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General Introduction 

Sex determination is a process that occurs in individuals of a species with 

characteristics that allow them to be identified as males, females, or, in some cases, 

hermaphrodites. In animals, sex can be determined by environmental cues (such as 

temperature), or genetically; these systems are called environmental sex determination 

(ESD, especially temperature-dependent sex determination is called TSD) and genetic 

sex determination (GSD), respectively (Hake & O’Connor, 2008; Moore & Roberts, 

2013). In the case of TSD, the temperature at which eggs are incubated determines the 

sex of the offspring. Higher or lower temperatures during incubation can result in 

different sexes. GSD is determined when the characteristics are present in sex 

chromosomes that direct gonad development towards distinct but reproductively 

compatible outcomes (Moore & Roberts, 2013). Inside genetic determination, 

individuals with two different sex chromosomes are of heterogametic sex, and they 

are thus able to produce two types of gametes. When both are the same, it is called 

homogametic (Brashear et al., 2021). 

There are multiple examples of heterogametic-determined sex in animals, like the 

ZW and XY systems. ZW determination is seen in birds, reptiles, and some fish. 

Females have one Z and one W chromosome (ZW), while males have two Z 

chromosomes (ZZ). XY system is found in mammals and other groups. Males have 

one X and one Y chromosome (XY), while females have two X chromosomes (XX) 

(Hake & O’Connor, 2008). Since the XY system is the determined process in humans, 

it has been widely studied.  
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Despite originating from autosomes, the X and Y chromosomes have undergone 

differentiation through arrested recombination along the Y chromosome. This leads to 

reduced natural selection pressure and subsequent gene decay, as well as the 

accumulation of repeated sequences as transposable elements (TE) and tandem 

repeats (Cortez et al., 2014; Kejnovsky et al., 2009). The reduced selection and gene 

decay associated with X and Y chromosomes have resulted from the lack of 

recombination during meiosis, causing them to become heterochromatic frequently. 

As a result, heterochromatic sex chromosomes often contain high proportions of 

repeated sequences. Especially in non-recombining regions of the Y chromosome, 

repeated DNA sequences are accumulated, representing a dominant and early force 

forming the Y chromosome, probably before genes degenerate (Kejnovsky et al., 

2009). The evolution and emergence of sex chromosomes have been closely linked to 

the dynamics of these repetitive elements and TE (Dechaud et al., 2019).  

The sex determination process behind the XY mainly occurs due to unique genes 

in the Y chromosome. The mammalian Y-chromosomal testis-determining gene (SRY) 

induces male sex determination (Kashimada & Koopman, 2010). The presence of the 

SRY gene initiates a cascade of genetic and hormonal events leading to male 

differentiation, primarily by inducing the expression of SRY-box 9 (SOX9), another 

critical gene in the male development pathway. SOX9 transcript is the master 

regulator of Sertoli cell differentiation and the male type of gonad development 

(Kozhukhar’, 2012). In standard conditions, the absence of SRY (as in XX embryos), 

the default pathway, leads to the development of ovaries and female characteristics. 
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There are other processes and genes specific to X and Y chromosomes. These 

mechanisms are key components in the sex determination and dosage compensation 

in mammals. One example is the process of addressing the gene dosage imbalance on 

the X chromosome between females and males. In this case, mammalian cells have 

evolved a mechanism called X chromosome inactivation (XCI), wherein one of the X 

chromosomes in females is transcriptionally silenced (Loda et al., 2022; Payer & Lee, 

2008; Wutz & Gribnau, 2007). This process ensures equitable X-linked gene 

expression levels in somatic cells (Lyon, 1971). Also, XCI involves silencing one of 

the two X chromosomes in each cell of a female’s body. This process is not only 

necessary to realize the balance between females and males, but the modes of X 

chromosome regulation, especially mosaicism and skewing of XCI, influence the 

severity of diseases caused by X-linked mutations (Deng et al., 2014a). In humans, 

age-related X reactivation could further influence the diversity of phenotypes 

observed in diseases. For example, cancer and autoimmune diseases as neurological 

disorders have been known. That is prevalent in women, to the assumed deleterious 

effect of uncovering mutations (Spatz et al., 2004; Z. Sun et al., 2022). 

To achieve the XCI, a complex interplay of multiple long non-coding RNAs 

(lncRNAs) and proteins occurs at a pivotal locus known as the X inactivation center 

(Xic). In mice and humans, the Xic encompasses an approximately 660-kb region 

(Chureau et al., 2002). Within the Xic, critical sequences govern the counting, 

selection, and initiation of silencing of the future inactive X (Xi) while maintaining 

gene expression from the active X (Xa) (Augui et al., 2011). Several genes reside in 
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the Xic, including the lncRNAs Tsx, Xist, Tsix, Jpx, and Ftx, and protein-coding genes 

Cdx4, Chic1, Slc16a2, and Rlim. There is a complex relation and interaction between 

these genes. The cornerstone of Xic regulation is the lncRNA X-inactive specific 

transcript, Xist (Hierholzer et al., 2022; J. Lee et al., 1999; Loda et al., 2022). Xist 

depends on a series of repeats to perform the early and late steps of XCI. Xist is the 

central transcript in a regulatory network orchestrated by two topologically 

associating domains (TADs) on the X chromosome, TAD-E, and TAD-D, each 

playing a vital role in governing the XCI process and playing a positive and negative 

effect respectively (van Bemmel et al., 2019). 

A few exceptional mammalian species possess unique sex chromosomes that 

could mean differences in the conserved process, like the Y-bearing females, Y-loss 

between, among others (Saunders & Veyrunes, 2021). The genus Tokudaia (Muridae, 

Rodentia) stands out as a prime example of Y-loss (Fig. 1). This genus includes three 

species, each endemic to a single island in southernmost Japan, and is faced with 

significant conservation challenges (Yamada et al., 2010). The Tokunoshima spiny rat 

(Tokudaia tokunoshimensis, TTO, 2n=45, XO/XO) and Amami spiny rat (Tokudaia 

osimensis, TOS, 2n=25, XO/XO) lack one X chromosome and the Y chromosome. 

The Sry gene, not only determining for therian mammals, including marsupials and 

placental mammals, was also completely lost (Honda et al., 1977; Honda et al., 1978; 

Murata et al., 2010; Terao et al., 2022). Both males and females share a single X 

chromosome, and their genome sequences are nearly identical, with only a male-

specific 34 kb duplication upstream of Sox9 on chromosome 3 in TOS (Terao et al., 
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2022), resulting in equal gene dosage of the X chromosome in the XO/XO species. By 

contrast, the Okinawa spiny rat (Tokudaia muenninki, TMU, 2n=44) exhibits the 

typical XX/XY sex chromosome system found in most mammals (Tsuchiya et al., 

1989). However, the sex chromosomes have fused with a pair of autosomes, forming 

recently acquired regions called as the neo-X and neo-Y on the X and Y 

chromosomes, respectively. These neo-X and neo-Y regions display partial genetic 

differentiation, indicating recombination suppression between them (Murata et al., 

2012).  

Based on the above information, I hypothesized structural and expression 

changes in the sex chromosomes of species with unusual determination systems, like 

the loss of one X chromosome and the Y chromosome, even in regions usually 

conserved in Eutherian, like the Xic. To verify this hypothesis, I used the three 

species of genus Tokudaia, the Okinawa spiny rat (TMU; Tokudaia muenninki, 

XX/XY), the Tokunoshima spiny rat (TTO; Tokudaia tokunoshimensis, XO/XO), and 

the Amami spiny rat (TOS; Tokudaia osimensis, XO/XO). Using a bioinformatics 

approach, their reciprocal genome and RNA-Seq were used to analyze gene structure, 

order, expression, and repeats location of Xic in the X chromosome. 

In Chapter I, I compared the gene location and order in Xic of the genus 

Tokudaia to test whether Xic was different between the XO/XO species and XX/XY 

species. I annotated the Xic region and the genes inside by using homology and RNA-

Seq-based prediction. Intra and inter-genic regions were evaluated.  
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In Chapter II, I analysed the detailed structure and expression of defined nine 

genes (Cdx4, Chic1, Tsx, Xist, Tsix, Jpx, Ftx, Rlim, and Slc16a2, gene name is shown 

in Table 1) in Xic of Tokudaia compared with mice. Exons, introns, and coding 

sequence (CDS) were determined. For the key factor, Xist, repeats that indicate 

function were identified. To explore whether the Xic genes operate in the XO/XO 

species an expression analysis was performed. 

In Chapter III, to understand whether TEs are the potential elements of mutation 

in Xic, I performed a repeat analysis on the X chromosome. I identified types of TEs 

in the X chromosome and regions with high accumulation of repeat sequences. The 

TEs located in Xic were identified. Rat and mouse chromosomes were compared to 

the genus Tokudaia.  

Based on the results obtained through these experiments, I discussed the potential 

contribution of the loss of one X chromosome and the Y chromosome, the 

consequences of the degradation of the XCI system, and possible sources of these 

changes. 
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Fig. 1 Evolution of sex chromosomes and geographical distribution of the genus 

Tokudaia 

A pair of autosomes fused to the X and Y chromosomes in the lineage of Tokudaia 

muenninki, resulting this species acquired neo-X and neo-Y. The Y-loss and Sry-loss 

caused by Y-to-X translocation occurred in common ancestral population of Tokudaia 

osimensis and Tokudaia tokunoshimensis. In the two species, a single X chromosome 

is shared with male and female, namely dosage compensation is need not between 

sexes.  
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1.1 Abstract 

XCI is an essential mechanism for dosage compensation between females and males 

in mammals. Mammalian cells have evolved the mechanism of XCI to address the 

gene dosage imbalance on the X chromosome between females and males. In females, 

XCI is controlled by a complex, conserved locus termed the X inactivation center, in 

which the lncRNA Xist is the key regulator. However, little is known about the Xic in 

species with unusual sex chromosomes. The genus Tokudaia includes three rodent 

species endemic to Japan. Tokudaia osimensis (TOS) and Tokudaia tokunoshimensis 

(TTO) lost the Y chromosome (XO/XO), while Tokudaia muenninki (TMU) acquired 

a neo-X region by fusion of the X chromosome and an autosome (XX/XY). I 

compared the gene location and structure in the Xic among Tokudaia species and 

mouse to predict order Xic loci. Compared to mouse, the Xic gene order and location 

were conserved in Tokudaia species. However, remarkable structure changes were 

observed in lncRNA genes, Xist and Tsix, in the XO/XO species. Additionally, three 

deletions and one inversion were confirmed in the intergenic region between Jpx and 

Ftx in the XO/XO species. I hypothesized that the significant structure change in Xist, 

Tsix and the intergenic region of Jpx-Ftx resulted in the inability to perform the X 

chromosome inactivation.  
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1.2 Introduction 

Mammalian cells have evolved the mechanism of XCI to address the gene dosage 

imbalance on the X chromosome between females and males. In this process, one of 

the X chromosomes in every cell of females is transcriptionally silenced early in 

female development, leading to mosaic expression of either the maternal (Xm) or 

paternal (Xp) X chromosome (Loda et al., 2022; Panning, 2008; Payer & Lee, 2008; 

Wutz & Gribnau, 2007). This process ensures equitable expression levels in the X-

linked gene of somatic cells (Lyon, 1971). The XCI mechanism is governed by the X 

chromosome-to-autosome ratio (X:A), and one of the X chromosomes is inactivated 

to achieve a balanced ratio (Monkhorst et al., 2009). This process is orchestrated 

primarily by the Xist gene (Hierholzer et al., 2022; J. Lee et al., 1999; Loda et al., 

2022; Wutz & Gribnau, 2007). A complex interplay of Xist, multiple lncRNAs and 

proteins occurs on the pivotal Xic locus. In mice and humans, the Xic encompasses an 

approximately 660-kb region and located in Xq13 (Chureau et al., 2002). Within the 

Xic, critical sequences govern the counting, selection, and initiation of silencing of 

the future Xi, while maintaining gene expression from the Xa (Augui et al., 2011). 

Several genes reside in the Xic, including the lncRNAs genes Tsx, Tsix, Jpx, and Ftx, 

and protein-coding genes Cdx4, Chic1, Slc16a2, and Rlim.  

In the early stages of embryonic development, one of the two X chromosomes in 

each female cell is randomly selected for inactivation, creating the Xi. The one that 

remains active is the Xa. The Xist gene on the chosen chromosome is expressed, 

remains within the nucleus, and spreads across the length of the X chromosome from 
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which it is transcribed (Pollex & Heard, 2019). This coating of the chromosome is 

essential for silencing gene expression. The recruits of various proteins and other 

factors modify the chromatin structure, such as histone deacetylases and 

methyltransferases (Panning, 2008). These modifications result in the chromatin 

condensation, forming a heterochromatic state in the Xi. The heterochromatin 

formation caused the silencing of most genes on the Xi. Some genes may escape 

inactivation and continue to be expressed. These escaping genes contribute to the 

functional differences between males and females (Berletch et al., 2011). This state is 

maintained throughout the life cycle and passed on during cell division (Loda et al., 

2022). 

XCI regulatory network is orchestrated by two TADs on the X chromosome, 

TAD-E, and TAD-D, each playing a vital role in governing the XCI process. TAD-E is 

positioned at the chromosome end, while TAD-D is located closer to the centromere 

(van Bemmel et al., 2019). TAD-E exerts a positive effect, along with Ftx, Jpx, 

Slc16a2, and Rlim, on Xist production during early development (Chureau et al., 

2010; Tian et al., 2010). By contrast, TAD-D, which includes Chic1, Cdx4, Tsx and 

Tsix participates in negative regulation (Augui et al., 2011). In this way, the regulatory 

landscape of Xist, and presumably the Xic, probably spans at least 800 kb comprising 

these two TADs. The mechanism of insulation between the two TADs remains 

unclear.  

The mechanism of XCI is typically conserved among mammals. However, the 

genus Tokudaia might be an exception because of its distinctive sex chromosome 
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system. Our lab previously sequenced, localized and assessed Xist RNA expression in 

two species with distinct sex chromosome systems, TOS (XO/XO) and TMU 

(XX/XY) (Zushi et al., 2017). In TOS, loss-of-function mutations was observed in the 

Xist gene. Notably, RT-PCR and northern blotting analyses confirmed the absence of 

Xist RNA expression in both male and female TOS cells. By contrast, TMU exhibited 

female-specific Xist RNA expression, with localization predominantly to the long arm 

of the original X chromosome and partial localization to the neo-X region of Xi 

(Kudo et al., 2023). Although the neo-X region in TMU does not exhibit 

heterochromatinization and does not contribute to Barr body formation, it forms a 

slightly condensed structure. Other genes essential for XCI within the genus Tokudaia 

have not been characterized. 

In this chapter, I first compared the X chromosome sequences of the Tokudaia 

genus with those of the mouse to identify the Xic loci. Using the mouse as a 

reference, a homology-based approach was complemented by RNA-Seq results for 

the genes present in these loci. I established identity, gene order, and phylogenetic 

relationships between TMU, TTO, TOS, and mouse.
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1.3 Materials and Methods 

The high-quality genome assemblies and gene annotations of the genomes of three 

Tokudaia species were previously reported (Okuno et al., 2023), however, these 

annotations do not include ncRNA genes. Therefore, I predicted here the structure of 

nine genes in Xic. I firstly predicted gene structure for TMU using the following 

methods: 1) an RNA-Seq-based method that predicts gene structures based on 

transcriptome sequencing results, 2) a homology method that predicts genes structures 

on the basis of gene sequences of related species, mouse. The two prediction methods 

are described below.  

 

1) RNA-Seq-based method 

Gene prediction was performed using both mapping and de novo methods using 

RNA-Seq data (TMU, DRR059296-302; TTO, DRR496898, DRR496899; and TOS, 

DRR426688, DRR426689) and genome sequence data (Okuno et al., 2023)(TMU, 

PRJDB16411; TTO, PRJDB16412; and TOS, PRJDB16413). In the mapping method, 

HISAT2 v2.2.1 (Kim et al., 2015) was used to map RNA-Seq reads to genome 

sequences. The mapped reads were assembled into gtf files using StringTie v2.2.1 

(Shumate et al., 2022). In de novo method, RNA-Seq reads were used to assemble 

into transcripts by Trinity v2.9.1 (Grabherr et al., 2011). Redundant sequences were 

removed from the assembled contigs using CD-Hit v4.8.1 (W. Li & Godzik, 2006) 
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and the contigs were aligned to the genome sequence using GMAP v2023.10.10 (Wu 

& Watanabe, 2005).  

 

2) Homology-based method 

The mouse sequence of each gene (Cdx4, Chic1, Tsx, Tsix, Xist, Jpx, Ftx, Slc16a2 and 

Rlim) was used as the query of GMAP v2023.10.10 with cross-species parameter to 

annotate the TMU genome. Accession numbers of mouse genes were shown in Table 

1. The gene structure results predicted in TMU were used for prediction of TTO and 

TOS genes according to the same methodology.  

The prediction results of the two methods were manually curated. For the gene 

predictions of TTO and TOS, the predicted genes of TMU were aligned to the TTO 

and TOS genomes by GMAP, partially corrected based on the RNA-Seq mapping 

results. 

 

Comparison of Xic between mouse and Tokudaia species  

To generate the synteny plot of Xic loci, the lylaplot 

(https://github.com/mokuno3430/emu/tree/main/lyla_plot) tool was used. To run this 

tool, sequence alignment and comparison were performed by BLAST (v2.9.0) 

(Altschul et al., 1990). The mouse Xic genome sequence of mm39 X chromosome 
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(from 5 kb upstream Cdx4 to 5 kb downstream Rlim, 102,360,005-103,029,892) was 

used for comparison with Tokudaia Xic.  

Dot-plot alignment for pairwise comparison of Xic were generated using the 

nucmer command in MUMmer (V.3.23)(Delcher, 2002). All output files generated 

were transformed into matching coordinates by using the mummerplot standard 

command. The matching coordinate files were plotted using gnuplot (V.5.9)(Vaught, 

1996).
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1.4 Results 

The gene content and locations in the Xic are largely conserved in Tokudaia 

species I compared the gene content and order in the Xic between Tokudaia species 

and mouse. In mouse, Cdx4, Chic1, Tsx, Tsix, Xist, Jpx, Ftx, Rlim, and Slc16a2 were 

present in the 660-kb Xic (102,365,005–103,024,892 bp from Cdx4 to Rlim) on the X 

chromosome. All these genes were annotated to the X chromosome in all Tokudaia 

species, and the gene order was conserved (Fig. 2). The estimated lengths of the Xic 

were 636, 582, and 595 kb in TMU, TTO, and TOS, respectively. Sequence identities 

between species are shown in Table 2. The sequence identity of Tokudaia species and 

mice was >86%; TTO and TOS showed the highest sequence identity of 99.12%.  

 

Structural changes in intergenic sequence in the XO/XO species 

To visualize detailed Xic structure differences between species, a dot plot alignment 

of all loci in mouse and each Tokudaia species was generated (Fig. 3). The dot plot 

illustrates the high conservation of genomic structure between mouse and TMU in the 

Xic (Fig. 3a). By contrast, deletions and inversions were identified in TTO and TOS 

(Fig. 3b, c). I focused on the two regions indicated by gray color in Fig. 3b and c, and 

the enlarged images were shown in Fig. 3d-g. An insertion (6.9 kb) was observed in 

TOS Tsx (Fig. 3f). Deletions were confirmed in Xist and Tsix (Fig. 3d and f). 

Additionally, three deletions and one inversion were confirmed in the intergenic 

region between Jpx and Ftx (Fig. 3e, g). The size of each deletion was 10.2 kb, 1.8 kb, 
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and 10.9 kb, and the size of inversion was 11.4 kb. The location and size of deletions 

and inversion were mostly identical in TTO and TOS. None of these changes were 

present in TMU. 
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1.5 Discussion 

I observed that the gene content and order in the Xic are conserved mainly between 

the genus Tokudaia and mice, however, with partial structural variation in TTO and 

TOS. Within Tokudaia species, TTO and TOS showed the highest sequence identity. A 

previous molecular phylogenetic analysis revealed that TMU (XX/XY) diverged first 

among the three species, and TOS and TTO (XO/XO) are phylogenetically closely 

related (Murata et al., 2010). Therefore, the patterns of sequence identity likely reflect 

the phylogenetic relationships within the genus.  

Transcaucasian mole vole, Ellobius lutescens (2n=17), also has been known as 

the XO/XO species. The closely related species, Ellobius talpinus, has a 54, XX 

karyotype in both females and males and the XCI mechanism is most likely still intact 

(Just et al., 2007; Mulugeta et al., 2016). The previous report showed that the X 

remained monovalent without chiasma formation in female and male meiosis in E. 

lutescens, XO/XO (Matveevsky et al., 2017). The genome sequencing of Xic in E. 

lutescens indicated that all genes known to control XCI are still present, and the 

whole region showed >90% conservation between E. lutescens and E. talpinus 

(Mulugeta et al., 2016). This comparison, with my findings reveals a notable 

conservation of the Xic across both the genus Tokudaia and the genus Ellobius species 

despite their unique sex chromosome compositions. This conservation underscores the 

evolutionary stability of the Xic and XCI mechanisms across diverse mammalian 

lineages.  
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I confirmed deletions and one inversion in Jpx–Ftx in the XO/XO species, both in 

size and sequence. Mutations in this region likely originated in a common ancestor, 

raising the possibility that the loss of functional XCI occurred in the ancestral lineage 

of the XO/XO species, likely due to the loss of one X and the Y. This intergenic 

region of Jpx–Ftx, that within TAD-E, upregulates Xist. Notably, the loss of the 

broader Jpx–Rlim region reduces XCI (Barakat et al., 2011), emphasizing the 

significance of this region in mediating chromatin interactions in the Xic. The 

presence of TADs, including TAD-D and TAD-E, makes the interactions between 

genes and intergenic regions essential for initiating and maintaining XCI (van 

Bemmel et al., 2019). Successful XCI will create regions of heterochromatin and 

euchromatin, the latter harboring genes that escape XCI in the Xi (Fang et al., 2019; 

Loda et al., 2022). Evidence shows that Ftx serves as an intermediate in the cascade of 

events leading from Rlim to Xist activation (Chureau et al., 2010). 

I hypothesized that both such structural changes would be more likely to occur 

because of having a single X chromosome and self-synapsis. In XO mice, an XO 

pachytene oocyte in which an unsynapsed univalent X is silenced shows pachytene 

arrest. Alternatively, an XO pachytene oocyte with a self-synapsed X chromosome 

remains active (Burgoyne et al., 2009). Self-synapsis potentially facilitates 

chromosomal rearrangements. Since it is impossible to obtain tissues from the 

endangered spiny rat for observations of synapsis, sequence analyses of whole X 

chromosomes are an essential approach to confirm my hypothesis.  
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1.6 Tables 

Table 1 Accession number of NCBI RefSeq mouse genes.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Symbol Name Accession number 

Cdx4 Caudal type homeobox 4 NM_007674 

Chic1 Cysteine-rich hydrophobic domain 1 NM_009767 

Tsx Testis specific X-linked NM_009440 

Xist X inactive specific transcript NR_001463 

Tsix X (inactive)-specific transcript, opposite strand NR_002844 

Jpx Just proximal Xist NR_015508 

Ftx Five Prime To Xist NR_028381 

Slc16a2 Solute Carrier Family 16 Member 2 NM_009197 

Rlim Ring Finger Protein, LIM Domain Interacting NM_011276 

Tbp TATA-Box Binding Protein NM_013684 
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Table 2 Nucleotide sequence identity of the X inactivation center (Xic) of mouse, 

Tokudaia muenninki (TMU), Tokudaia osimensis (TOS), and Tokudaia 

tokunoshimensis (TTO). 

Species Identity (%) 
(Size of Xic) Mouse 

(660 kb) 
TMU  

(636 kb) 
TTO 

(582 kb) 
TOS 

(595 kb) 
Mouse - 86.62 86.66 86.75 

TMU - - 96.11 96.01 
TTO - - - 99.12 
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1.7 Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Xic loci comparison 

Gene location and sequence identity in the X inactivation center (Xic) of mouse, 

Tokudaia muenninki (TMU), Tokudaia osimensis (TOS), and Tokudaia 

tokunoshimensis (TTO). The lines on the left side mean phylogenetic relationship. 
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Fig. 3 Dot plot alignment of the X inactivation center (Xic) 

Dot plot alignment between mouse and Tokudaia muenninki (TMU) (a), Tokudaia 

tokunoshimensis (TTO) (b), and Tokudaia osimensis (TOS)(c). Gray squares indicate 

the misaligned regions. (d, f) for Tsx-Xist/Tsix, and (e, g) for Jpx-Ftx are enlarged 

views of the regions indicated by gray squares in (b) and (c), respectively. Arrow 

heads and an arrow indicate deletions and an inversion in (e) and (g). 
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2.1 Abstract 

To achieve XCI, a complex interplay of multiple lncRNAs and proteins occurs at a 

pivotal locus known as the Xic. Several genes reside in the Xic, including the 

lncRNAs Tsx, Xist, Tsix, Jpx, and Ftx, and protein-coding genes Cdx4, Chic1, 

Slc16a2, and Rlim. The cornerstone of XCI regulation is the lncRNA Xist. Mouse Xist 

has six conserved repeat sequences, A-, B-, C-, D-, E-, and F-repeats. The A-repeat 

had been identified at the most important one. The other repeats function as binding 

sites for chromatin regulatory complexes, loop maintenance, localization, and late 

stages of XCI. Previously my laboratory member sequenced the Xist gene and 

assessed Xist RNA expression and localization in two species with distinct sex 

chromosome systems, TOS (XO/XO) and TMU (XX/XY). In TOS, I observed loss-

of-function mutations in the Xist gene. Other genes essential for XCI within the genus 

Tokudaia have not been characterized. I compared the gene structure and expression 

location in the nine genes (Cdx4, Chic1, Tsx, Tsix, Xist, Jpx, Ftx, Slc16a2, Rlim) 

characterized in the Xic loci among Tokudaia species. Compared to mouse, the Xic 

protein-coding genes were conserved in Tokudaia species. Some unique changes were 

found in genus Tokudaia, specifically in the XO/XO species. In Xist, important 

functional repeats, B-, C-, D-, and E-repeats, were partially or completely lost due to 

deletions in these species. RNA-seq data showed that female-specific expression 

patterns of Xist and Tsix were confirmed in TMU, however not in the XO/XO species. 

The RNA structure were calculated for every lncRNA. 
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2.2 Introduction 

A complex relation between Xist and all the other genes in the Xic should be 

performed to produce a successful XCI. The Xic loci characterized the presence of 

nine genes, Cdx4, Chic1, Tsx, Tsix/Xist, Jpx, Ftx, Slc16a2 and Rlim, in that order. In 

this group lncRNAs (Xist, Tsix, Jpx, and Ftx) and protein-coding genes (Cdx4, Chic1, 

Rlim, and Slc16a2) interplay from early stages to produce the XIC. The strategies 

utilized to achieve X-chromosome dosage compensation differ between different 

mammals (Deakin et al., 2009). In the mouse, the best studied eutherian mammal, 

XCI occurs in two waves during development. Both require the non-coding transcript 

Xist, which is present only in eutherians. First, shortly after fertilization, Xp 

undergoes inactivation. Inactivity of the Xp is maintained in extraembryonic tissues, 

but it is reactivated at the blastocyst stage in cells that give rise to the embryo, where 

random XCI (rXCI) occurs (Loda et al., 2022). In XX ES cells, two active X 

chromosomes stabilize the pluripotency gene expression network, and ectopic Xist 

expression leads to faster cell differentiation and downregulation of pluripotency 

factors (Schulz et al., 2014).  

How the TAD is contributing to imprinted and random inactivation has been 

studied recently. Some mechanisms related to the positive regulation from TAD-E, 

along with Ftx, Jpx, Slc16a2, and Rlim, on Xist production during early development 

have been described (Chureau et al., 2010; Tian et al., 2010). Ftx located on the five 
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primes side to Xist has been described as a cis transcript to promote Xist 

transcriptional activation and establishment of XCI (Furlan et al., 2018). This gene 

transcript occupies distinct nucleoplasm loci, with multiple isoforms through a 

remarkable complexity of alternative promoter usage and splicing patterns (Chureau 

et al., 2010). Jpx presents just proximal to Xist and is probably the most well-study 

transcript after Tsix. It has been recognized for its role in the initiation, recruitment of 

chromatin modifiers, stabilization, and regulation of the spreading of Xist (Carmona et 

al., 2018; S. Sun et al., 2013; Tian et al., 2010). On the other hand, the protein-coding 

genes Slc16a2 and Rlim ensure the rapid and stringent inhibition of gene expression in 

the future Xi (Barakat et al., 2014). A lack of 11-zinc finger protein or CCCTC-

binding motifs occurring in a “tandem” (CTCF), suggests a euchromatin region 

between Slc16a2 and Rlim (Berletch et al., 2015). Remarkedly, all the genes in this 

TAD have been reported as escaped genes in both or one of the X chromosomes on 

females (Berletch et al., 2015; Katsir & Linial, 2019).  

On the other hand, in the negatively regulated TAD-D, which includes Cdx4, 

Chic1, Tsx, and Tsix, many relations have been established. In the case of Cdx4, it is 

highly syntenic in placental mammals. Just in the marsupial opossum, the conserved 

element lies on chromosome 2, while Cdx4 and Rsx (the marsupial equivalent to Xist) 

lie on the X chromosome (Galupa et al., 2020). In the case of Chic1, the interactions 

with Xite/Tsix shape the structure of the opposite TAD-E by favoring conformations of 

the chromatin fiber wherein they mutually colocalize (Giorgetti et al., 2014). Contacts 

between Chic1 and Xite are also observed. Each of these harbors a set of CTCF sites 
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involved in mediating the observed physical contacts within each locus; most CTCF 

motifs present the same orientation (Galupa et al., 2022). Tsx could produce protein in 

mouse testis (Cunningham et al., 1998); however, in meiotic germ cells, embryonic 

stem cells, and brain is non-coding and a long transcript (Anguera et al., 2011). Tsix 

which is the antisense transcription across Xist, is thought to be important in the 

regulation of Xist expression and in mechanisms of choice in XIC (Avner & Heard, 

2001). Tsix lncRNA does not affect primary choice during XCI. This lncRNA prevents 

ectopic inactivation of the Xa during epiblast differentiation (Gayen et al., 2015). 

Inside the TAD-D, the Tsx and Tsix safeguard the future Xa from inactivation by 

blocking Xist coiling on its structure (Anguera et al., 2011; J. T. Lee, 2000). 

Meanwhile, Chic1 and Cdx4 contribute to the stabilization of the chromatin 

landscape, which is essential for the accurate silencing of the X chromosome (Hwang 

et al., 2015). A specific CTCF-binding site, located inside Tsix, was suggested to have 

a role (Kung et al., 2015; Navarro et al., 2006) as its deletion was reported to lead to 

Xist misregulation and female-specific defect in mouse ES cells. Nevertheless, the 

deletion of the 58 kb spanning region is significant, as it abolishes isolation and 

produces aberrant gene expression in both TADs (Nora et al., 2012). 

Finally, Xist lncRNA is indispensable for XCI. Xist initiates the process early 

during development by spreading in cis across the X chromosome from which it is 

transcribed, the future Xi. The Xist gene has been localized to a 450-kb in mouse X 

chromosome, expressed exclusively from the Xi (Herzing et al., 1997). During XCI, 

Xist RNA triggers gene silencing, recruits a group of chromatin modifying factors, 
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and drives a major structural reorganization of the X chromosome (Loda & Heard, 

2019). Some parts of Xist are conserved at the sequence level, suggestive of 

functional elements. However, there could be variation inside the introns. Some of 

these conserved regions are highly repetitive and are referred to A-F repeats (Pontier 

& Gribnau, 2011). Mouse Xist has six conserved repeat sequences, A-, B-, C-, D-, E-, 

and F-repeats, and two promoters, P1 and P2 (C. J. Brown et al., 1992; Maenner et al., 

2010; Navarro et al., 2006; Nesterova et al., 2001; Pugacheva et al., 2005; Raposo 

et al., 2021; Sheardown et al., 1997). These repeats are distributed across exon 1 (A–

D and F) and exon 7 (E). The pivotal role of Xist in XCI is attributed to the presence 

of these highly conserved repeats, particularly the A-repeat (Raposo et al., 2021). Xist 

lacking the A-repeat is expressed, but unable to form the characteristic Xi-associated 

structure due to the lack of initial coiling (Schoeftner et al., 2006). The A-repeat 

includes 7 to 8 copies of a conserved sequence known as the AUCG tetraloop 

(Duszczyk et al., 2011). The other repeats function as binding sites for chromatin 

regulatory complexes, loop maintenance, localization, and late stages of XCI (Lee, 

2011; Nesterova et al., 2001; Sarma et al., 2010). The key factor of Xic and the other 

corresponding genes had been mostly studied in mice and humans; however, how 

these conserved loci could be modified when there is a unique system of 

determination is still unknown. The genus Tokudaia can be a suitable candidate.  

In this chapter, I evaluated in detail the Xic-identified genes (Cdx4, Chic1, Tsx, 

Tsix, Xist, Jpx, Ftx, Slc16a2, and Rlim) differences between TMU, TTO and TOS by 

comparing with mouse sequences. First, the introns and exons were determined in 
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every case by homology and expression mapping. The CDS was determined to Cdx4, 

Chic1, Slc16a2, and Rlim. Also, I examined the Xist repeats to identify the regions 

with a possible degradation in the XO/XO species. I annotated the detailed structure 

of genes present in Xic loci for TMU, TTO and TOS compared with mouse.  
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2.3 Materials and methods 

Detailed identification of introns, exons and CDS 

The predicted structures in the Chapter I were examined from Cdx4 to Rlim. First, the 

identified gene structure for TMU sequence by using RNA-Seq-based and homology 

were extracted. That method predicts gene structures based on transcriptome 

sequencing results, and homology method based on gene sequences of related species, 

mouse.  

The prediction results of the two methods were manually curated. For the gene 

predictions of TTO and TOS, the predicted genes of TMU were aligned to the TTO 

and TOS genomes by GMAP, partially corrected based on the RNA-Seq mapping 

results. The CDS for protein-coding Cdx4, Chic1, Slc16a2, and Rlim were predicted 

based on the previous annotation of Tokudaia (Okuno et al., 2023) available in 

https://figshare.com/articles/dataset/Annotation_data_for_three_Tokudaia_species/24

105600/1?file=42292524. To compare the predicted sequences an alignment was 

produced for every gene by ClustalW (Li, 2003). The secondary structures of the 

identified lncRNA were calculated by using RNAFold (by ViennaRNA Package 

v.2.0)(Lorenz et al., 2011). Due to the restrictions of the software available the exon 1 

and 7 of Xist were calculated individually.  

Xist repeats identification and comparison 

Xist repeats of Tokudaia species were predicted by comparing the sequences of all 

repeats in mouse (Raposo et al., 2021) to the Xist sequence of Tokudaia species by 

https://figshare.com/articles/dataset/Annotation_data_for_three_Tokudaia_species/24105600/1?file=42292524
https://figshare.com/articles/dataset/Annotation_data_for_three_Tokudaia_species/24105600/1?file=42292524
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using BLAT (v.36) (Kent, 2002). A customized command was used to improve the 

sensitivity (blat -noHead -minIdentity=70 -stepSize=1 -tileSize=9).  

 

Gene expression analysis 

The expression level of genes in Xic were confirmed. The RNA-Seq reads were 

mapped to each species genome using STAR (v.2.7.9)(Dobin et al., 2013). Whole 

genome annotation results were used in which the Xic region was replaced with nine 

curated transcripts. Then, the TPM was calculated by using RSEM (V.1.3.3) (Li & 

Dewey, 2011) with default parameters for paired end reads. A bar plot of the TPM per 

gene was perform using RStudio (V.2012.15.2) and the package ggplot2. Tbp was 

used as an internal control, and its accession number of mouse was shown in Table 1.   
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2.4 Results 

Structural changes in lncRNA genes 

Owing to its importance as the master regulator of XCI, I performed a comparative 

sequence analysis of Xist. I newly determined the Xist sequence of TTO and updated 

the results of a previous study that our group reported the Xist sequences of TMU and 

TOS (Zushi et al., 2017). All repeat regions were conserved in TMU, however, with a 

partial deletion in B- and C-repeat (Fig. 4, Table 3). Although A- and F-repeats were 

confirmed in TTO and TOS, the D-repeat was completely lost, and C- and E-repeats 

were partially lost due to deletions in exons 1 and 7. A partial deletion in B-repeat was 

confirmed in TOS but completely lost in TTO. Tsix, which is the antisense lncRNA to 

Xist, showed significant structural changes in the two XO/XO species (Fig. 5a). The 

sequence including mouse exon 3 was absent in all Tokudaia species, and the 

sequence of exon 2, additionally lost in the XO/XO species, TTO and TOS.  

By comparison of the gene structure between mouse and Tokudaia species, 

Tokudaia-specific changes were found in three lncRNA genes, Tsx, Jpx, and Ftx (Fig. 

5b-d). Although the sequence of mouse Tsx exon 6 was present in all Tokudaia 

genome sequences, it was not transcribed (Fig. 5b). In Jpx, the sequence which 

includes mouse exon 2 was absent in the genome sequence of all Tokudaia species 

(Fig. 5c). The size of exon 3 was longer than that of mouse. Therefore, the total length 

of exons in Tokudaia species is about 800-1,000 bp longer than that of the mouse 

(Table 4). Ftx had the same number of exons as mouse but with Tokudaia-specific 
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features in several exons (Fig. 5d). The sequence of mouse exons 3, 5, and 10 were 

absent in Tokudaia species genomes. The Tokudaia exons 3, 4, and 5 sequences 

showed the homologies with the mouse exons 4, 6, and 7, respectively. Tokudaia 

exons 6, 7, and 10 were the genus-specific sequence. The exon 11 was longer than 

that of the mouse. Therefore, the total length of exons in the Tokudaia species was 

about 1,300 bp longer than that of the mouse (Table 4). While these changes were 

observed in lncRNA genes, I confirmed conservation in protein-coding genes, Cdx4, 

Chic1, Slc16a2, and Rlim (Fig. 6 and Table 4). 

Expression levels of Xic genes were affected by the loss of one X and the Y in the 

XO/XO species 

Since I detected notable structural changes in the two genes, Xist and Tsix, in the 

XO/XO species, I estimated TPM values using RNA-Seq data to evaluate expression 

patterns (Fig. 7). The expression levels of Tbp as an internal control mainly were 

same between sexes in all species (Fig. 7a), supporting the validity of this TPM 

calculation. TMU Xist showed a high female-specific expression, while TTO and TOS 

showed no expression in either sex (Fig. 7b). Our group previously reported that the 

Xist lncRNA was not expressed in TOS (Zushi et al., 2017). Therefore, my result 

supported the previous data. I have newly confirmed that the Xist lncRNA was not 

expressed even in TTO. Tsix expression was quite a low level in TMU (Fig. 7c). The 

reason for the extremely low expression level of Tsix was thought to be that this 

lncRNA is mainly transcribed in undifferentiated cells such as ES cells (Mise et al., 

1999). I used differentiated somatic cells (fibroblasts) from each Tokudaia species for 
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RNA-Seq analysis. Although the expression level was quite low, TMU showed the 

female-specific expression. By contrast, different expression patterns were confirmed 

in the XO/XO species (Fig. 7c). Neither the XO/XO species showed a female-specific 

expression pattern, suggesting that Tsix expression is not regulated in a sex-dependent 

manner observed in general XX/XY species. 

The expression of other genes in Xic loci (Chic1, Cdx4, Tsx, Jpx, Ftx, Slc16a2 

and Rlim) was examined (Fig. 8). There were no sexual differences in all genes of all 

species. There was not significant difference of expression level between species in 

Chic1, Cdx4, Tsx, Jpx, Ftx, and Rlim (Fig. 8a-e, g). Cdx4 was not expressed in any 

species. The expression pattern of Chic1 and Ftx was similar (Fig. 8a, e). The patterns 

were same between the XO/XO species. The expression pattern of Rlim was similar 

between species and sex. Slc16a2 showed the same expression between TMU and 

TTO. By contrast, TOS showed a higher expression than the other two species. The 

Tsx expression was lower than the other gene expression (under 1.0 TPM value). 

Finally, Jpx had the highest expression in female TMU. Jpx expression pattern was 

similar in TOS and TTO. 

The secondary structures were estimated for Tsx, Tsix, Xist exon 1 and 7, Jpx and 

Ftx (Fig. 9, Table 5). The structures of TOS and TTO were similar in all lncRNAs. In 

the case of Tsx, the structure was conserved in Tokudaia species (Fig 9a). In mouse 

and TMU the structures were conserved for Tsix, Jpx, and Xist exon 1 and 7 (Fig 9b, 

c, e, f). The free minimum energy of the estimated the lncRNAs secondary structures 

in Tokudaia was close values in Tsx, Tsix, Jpx and Ftx (Table 5). Nevertheless, TMU 
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Ftx structure was different compare with mouse and Tokudaia species (Fig. 9d). The 

Xist exon 1 and 7 in TOS and TTO were less negative than mouse and TMU (Fig. 9e, 

f). 
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2.5 Discussion 

In this chapter, I detailed the structure of the Xic loci, focusing on nine genes: Cdx4, 

Chic1, Tsx, Xist, Tsix, Jpx, Ftx, Slc16a2, and Rlim. The protein-coding genes were 

confirmed to be conserved, even in the XO/XO species. However, significant 

differences were observed in the lncRNAs. The expression patterns of key Xic 

transcripts were evaluated, revealing that Xist has underwent changes in the XO/XO 

species due to the loss of one X and Y chromosomes.  

Protein-coding genes showed a consistent size and high identity between 

Tokudaia species and mouse, whereas partial variation was discovered in the regions 

within lncRNA genes. The variation in the three lncRNA genes, Tsx, Ftx, and Jpx, 

represent a distinct mark of the Tokudaia species, and these variations are not related 

to the sex chromosome constitution. 

Only in the XO/XO species remarkable structure changes were observed in Xist 

and Tsix, which are a key regulator of XIC and an integral part of its downregulation, 

respectively. All functional repeats were completely conserved in TMU, suggesting 

that the Xist RNAs of TMU are functionally conserved. This finding supports the 

results of our previous study of XCI in TMU (Kudo et al., 2023; Zushi et al., 2017). 

By contrast, TTO and TOS exhibited a partial loss of exons 1 and 7, including C-, D-, 

and E-repeats, and B-repeat is lost in TTO. Notably, the C-repeat recruits the 

polycomb group complex (PcG). PcG works by maintaining the silent state of the Xi 

through the action of B- and C-repeats (Bousard et al., 2019). In the same way, the E-
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repeat is essential for anchoring Xist RNA molecules to the Xi territory by facilitating 

cis-localization (Ridings-Figueroa et al., 2017). The function of the D-repeat is not 

well-characterized; the region is more heavily degenerated in rodents than in other 

mammals, suggesting that the mouse D-repeat is not functionally relevant (Nesterova 

et al., 2001; Raposo et al., 2021). Based on these previous findings, the deletions in 

Xist in TTO and TOS could affect the recognition and maintenance of the future Xi. 

The Xist lncRNAs are not expressed in the XO/XO species. However, my findings 

indicate that even if they are expressed, they cannot produce a successful and lasting 

XCI in the XO/XO species. The deletions of Tsix in TOS and TTO could also cause 

XCI regulation failure. 

The Xist lncRNA was not expressed in the XO/XO species; similarly, female-

specific expression of Tsix was not observed in them. Since individuals with XX 

chromosomes have not been confirmed in TOS and TTO, XX is thought to be lethal in 

the early stages of development due to failure of XCI. I therefore hypothesized that 

the significant structure changes in the intergenic region of Jpx-Ftx resulted in the 

inability to perform XCI and, as a result, a lack of Xist expression. The expression 

was not significant for Chic1, Tsx, Ftx, Jpx, and Rlim. Moreover, the expression 

pattern for protein-coding genes were conserved between sexes in the different 

species. There was an exception of high expression for Slc16a2 in TOS. Slc16a2 is 

also responsible of intercellular transportation of thyroid hormones and brain 

development in mammals (Bernal et al., 2015; Wilpert et al., 2020). Since this high 

expression was found, it could be interesting to see if there are any abnormal 
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development of function related with it expression in TOS individuals. This value 

should be confirmed in the future with other samples, since not particular difference 

were found in Slc16a2 sequence for TOS. Jpx in female TMU had the highest 

expression, accordingly with the necessity of proceed with the XCI. Jpx acts in cis, as 

a mature RNA by regulating the initiation and maintain of Xist transcription, through 

the eviction of CTCF from Xist 5’ region (Barakat et al., 2011; Rosspopoff et al., 

2023; S. Sun et al., 2013). 

The secondary structures of lncRNAs between mouse and TTO and TOS were 

conserved in each gene. The free minimum energy values were close too. 

Thermodynamic models are commonly employed in RNA secondary structure 

prediction, as they quantify the stability of an RNA structure by calculating its folding 

free energy change and then select the structure with the lowest free energy or the 

maximum expected accuracy as the most probable (Gong et al., 2024). Topological 

change and decrease in thermodynamical energy were reflected in the XO/XO species 

at the exon 1 and 7 of Xist when compared with TMU and mouse. However, similar 

nearest-neighbor loops were found for Tsx and Jpx structure in Tokudaia species, 

supporting the changes described in the genomic sequences as unique for Tokudaia 

genus. The secondary structure of the genes in Xic had not been studied previously in 

mouse. Accurate predictions of RNA secondary structures can help uncover the roles 

of functional non-coding RNAs (Sato et al., 2021). For that reason, a detailed study in 

the future of the structures founded in processes that highly involve lncRNAs, as XCI, 

could bring light into the mechanism. In the case of Tokudaia species, I concluded 
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that the changes of secondary strcuture of lncRNAs could be related with the 

deletions/insertions identified in the gene sequence, as with the loss of the necessity of 

XCI in the XO/XO species.  

To examine whether the deletions and inversion identified came from TE, I would 

like to confirm the presence of TE in the X chromosome and especially in Xic. My 

study marks the first documentation of the Xic structure in the XO/XO species. My 

findings provide a basis for investigating XCI and sex chromosome evolution and 

contribute to a better understanding of the mechanism underlying XCI. 
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2.6 Tables 

Table 3 Length Xist repeats of the mouse, Tokudaia muenninki (TMU), Tokudaia 

osimensis (TOS), and Tokudaia tokunoshimensis (TTO). 

Species 
Repeats (bp) 

A F B C D E 
Mouse 365 35 200 1,615 2,700 1,125 

TMU 352 36 140 1,079 2,764 1,193 
TTO 323 36 0 694 0 913 
TOS 324 36 100 978 0 913 
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Table 4 Length of genes in Xic. Tokudaia muenninki (TMU), Tokudaia 

tokunoshimensis (TTO), and Tokudaia osimensis (TOS). 

Species Genes (bp) 

Cdx4 Chic1 Tsx Xist Tsix Jpx Ftx Slc16a2 Rlim 

Mouse 1,592 7,369 712 17,911 4,193 3,657 4,261 4,151 7,435 

TMU 1,588 7,284 710 17,239 4,141 4,691 5,525 4,191 7,513 

TTO 1,585 7,243 706 7,303 3,696 4,489 5,511 4,173 7,492 

TOS 1,585 7,240 706 8,071 3,688 4,493 5,515 4,193 7,466 
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Table 5 Minimum free energy (kcal/mol) prediction of lncRNA in Xic. Mouse, 

Tokudaia muenninki (TMU), Tokudaia tokunoshimensis (TTO), and Tokudaia 

osimensis (TOS).  

Species 
lncRNAs 

Tsx Tsix Xist exon 1 Xist exon 7 Jpx Ftx 
Mouse -196.9 -1158.9 -2658.67 -2052.5 -1132.5 -1279.39 

TMU -153.8 -1166 -2471.5 -2011.2 -1363.8 -1568.7 
TTO -158.8 -969.5 -960.8 -734.1 -1300.1 -1566.5 
TOS -175.1 -969.9 -969.6 -917.3 -1300.8 -1554.7 
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2.7 Figures 

 

 

 

Fig. 4 Comparison of the gene structure of Xist in mouse, Tokudaia muenninki 

(TMU), Tokudaia tokunoshimensis (TTO), and Tokudaia osimensis (TOS).  

Functional repeats of Xist are in highlighted in color, A (red), F (purple), B (orange), 

C (yellow green), D (green), and E (light blue). The number indicates exon number. 
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Fig. 5 Comparison of the structure of lncRNA genes. 

Tsix (a), Tsx (b) in mouse, Tokudaia muenninki (TMU), Tokudaia tokunoshimensis 

(TTO), and Tokudaia osimensis (TOS). The number indicates exon number. 
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Fig. 5 (Continued) Comparison of the structure of lncRNA genes.  

Jpx (c), and Ftx (d) in mouse, Tokudaia muenninki (TMU), Tokudaia tokunoshimensis 

(TTO), and Tokudaia osimensis (TOS). The number indicates the exon number. 
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Fig. 6 Comparison of the structure of protein-coding genes.  

Cdx4 (a), Chic1 (b) in mouse, Tokudaia muenninki (TMU), Tokudaia tokunoshimensis 

(TTO), and Tokudaia osimensis (TOS). The number indicates exon number. 
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Fig. 6 (Continued) Comparison of the gene structure of protein-coding genes.  

Slc16a2 (c), and Rlim (d) in mouse, Tokudaia muenninki (TMU), Tokudaia 

tokunoshimensis (TTO), and Tokudaia osimensis (TOS). The number indicates exon 

number. 
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Fig. 7 Expression level of lncRNAs, Xist and Tsix 

TPM value of Tbp (a) as internal control, Xist (b), and Tsix (c) in Tokudaia muenninki 

(TMU), Tokudaia tokunoshimensis (TTO), and Tokudaia osimensis (TOS). *p < 0.05. 
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Fig. 8 Expression level of Chic1, Cdx4, Tsx, Jpx, Ftx, Slc16a2 and Rlim 

TPM value of Chic1 (a), Cdx4 (b), Tsx (c), Jpx (d), Ftx (e), Slc16a2 (f) and Rlim (g) in 

Tokudaia muenninki (TMU), Tokudaia tokunoshimensis (TTO), and Tokudaia 

osimensis (TOS). *p < 0.05. 
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Fig. 9 Secondary structure of lncRNA of Tsx (a) and Tsix (b) 

Mouse, Tokudaia muenninki (TMU), Tokudaia tokunoshimensis (TTO), and Tokudaia 

osimensis (TOS). 
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Fig. 9 (Continued) Secondary structure of lncRNA of Jpx (c) and Ftx (d)  

Mouse, Tokudaia muenninki (TMU), Tokudaia tokunoshimensis (TTO), and Tokudaia 

osimensis (TOS). 
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Fig. 9 (Continued) Secondary structure of lncRNA of Xist exon 1 (e) and 7 (f),  

Mouse, Tokudaia muenninki (TMU), Tokudaia tokunoshimensis (TTO), and Tokudaia 

osimensis (TOS). 
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Chapter III 

 

A potential contribution of transposable 

elements in the X chromosome  
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3.1 Abstract 

Transposable elements (TEs) are significant in genome evolution and species 

diversification, functioning by integrating and spreading within genomes through a 

"jumping" mechanism. TEs are classified into two major classes: Class I 

(retrotransposons) and Class II (DNA transposons). Each TE sequence can be 

categorized into a subfamily, superfamily, subclass, and class, sharing common 

genetic organization and monophyletic origin. The accumulation of TEs on sex 

chromosomes has driven their structural divergence from autosomes, influencing the 

unique evolutionary paths of the X and Y chromosomes. In the context of the X 

chromosome, TEs play a significant role in XCI. They help spread the silencing signal 

initiated by the Xist RNA, ensuring efficient inactivation of the entire X chromosome. 

Transposable elements are crucial in the evolution and divergence of sex 

chromosomes, contributing to genomic variability through mutations, gene 

disruptions, and alterations in gene regulation. I analyzed the distribution of TEs on 

the X chromosome of Tokudaia species and compared them with those of mice and 

rats. The research involved identifying the detailed distribution of TE classes, 

families, and subfamilies. It was found that Class I were prevalent on the X 

chromosome across the compared species. Unique TEs, such as the gypsy element, 

were identified specifically in Tokudaia species.  
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3.2 Introduction 

TEs have emerged as significant players in the evolution of genomes and the 

diversification of species (Biémont & Vieira, 2006). These DNA sequences have the 

peculiarity of integrated -by “jumping”-into and spread within genomes. Generally, 

they are repetitive, with the possibility of recombining and inducing genome 

rearrangements (Dechaud et al., 2019). The estimated rate of TE insertions differs 

between organisms. Among individual fruit flies, 50–80% of mutations are due to 

such insertions. Meanwhile, in humans is around 0.1–1%, where the numerous copies 

of the long terminal repeats (LTRs) retrotransposons are less active and mostly fixed 

in position (Biémont & Vieira, 2006). 

TEs can be divided into two major classes. Class I elements, also known as 

retrotransposons, mobilize through a “copy-and-paste” mechanism whereby an RNA 

intermediate is reverse-transcribed into a cDNA copy that is integrated elsewhere in 

the genome (Boeke et al., 1985; Bourque et al., 2018). Class I could be divided by the 

mechanism of chromosomal integration. The LTR retrotransposons correspond to 

sequences that used a cleavage and strand-transfer reaction catalyzed by an integrase, 

much like retroviruses (Brown et al., 1987). Meanwhile, non-LTR retrotransposons, 

long and short interspersed nuclear elements (LINEs and SINEs, respectively), are 

integrated by reverse transcription through a process referred to as target-primed 

reverse transcription (Luan et al., 1993). Class II, also known as DNA transposons, 



59 

are mobilized via a DNA intermediate directly through a “cut-and-paste” or by a 

“peel-and-paste” replicative mechanism involving a circular DNA intermediate 

(Bourque et al., 2018). Class I also has multiple subclasses, like Helitron or 

Maverick/Polintron. Each TE subclass is further divided into subgroups (or 

subfamilies) that are typically found across a wide range of organisms. They are 

sharing a common genetic organization and a monophyletic origin. In eukaryotes, 

Ty3/gypsy and Ty1/copia elements are two major subfamilies of LTR retrotransposons 

(Malik & Eickbush, 2001). Similarly, for DNA transposons Tc1/mariner, haT (hobo-

Ac-Tam3), and MULEs (Mutator-like elements) are three superfamilies largely 

widespread (Feschotte & Pritham, 2007). Thus, in principle, every TE sequence in a 

genome can be affiliated with a subfamily, superfamily, subclass, and class (Bourque 

et al., 2018). 

As their evolutionary success depends on their vertical transmission, transposable 

elements are intrinsically linked to reproduction. Sex chromosomes are often enriched 

in TEs. In organisms with sexual reproduction, transposable elements manifest their 

activity in germ cells or sexual chromosomes. For example, all TE types show a 

higher density on the Y chromosome compared to autosomes, except for SVA short 

retrotransposons (Dechaud et al., 2019). In the Y chromosome, the density is 30 times 

higher than the genome average for LTR elements and four times higher for Alu and 

L1 elements (Sellis et al., 2007). This accumulation might sometimes be the 

consequence of the impossibility for sex chromosomes to recombine and thus 

eliminate deleterious insertions.  
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The mammalian X chromosome is enriched in features favoring inactivation, part 

of the importance of dosage balance. Interspersed repeat elements, and in particular 

LINEs, have been suggested as the relevant enriching features to develop the regions 

of inactivation (Lyon, 2003). In the autosomes, LINEs are mainly concentrated in 

dark G-bands. However, in the mouse X chromosome, LINEs are distributed in both 

regions of positive and negative G-bands, demonstrated by fluorescence in situ 

hybridization (Boyle et al., 1990). The higher density of TEs on chromosomes might 

increase their probability of regulating some key genes and consequently impact 

sexual development (Dechaud et al., 2019). One process that relates inactivation with 

the X chromosome is the XCI, where Xist RNA coats and silences one of the two X 

chromosomes in female cells. Since there is poor knowledge about how XCI spreads 

across the chromosome, LINE-1 elements have been proposed to play a role in 

inactivation (Lyon, 2006). Chow et al (2010) proposed that genes become inactivated 

by the “move” in the Xist silenced region via a modification of the 3D conformation 

of the chromosome.  

Conversely, LINE-poor regions are physically distant from Xist silenced regions. 

This hypothesis has been tested in the Amami spiny rat (TOS). Since no dosage 

compensation by X inactivation is required here, LINEs would not be required on this 

X chromosome region. However, a similar high concentration of LINEs on a single X 

chromosome of TOS was described compared to humans or mice (Scott et al., 2006). 

They are concluding that the accumulation of TEs on X chromosomes might be only a 

by-product of reduced recombination. However, the specific location of the LINEs 
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elements had not been determined nor the comparison with the other Tokudaia species 

(Scott et al., 2006).  

Due to this information, I analyzed repeat sequences on the X chromosome in 

three Tokudaia species in Chapter III to examine the possibility that TEs are the 

potential elements of mutation in Xic. I identified the types of TEs in the X 

chromosome and regions with high accumulation of repeat sequences. 
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3.3 Materials and methods 

Transposable elements identification 

The genomes of Tokudaia previously used in Chapter I and II were run into 

RepeatModeler (V.2.0.4)(Flynn et al., 2020) and RepeatMasker (V. 4.1.5)(Smit et al., 

2016). The genus Tokudaia X chromosome was compared with mice and rats with the 

respective id numbers NC_000086.8 and NC_086039.1. The X chromosome of TMU 

has two regions: the ancestral X chromosome and the neo-X, which originates from 

autosome. Therefore, I used here the genome information of the ancestral X 

chromosome. The size of X chromosome of each species used in this study is shown 

in Table 2. 

RepeatModeler was used in the X chromosome of Tokudaia, moue and rat, 

adding the flag of -LTRStructur. The pan-genome annotations were established for 

every sequence. The elements successfully classified and those that remain as 

unclassified or unknown elements were separated and counted. The classified 

repetitions for every sequence were used as a library in Repeatmasker. 

Repeatmasker was run with standard parameters. The output was summarized as 

tables and figures by using RStudio. Repeats in Xic were extracted and summarized. 

The repeats presented in Xic were compared with the other regions of the X 

chromosome.  
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Density calculation of transposable elements 

Using Kernel density estimation (KDE), I estimated the probability density function 

(PDF) of a random variable based on observed data points. In this case, the positions 

of the repeats were based on the results of RepeatMasker. Location, class, and family 

were extracted for every point. Significance of the counts per species were calculated 

in each type of TE by using the Kruskal-Wallis test (since the distribution and number 

of samples were not parametric). A Gaussian distribution was used to calculate the 

distribution. This determines the shape, while the bandwidth parameter governs its 

width and thus the smoothness of the resulting estimate. 

A kernel function involves placing at each data point and summing these kernels 

to form a smooth, continuous estimate of the PDF. The process involves evaluating 

the kernel function at numerous points across the variable's range and summing these 

contributions to compute the density estimate. This estimate represents the relative 

likelihood of observing different values of the variable. KDE is particularly useful for 

visualizing the underlying distribution of data, providing insights into its shape and 

characteristics without imposing assumptions about its parametric form (Kristan et al., 

2011). 
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3.4 Results 

LINEs are the most abundant repeats in the X chromosomes of Tokudaia 

I performed a comparative analysis of TEs in the X chromosome of Tokudaia, 

focusing on the identification of TEs and their distribution on the X chromosome 

between TMU, TTO, TOS, mice, and rats. The ratio of annotated the TE sequence to 

each X chromosome is 46.82% (65,611,617 bp, TMU), 49.41% (69,684,013 bp, 

TTO), 48.28% (68,451,947 bp, TOS), 53.81% (91,194,617 bp, mice), and 49.3% 

(77,768,701 bp, rats). 

Class I retrotransposons comprised 42.47-50.33% of the X chromosome in all 

species, indicating they are the highest bulk of the repeats (Fig. 10). Mostly consisted 

of sequences were L1 of LINEs (Table 6, Fig. 11). However, a small amount of L2 

was identified in TMU and TOS (Table 6). Class I consisted of SINEs, LINEs, LTR 

family in all species. SINEs and LTR elements comprised about 3.73-5.57% and 5.82-

7.46% of the X chromosome, except for mouse LTR, which was 9.88%. 

The Class II DNA transposons, consisting of superfamily hAT and Tc, were the 

least represented (less than 1% in all species). Another element, Academ-1, was 

present in mouse and rat with a very few representations, however it was not 

identified in the Tokudaia species (Table 6, Fig. 12). Finally, the normalized number 

of counts between LINEs, SINEs, LTRs and DNA Transposon per species were not 

significant. 
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Unique TE subfamilies present in the X chromosome of Tokudaia 

In the subfamilies of SINEs, Alu constituted the highest percentage in TMU (52.12%) 

and TTO (63.88%), meanwhile, it was B2 in TOS (43.57%) (Table 6, Fig. 13a). ID 

and MIR subfamilies were present in all Tokudaia species at a similar value (ID: 5.83-

8.79, MIR: 0.49-0.92). tRNA and U type appeared in small quantity in the two the 

XO/XO species, TTO and TOS.  

ERVL-MaLR showed the highest percentage in LTR subfamilies in all Tokudaia 

species (around 37%) (Table 6, Fig. 13b), followed by ERVK (around 36%), ERV1 

and ERVL (around 9%). A small amount of Gypsy was also identified in all Tokudaia 

species.  

Finally, in the subfamilies of DNA transposons, TcMar-Tigger and TcMar-Mariner 

showed similar percentages in all Tokudaia species (Table 6, Fig. 13c). The amount of 

haT-Charlie was almost same in TTO and TOS; however, it was 20% lower in TMU 

than in them. By contrast, haT-Tip100 was uniquely found in TMU. 

 

A high LINEs density in the XO/XO species 

The kernel density of the principal classes, LINEs, SINEs, LTRs and DNA 

transposons, were estimated in the Tokudaia species, mouse, and rat (Fig. 14). The 

estimation indicated that the class with the highest number of representations was 
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LINEs, followed by LTRs, SINEs, and DNA transposons, respectively, across all 

species. The density of LINEs was the higher in genus Tokudaia, specially for TOS 

around Xic. The density of DNA transposons was constant and the smallest in entire 

X chromosome distribution in all species. In SINEs, the density was also mostly 

constant and similar in all species with a peak sround the Xic for all the species. There 

was a similar pattern of distribution of LTRs in three Tokudaia species and rat. The 

significance was calculated by LINE, SINE, LTR, and DNA transposons in each 

species (based on the values of the Table 6). The p-value were higher than 0.05, 

indicating than the founded values were not significant. 
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3.5 Discussion 

I observed that the TE content and density in the X chromosome are mostly conserved 

between Tokudaia species, mice, and rats, however, with partial structural variation. I 

identified 46.82-53.81% of repeats in the X chromosome, suggesting a total 

accumulation of repeats is the similar level between species. A previous cytogenetical 

analysis of our group reported that LINE-1 (L1) was present in all chromosomes of 

TOS (XO/XO) and accumulated preferentially on the X chromosome (Scott et al., 

2006) with a similar value compared with other species. My study could provide new 

results about TMU and TOS LINEs, indicating a similar tendency of LINEs 

accumulation in three Tokudaia species. Principally composed by L1 in around 99% 

of the total LINEs, and L2 were less than 1% in TMU and TOS (0.07 and 0.04%, 

respectively). Both L1 and L2 play significant roles in genetic diversity and evolution 

by acting as mobile genetic elements that create new mutations. They influence gene 

regulation by altering expression patterns and affect genomic organization by 

impacting chromatin structure and accessibility (Roller et al., 2021). L2 is less active 

than L1, but still contribute significantly to genome dynamics, whereas L1 is more 

abundant and has a greater impact on genome evolution and structure due to their 

higher activity and more frequent insertions (Chow et al., 2010; Sellis et al., 2007). 

For the other chromosomes, in mice and humans, the most prevalent type of TE 

are non-LTR retrotransposons (around 17–20% of the genome) and with the highest 

concentration in the X chromosome (Dechaud et al., 2019; Mangiavacchi et al., 

2021). This tendency corresponded with my results of genus Tokudaia. In the case of 
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the DNA transposons, the presence of haT and Tc could be related to the structural 

conformation of X chromosome processes. In humans, hAT-Charlie family of DNA 

transposons has contributed extensively to CTCF sites involved in 3D genome folding 

(Choudhary et al., 2023). In the case of Tc1, it had been seen in freshwater bony 

fishes the relation with a longer and more active of expansion. It could be related to a 

more favorable environment for the proliferation of this type of transposons (Yuan 

et al., 2018). In that way, I can know about the environment of the species by looking 

into the proliferation of certain kinds of TEs.  

The high accumulation of Alu sequences in the genus Tokudaia, especially in 

TMU and TTO could be related to the nature of Alu. Alu is a SINE class without the 

capacity to produce copies of themselves or integrate (also called nonautonomous) 

and double stranded DNA. For those activities, they rely on LINEs, called L1 (Pray, 

2008). In contrast, B2 transposable elements, derived from tRNA genes, are specific 

to rodents like mice and rats. While B2 elements also play roles in genome dynamics 

and gene regulation, their impact is less pronounced due to their lower abundance and 

restricted distribution than Alu elements in primates (Horton et al., 2023). The 

presence of tRNA, the primer molecules that guide the reverse transcription of 

retrotransposons and U (unique) type sequences, could be related to a new process of 

post-transcriptional regulation in the XO/XO species after the loss of Y and one of X 

chromosomes (Martinez, 2017).  

I also found a unique presence of gypsy in the Tokudaia species. Generally, there 

is an extremely low copy number in other mammalian genomes (Volff & Schartl, 
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2001). It had been seemed that insertion into gypsy sequences that are beneficial for 

the host would result in their disruption and loss of function. Individuals carrying such 

“knock-out” would undergo negative selection and may or may not disappear from 

the population (Srikulnath et al., 2022) Thus, analyzing Ty3/Gypsy interruptions 

offers a novel means of investigating selective pressures on drive sex chromosome 

differentiation. 

The constant density of LINEs, LTRs, SINEs, and DNA transposons across the X 

chromosome could be related to the presence of conserved regions and the importance 

of the 3D structure in the X chromosome across rodents. However, it has seen a high 

presence of TEs in some regions. Many species are supporting the highly concordant 

presence of TEs in centromeres. However, direct involvement of TEs in defining 

centromere identity remains elusive (Klein & O’Neill, 2018). In humans, the density 

of LINEs is lowest in a region of the short arm where numerous genes escape 

inactivation, favoring the completeness (Bailey et al., 2000). Based on that, in our 

results, the decrease of LINEs in the XO/XO species could be related to the loss of the 

mechanism to produce the XCI.  

Although differences in the concentration of TEs between mouse, rat, and genus 

Tokudaia, the representation of each class and subclass is conserved, however, some 

specific elements are prevalent in the genus Tokudaia, like gypsy (Table 6, Fig. 13). 

In this chapter, I found LINE elements as the most prevalent TEs type in the X 

chromosome, followed by LTRs, SINEs, and DNA transposons. Moreover, I found 

the increasing density of LINEs in the XO/XO species (Fig. 14). It is necessary to 
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verify the contribution of LINEs and their relation to the inactivation and the other TE 

elements in the genus Tokudaia by immunostaining inhibitory elements on the X 

chromosome, such as H3K27me3. To further validate the significance of the observed 

differences, additional samples should be included in future studies. 
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3.6 Tables 

Table 6 Summary of transposable elements identified using a species-specific de novo 

library in the Tokudaia species. 

Table1 Summary of transposable elements identified using a species-specific de novo library

Type Subtype Number Length (bp) % Number Length (bp) % Number Length (bp) %
54730 7807223 5.57 57048 7680007 5.45 50601 5287443 3.73

Alu 29906 - 2.90 38100 - 3.48 21014 - 1.48
B2 19543 - 1.89 15173 - 1.38 23021 - 1.62
B4 4038 - 0.39 2023 - 0.18 3215 - 0.22
ID 3531 - 0.34 3480 - 0.31 4644 - 0.32

MIR 547 - 0.02 547 - 0.05 383 - 0.22
tRNA 47 - 0.004 177 - 0.01 459 - 0.03
Other 34 - 0.003 146 - 0.01 97 - 0.006

65126 41330662 29.49 82363 46159822 32.73 102868 47045842 33.18
L1 65078 41327117 29.49 82363 46159822 32.73 102822 47042079 33.18
L2 48 3545 0 0 0 0 46 3763 0

37003 10377753 7.41 39394 10240643 7.26 39113 10570241 7.46
Gypsy 26 16932 0.01 32 16509 0.01 45 35869 0.03
Retroviral 36977 10360821 7.39 39310 10214015 7.24 39057 10532981 7.43
ERVL-MaLR 15950 - 2.79 17758 - 2.97 17703 - 3.04
ERV1 4684 - 0.84 3926 - 0.65 5263 - 0.9
ERVK 15346 - 2.76 15759 - 2.63 15974 - 2.74
ERVL 5451 - 0.98 5709 - 0.95 4084 - 0.7
ERV - - - 56 - 0.009 90 - 0.01
Unknown - - - - - - 12 - 0.002

156859 59515638 42.47 178805 64080472 45.44 192582 62903526 44.37
3615 667424 0.48 3099 555739 0.39 3356 616423 0.43

hAT 2669 503100 0.36 2350 417027 0.3 2531 471839 0.33
hAT-Charlie 2636 - 0.35 2350 - 0.29 2531 - 0.33
hAT-Tip100 33 - 0.005 0 - 0 0 - 0
Tc 946 164324 0.12 749 138712 0.1 825 144584 0.1

TcMar-Mariner 685 - 0.03 599 - 0.02 599 - 0.03
TcMar-Tigger 261 - 0.08 150 - 0.07 226 - 0.07
Academ-1 0 - 0 0 - 0 0 - 0

3615 667424 0.48 3099 555739 0.39 3356 616423 0.43
7672 2017166 1.44 6059 1950957 1.38 8357 1910962 1.35

168146 62200228 44.38 187963 66587168 47.22 204295 65430911 46.15

Sub-
families

Class I

Species (Size of X, bp)

DNA transposons

Sub-
families

Class II
Unclassified

Total interspersed repeats

TMU (140141768) TTO (140990620) TOS (141763114)

SINEs

LTRs

LINEs

Sub-
families
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Table 6 (Continued) Summary of transposable elements identified using a species-

specific de novo library in mouse and rat. 

Table1 Summary of transposable elements identified using a species-specific de novo library

Type Subtype Number Length (bp) % Number Length (bp) %
60673 9312006 5.49 58632 6937434 4.4

Alu 43718 - 3.65 34754 - 3.11
B2 18594 - 1.55 17431 - 1.56
B4 650 - 0.05 601 - 0.05
ID 2077 - 0.17 8674 - 0.77

MIR 573 - 0.04 533 - 0.03
tRNA 0 - 0 0 - 0
Other 71 - 0.006 91 - 0.008

101530 59254870 34.96 92104 55985212 35.49
L1 101530 59254870 34.96 92104 55985212 35.49
L2 0 0 0 0 0 0

47194 16736484 9.88 37980 9184160 5.82
Gypsy 0 0 0 0 0 0
Retroviral 46957 16683197 9.84 37751 9148353 5.8
ERVL-MaLR 25243 - 4.69 20901 - 2.84
ERV1 6771 - 1.25 6233 - 0.84738
ERVK 18102 - 3.36 13211 - 1.79568
ERVL 2390 - 0.44 1976 - 0.26854
ERV 129 - 0.02 99 - 0.01
Unknown 271 - 0.05 246 - 0.03

209397 85303360 50.33 188716 72106806 45.71
3949 747677 0.44 3324 610130 0.39

hAT 3201 587843 0.35 2608 489754 0.31
hAT-Charlie 3201 - 0.33 2608 - 0.31
hAT-Tip100 0 - 0 0 - 0
Tc 748 130419 0.08 688 118609 0.08
TcMar-Mariner 571 - 0.02 500 - 0.05
TcMar-Tigger 177 - 0.06 188 - 0.02
Academ-1 304 - 0.03 28 - 0.003

3949 747677 0.44 3324 610130 0.39
5039 1429129 0.84 3894 734214 0.47

218385 87480166 51.62 195934 73451150 46.56

Mouse (164206332) Rat  (157468448)

LINEs

LTRs

Species (Size of X, bp)

SINEs

Sub-
families

Class II
Unclassified

Total interspersed 
repeats

Sub-
families

Class I
DNA transposons

Sub-
families
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3.7 Figures 

 

Fig. 10 Contents of Class I and II repeats in the X chromosome. 

The ratio of Class I (retrotransposons, pale blue) and Class II (DNA transposons, 

blue) sequences in each X chromosome of Tokudaia muenninki (TMU), Tokudaia 

tokunoshimensis (TTO), Tokudaia osimensis (TOS), mouse, and rat. 
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Fig. 11 Contents of Class I repeat in the X chromosome. 

Contents of Class I (retrotransposons) were estimated by Repeatmasker in Tokudaia 

muenninki (TMU), Tokudaia tokunoshimensis (TTO), Tokudaia osimensis (TOS), 

mouse, and rat. 
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Fig. 12 Contents of Class II repeats in the X chromosomes. 

Contents of subfamilies in Class II (DNA transposons) were estimated by 

Repeatmasker in Tokudaia muenninki (TMU), Tokudaia tokunoshimensis (TTO), 

Tokudaia osimensis (TOS), mouse, and rat. 
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Fig. 13 Contents of subfamilies of Class I and II repeats in the X chromosome. 

Contents of subfamilies in (a) SINEs, (b) LTRs, and (c) DNA transposons in Tokudaia 

muenninki (TMU), Tokudaia tokunoshimensis (TTO), and Tokudaia osimensis (TOS). 
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Fig. 14 Density estimation of repeats in the X chromosome. 

Kernel density estimation (KDE) was performed in Tokudaia muenninki (TMU), 

Tokudaia tokunoshimensis (TTO), Tokudaia osimensis (TOS), mouse, and rat to show 

the repeats distribution based on the X chromosome location. Dotted line indicates the 

Xic position. 
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General discussion 

XCI is an essential mechanism for dosage compensation between females and males 

in mammals. In females, XCI is controlled by a complex, conserved locus termed the 

Xic, in which the lncRNA Xist is the key regulator (Loda et al., 2022; Panning, 2008). 

However, little is known about the Xic in species with unusual sex chromosomes. The 

genus Tokudaia includes three rodent species (T. muenninki, T. osimensis, T. 

tokunoshima) endemic to Japan with a reported loss of one X and Y chromosome on 

the last two species (Honda et al., 1977, 1978; Murata et al., 2010). In this study, I 

used reciprocal genome information and RNA-Seq data of three Tokudaia species to 

analyze the Xic loci to understand the changes related to the unique sex chromosomes 

of these species. In Chapter I, I revealed that the Xic loci are still present in all species 

of the genus Tokudaia. The gene contents and order were conserved well between 

Tokudaia species and mouse. However, some changes in Tsix and Xist, and the 

intergenic regions of Jpx-Ftx were observed. Three deletions and one inversion were 

confirmed in the intergenic region between Jpx and Ftx in the XO/XO species, 

indicating that these mutations probably had occurred in the common ancestral 

population of these two species. In Chapter II, I compared the structure and 

expression of nine genes in the Xic between Tokudaia species and mouse. A 

comparison of gene structure showed that protein-coding genes were conserved well 

between Tokudaia species and mouse. By contrast, Tokudaia-specific structures were 

found in the lncRNA genes. Remarkable structural changes were observed in Xist and 

Tsix which were unique to the XO/XO species. Important functional repeats, B-, C-, 
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D-, and E-repeats were partially or completely lost due to deletions in these species. 

RNA-seq data showed that female-specific expression patterns of Xist and Tsix were 

confirmed in TMU however not in the XO/XO species, TTO and TOS. Based on 

these previous findings, the deletions in Xist in TTO and TOS could affect the 

recognition and maintenance of the future Xi. The Xist lncRNAs are not expressed in 

the XO/XO species, however, our findings indicate that even if they are expressed, 

they are incapable of producing a successful and lasting XCI in the XO/XO species 

due the deletions in Xist/Tsix and intergenic Jpx-Ftx. Finally, in chapter III I analyze 

the presence and distribution of repeats (as transposons) in X chromosome of genus 

Tokudaia, mouse and rat. LINEs type was the highest bulk in all the species. 

However, some unique TEs were found in genus Tokudaia, and a peak of SINEs was 

found close to Xic loci for all the species. In this study, I analyzed with bioinformatics 

tools the presence, structure, and gene order of the Xic loci in the genus Tokudaia, 

also the presence of TEs in the X chromosome. 

The Xic locus is a critical region on the X chromosome responsible for initiating 

XCI in mammals, a process essential for dosage compensation between males and 

females (Augui et al., 2011; Deng et al., 2014b; Loda et al., 2022). The conservation 

of the Xic locus across different mammalian species underscores its vital role in 

development. This region contains key genes and regulatory elements, such as Xist, 

which are necessary to correct inactive one X chromosome in females (Raposo et al., 

2021). The Xist gene coats the X chromosome from which it is transcribed, initiating a 

cascade of events leading to its silencing (Pontier & Gribnau, 2011). Without the 
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expression of Xist, XCI cannot occur, as this RNA is fundamental for recruiting the 

necessary chromatin-modifying complexes that establish and maintain the inactive 

state (Bousard et al., 2019; Raposo et al., 2021). The complex interactions between 

genes (Cdx4, Chic1, Tsx, Tsix, Jpx, Ftx, Rlim, and Slc16a2) within the TAD-E and 

TAD-D are integral to this process (van Bemmel et al., 2019). These interactions 

facilitate the proper regulation and expression of Xist and other associated genes, 

ensuring the coordinated silencing of the X chromosome. Thus, the genes within the 

Xic loci and the expression of Xist are indispensable for the successfully 

implementing XCI, highlighting their critical roles in maintaining dosage 

compensation and genomic stability in mammals.  

In our findings within Tokudaia species, TTO and TOS showed the highest 

sequence identity in the Xic loci. A previous molecular phylogenetic analysis revealed 

that TMU (XX/XY) diverged first among the three species, and TOS and TTO 

(XO/XO) are phylogenetically closely related (Murata et al., 2010). Therefore, the 

patterns of sequence identity likely reflect the phylogenetic relationships within the 

genus. Protein-coding genes showed a consistent size and high identity between 

Tokudaia species and mouse, whereas partial variation was discovered in the regions 

within ncRNA genes. The conservation of the protein-coding genes is mediated due to 

a constant evolutionary pressure to maintain the sequence, due to its role in Xic or/and 

other process of the body. On the other hand, for long non-coding RNA, the space for 

variability and change been higher that protein-coding was reflected in my results. In 

the case of the XO/XO species, even if the Xist and Tsix lncRNAs are expressed, they 
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cannot produce a successful and lasting XCI. The variation in the three ncRNA genes, 

Tsx, Ftx, and Jpx, represent a distinct mark of the Tokudaia species and these 

variations are not related with sex chromosome constitution. It remains unclear how 

the early expression of Xist and other Xic loci genes in genus Tokudaia express. 

However, the results indicates that in female cells that have lost one X chromosome, 

XCI no longer occurs, resulting in loss of function of the Xist gene. Nucleotide 

mutations in genes that have lost their function will not be subject to natural selection. 

Like the lack of selection pressure in the intergenic region between the Jpx-Ftx, 

Unraveling the RNA-Seq data from initial cell stages or transgenic mice could help to 

understand how the Xic loci were influenced by the loss of the XCI in the XO/XO 

species. 

In the case of when XCI becomes unnecessary due to changes in genetic or 

environmental factors, the structure and function of the Xic locus may evolve, leading 

to variations in its sequence or regulation. I hypothesized that such structural changes 

would be more likely to occur because of having a single X chromosome and self-

synapsis. In XO mice, an XO pachytene oocyte in which an unsynapsed univalent X 

is silenced shows pachytene arrest. By contrast, an XO pachytene oocyte with a self-

synapsed X chromosome remains active (Burgoyne et al., 2009). Self-synapsis 

potentially facilitates chromosomal rearrangements. Since it is not possible to obtain 

tissues from the endangered spiny rat for observations of synapsis, sequence analyses 

of whole X chromosomes are an important approach to confirm our hypothesis. 

Despite these potential changes, the overall structural conservation and precise order 
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of elements within the Xic locus are crucial for ensuring the accurate and efficient 

initiation and spread of XCI (Nesterova et al., 2001; van Bemmel et al., 2019). This 

structural integrity helps maintain proper gene dosage and prevents disorders 

associated with X chromosome misregulation, highlighting the importance of the Xic 

locus in mammalian development and evolution.  

In the last part of this research, I described the distribution of TEs in the X 

chromosome of Tokudaia species and compared them to that of mouse and rat. First, 

the detailed distribution of classes, families, and subfamilies of TEs were identified. I 

showed that the LINEs were prevalent in the X chromosome of the compared species. 

Some unique TEs were identified in the Tokudaia species, such as a gypsy. The 

density of the TEs was also calculated. An increasing density in LINEs was identified 

in the XO/XO species around the Xic loci. Transposable elements, particularly 

LINEs, play a significant role in the evolution and divergence of sex chromosomes 

(Roller et al., 2021). These mobile genetic elements contribute to genomic variability 

by inserting themselves into new locations within the genome, which can lead to 

mutations, gene disruptions, and alterations in gene regulation (Bourque et al., 2018). 

Additionally, the accumulation of transposable elements, including LINEs, on the sex 

chromosomes has driven their structural divergence from autosomes, contributing to 

the unique evolutionary paths of the X and Y chromosomes. On the X chromosome, 

LINEs are particularly important as they facilitate the process of XCI. LINEs help to 

spread the silencing signal initiated by the Xist RNA across the X chromosome, 

ensuring that the entire chromosome is inactivated efficiently (Lyon, 2003). The 
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findings of unique transposable elements specific to Tokudaia could help us 

understand the mutational forces that have modified the conserved Xic in mammals. 

Furthermore, the decreased density of crucial LINE elements in the XO/XO species 

indicates a loss of the inactivation capacity of the X chromosome, shedding light on 

the evolutionary and functional dynamics of sex chromosome regulation. As a result, 

in species like TTO and TOS, where the XIC is no longer necessary, TEs may 

accumulate over time, accelerating mutations in the sequence. These mutations could 

occur because there is no selective pressure to maintain the functionality of these 

genes, given that their primary role (regulating XCI) is redundant in an XO/XO 

context. This creates new evolutionary landscapes in species that have lost the 

necessity of this process, as reported in this research for the genus Tokudaia and the 

Xic loci. It is still worthwhile to analyze other evolutionary adaptations and potential 

functional divergences of the X chromosome in Tokudaia, especially in the context of 

species-specific mechanisms for understanding mammalian diversity. However, since 

the difference count values of TE were not significant, more samples will be need it in 

the future to confirm the hypothesis about TE role in diversification and the role of 

LINE in Xist spread on X chromosome. In another hypothesis, the high p-value could 

be related with the recent specification of the species in Tokudaia genus. With more 

time, it could be possible to reflect a remarkable number of changes that illustrates the 

role of TE in the mutation and posterior change of the X chromosome. 
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