiled-shell and its gradient is anterior-posterior asymmetrically by western blotting.

This distribution pattern of Dpp signals correspondents with their shell growth gradient pattern like

gastropod’s results. Although coiled shell morphologies have evolved independently in gastropod and

cephalopod lineages, spiral shell growth is regulated by same molecular system, left-right or

anterior-posterior asymmetric expression of Dpp signals.

Next in chapter 5, I sought to understand the role of homeotic gene engrailed in early shell

development by focusing on retinoic acid signal pathway. I examined the expression pattern of RA

degradease cyp26 in the limpet Patella vulgate, and found that cyp26 expressed around the edge of shell

filed. As results of gain or loss of functional analysis of RA, shell deformations were observed and their

shells were failed to calcification too. While I revealed that engrailed is regulated by RA and this result

suggested that the modesty-concentration of RA regulates the expression of engrailed, and engrailed

determines the boundary delimitation of the area forming the shell and regulate a part of the genes’

expression are related with shell formation. This new insight provided evolutionary hypothesis that the

common ancestor of Mollusca likely used RA signaling system to make novel phenotypic traits that is

called “shell” by regulating the expression of homeotic gene engrailed.

Finally, I sought to annotate the TGF superfamily genes are belonging to signal molecules using



full genome sequence information of pearl oyster Pinctada fucata in chapter 6. Recently, its draft genome

was determined, and many experimental tools are being developed. In this chapter, I reported the result of

genomic survey on developmental signaling molecule coding gene families, TGF-B superfamily. I found

most of the representative genes of major signaling pathway involved in axial patterning, as well as copies

of the signaling molecule paralogs. By doing phylogenetic character mapping, I also deduced a possible

evolutionary scenario of the signaling molecules in the protostomes, and reconstructed the possible copy

number of signaling molecule-coding genes in the ancestral protostome. This ancestral reconstruction

suggested a possibility that P. fucata retains the ancestral protostome conditions, giving further

justifications to utilize this animal as a model organism for understanding molluscan shell developmental

mechanisms.



