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Sex determination is a fundamental biological process that governs development of sex characteristic. In contrast to ubiquity
of sex, sex-determining mechanisms are diverse among organisms and they can be broadly divided into two categories according
their primary causal factor: genetic sex determination (GSD) and environmental sex determination (ESD). In contrast to GSD,
there is a limited knowledge about the molecular mechanism of ESD because organisms obligating the ESD system are poor
genetic models. To understand how diverse sex determination mechanisms evolve, investigation of ESD mechanisms is
necessary. The branchiopod crustacean Daphnia magna (water flea) is a newly emerged model organism for ESD study. In
favorable environment, Daphnia population is entirely female, but it produces males in response to adverse living conditions. In
Daphnia male sex determination, juvenile hormone (JH) is known as a key initial component. It acts on developing oocytes at 4 to
10 h before ovulation and induces Doublesex] (DsxI) gene, a transcription factor that regulates male traits development.
However, factors that mediate between JH signaling and male-specific Dsx/ expression are still remain unknown and this study
aimed to identify those factors to understand the mechanism of environmental sex determination in D. magna.

To understand how Dsx/ responds to JH signaling, I investigated the stage at which male-specific Dsx! expression begins
during early embryogenesis. DsxI isoforms, a and S, are produced by the alternative promoter usage, and temporal expression
level of each isoform was measured by qPCR. As a result, Dsx]-a transcript was detected to be up-regulated in males earlier than
B-transcript expression. This finding indicates that JH signaling first activates Dsx/-a promoter. Importantly, the analysis result
showed that there is a significant time lag between the critical period of the JH action and the onset of Dsx/-a up-regulation,
suggesting that Dsx/ is not a primary JH-responsive gene regulated by the JH receptor protein, Methoprene-tolerant, but unknown
transcription factors control its male-specific up-regulation.

To identify the unknown transcription factor responsible for male-specific up-regulation of Dsx/-a transcription, potential
binding sites of transcription factors were searched in an upstream region of the a-transcription start site using bio-computational
analysis. In this study, I finally focused on an enhancer element 1 that contains a Dsx binding site and an overlapping bZIP
protein binding-site. The bZIP protein binding-site matched to a consensus binding-site for an ortholog of Vrille (Vri).
Interestingly, male-specific expression of Vri was detected at 3 h before Dsx/-a promoter up-regulation. Vi gene knockdown and
overexpression showed that Vi is necessary and sufficient for Dsx/ activation. Additionally, disruption of the enhancer on the
genome reduced male-specific Dsx/ activation. These results indicate that Vi functioned as a transcriptional activator of Dsx/ in
environmental sex determination of D. magna.

To identify other candidates of sex-determining genes in D. magna, I also examined a transcription factor Ftz-F1 because it
involves with sex determination mechanism in mammals and it was discovered as a mediator for JH signaling in Drosophila. The
temporal expression pattern of Ftz-FI during embryogenesis showed male-specific expression before Dsx/ is activated. This
result indicated that Frz-F1 gene might function as Dsx/ regulator in sex-determining pathway. However, gene silencing of this
gene led to lethality at an early embryonic stage. To investigate a role of Ftz-F1 in Daphnia sex determination, further
investigation will be needed.

Taken all together, I discovered co-option of the transcription factor Vri into the Daphnia sex-determining pathway as the
activator of Dsx/ gene. Sex-specific role of /'7i has not been reported in any organisms although it has been known to be involved
in various general development processes such as circadian clock. I proposed a hierarchy of signal transduction for Daphnia ESD
where the JH first stimulates expression of Vri, which in turn activates Dsx/ expression by binding to the enhancer region on
DsxI-o promoter. I also revealed the conservation sequence and sexually dimorphic expression of Ftz-F1 in D. magna. These
findings add new knowledge both about the molecular mechanism that underlies environmental sex determination (ESD) and
about evolution of sex-determining pathways. In addition, this study provides molecular insights into sex determination of

commercially important crustaceans, which, in turn, could contribute to development of the monosex culture in aquaculture fields.
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