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Background

The paradox of sex is a central question in evolutionary biology. Asexual species are rare

and predicted to be short-lived owing to the lack of recombination, which results in the

loss of genetic diversity and restricts adaptive potential. Among unisexual vertebrates,

there are various forms of clonal reproduction (parthenogenesis, gynogenesis,

hybridogenesis) that are frequently associated with polyploidy. Gynogenesis and

hybridogenesis depend on sperm from a related sexual species to initiate embryogenesis.

In gynogenesis, sperm is used only for activation of cell division without genetic

contribution. On the other hand, hybridogenesis uses sperm for fertilization despite the

exclusion of the paternal genome during gametogenesis, resulting in the clonal

transmission of the remaining maternal genome. Recent phylogenetic studies have

suggested that gynogenesis and hybridogenesis are often older than theoretical estimation,

showing high genetic variability. To understand the evolutionary potential and

significance of asexual organisms, it is necessary to investigate the origin, extent of

genetic diversity, and mechanisms facilitating their genetic diversity, which also leads to

deepen the understanding of the problems of sex and recombination.



Because of the potentially frequent occurrences of sexual-asexual conversion

with ploidy change, the two cyprinid groups, gynogenetic Carassius complex and

hybridogenetic Squalius alburnoides complex, are promising models for investigating the

evolution of asexuality in vertebrates. Although these unisexual fishes show significant

genetic variability suggesting underlying diversification mechanisms, these mechanisms

and phylogenetic entity remain unclear because of the lack of genome-wide analyses.

The purpose of this thesis was to elucidate the origin and diversification

mechanisms of Carassius and S. alburnoides complexes through the integrative analysis

of phylogeny, molecular evolution, and allele expression based on a number of loci. The

similarity and unique features of their evolutionary processes are comparatively discussed,

raising new questions regarding the origin and evolutionary implications of unisexual

vertebrates.

Material and Methods

In Chapter 2, to cost-effectively determine the ploidy of the Carassius fish, which is

difficult to discriminate morphologically, a microsatellite multiplex panel was developed,

and its accuracy was confirmed by flow cytometry. The clonal diversity of the triploid

gynogenetic Carassius from Lake Biwa was evaluated using the markers.



In Chapter 3, to elucidate the genetic relationships and differences between the

population structure of sexual and asexual Carassius, mitochondrial DNA gene sequences

and microsatellites were used to assess approximately 1,000 specimens collected from a

wide range of the Japanese archipelago and adjacent areas. To reveal the genetic

composition of gynogenetic Carassius, admixture analysis based on dozens of nuclear

markers and genome-wide allele expression analysis using transcriptome sequences were

conducted.

In Chapter 4, the deposited transcriptome sequences of hybrid S. alburnoides and

related Leuciscinae (Cyprinidae) fishes were used to investigate the origin of S.

alburnoides, a Europian hybridogenetic cyprinid, and evaluate the role of presumed

compensation mechanisms against mutational load. Using over 4000 aligned genes, the

following analyses were conducted: gene topology analysis for the detection of gene flow,

molecular evolution analysis for accumulation of synonymous and nonsynonymous

mutations, and allele expression analysis to test the buffering effect of paternal host alleles

on mutation accumulation in the inherited maternal genome.

Results and Discussion

The newly developed method for the molecular determination of ploidy showed good



agreement (97.3%) with flow cytometry, and the characterization of a wild population in

Lake Biwa showed high clonal diversity (Chapter 2). This cost-effective ploidy

determination scheme was extensively used for successive study on Carassius fishes.

Integrative analysis of a number of nuclear loci for diploid and triploid Carassius

demonstrated that the Japanese triploid Carassius is a hybrid of Japanese and Eurasian

lineages (Chapter 3). High genetic diversity among gynogenetic Carassius was inferred

to have been facilitated via directional gene flow from conspecific sexual diploid and

increased establishment of immigrants. This is the first evidence of occasional sex with

interploidy gene flow in natural populations of gynogenetic vertebrates.

Gene tree analysis among S. alburnoides and related species detected no

significant vestiges of gene flow, suggesting accurate paternal exclusion in

hybridogenesis (Chapter 4). The inherited maternal genome in S. alburnoides showed less

codon bias than any other Leuciscinae fishes examined, whereas the ratio of

nonsynonymous to synonymous mutations was compatible with related sexual

endangered species. Finally, allele expression analysis demonstrated biased use of

paternal host alleles. These results support the scenario that transient vigorous host alleles

mask recessive mutations in the inherited maternal genome, contributing to the long-term

persistence of this unisexual fish.



Conclusion

This thesis examined the origin and diversification mechanisms in two cyprinid

gynogenetic and hybridogenetic fish groups with frequent occurrences of sexual—-asexual

conversion. Hybrid origin and accurate homologous synapsis suggested by S. alburnoides

emphasize the modifications of meiotic program by hybridization. Both unisexual fishes

possessed antagonistic mechanisms against mutational load, though their mechanisms

and subsequent genome evolution patterns differed. The high genetic variability of the

Japanese gynogenetic Carassius and S. alburnoides should be facilitated by hybridization

and triploidization as other unisexual vertebrates, though hybridization and ploidy change

also bring adverse effects such as genetic incompatibility and gene dosage imbalance.

Exploring how unisexual vertebrates manage these problems deepens our understanding

of adaptability of unisexual organisms, as well as the flexibility and complexity of

genome evolution and gene regulation systems in vertebrates.
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