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Summary 

Reproduction is a fundamental characteristic of organisms, and sexual reproduction is 

nearly universal in eukaryotes. The last eukaryotic common ancestor (LECA) is thought 

to have been capable of sexual reproduction, as this mode of reproduction is common 

across many different groups of eukaryotes. Sexual reproduction has three critical 

processes: meiosis, recombination and cell fusion, all of which are considered ancient 

aspects of sexual reproduction.  

Protists are considered the closest eukaryotes to the LECA and have evolved into many 

clades. Their abundance and primitive characteristics are crucial for elucidating the 

origins and evolution of sexual reproduction. However, most of the protists were 

considered to be asexual or facultative sex because of less sexual behavior or gender 

observed. This may be due to the protists being too diminutive to directly observe and 

trace in nature, and examining their entire lifespan when culturing most unicellular protists 

in laboratory presents a challenge. Detecting potential sexual processes by identifying 

meiosis-related genes and their expression dynamics may serve as a valuable approach 

during cell fusion. 

Fisculla terrestris (Thecofilosea, Rhizaria, SAR Supergroup) is a unicellular, shell-bearing 

amoeba living in soils that can be reared in the lab. Starvation triggers cell fusion and cell 

disintegration when food re-supplied are observed in F. terrestris. To check the presence 

of meiosis-associated genes and the dynamics of their expression during cell separation 

and aggregation, we sequenced the transcriptomes of the two treatments of starvation 

and food supply. We found that genes related to recombination are upregulated in the 

starving treatment compared to the food supply treatment. This might imply the exchange 

of genetic material and cryptic sex. 

Contrasting unicellular protists, most metazoans are known to reproduce sexually. 

However, there are a few metazoans that have stopped reproducing sexually and 

reproduce obligately asexually. Although asexuality was regarded as a dead end in 

evolution due to harmful mutation accumulation, some organisms still survived and 

evolved in the long-term without sex: "ancient asexual scandals," such as oribatid mites, 

bdelloid rotifers, and darwinulid ostracods. Studying how these organisms escape 
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extinction and adapt to the environment can help us to understand why sexual 

reproduction is important and how these species evolved. 

To elucidate the enigma of asexual evolution following a prolonged absence of sex, we 

used genome and haplotypic assemblies of P. peltifer to detect genomic features as a 

consequence of asexuality over time. We detected the “Meselson effect” in the P. peltifer 

genome, which indicated long-term asexual reproduction. The haplotypes independently 

evolved, leading to one allele relaxed and the other allele conserved, which was also 

reflected on the patterns of differently expressed alleles (DEAs) and horizontal gene 

transfer (HGT). About 2% of genes showed a HGT origin, and they might provide new 

traits like cell wall degradation and pesticide resistance, strengthening the mites as 

decomposers in soil. Selection analysis showed that most of the alleles are under 

purifying selection, potentially alleviating deleterious mutation accumulation, while certain 

genes under positive selection may facilitate adaptation. Our results provide insight into 

long-term asexual genomic features and the potential mechanism for ancient asexual 

persistence and evolution. 

Exploring the sexual reproduction of basal eukaryotic protists and studying the genomic 

features of obligately ancient asexual mites can help understand the prevalence of sexual 

reproduction. Additionally, the putative sexual reproduction in protists and genomic 

evolution after loss of sex in mites can provide a new insight into the implication of sexual 

reproduction. 
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1. Introduction 

1.1 Sexual Reproduction in the old taxa 

1.1.1 The origin of meiotic sex 

1.1.1.1 The first occurrence of sex 

Sex (including meiosis, recombination and syngamy) is considered an important feature 

of the last eukaryotic common ancestor (LECA, approximately 1.8 to 2.7 billion years ago), 

due to its prevalence and conserved attributes among eukaryotes (Vosseberg et al. 2024). 

The LECA is not a real organism, it is a hypothesized ancestral situation, and its abstract 

state was inferred by the phylogenetic reconstructions according to all known extant 

eukaryotes (Figure 1.; Krupovic et al. 2023). The exact type of LECA remains unclear, as 

LECA might have been a single cell or a genetically homogeneous population, or a 

genomically heterogeneous population, or a consortium (including prokaryotic symbionts) 

(O’Malley et al. 2019). Besides sexual processes, the LECA might have also contained 

other features of the crown eukaryotic group, including a nucleus, mitosis, mitochondria, 

a centriole, a cell wall composed of chitin and/or cellulose, and peroxisomes. These 

characteristics were thought to have emerged during the evolutionary transition from the 

first eukaryotic common ancestor (FECA) to the LECA (Fu et al. 2019). From the FECA to 

the LECA, this period can be defined as the eukaryogenesis and is estimated to have 

occurred within a broad temporal range of 1.8 to 2.7 billion years ago (Vosseberg et al. 

2024). These characteristics might have evolved independently or through mutual 

influence; it is still an enigma. 

The FECA is the first descendant (on the eukaryotic branch) of the last common ancestral 

node of eukaryotes and an “archaeal” lineage. FECA is the ancestor of all the eukaryotes, 

whatever they are, whether they are extinct or not. The evolutionary history between 

FECA and LECA remains a mystery. It is hard to get a satisfactory explanation for how 

meiosis occurred in this period. But according to the earliest fossil evidence of sexual 

reproduction, a type of red algae known as Bangiomorpha pubescens was discovered in 

Canada in 1990 and is approximately 1.1 billion years old (Brocks et al. 2023). The 
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accurate time when sex and meiosis occurred should be older than the fossil record but 

later than the FECA (Goodenough and Heitman 2014; Javaux 2023). 

 

 

 

Figure 1. Fossil record and the putative time line of eukaryogenesis (Porter 2020). 

1.1.1.2 Meiosis originates from mitosis 

Mitosis is a common means of cell proliferation, the purpose of which is to produce new 

genetically identical daughter cells from one cell, including one DNA replication and one 

division. Meiosis can be simply depicted as a kind of cell division with “once replicated, 

twice divided”, but it is not simply twice mitosis after DNA replication. It also includes four 

innovative steps: the pairing of homologous chromosomes, the occurrence of extensive 

recombination between non-sister chromatids during pairing, the suppression of 

sister-chromatid separation during the first meiotic division, and the lack of chromosome 

replication during the second meiotic division (Wilkins and Holliday 2009). Furthermore, 

upon the initiation of the two processes, chromosome condensation and movement 

exhibit remarkably analogous mechanisms within the cell, with meiosis repurposing the 

essential mitotic machinery for successive divisions and homologous pairing (Marston 

and Amon 2004). At the genetic level, many mitotic genes also contribute to the meiosis 

process, and certain meiosis-specific genes have evolved from mitotic genes, such as the 

meiotic cohesin Rec8 derived from the mitotic cohesin Rad21, and the meiosis-specific 

recombination protein DMC1 originating from mitotic RecA-like proteins (Ward et al. 
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2016). These changes to proteins might be key to the basic machinery of mitotic division 

turning into the more complicated meiotic process. This made it possible for 

recombination and segregation to happen while keeping the basic mechanisms of 

chromosome segregation and recombination. 

1.1.1.3 Environmental factors likely favored the origin of sex 

Understanding the environmental changes of earth can help understand the potential 

environmental pressure for the origin of eukaryotes and meiosis. It is widely recognized 

that prokaryotes represent the earliest life forms and promote the occurrence of 

eukaryotes (Cooper 2000; Vosseberg et al. 2024). The earliest fossil evidence of life 

found in northeastern Canada has been found to contain carbon traces of life dating back 

at least 3.95 billion years (Tashiro et al. 2017). It demonstrated that life persists 

significantly longer than indicated by the fossils. 

The earth's early stage (approximately 4.5 billion years ago) was not an ideal 

environment for the majority of life today. As anticipated, the initial atmosphere was 

devoid of oxygen and elevated in carbon monoxide, carbon dioxide, methane, water 

vapor, and ammonia volume (Kasting 1993). About 3.8-3.5 billion years ago, the bacteria 

and archaea occurred, but they are chemotrophs. According to the analysis of 

oxygen-utilizing enzymes, oxygen likely became available around 3.1 billion years ago 

(Jabłońska and Tawfik 2021). Blue-green algae bacteria might have been the first 

organisms to produce oxygen via photosynthesis; this ability has extremely changed the 

makeup of the atmosphere (Demoulin et al. 2024). This so-called first Great Oxygenation 

Event (GOE) provided the foundation for eukaryotes to appear (Lyons et al. 2014). This 

event occurred approximately 2.4 billion years ago and likely played a crucial role in 

shaping the evolution of meiosis in early eukaryotes (Holland 2006). As atmospheric 

oxygen levels rose dramatically, early cells faced a new challenge: oxygen-induced DNA 

damage. Reactive oxygen species (ROS) and free radicals were made by the highly 

reactive oxygen molecules. These could damage DNA and break DNA strands in 

different ways (Commoner et al. 1954; Gerschman et al. 1954). In response to this 

oxygen-induced stress, cells evolved sophisticated DNA repair mechanisms. These 

repair processes eventually developed into what we now recognize as meiosis, where 

homologous recombination allowed cells to use undamaged DNA templates for repair 

while simultaneously generating genetic diversity (Bernstein and Bernstein 2010). Many 
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meiotic proteins come from DNA repair proteins, which is strong evidence for this 

evolutionary pathway, suggesting that the oxidative environment was a basis for the 

evolution of sexual reproduction (Villeneuve and Hillers 2001). 

1.1.1.4 Sex and mitochondria 

Eukaryotes are thought to have evolved from prokaryotes (Woese and Fox 1977; Philippe 

and Forterre 1999). Asgardarchaeota represents the most closely related archaeal 

lineage to eukaryotes, characterized by possessing eukaryotic-like proteins (Eme et al. 

2017; Zaremba-Niedzwiedzka et al. 2017). Notably, experimental studies have 

demonstrated that certain Asgardarchaeota proteins can functionally substitute for 

homologous proteins in yeast, suggesting significant structural and functional 

conservation across these evolutionary domains (Bonifacino and Glick 2004; Klinger et al. 

2016). Promethearchaeati archaea are generally obligate anaerobes, though 

Kariarchaeota, Gerdarchaeota and Hodarchaeota may be facultative aerobes (Liu et al. 

2021). They are members of the Heimdallarchaeota–Wukongarchaeota branch and 

exhibit a strong affinity to eukaryotes, suggesting this is the most probable topology (Liu 

et al. 2021). According to the theory of symbiogenesis, the first common ancestor of 

eukaryotes was inferred to have been created by an archaea that merged an 

α-proteobacterium as the mitochondria about 1.5 billion years ago (Martin et al. 2015).  

This timing aligns with the evolutionary sequence: the oxygen revolution (~2.4 billion 

years) preceded the evolution of early eukaryotes (~1.6-2.1 billion years) and the 

acquisition of mitochondria (~1.5 billion years), culminating in the development of meiosis 

(~1.2 billion years; Speijer et al. 2015).  

When the acquisition of mitochondria through endosymbiosis presented early eukaryotic 

cells, they faced both opportunities and challenges that significantly influenced their 

evolution (Lane and Martin 2010). Although mitochondria gave cells a lot of energy by 

making ATP efficiently, which allowed them to develop more complex processes and 

bigger genomes, they also created a constant source of oxidative stress inside the cells 

(Lane 2014). The respiratory chain in mitochondria generates reactive oxygen species 

(ROS) as a byproduct of oxidative phosphorylation, causing ongoing DNA damage 

(Balaban et al. 2005).  

This evolutionary scenario suggests that the acquisition of the mitochondria produces 

more energy and ROS, which might create a unique cellular inner environment: DNA 
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damage pressure and efficient energy supply conditions for the cellular process 

innovation. It might be the drive of the evolution of key eukaryotic traits, including sexual 

reproduction (meiosis). 

Furthermore, eukaryotes exhibit larger cell sizes, multicellularity, and more sophisticated 

biological processes, whereas prokaryotes possess significantly simpler cell structures. 

1.1.2 The Conservation and Variability of Meiotic Sex 

For the majority of eukaryotic organisms, meiosis means the occurrence of sexual 

reproduction. Meiosis is crucial for sexual reproduction, enabling gamete formation and 

providing the basis for subsequent embryogenesis. The meiotic process keeps the cell's 

ploidy by cutting in half the diploid set of homologous chromosomes. Gamete fusion then 

returns the cell to its diploid state. This ensures that the offspring have the same 

chromosome number as their parents, maintaining the genomic stability of the species. 

Also, homologous recombination during meiosis is an important part of evolution because 

it makes it possible for different gene combinations and increases genetic diversity. As 

the last paragraph showed, meiosis evolved only once and is an important feature of the 

LECA. This is supported by the phylogenetic analysis of existing eukaryotes. It showed 

the conservation of the meiosis process; however, the meiotic process also exists with 

variability. 

1.1.2.1 Conservation of Meiosis 

Among most eukaryotic lineages, typical meiosis events like homologous chromosome 

pairing, recombination, and ploidy reduction are very similar. For instance, meiosis 

exhibits a consistent pattern across various organisms, from unicellular yeast to humans. 

The first stage of meiosis is prophase I, which includes the duplication of the DNA of 

progenitor cells. The next stages are meiosis II, which includes prophase II, metaphase II, 

anaphase II, and telophase II. Homologous recombination is the most important part of 

meiosis. It happens during prophase I, which is further divided into leptotene, zygotene, 

pachytene, diplotene, and diakinesis based on how the chromosomes behave. In 

prophase I, the genetic recombination is highly conserved among the eukaryotes. So, Chi 

et al. developed the "meiosis toolkit," which is a set of conserved genes that can detect 

meiosis genetic bases. This toolkit includes 51 genes divided into eleven meiosis-specific 

and 40 meiosis-related genes, which are also grouped into eight pathways with their 
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functions (Chi et al. 2014). Detecting these genes on the genome can potentially 

ascertain whether an organism can reproduce sexually. 

Many of the conserved genes involved in the meiosis toolkit belong to prophase I and 

serve an important role in chromosome pairing and synaptonemal complex (SC) 

formation (Chi et al. 2014). Spo11 causes DNA double-strand breaks (DSBs) on purpose 

during Leptotene. This is necessary for homologous recombination to start and for 

chromosome pairing to happen. Additionally, genes such as REC8 help condense 

chromosomes and facilitate chromosome pairing. Following breaks produce 

single-stranded DNA ends that facilitate chromosome pairing via homology recognition. 

The pairing leads to the formation of the SC, a protein structure that fortifies paired 

chromosomes and is essential for specific crossover events. After that, the cell goes into 

Pachytene, a stage where homologous chromosome synapsis and recombination begin. 

This is when genetic material is exchanged between chromatids that are not sisters. 

Several important genes that are only found during meiosis are now involved. One of 

these is Dmc1, which is needed for the homolog (nonsister) bias in meiotic recombination. 

The complex consists of HOP2 and MND1, whose protein products reinforce the binding 

of Dmc1 to DNA. MSH4 and MSH5 contribute to the stabilization of recombination 

intermediates; their proteins work as heterodimers (Snowden et al. 2004; Snowden et al. 

2008). These genes interact to enable the identification of homologous sequences and 

enhance strand invasion during recombination, thus ensuring precise alignment and 

pairing of homologous chromosomes (synapsis). 

As the cell progresses to the diplotene stage, the synaptonemal complex dissociates. 

However, remnants of the complex remain at the chiasmata, the sites of crossing-over, 

ensuring proper homologous chromosome connections. Additionally, REC8 plays a 

crucial role in maintaining cohesion between sister chromatids around the chiasmata, 

which is essential for accurate chromosome segregation during meiosis. Diakinesis is the 

final stage of Prophase I, where chromosomes condense further, and the nuclear 

membrane breaks down as the cell prepares for Metaphase I. During prophase I, genetic 

recombination occurs, where homologous chromosomes exchange genetic material. 

During Metaphase I, the nuclear envelope breaks down, and the spindle apparatus 

captures homologous chromosomes, aligning them at the metaphase plate. In Anaphase 

I, the previously formed chiasmata dissolve, allowing homologous chromosomes to 

segregate to opposite poles. Telophase I signifies the end of meiosis I, during which the 
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cell divides into two and homologous chromosomes separate, while sister chromatids 

remain joined until meiosis II. Meiosis II is a faster process with four stages similar to 

Meiosis I, but it lacks recombination and primarily serves to separate sister chromatids, 

ultimately producing four gametes.  

1.1.2.2 Variability of Meiosis 

The genes of meiosis are conserved across eukaryotes, indicating that meiosis originated 

once in the LECA, but there is also some variability. For example, the regulation and 

timing of the meiotic process between sexes in mammals is variable (Gao et al. 2024). 

For instance, males exhibit a comparatively prolonged prophase I and subsequently 

undergo two rapid divisions, while females experience a shorter prophase I and finalize 

the first meiotic division during ovulation, with timing contingent upon the onset of sexual 

maturity. 

In addition, the synaptonemal complex (SC) exhibits similar morphology yet 

demonstrates significant structural variations among organisms and consists of unique 

proteins across different eukaryotic phyla (Zwettler et al. 2020). For instance, Zip1 is a 

structural component of the SC in yeast, promoting synapsis between homologs 

(Storlazzi et al. 1996). In mammals, SYCP1 serves a similar function and is critical for SC 

assembly, which stabilizes paired chromosomes and assists in crossover formation 

(Vries et al. 2005). However, in flies, the protein called C(3)G replaced the similar function 

(Page and Hawley 2001). 

There are two recombinational pathways in yeast, but only one of them is shared with C. 

elegans, which do not need MSH4 (Ross-Macdonald and Roeder 1994; Zalevsky et al. 

1999; Housworth and Stahl 2003). Besides the variable genes, some ciliate species have 

lost the SC, like Tetrahymena thermophila and Paramecium tetraurelia, but they still 

exhibit crossover without the SC structure (Chi et al. 2014). 

1.1.3 Sexual reproduction in old taxa “Protista” Kingdom 

Reproduction is an essential biological process of organisms, facilitating the life cycle and 

producing subsequent generations (Evans 2013; Jalvingh et al. 2016; Minelli and Fusco 

2019). While sexual reproduction is the primary and conserved mechanism employed by 

eukaryotes, emerging as a nearly universal characteristic, its role in protists remains 

unclear (Goodenough and Heitman 2014). Unlike animals and plants, where sex and 
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reproduction are closely linked, most protozoa were considered asexual or facultatively 

sexual (Hofstatter et al. 2018; Yadav et al.). This bears resemblance to prokaryotes, 

which primarily facilitate population growth via asexual reproduction.  

One major challenge in studying sexual reproduction in protists is that it is often 

facultative and occurs only under specific environmental conditions (Kooij and 

Matuschewski 2007; Venugopal et al. 2020). Due to their microscopic size and difficulty in 

cultivation, direct observations of their complete life cycle, especially sexual stages are 

rare. The absence of sexual reproduction reports in many protists does not necessarily 

indicate that they have abandoned it entirely; rather, their sexual life cycle may be 

triggered only under particular stress conditions, making it difficult to detect. 

Some protists exhibit unique adaptations in their reproductive strategies. For example, 

the malaria parasite undergoes asexual reproduction in both vertebrate and invertebrate 

hosts but completes its sexual reproduction cycle only in invertebrates (Sinden et al. 1985; 

Sinden and Hartley 1985; Sinden 1991). Additionally, sexual reproduction in certain 

protists is influenced by external signals. The EroS protein from Vibrio fischeri has been 

found to induce sexual reproduction in the choanoflagellate Salpingoeca rosetta, one of 

the closest living relatives of animals (Woznica et al. 2017). 

Some protists have also evolved highly specialized meiotic mechanisms. The social 

amoeba Dictyostelium has developed a meiosis-like process that functions without the 

SPO11 protein, which is typically required for initiating double-strand DNA breaks and 

homologous recombination during prophase I (Bloomfield 2018). These findings indicate 

that meiotic pathways in protists may have diverged significantly over evolutionary time. 

Despite these challenges, genomic studies suggest that sexual reproduction in protists 

may be more widespread than previously assumed (da Silva and Machado 2022; 

Weedall and Hall 2015). Most eukaryotes share highly conserved meiotic genes, 

supporting the hypothesis that meiosis is an ancestral trait (Ramesh et al. 2005; Malik et 

al. 2008; Lenormand et al. 2016; Fu et al. 2019). Advances in sequencing technology 

have made it possible to assess the presence of meiosis-associated genes in protist 

genomes, providing the convenience to infer the genetic basis of their potential sexual 

reproduction. To investigate protist meiosis further, we observed cell fusion under a 

microscope under starvation conditions and conducted RNA-Seq analysis on samples 

with and without nutrient deprivation. As ancient representatives of eukaryotes, studying 
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protist meiosis not only sheds light on the evolution of sex but also offers insights into the 

broader origins of eukaryotic life. 

1.2 Why sex? Evolution of asexuality 

Most metazoans reproduce sexually, although various reproductive strategies exist. 

Compared to the apparent simplicity and efficiency of asexual reproduction 

(Maynard‐Smith 1971; Williams 1975; Smith and Maynard-Smith 1978), sexual 

reproduction remains dominant despite its disadvantages, such as the production of 

males, genome dilution and the disruption of advantageous gene combinations (Lively 

2011; Lehtonen et al. 2012).  

The evolutionary advantages that sustain the dominance of sexual reproduction remain 

unclear (Hörandl et al. 2020). Despite decades of research, the widespread existence of 

sexual reproduction, often called the "queen of problems" in evolutionary biology, 

remains an unresolved mystery (White 1954; Bell 1982; Sharp and Otto 2016; Neiman et 

al. 2017). Studying rare, long-term asexual species may provide insights into the 

persistence of sexual reproduction (Birky 1996; Judson and Normark 1996).  

1.2.1 The disadvantages of asexual reproduction 

Asexual reproduction theoretically results in the permanent accumulation of harmful 

mutations and diminished adaptability due to the absence of genetic recombination, a 

phenomenon referred to as Muller's Ratchet in evolutionary biology (Muller 1964; 

Felsenstein 1974). Over time, this process increases the mutational burden in asexual 

populations and might cause lethal mutations, making the asexual lineage more 

vulnerable to extinction. Additionally, the Hill-Robertson (HR) effect further highlights the 

disadvantages of asexuality. In finite populations, the linkage between sites under 

selection will reduce the overall effectiveness of selection (Hill and Robertson 1966). In 

asexual populations, absence of recombination (effectively the whole chromosome is 

linked) results in increased interference among beneficial and deleterious mutations, 

thereby leading to a diminished rate of adaptation (Comeron et al. 2008). In contrast, 

sexual reproduction enhances adaptation by uncoupling linked loci, which allows the 

removal of deleterious mutations and advantageous mutations to spread more efficiently 

in the population. Sex thereby increases the evolutionary potential of populations (Otto 
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2019). This provides a strong explanation for why sexual reproduction remains prevalent 

in nature, despite its associated costs. Although there are a lot of explanations of 

advantages of sex, there is still a lack of clear empirical evidence. 

Besides mutation accumulation, another popular potential explanation for the 

predominance of sexual reproduction is the Red Queen Hypothesis, first proposed by 

Van Valen (Van Valen 2014). This theory suggests that species must continuously evolve 

to survive in response to coevolving parasites, predators, and competitors. The name 

comes from Lewis Carroll's Through the Looking Glass, in which the Red Queen tells 

Alice, “It takes all the running you can do to stay in the same place.” This metaphor 

describes how species must constantly adapt just to maintain their existence in a dynamic 

environment (Van Valen 2014).  

Sexual reproduction plays a vital role in this evolutionary arms race by generating genetic 

diversity, which enables host populations to escape rapidly adapting parasites through 

recombination (Lively 2010). In contrast, asexual lineages produce genetically identical 

offspring, making them highly susceptible to parasite attacks. Once a parasite adapts to a 

dominant asexual genotype, it can quickly infect the entire population, leading to a higher 

risk of extinction. 

Although sex and biological antagonism can also be driven by other mechanisms (Haafke 

et al. 2016), the connection of the Red Queen and sex seems to have more empirical 

studies supported (Neiman et al. 2018). Research has shown that parasites exert strong 

selective pressure on hosts, influencing the prevalence of sexual reproduction. Field 

studies indicate that asexual reproduction is more common in environments with low 

parasite diversity, whereas sexual reproduction dominates in regions where parasites 

rapidly adapt to their hosts (Barbuti et al. 2012; Decaestecker and Bulteel 2019). These 

findings suggest that parasites can play a crucial role in maintaining sexual reproduction, 

as recombination provides a key evolutionary advantage in the ongoing battle between 

hosts and pathogens. 

1.2.2 Ancient Asexual Scandals: Exception to the Rule? 

Despite these theoretical disadvantages for asexuality, some ancient asexual species 

have persisted for millions of years, contradicting expectations of inevitable extinction. 

These organisms, often referred to as “ancient asexual scandals”, include bdelloid rotifers, 

oribatid mites, and darwinulid ostracods (Judson & Normark 1996). Unlike most 
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short-term asexual lineages, these species have managed to avoid the detrimental 

effects on fitness while diversifying and spreading across various ecosystems. 

Bdelloid rotifers represent one of the most intriguing cases of putative ancient asexual 

reproduction, with claims of asexuality spanning over 60 million years (Mark Welch and 

Meselson 2000). The initial evidence for their long-term asexuality came from the 

discovery of deeply diverged homologs without recombination, which were attributed to 

ancient hybridization events (Mark Welch et al. 2008). This understanding was further 

supported by genomic studies revealing extensive genome rearrangements and 

translocations that would prevent conventional meiosis (Flot et al. 2013). However, the 

story became more complex when evidence of genetic exchange emerged through the 

detection of allele sharing between individuals (Signorovitch et al. 2015). More recent 

studies have revealed that bdelloid rotifers can engage in non-canonical forms of genetic 

exchange, though this process differs significantly from traditional meiotic sex (Nowell et 

al. 2018; Eyres et al. 2022).  

Oribatid mites (Acari: Oribatida) represent another remarkable example of ancient 

asexual reproduction, challenging traditional theories about the evolutionary necessity of 

sex (Heethoff et al. 2009). Dating back to the Silurian period, these soil-dwelling 

arthropods have evolved into approximately 10,000 described species, with about 10% 

being obligately asexual (Norton and Palmer, 1991; Norton et al. 1993; Magilton et al. 

2019). Their ecological success is evidenced by their remarkable abundance, reaching 

up to 350,000 individuals per square meter in soil environments (Maraun and Scheu 

2000). Unlike many asexual organisms that recently diverged from sexual ancestors, 

some oribatid mite lineages belong to entirely asexual clades estimated to have persisted 

without conventional sex putatively for over 100 million years (Heethoff et al., 2007). This 

ancient asexuality is particularly intriguing as these mites occasionally produce males 

with distorted spermatophores, suggesting a long history of asexual reproductive 

strategies (van der Kooi and Schwander 2014). In addition, the asexual mites 

(parthenogenesis) are very abundant, like ten times more than in other metazoan taxa 

(Norton et al. 1993). The evolutionary replicates of parthenogenesis make the 

comparison of asexuality and their closely related species possible. The long-term 

survival and diversification of asexual oribatid mites, coupled with their large population 

sizes, present a significant challenge to conventional theories about the evolutionary 
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disadvantages of asexual reproduction, making them one of the most compelling "ancient 

asexual scandals" in the animal kingdom. 

1.2.3 The Evolution of asexuality 

1.2.3.1 The Meselson Effect in oribatid mites 

The extraordinary evolutionary success of ancient asexual oribatid mites challenges our 

fundamental understanding of the necessity of sexual reproduction. The Meselson Effect 

was firstly proposed by Birly, and Meselson examined it in rotifers firstly, but rotifers were 

found to have cryptic sex (Signorovitch et al. 2015). It showed a consequence of the 

genome for their long-term survival without recombination (Birky 1996; Mark Welch and 

Meselson 2000). 

This effect describes allelic gene copies accumulating mutations independently over time 

in the absence of recombination, leading to increased genetic divergence between 

haplotypes in individuals in asexual parallel populations. Recently, a study comparing the 

population of asexual mites to their close sexual relatives proved the Meselson effect in 

the asexual oribatid mite Oppiella nova which indicated they are long-term asexuals 

(Brandt et al. 2021). 

1.2.3.2 Horizontal gene transfer provide evolutionary substrates for asexuality 

Asexual organisms primarily rely on de novo mutations as a fundamental source of 

genetic variation (Barrick and Lenski 2013). However, the frequency and mechanisms of 

de novo mutations remain uncertain, and their occurrence is relatively slow, limiting the 

adaptive potential of asexual lineages. In contrast, horizontal gene transfer (HGT) 

presents another source for genetic innovation in asexual organisms (Flot et al. 2013). 

Unlike vertical inheritance, HGT allows for the direct acquisition of genetic material from 

other organisms, rapidly introducing new genes and functions into asexual genomes. 

This process has been particularly beneficial for asexual species that live in close 

association with diverse microbial communities, facilitating gene uptake (Boto 2014). For 

example, in bdelloid rotifers, approximately 10% of genes are derived from HGT, 

contributing to their remarkable adaptability (Gladyshev et al. 2008). 

Evidence also suggests that HGT provides novel functional traits. A previous study 

demonstrated that HGT introduced genes for lignocellulose degradation in the asexual 
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springtail Folsomia candida and the root-knot nematode Meloidogyne incognita (Abad et 

al. 2008; Faddeeva-Vakhrusheva et al. 2017). Additionally, recent research has 

confirmed that horizontally acquired genes can influence host mating behaviors, such as 

male courtship in lepidopterans (Li et al. 2022). Despite its evolutionary significance, the 

exact mechanisms by which HGT-derived genes integrate and function within asexual 

genomes remain poorly understood. Nonetheless, the growing body of evidence 

suggests that HGT plays a crucial role in overcoming the limitations of asexual 

reproduction by supplementing genetic diversity and driving evolutionary innovation. 

1.2.3.3 Transposable element (TE) activity in asexuals 

Transposable elements (TEs), often termed "jumping genes," are mobile genetic 

sequences present across nearly all organisms, both prokaryotic and eukaryotic, and 

typically exist in substantial numbers. In eukaryotes, the TEs are also major determinants 

of genome size and composition, with some species genomes reaching as high as 90% 

(Schnable et al. 2009; Wang et al. 2014; Meyer et al. 2021). The impact of TEs largely 

depends on their genomic location; for instance, insertions into intronic regions can alter 

gene splicing patterns, influencing phenotypes such as male courtship behavior in fruit 

flies (Ding et al. 2016). Additionally, TEs have been co-opted for essential cellular 

functions, such as telomere maintenance in Drosophila, highlighting their potential 

function in vital genomic processes (González et al. 2008). 

In asexual organisms, TEs were traditionally thought to accumulate due to the absence of 

meiotic recombination and effective purifying selection, potentially leading to genomic 

instability. However, recent studies challenge this assumption. Investigations into asexual 

arthropods, including water fleas, wasps, and oribatid mites, revealed no significant 

increase in TE load compared to their sexual counterparts (Bast et al. 2016). These 

findings suggest that asexual organisms may have evolved mechanisms to regulate TE 

proliferation, possibly through enhanced genome defense systems or TE-mediated DNA 

repair processes (Gladyshev and Arkhipova 2010; Bast et al. 2019). 

Interestingly, TEs may also play a role in the transition to asexuality. In Daphnia pulex, a 

transposon insertion in the gene encoding the meiotic cohesin Rec8 is associated with 

obligate asexual reproduction, indicating that TEs can influence reproductive modes by 

disrupting genes essential for meiosis (Eads et al. 2012). In asexual eukaryotes, such as 

springtails and nematodes, TE-mediated HGT also plays a crucial role in acquiring 
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adaptive traits, such as lignocellulose degradation enzymes (Abad et al. 2008; 

Faddeeva-Vakhrusheva et al. 2017). In bdelloid rotifers, approximately 10% of their 

genes are acquired through HGT, many of which are associated with TE activity 

(Gladyshev et al. 2008). Recently, a study on a kind of TE from fungi called "Starship" 

showed the TE can transfer large DNA segments between species and make the host 

acquire new adaptations, including traits like metal resistance and pathogenicity 

(Urquhart et al. 2024). While TEs have the potential to drive genomic innovation, asexual 

organisms appear to possess strategies to control TE proliferation, maintaining genomic 

stability despite the absence of recombination. At the same time, the interplay between 

TEs and HGT provides an additional source of genetic diversity, offering an evolutionary 

advantage to asexual lineages. This dual role of TEs, both as potential threats to genome 

integrity and as facilitators of genetic innovation, highlights their complex evolutionary 

significance in asexual organisms. 

 

 

 

 

 



1. Introduction 

15 
 

1.3 Aims and Outline of this Study 

In this thesis, I provide evidence that sexual reproduction of the protist (Fisculla terrestris) 

can be triggered by starvation and contributes to a better understanding of this cryptic 

protist and their sexual reproduction within old taxa. Furthermore, sexual reproduction 

may be more prevalent among eukaryotes, and the reported absence of sexual 

reproduction in protists could account for their hard and less observation. Additionally, we 

explored the genomic features (haplotypic independence, one allele conserved and the 

other relaxed) and potential evolution (genes under positive selection, DEA and HGTs) of 

ancient asexual oribatid mites (Platynothrus peltifer) provide an example of ancient 

asexual and new insight into the evolution of ancient asexual species. The following three 

hypotheses will be tested: 

 

(1) Fisculla terrestris exhibits sexual reproduction triggered by starvation. 

(2) Platynothrus peltifer is a long-term asexual and the Meselson effect can be 

detected in the asexual individuals among parallel populations. 

(3) The DEAs and HGT can provide new substrates for the evolution of asexual mites 

(Platynothrus peltifer). 

 

To study the meiosis genes and the transcriptome dynamics of cryptic sex in protist 

(Fisculla terrestris), I constructed a reference transcriptome and detected the 

meiosis-associated genes using the “meiosis toolkits”. Moreover, I compared the 

expression change between cells fusion induced by starvation and the cells supplied with 

food. I discovered that the genes associated with the “recombination” process are 

up-regulated during cell fusion and combined with microscopic observations, indicating 

the potential occurrence of cryptic sex. The findings of this study may serve as evidence 

that sexual reproduction is prevalent among eukaryotes and that it is a characteristic of 

the last common ancestor of eukaryotes (Chapter 1). 

 

To examine the impact on the genome under long-term asexuality, I assembled the 

reference genome for an oribatid mite (Platynothrus peltifer). The Meselson effect was 

detected in different populations, which indicated Platynothrus peltifer is an ancient 
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asexual mite that persisted and evolved over time. The haplotypic divergence and 

selection analysis showed that one allele is conserved and the other is relaxed, which 

might protect the genome from the accumulation of harmful mutations and provide 

evolutionary substrates for the long-term asexual mites. In addition, most DEA and HGT 

are under relaxed selection, but few are under positive selection, which freely evolved 

and might provide new traits for the evolution of asexual mites. Our findings provide an 

example of ancient asexual organisms, and the genomic characteristic may elucidate 

their evolutionary mechanism. Research on asexual organisms also offers new insights 

into the implications of sexual reproduction (Chapter 2). 
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5. General discussion 

In this dissertation, I used two non-model species that reproduce primarily asexually to 

detect the biological implications of sexual reproduction. Including a facultatively sexual 

reproducing protist, Fisculla terrestris and an obligately asexual reproducing oribatid mite, 

Platynothrus peltifer. Investigating putative sexual reproduction in protists and examining 

the genomic features of long-term asexual mite lineages can provide new insights into 

how organisms persist, evolve and adapt with sex. 

 

Sex is a conserved, ancient and widespread attribute of eukaryotic life 

Sexual reproduction is thought to be a critical feature of LECA and is putatively present in 

most eukaryotes (Speijer 2016; Fu et al. 2019). Protists represent basal taxa of 

eukaryotes, however, it remains unclear whether sexual reproduction or a sexual cycle 

exists prevalently (da Silva and Machado 2022). A key contribution of my thesis is the 

detection of meiosis-associated genes and their expression change between the “lack of 

food” and “supplied food” treatments. Further, the potential occurrence of a cryptic sexual 

cycle in F. terrestris was presumed when cell fusion was induced by starvation. These 

findings implied there might exist more facultatively sexual organisms and sexual 

reproduction could be more prevalent than previously assumed. Under the microscope, 

when supplied with food, F. terrestris fed, digested, and underwent typical mitotic fission. 

In contrast, when food was depleted, most individuals became dormant. Notably, 

approximately 5% of the population fused into large aggregates with an extensive, highly 

active pseudopodial mass (Figure. 1, Chapter 1). I detected 11 meiosis-specific and 40 

meiosis-related genes and found the meiosis-associated genes belong to the 

recombination-related pathway upregulated in the lack of food treatment, which suggests 

the starvation might have triggered the recombination process (Figure. 3, Chapter 1). 

Despite lack of direct evidence, it seems very likely that F. terrestris engaged in some 

form of cryptic sex. One evidence is starvation-induced cell fusion, a mechanism that 

might be widely conserved as a trigger for sexual reproduction across eukaryotes. 

Starvation can trigger the meiosis process in yeast (Mitchell and Herskowitz 1986). 

Similarly, it was also reported that mouse spermatogonia can enter meiosis under 
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conditions of nutrient restriction and in the presence of retinoic acid in vitro. This 

mechanism appears to be applicable to all mammals, as retinoic acid (RA) is a chordate 

morphogen, and its signaling has been the primary emphasis in mammals, whereas 

neither RA nor nutrient restriction alone can initiate meiosis (Zhang et al. 2021). Taken 

together, the evidence of starvation-induced cell fusion, along with the upregulation of 

recombination-related genes in the starvation treatment, strongly suggests the 

occurrence of cryptic sex and the potential existence of sexual reproduction in F. 

terrestris.  

Sexual reproduction is the predominant mode of reproduction in most metazoans (Bell 

1982). However, some oribatid mites are a notable exception, with approximately 10% of 

species being obligate asexuals (Norton et al. 1993). Asexuality is generally expected to 

lead to the extinction of lineages due to the accumulation of deleterious mutations and a 

reduced ability to adapt to environmental changes (Muller 1964; Felsenstein 1974). While 

many examples of asexuality exist, the asexual lineages capable of enduring and 

evolving over the long term are uncommon (Judson and Normark 1996). A key finding of 

this thesis is the detection of the Meselson effect in P. peltifer across different populations 

as a long-term asexual characteristic, which confirmed P. peltifer has been asexual for a 

long time, approximately 20 million years. In other words, P. peltifer is a rare example of 

obligate ancient asexuals and this rarity may indicate the prevalent use of sexual 

reproduction (Chapter 2).  

 

New insight into sexual reproduction from F. terrestris and P. peltifer 

While numerous theories have been proposed regarding how sex facilitates adaptation 

and evolution, “Why sex” is still an enigma in evolutionary biology (Otto 2009). By 

studying the role of sexual reproduction in basal, putatively facultatively sexual organisms 

and the genomic features of obligate ancient asexual organisms, I aim to provide a new 

insight on the adaptation and abundance of sexual reproduction. 

Our investigation into the cryptic sex of F. terrestris revealed that starvation serves as a 

key trigger (abiotic factor) for cell fusion, potentially facilitating the initiation of a sexual 

reproduction cycle. Under microscopic observation, F. terrestris exhibited cell fusion 

following prolonged starvation, forming large aggregates characterized by highly active 

pseudopodial masses. Once food was reintroduced, the aggregates dispersed, and 

individual cells resumed their normal activity. This aggregation behavior may represent 
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an adaptive response to food scarcity, potentially facilitating cell fusion necessary for the 

exchange of genetic material. A previously similar hypothesis also said that the 

emergence of sexual reproduction resembled a cannibalistic event among unicellular 

organisms on primordial earth (Sagan and Margulis 1987).  

Our results showed that recombination-related genes are upregulated in conditions of 

food deprivation and cell fusion compared to food-sufficient conditions. Recombination 

among fused cells could theoretically generate beneficial genetic combinations, 

enhancing survival during periods of environmental stress. Alternatively, it may serve to 

increase genetic variation before the cells separate, providing a mechanism to maintain 

genetic diversity despite predominantly asexual reproduction. Engaging in sexual 

reproduction under nutrient-deprived conditions may offer evolutionary advantages. It 

mitigates the potential drawbacks of continuous asexual reproduction under favorable 

conditions, such as the accumulation of deleterious mutations and reduced adaptability 

(Muller 1964; Felsenstein 1974). At the same time, it does not interfere with the rapid 

population expansion enabled by asexual reproduction when resources are abundant 

(Chapter 1). In this instance, cell fusion induced by starvation may serve as a defensive 

mechanism for F. terrestris against the stress of starvation.  

However, it is rare for metazoans to reproduce asexually or facultatively sexual, and it has 

become widely accepted that sexual reproduction is essential for long-term evolutionary 

survival (Speijer et al., 2015). In this study, we confirmed an ancient asexual example, 

challenging the assumption that asexuality is an evolutionary dead end. One key finding 

of this study is the observation of conservation of one haplotype while relaxation of the 

other in P. peltifer. This pattern may indicate an adaptive mechanism in oribatid mites to 

mask the accumulation of harmful mutations, and relaxed selection one haplotype could 

provide a source of genetic novelty (Chapter 2). However, the pattern is likely influenced 

by multiple factors, including but not limited to environmental stress, body size, population 

size, etc. In addition, ancient asexuality might likely require independent haplotypes, but it 

might be restrained by the specific transition to asexuality and cytology that is needed to 

maintain haplotypic independence. If this hypothesis is correct, then the evolutionary 

strategies that allow obligate asexual mites to persist may not be easily expanded to other 

organisms compared to sex. After all, the special strategy of evolution and persistence is 

only ever found in parthenogenesis mites. Furthermore, it could provide proof that the 

evolutionary process does not readily replace sexual reproduction. 
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Sequence technology help studies on tiny non-model organisms 

Both F. terrestris and P. peltifer are tiny organisms. F. terrestris is a unicellular protist that 

can be observable only under a microscope. While oribatid mites can be roughly visible to 

the naked eye, they are still very small, ranging from approximately 150 to 1400 μm in 

size. Neither organism (F. terrestris and P. peltifer) can be fully cultured in the laboratory 

to observe their whole life cycle, and due to their minute size, tracing their entire life span 

in natural environments is nearly impossible. 

While F. terrestris can be fed and maintained under laboratory conditions for a period of 

time (wet lab work of Solbach and Dumack), the dynamics of its gene expression during 

starvation-induced cell fusion remain unknown. A key evidence in the F. terrestris study is 

the detection of the recombination-related gene expression changes. Without sequencing 

data, we would be unable to confirm the presence of meiosis-associated genes and track 

gene expression dynamics during cell fusion. This would significantly hinder our 

exploration of cryptic sex in protists (Chapter 1). 

Prior to the release of our phased chromosome-level genome of P. peltifer, research on 

the Meselson effect in asexual mites faced several limitations. Schaefer et al. (2006) 

attempted to detect the Meselson effect using only two genes but were unsuccessful due 

to the low number of genes (Schaefer et al. 2006). The first successful detection of the 

Meselson effect in oribatid mites came from the genomic study of Oppiella nova, although 

the genome assembly remained fragmented (Brandt et al., 2021). We utilized 

high-quality, chromosome-level genome and haplotype-resolved assemblies to identify 

the clear genetic signatures of independent haplotype evolution in asexual mites (known 

as the Meselson effect) and their genomic feature, i.e., one haplotype is conserved and 

the other is relaxed. Importantly, uncovering the evolutionary implications of this 

phenomenon requires phased genomic data from single individuals sampled from natural 

populations. Such analysis has only become possible recently due to advances in 

sequencing technologies used in this study (Chapter 2). 

 

Summary 

In summary, this study utilized transcriptomic and genomic data from the facultatively 

sexual protist F. terrestris and the obligately asexual mite P. peltifer to explore the 

evolution of reproductive strategies and the genomic features of asexuality. Evidence of 



5. General discussion 

57 
 

starvation-induced cell fusion and the upregulation of meiosis-related genes in F. 

terrestris suggests a likely cryptic sexual process, challenging the long-standing 

assumption that most protists reproduce exclusively asexually. In contrast, earlier 

research suggested that protists reproduce asexually, likely due to limited observational 

data and a lack of detailed life cycle studies. In P. peltifer, the detection of the Meselson 

effect across populations confirms its long-term asexuality and reveals a key genomic 

characteristic: one haplotype copy is conserved and one under relaxed selection. These 

findings support the hypothesis that sex is a conserved and widespread feature of 

eukaryotic life. Advances in sequencing technologies have helped overcome these 

challenges, enabling the study of tiny, non-model organisms at the genomic level. 

Together, these two case studies offer a new perspective on the conservation and 

prevalence of sexual reproduction by illustrating a putative sexual basal protist and an 

exception of ancient asexual mites. 

 

Outlook 

In the future, the mites may serve as model organisms for studying long-term asexual 

evolution and offer new perspectives on the necessity of sexual reproduction. F. terrestris 

can be a representative of Rhizaria for exploring sexual reproduction in old taxa.  

Next, studies to detect sexual reproduction in protists would aim to detect genetic 

recombination of F. terrestris and explore if they exchanged genetic materials when the 

cell fused. To explore that, we need to sequence three different treatments: the mitosis 

stages, prolonged aggregation and re-supplied food, through comparing the exchanges 

of genotypes. Furthermore, we need to conduct additional cytological observations and 

experiments with population genetics to further detect sexual reproduction, like allele 

sharing and LD decay. Moreover, F. terrestris is a good model for studying meiotic sex of 

protists (Rhizaria). There are still many questions that need to be answered, like if F. 

terrestris produces gametes after prolonged aggregation, if they use conventional meiotic 

sex, or what the detail of potential cryptic sex is (if it exists). These questions are worth 

exploring in the future and provide new insights into the evolution of meiosis. 

The findings (Chapter 2) render oribatid mites as the best examples for ancient asexuality 

and one of the best model systems to explore the singularities that allow for successful 

asexuality over time. As one example showing the Meselson effect, they are confirmed to 

be obligately long-term asexuals. Future research may compare asexual lineages to 
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closely related sexual mites to elucidate the mechanisms and timeline of their transition to 

asexuality, as well as investigate how the evolution of novel traits may facilitate their 

adaptation. 

 

Conclusion 

In conclusion, this thesis represents a significant step towards a better understanding of 

the implication of sexual reproduction in eukaryotes via studying facultative and obligate 

asexual organisms. Additionally, the analyses pipelines and methods have far-reaching 

implications for the study of tiny and basal eukaryotes. 
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Table. 1 DESeq2 expression level of the 41 DEGs showed the raw expression. 

name 131270_S158 131272_S159 131274_S160 131276_S161 131278_S162 131280_S163 131282_S164 131284_S165 131286_S166 131288_S167 

HOP1 2645.88 3472.62 3622.21 3562.62 3130.79 1411.29 1295.89 1242.48 1305.37 1276.61 

EXO1 867.83 884.85 921.46 977.13 830.58 327.90 378.34 369.19 409.19 368.41 

SLX1 3350.15 3512.88 3488.83 3589.23 2861.94 1446.24 1500.08 1515.04 1554.63 1474.67 

SMC6 747.49 867.47 931.25 975.29 859.79 427.60 368.61 407.48 387.58 377.65 

SAD1 2193.32 2392.86 2526.98 2244.19 2331.13 1059.75 1165.06 1128.54 1133.91 1205.80 

RAD17 600.87 651.52 684.06 778.95 709.47 423.49 375.68 404.74 439.44 447.43 

RAD24 49552.15 56165.83 60039.37 59319.56 49720.67 34990.36 35087.05 35490.50 35084.97 33332.47 

SPO11 318.66 314.78 336.52 280.75 304.92 192.22 216.57 195.99 200.27 192.93 

LIG4 643.25 581.06 628.99 695.46 645.05 377.24 405.74 428.44 413.51 489.50 

RAD23 6556.22 9212.73 8599.08 8358.36 7453.76 4862.94 6053.36 5673.67 5055.77 5149.54 

MRE11 202.55 190.33 216.60 201.85 188.10 137.74 142.32 125.80 129.67 136.49 

RAD51 357.64 323.01 301.04 314.70 402.84 244.64 271.38 245.21 226.21 224.74 

REC8 408.49 440.14 516.41 451.41 397.68 319.67 334.14 343.67 334.27 324.28 

KU 974.62 1030.35 1036.49 1024.84 999.79 873.71 865.40 912.49 876.01 831.23 

SAE2 5249.38 5681.55 5816.34 5977.46 5400.07 5039.74 5191.50 5190.53 5045.69 4712.38 

MER3 13815.00 12712.80 10439.55 11948.50 13717.05 14074.88 14229.12 14240.68 14742.29 14726.18 

RAD50 13692.97 15642.80 15996.47 16202.00 14885.19 18986.13 18783.28 18507.78 19751.95 19132.74 

MMS4 7177.43 8369.06 9270.90 8748.29 7476.95 10373.45 10180.58 10110.32 10429.97 10145.15 

SLX4 744.10 611.25 685.28 607.38 718.06 851.09 799.98 895.17 851.51 859.97 

SGS1 28986.85 35433.52 36627.16 35306.95 30229.91 41503.06 42653.76 42273.55 43013.70 41476.50 

DMC1 1053.44 1162.12 1152.74 1272.56 1002.37 1296.17 1501.85 1477.67 1426.39 1559.85 

MND1 199.16 187.59 186.01 148.63 176.08 217.91 289.06 231.54 219.00 217.56 

MLH1 144.92 129.02 81.99 112.85 149.45 173.71 157.35 153.15 193.07 181.64 

MLH3 119.50 97.00 112.58 105.51 97.06 128.49 156.46 152.23 158.49 137.51 

MSH6 44455.31 48292.73 48369.98 49763.88 48773.27 87855.70 85609.83 84090.41 88273.62 84439.99 

FEN1 339.00 348.63 456.45 455.08 348.72 360.79 321.76 336.37 334.27 350.97 

MUS81 44.92 35.69 55.07 46.79 37.79 37.00 38.89 40.11 43.22 33.87 

NBS1 1571.25 1729.45 1798.87 1828.56 1553.80 1541.83 1475.33 1460.35 1749.13 1571.13 

MSH2 92.38 58.56 74.65 76.15 77.30 74.01 74.25 72.01 85.01 58.49 

SMC5 128498.80 129580.40 145381.60 134313.60 107710.20 137969.40 132795.70 126163.40 120711.80 104528.10 

MPH1 7241.84 7866.69 8020.26 8251.01 7080.13 7920.91 8038.74 7633.56 8265.88 7759.21 

DNA2 2356.03 1730.36 1726.67 1805.63 1807.18 2093.81 2102.06 2066.55 2068.99 1992.91 

PMS1 770.37 754.92 948.38 857.86 804.81 923.04 874.24 929.81 913.47 970.80 

RAD54 1097.51 866.55 561.69 733.08 1175.87 1028.92 1046.61 1020.97 1061.87 994.40 

HOP2 42.37 51.24 55.07 49.54 49.82 61.67 60.99 47.40 76.36 59.52 

ATM 101.70 115.30 138.28 132.12 125.40 134.65 131.71 97.54 119.59 121.09 

CDC2 738.17 840.02 840.70 911.99 832.30 432.74 418.11 429.35 374.61 446.40 

KU80 493.24 488.64 532.32 539.49 480.14 433.77 422.53 461.26 453.85 482.32 

MSH3 173.74 126.28 130.94 147.72 136.57 128.49 130.83 154.06 144.08 139.57 

MSH5 10.17 6.41 18.36 11.01 7.73 15.42 15.03 16.41 7.20 14.37 

RTEL1 358.49 354.12 349.98 375.25 344.43 474.88 436.68 473.11 453.85 461.80 
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